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Chapter 1

Introduction to NonIinear Optics and its
Applications

Abstract

Basic concepts of nonlinear optics are introduced in this chapter. Physical origin
of nonlinearity, specific nonlinear processes, important nonlinear optical
materials and applications are explained in detail. Photo-physics of nonlinear
optical behaviour of organic molecules are also presented. A brief account of the
present work is given at the end.



Chapter 1. Introduction

1.1 Introduction

Optics is a subject that studies the properties and propagation of light and its

interaction with matter. Because the light intensities that usually occur in nature are

relatively low, the optical properties of materials can be considered independent of

the light intensity to a very good approximation. Nonlinear optical phenomena do not

show up in our daily life [1]. However, with the advent of the laser in 1960 [2], it

became possible to create, in laboratories, conditions of illumination so intense that

the optical properties were found to depend on the intensity. The medium then reacts

to illumination and alters the optical field in a nonlinear way. Matter thus makes itself

the vector of the interaction of light waves that would otherwise remain unaffected

mutually. Nonlinear optics is thus the science that deals with the nonlinear action of

light upon itself through its coupling to matter. Observation of the second harmonic

generation (SHG), a process by which two photons of the same frequency are

converted into a single photon with a doubled frequency, by P A Franken in 1961

marked the birth of nonlinear optics as a new discipline in the area of laser-matter

interaction. Franken observed that light of 347.1 run could be generated when a

quartz crystal was irradiated with light of 694.2 run, obtained from a ruby laser [3]. In

the decade that followed, many other nonlinear optical effects were identified [4].

Even though some types of interaction are observable in certain types of materials

and some materials are better suited to specific nonlinear interactions than others,

nonlinear optical interactions of various kinds can occur in all types of materials. The

discovery of different types of nonlinear optical materials and their applications in

various fields of science and technology made the nonlinear optics a fascinating field

of research and developments.

1.2 Origin of Optical Nonlinearity

When an electromagnetic wave propagates through a medium it induces electric

polarization and magnetization in the medium. Motion of the electrons and nuclei in

response to the field in the incident waves is responsible for the induced electric
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polarization and magnetization in the medium. These induced polarizations and

magnetizations oscillate at frequencies determined by a combination of the properties

of the material and the frequencies contained in the incident light waves. This will

result in the interference of the fields radiated by the induced polarizations or

magnetizations and the incident fields. At low optical intensities, the induced

polarization and magnetizations are proportional to the electric or magnetic fields in

the incident wave and the response of the medium is termed linear. Various linear

optical interactions can occur depending on the specific properties of the induced

polarizations. Refraction, absorption, elastic and inelastic scattering etc are linear

when the intensity of the interacting radiations is low. But when the intensity of the

incident radiation is high enough the response of the medium changes qualitatively

from its behaviour at low intensities and it produces nonlinear optical effects. Some

nonlinear optical interactions arise from the large motion of the electrons and ions in

response to the stronger optical fields. In most materials the electrons and ions are

bound in potential wells. For small displacements from the equilibrium motion of the

electrons and ions are harmonic but for larger displacements the motion is

anharmonic [5]. As long as the optical intensity is low the electron or ion moves in

the harmonic part of the well. In this regime the induced polarizations can oscillate

only at frequencies that are contained in the incident waves and the response is linear.

When the incident intensity is high enough the charges can be driven into the

anharmonic portion of the potential well. The additional terms in the potential

introduce terms in the induced polarization that depend on the second, third or higher

powers of the incident fields, giving rise to nonlinear responses [6-8]. Parametric

frequency mixing and various forms of harmonic generations are examples for this

type nonlinear optical process.

A second type of nonlinear response results from a change in some property

of the medium caused by the optical wave. When the optical field is strong enough it

can change certain characteristics of the medium, which in turn changes the way the
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medium affects the optical wave resulting in a nonlinear optical response. An

example of such a response is a change in the refractive index of a medium induced

by the optical wave. Many of the propagation characteristics of optical waves are

detennined by the refractive index of the medium [6J.

1.3 Matbematical Description of Optical Nonlinearities

1.3.1 MaxwelI's Equations for nonlinear materials

The propagation of an optical wave in a medium is described by the Maxwell's

equation for the optical fields and a specification of the dependence of the induced

polarization and magnetizations on the optical fields. The Maxwell's equation for the

electric field of an optical wave in a medium is [9J

(1.1)

where E(r,t) is the electric field of the optical wave and the terms in the right are the

induced polarization (P) and magnetization (M). Maxwell's equations describe only

half of the nonlinear problem. They only show how a nonlinear polarization generates

another wave through an equation in which only derivatives of the electric field

appear on the left hand side and only the induced nonlinear polarization appears as a

driving term on the right hand side. Maxell's equations do not address how a

nonlinear polarization is generated by electric fields.

1.3.2 Nonlinear Polarization

With the advent of lasers the electric field that can be generated with a medium is of

the order of inter atomic fields within the medium itself. At such high fields the

relationship between the electric polarization P and the field strength E ceases to be

linear and some interesting nonlinear effects come to the fore. A dielectric medium
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when placed in an electric field is polarized, if the medium does not have a transition

at the frequency of the field. Each constituent molecule act as a dipole with a dipole

moment Pi. The dipole moment per unit volume P is given by

(1.2)

where the summation is over the dipoles in the unit volume. The orienting effect of

the external field on the molecular dipoles depend both on the properties of the

medium and on the field strength. Therefore we can write [10]

(1.3)

where X. is called the polarizability or diefectric susceptibility of the medium. Eq.

(I.3) is valid for the field strength of conventional sources. The quantity X is a

constant only in the sense of being independent of E. The magnitude is a function of

the frequency of the field used. With sufficiently intense laser radiation the relation

does not hold good and has to be generalized to [10]

where X(I) is the same as X in Eq. (1.3). The coefficients 1..(2), 1..(3), define the

degree of nonlinearity and are known as nonlinear susceptibilities. When the field

strength of the radiation used is sufficiently low then only the first term of the Eq.

(1.4) needs to be retained and the phenomenon that shows such behaviour belongs to

the linear optics. As the strength of the field increases the higher order terms become

more and more significant and this aspect forms the basis of nonlinear optics.

Therefore, the medium of which the polarization is described by a nonlinear relation

of the type Eq. (104) is called a "nonlinear medium"
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In Eq. (lA) the symbol E denotes the total field, which is often made up of a

number of different waves at different frequencies, polarizations, k vectors etc. Thus,

there are usually many terms in the expression for E. For this reason, each X in Eq.

(1.4) has several components. Each nonlinear susceptibility is identified by the

superscript n and each is written as a function of several frequencies, the first

frequency being that of the induced nonlinear polarization and the remaining n

frequencies being those of the n input light waves.

(a) Linear Terms

The X(I) terms in Eq. (lA) correspond to linear optical properties including index of

refraction, absorption, gain and birefreingence. These properties constitute the subject

of classical optics. In a linear medium, waves pass through each other without

influencing each other.

(b) Second Order Terms

The X(Z) term in Eq. (104) correspond to second order effects, which in general can be

called three wave mixing. These effects are (a) Second Harmonic Generation

[X(2)(2ro; (0,(0)], Optical Rectification [X(2)(O; 00,-(0)], Parametric Mixing [X(2\oo\±mZ;

(Ot, ±m:)], Pockels effect [l2)(00; 00,0)]. These effects occur only in materials that lack

inversion symmetry. In second harmonic generation and parametric mixing the

conversion efficiency is determined by phase matching conditions defined by relation

[Ill

aE+~ aE =±i2~ P
az c at no

(1.5)

The process will be efficient only when the newly created nonlinear polarization is

modulated at the appropriate frequency and k vector. These conditions can be

adjusted by changing propagation angles, light frequencies and material temperatures.
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(c)Third Order Terms

The X(3) terms in Eq. (104) corresponds to the third order effects and the third order

effects occur independently of whether or not a material possesses inversion

symmetry. The most common third order effects are Third Harmonic Generation

[X(2)(300; 00,00,(0)], Non-degenerate Four Wave Mixing [X(3)( 001 + 002 ± 003; 001> 002, ±

(03)]; Raman Scattering [X(3) (00 ± .0; 00, -00, 00 ± Q)]; Instantaneous AC Kerr effect

(Degenerate Four Wave Mixing) [Re(x(3)( 00; 00, 00, -(0»]; Brillouin Scattering [X(3) (00

± .0; 00, -00, 00 ± 0.)]; DC Kerr effect [Re (X(3)( 00; 00, 0, 0»]; Two Photon Absorption

[Im (X(3)( 00; 00, -00, (0»] and Electric Field Induced Second Harmonic Generation

[X(3)(200; 00, 00, 0)] [8]. Since the third order nonlinear effects is not affected by the

symmetry of the crystal structure, all the materials in the universe exhibits third order

nonlinearity. The real and imaginary part~of the third order nonlinear susceptibility

tensor are important in applications like optical switching, optical limiting etc [12, 13

]. The general constitutive equation for the third order process can be written as [7]

f>,(3) (r ,I)::: L X~~(Wa + oi, + we'wa' Wb , wJE/ma,r)Ek (mb ,1)£, (wc ,f)
a,d,e (1. b)

in the above equation we have neglected the nonlocal terms.

Unlike in the case of linear optical interactions two light beams can interact

and exchange energy through nonlinear interaction with the medium [7]. In the case

of very intense laser beams, even air itself can act as nonlinear medium. It is well

known that femtosecond laser pulses get self-focussed in air [14]. One of the best

examples of nonlinear process is the generation of super continuum (white light),

which occurs when some materials are irradiated with terra watts of power. Many of

these nonlinear optical effects have important scientific and technological relevance.

Therefore, study of nonlinear effects is very important. It helps us to understand the

mechanism of nonlinearity as well as its spatial and temporal evolution. Besides,
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detailed knowledge of NLO processes and their dynamics is also essential for the

implementation of these techniques in appropriate areas of technology such as optical

switching [15J, optical communication [16J, passive optical power limiting [17-19J,

data storage [20J, design oflogic gates [21-22J.

Another important parameter in the nonlinear interaction is the wavelength of

the radiation which is interacting with the medium. If the wavelength of excitation is

close to one, two or three photon resonance, resonance enhancement will occur in the

medium. Moreover at and near resonance frequencies, refractive index becomes a

complex quantity. If wavelength of the light interacting with matter is at or near

resonance, the power series expansion as in Eq.(I.4) is not relevant. In the case of

resonant excitation [7] (one photon, two-photon or three-photon), the nonlinear

susceptibility term corresponding to resonant absorption can have enormously large

magnitude. Generally, resonant nonlinearity has large magnitude but slow response

whereas, non-resonant nonlinearity is very fast in response but small in magnitude.

Usually observed nonlinear susceptibility is due to the response of weakly bound

outer most electrons of atoms or molecules. However, if the wavelength of excitation

is very close to any of resonance frequency, magnitude of nonlinearity can be much

higher. If the expansion of nonlinear polarization as power series in electric field is

valid, the corresponding nonlinearity is called weak nonlinearity. On the other hand,

if the frequency of excitation is very close to resonance, power series expansion as in

Eq. (1.4) is not correct. Such nonlineariry is called strong nonlinearity [7].

1.4 Specific nonlinear processes

Nonlinear optical processes can be classified into various categories. Generally they

belong to the following categories (a) Frequency Conversion Process, (b) Self-action

effects, (c) Coherent Optical Effects and (d) Electra Optic and Magneto Optic effects

[9].
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1.4.1 Frequency Conversion Process

Frequency conversion processes are those that involve the generation of radiation at

wavelengths other than the ones that are contained in the incident radiation. Typical

frequency conversion geometry is illustrated in Fig. 1.1

Nonlinear
Medium

O)gen

Fig. 1.1 Schematic illustration of a typical geometry used in frequency
conversion interactions. Input radiation is supplied at one or more
incident frequencies ((Opump). The wave at (Ogen is generated through the
nonlinear interaction

The major reason for the frequency conversion process is the second and third order

effects explained earlier. The frequency conversion processes due to the second order

effects are second harmonic generation, three wave sum-frequency mixing, three

wave difference-frequency mixing and parametric down conversion. The frequency

conversion processes like Stimulated Raman Scattering and Stimulated Brillouin

Scattering are due to the third order nonlinear effects.

(a) Second Harmonic generation

In second harmonic generation, radiation at an incident frequency co, is converted to

radiation at twice the frequency of the incident radiation i.e.

(t.7)
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It is observed only in non-centra symmetric crystals and the constitutive equation for

typical second order process, under dipole approximation, is given by [5]

p(2W) = ~ d 2w E(W) E(w)
I L...J IJk j k

j,k;x,y,= ( 1.8)

Efficiency of SHG is proportional to phase mismatch Ak as given by the relation [5]

(1.9)

It is obvious that as Llk deviate from zero, the conversion efficiency steadily

decreases

(b) Frequency mixing

The three wave sum frequency mixing is used to generate radiations at higher

frequencies than those in the pump radiation. The laser beams at w! and W2 interact in

a nonlinear crystal and generate a nonlinear polarization p(2)C 0)3 = COt + 0)2). The

generated radiation will have maximum intensity when the phase matching condition

is satisfied. Just like the three wave sum frequency mixing is used for the generation

of radiations with higher frequencies three-wave difference frequency mixing can be

used for the generation of radiations with frequency less than the pump frequencies.

Frequency of the generated radiation will be the difference in frequency between the

two pump radiations interacting with the nonlinear medium i.e. 0)3 = COt - 0)2 where

0)1 and 0)2 are the pump frequencies and (D3 is the frequency of the generated radiation

[7].
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(c) Parametric down conversion

Parametric down conversion is used to convert an optical radiation at frequency COl

into two optical waves at lower frequencies CO2 and C03 according to the relation

(1.10)

This process is illustrated schematicaIly in Fig. 1.2

Nonlinear
>:::: Medium
....................................... .

Fig. 1.2 Schematic illustration of the waves used in
parametric down conversion. Radiation at COt is supplied
and radiation at CO2 and C03 are generated in the nonlinear
interaction.

If there is no incident intensity supplied at CO2 and C03 the process is termed

parametric generation or parametric oscillation depending on the geometry. If the

interaction involves a single pass through the nonlinear medium the process is termed

parametric generation and this geometry is typically used with picoseconds pulses for

generation of tunable infrared or visible radiation from pump radiation in the

ultraviolet, visible or near infrared. Parametric down conversion can also be used

with a resonant cavity that circulates the radiation at either or both of the generated

frequencies. In this geometry the process is termed parametric oscillation. Optical

parametric oscillators are typically used with pump radiation from Q-switched lasers

with pulses lasting several tens of nanoseconds, allowing several passes of the

generated radiation through the cavity while the pump light is present [23]. One of the
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f parametric down conversion is the generation of tunable radiation at_..,uses o
...,elengtbs ranging from the visible to far infrared and the tuning is done by varying

.-o-ofthc phase matching parameters such as angle or temperature.

~'f:

{tDStiJDulated Raman scattering

Stimulated Raman scattering can occur m solids, liquids, gases and plasma. It

involves frequency shifts raging from several tens of reciprocal centimeters for

rotational scattering in molecules to tens of thousands of reciprocal centimeters for

electronic scattering in gases. Forward stimulated Raman scattering is commonly

used for generation of coherent radiation at the Stokes wavelength, amplification of

an incident wave at the Stokes wavelength, reduction of beam aberrations, nonlinear

spectroscopy, generation of tunable infrared radiation etc. Backward stimulated

Raman scattering can be used for wave generation, amplification, pulse compression,

phase conjugation etc [24].

(e) Stimulated Brillouin scattering

Stimulated Brillouin scattering involves scattering from high frequency sound waves.

This can be observed in almost all phases of matter in the universe. Generally,

stimulated Brillouin scattering has a higher gain than stimulated Raman scattering in

liquids and usually dominate the interaction for wave generation when the laser

radiation consists of narrow band pulses that are longer than the response time of the

acoustic phonon. In liquids and gases SBS is used most commonly for phase

conjugation and for pulse compression. In solids, SBS is not commonly used for this

purpose because the material can be easily damaged by the acoustic waves generated

in the medium.

1.4.2 Self Action Effects

Self-action effects are those that affect the propagation characteristics of the incident

light beam. They are due to nonlinear polarizations that are at the same frequency as
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that of the incident light wave. Depending on the particular effect they can change the

direction of propagation the degree of focusing, the state of polarization or the

bandwidth of the incident radiation. Self-action effects can also change the amount of

absorption of the incident radiation. Sometimes one of these effects can occur alone

but more commonly two or more of them occur simultaneously. The most common

self-action effects arise from third order interactions. The various types of self-action

effects depend on whether the susceptibility is real or imaginary and on the temporal

and spatial distribution of the incident light. The real part of the nonlinear

susceptibility gives rise to the spatial effects of self-focusing, self-defocusing,

spectral broadening and changes in the polarization vector. The imaginary part of the

susceptibility causes nonlinear absorption. The important self-action effects are self­

focusing, self-defocusing, self-phase modulation, nonlinear absorption and saturable

absorption.

(a) Self-Focusing

The real part of the third order susceptibility causes a change in the index of

refraction of the material according to the relation

where

(1.11)

(1.12)

In Eq. 1.11 and 1.12 (E 2
) is the time average of the square of the total electric field

which is proportional to the intensity, nl and n2 are the linear and nonlinear refractive

indices and X' is the real part of X. Self-focusing occurs as a result of a combination

of a positive value of n2and an incident beam that is more intense in the center than at_

the edge. In this situation the refractive index at the center of the beam is grater than
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that at its edge and the optical path length for rays at the center is grater than that for

rays at the edge. This is the same condition that occurs for propagation through a

focusing lens and as a result the light beam creates its own positive lens in the

nonlinear medium. As the beam focuses the strength of the non linear lens increases

causing stronger focusing and increasing the strength of the lens still further. This

behaviour results in catastropthic focusing in which the beam collapses to a very

intense small spot in contrast to the relatively gentle focusing that occurs for normal

lenses. Self-focusing can occur in any transparent material at sufficiently high

intensities and has been observed in wide range of materials including glasses,

crystals, liquids, gases and plasmas [24].

(b) Self-defocusing

Self defocusing results from a combination of a negative value of n2 and a beam

profile that is more intense at the center than at the edge. In this situation the

refractive index is smaller at the center of the beam than at the edge, resulting in a

short optical path for rays at the center than for those at the edge. This is the same

condition that exists for propagation through a negative focal length lens and the

beam defocuses.

(c) Self-Phase Modulation

Self phase modulation results from a combination of a material with a nonlinear

refractive index and incident field amplitude that varies in time. Because of the index

of refraction depends on the optical intensity the optical phase which is given by

t/J =kz- OJt =2; [no - ~ nllA(tf ]z- OJt

develops a time dependence that follows the temporal variation of the optical

intensity. The phase shift incurred by an optical beam of power P and cross sectional

area A traveling a distance in the medium is given by
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(I.l4)

which is proportional to the optical power P. Self phase modulation is useful in

applications in which light controls light. For example it can be used for compression

of optical pulses in a manner similar to pulse compression in chirped radar. Pulse

compression of factors of 10 or more have been achieved with self phase modulation

of pulses propagated freely in nonlinear media resulting in the generation of

subpicosecond time range.

(d) Nonlinear Absorption

Self action effects can also change the transmission of light through a material.

Nonlinear effects can cause materials that are strongly absorbing at Iow intensities to

become transparent at high intensities in an effect termed 'saturable absorption' or

they can cause materials that are transparent at low intensities to become absorbing at

high intensities in an effect termed 'multi photon absorption'. The multiphoton

absorption can occur through absorption of two, three or more photons. The photons

can be of the same or different frequencies. When the frequencies are different the

effect is termed sum frequency absorption.

(e) Saturable absorption

Saturable absorption involves a decrease in absorption at high optical intensities and

it is usually observed in materials that are strongly absorbing at Jaw light intensities.

Saturable absorption occurs when the upper state of the absorbing transition gains

enough population to become filled, preventing the transfer of any more population

into it. Saturable absorption is used to mode lock solid state and pulsed dye lasers

[25]. It can also be used with four wave-mixing interactions to produce optical phase

conjugation [26].
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1.4.3 Coherent Optical Effects

Coherent nonlinear effects involve interactions that occur before the wave functions

that describe the excitations of the medium have time to relax or dephase. They occur

primarily when the nonlinear interaction involve one or two photon resonances and

the duration of the laser pulse is shorter than the dephasing time of the excited state

wave function. Coherent nonlinear optical interactions generally involve significant

population transfer between the states of the medium involved in the resonance [27].

As a result the nonlinear polarization cannot be described by the Eq. 1.4 which

assumes that the population was in the ground state. It must be solved for as a

dynamic variable along with the optical fields. Self induced transparency, Photon

echoes etc. are examples for the effects produced due to the coherent interactions.

1.4.4 Electro-optic and Magneto-optic effects

Electra optic and magneto optic effects involve change in the refractive index of a

medium caused by an external electric or magnetic field. These are not normally

thought of as non linear optical effects but are technically nonlinear optical processes

in which the frequency of one of the fields is equal to zero. PockeI's effect, quadratic

Kerr effect, Farady effect, Cotton Mouton effect etc. are examples for various types

of electro-optic and Magneto optic effects. Electro-optic and magneto-optic effects

generally cause changes in the refractive indexes in different direction relative to the

applied field or the crystal axes resulting in field induced birefringence. Electra optic

and Magneto optic effects are commonly used in light modulators, shutters etc. [28]

1.5 Susceptibility tensor and hyperpolarizability

The constitutive equation between electric displacement D and electric field E can be

written as

(1.15)
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where E and Eo are the permittivities of the medium and free space respectively related

by the equation e = l:Ol:r and ~ is the linear polarization. In an isotropic media the

induced polarization is along the direction of external electric field. But in anisotropic

materials, electric induction vector is not oriented along the direction of inducing

field alone, but it can have components in other directions as well. Magnitude of

different components is usually different. Since refractive index (and hence velocity

of light) is related to polarization, non-parallelism between the cause (excitation) and

response (polarization) gives rise to optical anisotropy. Therefore, susceptibility is

generally a tensor. Optical double refraction is the most familiar example of optical

anisotropy. In the case of solids, the origin of non-parallelism between the response

and excitation can be found in the crystalline nature of matter. In this type of

materials, the vectorial nature oflight is very important [29].

The nlll order susceptibility X;i:\ is a tensor of rank (n+l) and the elements

are subject to symmetry conditions relevant to geometry, dispersion properties and

the class of materials. The susceptibilities are complex quantities having in phase as

well as quadrature components. For example, in the case of linear susceptibility x'"
the in-phase component describes the refractive index while the quadrature

component gives absorption. Since (X(I)E + Xl) EEE) can be written as (X(l) + Xl)) E2

)E we can infer that due to the third order term the refractive index governed by X(ll

gets modified by the term x<3) E2 such that n becomes now dependent on the light

intensity (proportional to E\ Simillar effects on the refractive index are produced by

XYl etc. so that nonlinearity leads to a functional dependence of refractive index on

the light intensity [10].

1.6 NLO materials

The development of photonic technology during the past decade has intensified

research activities on searching for new materials that display unusual and interesting
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NLO properties. New NLO materials are the key elements to future photonic

technologies in which their functions can be integrated with other electrical, optical

and magnetic components that have become important in the era of optical

communication. Organic molecular and polymeric materials are relatively newcomers

in the field of nonlinear optics compared with inorganic materials. The third order

optical nonlinearities of inorganic materials are large but their response time is

relatively slow [30- 33J. Large third order NLO susceptibilities have been measured

in inorganic semiconductors using them as quantum wire and quantum dot materials

Recently, research activities have been directed towards developing new

organic molecular and polymeric materials. The superiority of organic materials has

been realized because of their versatility and possibility of tailoring material

properties by applying the techniques of molecular engineering to them for particular

end-uses. In addition organic materials also exhibit large nonlinear figure of merit,

high damage thresholds, and ultrafast response time.

The applications of NLO materials are widespread in the field of solid state

technology that includes harmonic generators, optical computing,

telecommunications, laser lithography, image processing, sensors and over all optical

systems. This shows that the study ofNl.O properties is truly an interdisciplinary area

of research. The development of new materials can shed light on the theoretical

understanding of the origin ofNLO processes. Every year a wide variety of new NLO

molecular and polymeric materials are discovered and the field continues to expand

rapidly. Since the level of integration is also increasing rapidly in photonic

technologies, organic polymers seem more promising compared with inorganic

counterparts because of their compatibility with a variety of materials used in

fabrication technology. Organic liquids, molecular solids, conjugated polymers and

related model compounds, NLO chromophore functionalized polymers,

organometallic compounds, organic composites, liquid crystals, semiconductors,
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nonoparticles etc. are different types of nonlincar materials used for various

applications in the photonic industry and a brief description of the important NLO

materials is given below.

1.6.1 Organic materials

As mentioned earlier the organic materials are the most promising candidates for the

NLO applications because of their unique diversity and the ability to be tailored with

variety of chromophores for the exogenous variables that stimulate photonic

functions in a desirable manner. Moreover they also exhibit large nonlinear figure of

merit, high damage thresholds, and ultrafast response time. Most of the compounds

investigated in this thesis belong to this class.

(a) Organic Liquids

Studies on the third order nonlinear optical properties of wide variety of organic

liquids and solvents have been made and these studies reveal that the third order

nonlinear parameters are influenced by the number of carbon atoms, substituents,

donor acceptor functionalities and 1t electron system present in the NLO materials.

Benzene, Stiblene, nitrobenzene, nitrocyclobexane, carbon tetrachloride, chloroform,

dichloromethane etc. are some of the organic liquids exhibiting NLO properties

[34,35,36]. Some of these organic solvents are used for solubilizing organic solids

and as a result, knowledge of their NLO parameters is necessary to apply suitable

corrections to the measurement techniques.

(b) Molecular Solids

Various types of Dyes, charge transfer complexes and fullerenes are examples for this

class of compounds showing nonlinear optical properties. The NLO properties of

different types of dyes have been reported by several authors [37-41]
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In charge transfer complexes the optical nonlinearity originates from the

supermolecular electronic polarization along the charge transfer axis. Huggards et al.

[75] measured the third order nonlinear susceptibility of one dimensional a-(BEDT­

TIFhI
3

complex by DFWM technique and showed that the third order susceptibility

strongly depends on the wavelength of excitation. Charge transfer complexes form an

interesting class ofNLO materials [42-44]

Carbon clusters have attracted attention for more than two decades. They are

important and fascinating materials because of their chemistry and unique physics

coupled with material science. C60 has the symmetry of icosahedral group and

consists of a large number of 1t electrons. The nonlinear optical properties of

fullerenes in solution, thin film and solid medium like PMMA were most extensively

investigated [45-48]. Third order optical nonlinearity measurements and theoretical

calculations indicate that fulIerenes are promising materials for third order nonlinear

optics.

(c) Conjugated Polymers

Conjugated organic polymers emerged as a new class of NLO materials. Organic

polymers are expected to possess the following desirable properties to show their

potential for NLO devices. They are (a) large third order NLO susceptibility, (b) fast

response time (c) High resistance to laser radiation (d) low dielectric constant (e)

wide bandwidth (f) Chemical tailoring of physical and optical properties (g) ease of

processing into ultrathin films, fibers and liquid crystals (h) mechanical strength and

flexibility (i) environmental stability and (j) nontoxicity. A combination of these

physicochemical properties makes organic rt-conjugated polymers ideal candidates

for third order nonlinear optics applications. Unlimited opportunities for chemical

modifications of the polymer properties keep them as fertile materials in NLO field.

In Particular, derivatives of polydiacetylenes, polyacetylenes, polythiophenes,



Investigations of nonlinear .

polyaniline, Heteroaromatic ladder polymers etc. exhibit the largest third order NLO

susceptibilities. [49-57]

1.6.2 NLO-Chromophore functionalised polymers

Nonlinear optical chromophore functionalized polymers is a new class of NLO

materials. The architectural flexibility of organic conjugated polymers provides easy

modification of chemical structure according to the required functions of NLO

prosperities and processibility into desired'configurations. The n-electron conjugated

system gives rise to the larger third order optical nonlinearity of these polymeric

materials. Novel NLO polymers can be designed and synthesized by covalently

attaching dye moiety to conventional polymers like PMMA, polystyrene etc.

3RDCVXY, 3RN02, 2RN02, 2A-PAA, AMPS-HC-l, AMPS-HC-2, DANSIMMA,
~

PMMA-DRI etc are examples for this class ofNLO materials.[58-60]

1.6.3 Organometallic Compounds

Like organic materials, organometallics also offer the advantages of architectural

flexibility and ease of fabrication and tailoring. Organometallics have two types of

charge transfer transitions, i.e. metal-to-ligand and ligand-to-metal. The metal ligand

bonding displays large molecular hyperpolarizability caused by the transfer of

electron density between the metal atom and the conjugated ligand systems.

Furthermore, the overlapping of the electron orbitals of ligand with the metal ion

orbital leads to larger intramolecular interactions in organometallic complexes. The

diversity of central metal atoms, oxidation states, their size and nature of ligands help

10 tailoring materials to optimize the charge transfer interactions.

Metallophthalocyanines, Naphthalocyanines, Metalloporphyrins, Polysilanes etc.

belong to this class ofNLO materials.

It is worth mentioning that metallophthalocyanines (MPcs) are not true

organometallic compounds because there is no metal to carbon bonding in the
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macrocycle. Still in some sense they may be regarded as organometallic materials.

The MPcs possess exceptionally high thermal stability, ease of fabrication and

processing, architectural flexibility and environmental stability which make them

multipurpose material for solid state technology.

Each Phthalocyanine (Pc) unit contains 18 1t electrons [61-65]. The center

hydrogen atom of free base Pes has a lone-pair electrons, which make these

compounds weakly acidic. The hole in the center of these macromolecules can

accommodate hydrogen or metals ions. Accordingly, they are called metal free Pc

(H2Pc) or metal Pc (MPc) [67). Nearly 60 metal ions have been incorporated at the

center of Pc ring [62,64]. Idealized molecular structures, as are found in solution, are

used to classify the molecular structures. These structures show the highest symmetry

(D4h and C4y)[66]. The versatility of the macrocycle offers tremendous opportunities

for tailoring of electronic and photonic functions through chemical modifications.

Lanthanide and actinide metal ions can form homo or dimers of phthalocyanines

M(PC)2 [69-70]. Such compounds are called bis-phthalocyanines.

Metalloporphyrins are another class of two dimensional n-electron

conjugated systems. Like metallophthalocyanines, they have a cyclic conjugated

Structure, a variety of central metal atoms can be incorporated into the ring structures

and many modifications can be made at the peripheral sites of the ring. The structure

of porphyrin in its free b~se form has D2h symmetry. When a metal is substituted at

the center of the porphyrin the D2h symmetry changes to D4h. symmetry. [71-72].

Quinoxaline-2-Carboxalidene-2-Aminophenol (QAP) is another material belong to

this class of compounds. The characterization of the nonlinear optical properties of

Bis-PhthalocYanines, Tetra Phenyl Porphyrins and QAP's is the most important part

of the present thesis and it will be discussed in detail in the succeeding chapters.
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1.6.4 Liquid Crystals

Liquid crystals arc an interesting class of NLO materials because their physical

properties can be controlled by achieving orientation from a modest field. The optical

nonlinearities in liquids can arise from several mechanisms, from collective

reorientations to electronic. An excellent review on the NLO response of liquid

crystal has been published by Palffy-Muhoray [73]. Temperature as well as donor

acceptor side chain substitutions can greatly influence the NLO properties of liquid

crystals and they found important applications in electronic displays [74-75].

1.6.5 Biomaterials

Third order NLO properties of naturally occurring chemical species in Chinese tea,

herbal medicine, black tea, chlorophyll and their solutions in chloroform have been

the subject of interesting studies and they form another class of nonlinear optical

materials.[76-77]

1.6.6 NanoparticIes

Nanomaterials, which include metal and semiconductor nanoparticIes , carbon

nanotubes, nanowires etc. are a new class of technologically important nonlinear

optical (NLO) materials [78-81]. Nanophotonics and nanotechnology are relatively

new and rapidly developing areas of science and technology, wherein the unique

properties of confined electron in nanostructures are exploited. Metal nanoparticles

may be considered as typical examples of nanomaterials, which form an intermediate

region between the domain of atomic and molecular physics and that of condensed

matter

1.6.7 Semiconductors

Semiconductors exhibit a broad range of diverse nonlinearities. Two photon

absorption, free carrier absorption, the electronic Kerr effect and nonlinear refraction
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associated with free carrier generation etc. can be observed in several semiconductors

[82-83].

1.7 Physics of NLO Behaviour in Organic Molecules

The absorption electromagnetic radiation in molecules results in the excitation of

electrons fonn their lower occupied states to higher molecular states. There are

number of different possible path ways for de-excitation from these higher energy

states to the lower states. The most favourable de-excitation path way depends on the

type of the molecules and nature of electronic states involved in the process [84].

One of the interesting properties of electronically excited molecules is their tendency

to re-ernit radiation on returning to the ground state. By the light absorption two

excited electronic states can be derived from electronic orbital configuration. In one

state, the electron spins are paired and in the other the electron spins are unpaired. A

state with paired spins remains as a single state in the presence of a magnetic field

and is termed as singlet states. But a state with paired spins can interact with

magnetic fields and splits into three quantized states and is termed as triplet states. An

energy state is a display of the relative energies of these energy states of a molecule

for a given fixed nuclear geometry [85].

The electronic ground state of a molecule is a singlet state and is denoted as

So. The higher singlet states are denoted as SI, S2 ,S3 , Sn' Similarly the higher

triplet states are denoted as TIT2 T3 ........ Tn- Each electronic state has a broad. ..
continuum of levels and the optical transitions between these continua leads to broad

absorption and emission spectra. Transition between singlet sates are spin allowed

and gives rise to strong absorption bands. Transitions between the ground level of one

energy state and the higher vibrational states of the same level is also possible and

these transitions occur within a few pico second time duration. Decay process

inclUded in this type of transitions are non-radiative in nature. From the first excited

singlet state S, the molecule can relax back radiatively or non-radiatively to the



ground state So or cross over to the triplet state. The spontaneous radiative decay from

SI to So is known as Fluorescence and is governed by the life time of SI state. The

non-radiative transition from SI to So state is known as Internal Conversion and the

transition from SI to T 1 state is known as intersystem crossing. Similarly the decay

from T I to So can also be radiative or non-radiative. If this transition is radiative it is

termed as Phosphorescence. Typical phosphorescence life times are in the range of

milliseconds to microseconds and the life time of triplet state is gneraly large since

the triplet-singlet transition is dipole forbidden. Under special experimental

conditions the molecules in the ground state So can be excited to higher energy states

S; These higher states relax back to the SI state on a very fast time scale and

generally this is of the order of few femto seconds. In certain cases, the T I state can

be populated by the intersystem crossing. Similarly the higher triplet states can also

be populated under suitable conditions through the intersystem crossing in the upper

states. Therefore, even though the direct absorption form singlet state to triplet state is

forbidden by selection rule it can be populated indirectly and these type of transitions

between the energy levels are responsible for most of the nonlinear phenomena

observed in organic molecules.

1.8 Applications

Nonlinear optics has found large number of applications in various fields of science

and technology. Their contribution to the field of basic research also has special

importance and it has helped us in understanding the mechanism of laser matter

interaction in detail [20-25, 86-90]. Therefore the study of nonlinear optics is highly

relevant and desirable. In this section, some of the applications of nonlinear optics are

discussed.

1.8.1 Nonlinear Spectroscopy

Nonlinear spectroscopy involves the use of a nonIinear optical interaction for

spectroscopic studies. It makes use of the frequency variation of the nonlinear

26



'ImObility to obtain information about a material in much the same way that

"~D of the linear susceptibility with frequency provides information in linear

spectrosCopy. In nonlinear spectroscopy the spectroscopic information is obtained

dinCdy from the nonlinear interaction as the frequency of the pump radiation is

varied Many different types of nonlinear effects can be used for nonlinear

spectroscopy, including various forms of parametric frequency conversion, harmonic

generation, four wave sum and difference frequency mixing, degenerate four wave

mixing, multi photon absorption, multi photon ionization and stimulated scattering

[7]. Nonlinear spectroscopy can provide information different from that available in

linear spectroscopy. For example Doppler free spectroscopy makes use of nonlinear

properties of materials for improving the spectral resolution obtainable in linear

spectroscopy. Similarly nonlinear spectroscopy can be used for the measurement of

the frequency of states that have the same parity as the ground state which is not

accessible through linear spectroscopy, study of energy levels that are in the regions

of the spectrum in which radiation for linear spectroscopy either gets absorbed or is

not available, study of excited levels in materials providing information on their

coupling strength to other excited states or to the continuum, study the kinetics of

excited states such as life times, dephasing times, energy decay paths etc. Therefore

the nonlinear spectroscopy is a wonderful tool in the hands of scientists for probing

the mysteries of laser matter interaction.

1.8.2 Harmonics Generation and frequency mixing

The mixing of optical frequencies in crystals provides a source of narrow band

coherent radiation in various regions including those in which there are no primary

lasers available. Primary laser radiation is available from the IR. through the visible

and DV. Optical frequency mixing has enabled researchers to' extend the range of

wavelength to the XUV reaching almost to the soft x-ray range. Currently it is the

only source of coherent radiation in the XUV region. Frequency doubled YAG laser

is the most popular source of green light. Frequency tripled YAG laser is used for

27
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fusion applications. Optical parametric oscillators, which work on the principle of

parametric wave mixing, are now used to get continuously tunable laser output from

400nm to 2000nm [23].

1.8.3 Frequency Up-Conversion

A frequency up converter converts a wave of frequency (()I into a wave of higher

frequency 0)3 by use of an auxiliary wave at frequency 0)2 called the pump. A photon

;U1J2 from the pump is added to a photon n(1JI from the input signal to form a photon

n(1J3of the output signal at an up converted frequency (i)3 = 0)1 + 0)2

Fig. 1.3 Photon interaction in a frequency up converter

Materials in which this can be realized is useful for the detection of infrared

radiations and many useful devices making use of this property is now available in

market. [25]

1.8.4 Optical short pulse generation and measurement

Optical pulses having pulse width less than nanosecond can be obtained only by using

nonlinear techniques. Mode locking is one of the promising techniques for the

generation of short optical pulses [91]. Stankov et.al, proposed that interacavity

harmonic generation could be used for pulse narrowing in lasers [92]. Parametric
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mode locking demonstrated by Zhao and McGraw is another technique by which

pulse compression can be realized [93]. Pulses as short as 65 fs over a broad turning

range were obtained by synchronously pumping an OPO resonator with Nd: Glass

laser with negative feedback [94J. Laser pulses with enhanced chirp can be

compressed in a grating pair compressor. Pulses of 50 fs at 920 nm were obtained by

this technique with the natural chirp of frequency doubled pulses from Nd: Glass

laser [95]. Additive mode locking, Self starting mode locking, Kerr lens mode

lockingetc. are various other techniques by which pulse compression is demonstrated

[96]. Thus, appropriate nonlinear processes can realize generation and

characterization ofultra short pulses.

1.8.5 Optical Phase Conjugation

Optical phase conjugation, also referred as time reversal or wavefront reversal, is a

technique involving the creation of an optical beam that has the variations in its

wavefront or phase reversed relative to a reference beam. If the optical field is

represented as the product of an amplitude and complex exponential phase

then the process of reversing the sign of the phase is equivalent to forming the

complex conjugate of the original field, an identification that gives rise to the name

phase conjugation. When the optical phase conjugation is combined with a reversal of

the propagation direction it allows for compensation of distortions on an optical beam

Which develops as a result of propagation through distorting media. Therefore,

optical phase conjugation finds large number of application like Optical resonators,

Laser fusion, Optical image transmission, Interferometers, Optical frequency filters,

Optical pulse compression etc [26, 97-98].
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1.8.6 Nonlinear optical effects in optical communications

One of the most important boosts of research in nonlinear optics came in the late

1970s with the advent of optical telecommunications systems using optical fibers and

semiconductor lasers [99]. Current communication networks with fiber transmission

lines have a much greater information-carrying capacity than conventional coaxial

cable- based systems. Also, optical signals can be transmitted in fibers over tens of

kilometers before requiring amplification. In these optical communication schemes,

modulated semiconductor lasers are used for the generation of information-carrying

light waves, and can also be used in repeaters, for the amplification of attenuated

signals. Other important applications of semiconductor lasers include optical disks for

information storage, barcode readers, and printers. Unfortunately, semiconductor

lasers tend to react strongly to perturbations from the outside world. This leads to

dynamical instabilities that can hamper technological progress. Therefore, it is not

surprising that much research effort is devoted to the understanding and control of

these instabilities. Sometimes, however, a highly pulsating laser response can be

desirable for practical applications. Nowadays, the use of chaotic information carriers

is contemplated for secure communication schemes [91].

1.8.7 Optical switching

NonIinear optical effects may be used to make all optical switches. In an all optical

switch light controls light with the help of a nonlinear optical material. Nonlinear

optical effects can be either direct or indirect. Direct effects occur at the atomic or

molecular level when the presence of light alters the atomic susceptibility or the

photon absorption rates of the medium. Optical Kerr effect and saturable absorption

are examples for direct nonlinear optical effects. Indirect nonlinear effects involve an

intermediate process in which electric charges and or electric fields play an important

role in the nonlinear behaviour of the material. Indirect nonlinear effects can occur in

Photorefractive materials, liquid crystal etc. The optical phase modulation in the Kerr

medium may be converted into intensity modulation by placing the medium in one
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III .of an interferometer so that as the control light is turned on and off the

tranSmittance of the interferometer is switched between I and 0 as in Fig. 1.4

Input
Control Light

Fig 1.4 An all optical on off switch using a Mach- Zehnder
interferometer and a material exhibiting the optical Kerr effect

Output

The retardation between two polarizations in an anisotropic nonlinear medium may

also be used for switching by placing the material between two crossed polarizers. All

optical switching can also be realized using an optically addressed liquid crystal

spatial modulator. In this case the control light alters the electric field applied to the

liquid crystal layer and therefore alters its reflectance. Organic materials with large

and fast nonlinearity are promising candidates for optical switching [15]. The

response time of the nonlinearity determines the operating speed of the devices.

Optical switching by third order effects has advantages over linear electro-optic

effect. The former has instantaneous response (of the order of picaseconds) while the

latter's response time can be higher [6]. This is because of the fact that electro-optic

effects involve charge separation and hence the speed of switching is determined by

the mobility of the carries [100].

1.8.8 Optical limiting

Optical Iimiters are devices that strongly attenuate intense optical beams while

exhibiting high transmittance for low intensity ambient light levels. These nonlinear



optical devices are currently of significant interest for the protection of human eye

and optical sensors from intense laser pulses [17-19]. The optical response of an ideal

optical limiter is presented in Fig 1.5

­N's
U
-.-

Input fluence (J cm-2 )

Fig. 1.5 Ideal optical limiting graph

An ideal optical limiter will have a linear transmission upto a threshold input fluence

lth value, which can vary for different materials. If incident fluence is increased

beyond llh, transmittance remains constant. The occurrence of optical limiting is

generally achieved within a limited range of radiation frequencies by a single optical

limiter depending on its specific features. Optical limiting behaviour has been

reported in various types of materials like carbon black suspension, organometallics,

fullerenes, semiconductors, liquid crystals etc. The important fundamental physical

processes responsible for the optical limiting effect are (a) reverse saturable

absorption, (b) two photon absorption, (c) free carrier absorption, (d) nonlinear

refraction, (e) photorefraction, and (t) induced scattering. [101-103J

1.9 Present work

The result of experimental studies carried out on third order NLO properties in certain

organic materials is the focus of the present thesis. The materials studied are

Samarium Phthalocyanine, Tetra Phenyl Porphyrins, Quinoxaline-2-Carboxalidene-2-

"l"
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A)ninophenol (QAP) and Cobalt (Ill) Ternary Complexes of 2-Hydroxy

Acetophenone N(4) Phenyl Semicarbazone Containing Heterocyclic Coligands.

Degenerate four wave mixing (DFWM) and Z-scan were used as experimental

techniques. Nonlinear absorption coefficient and imaginary part of the nonlinear

susceptibility of Samarium Phthalocyanine in MMA as well as PMMA medium were

calculated and the results were compared. Figure of merit (F), Second

hyperpolarizabiJity (y) and Extinction coefficient (E) of various TPP's, QAP's and

metal complex of phenyl semicarbazone were measured and their corresponding

optical limiting behaviour is analyzed. Attempts are made to explain the experimental

results in terms of the structure and electronic configuration of the molecules. The

following chapters contain the details of the above work.
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Chapter 2

Experimental Techniques and Details:
Z-Scan and Degenerate Four Wave Mixing

Abstract

Z-scan and Degenerate Four Wave Mixing are the two techniques used for the
nonlinear optical measurements in presented in this thesis. The experimental
details of these techniques along with the relevant theory are explained in this
chapter. Moreover the specifications of the laser source and those of the other
instruments utilized for the measurements are also presented.
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~uction

.-characterization of the nonlinear oPt~C~1 prope~ies of various NLO mat~rials for

~us applications like frequency mixmg, optical short pulse generation and

wurement, optical communication, optical switching, optical limiting etc. is a
J2l1'.
~ting field in modem optics[ 1-6]. The magnitude and response of third order

aonlinear susceptibility is one of the important parameters of this class of materials

IIld several techniques are available for the measurement of such parameters. Z-scan,

Degenerate Four Wave Mixing (DFWM), Third Harmonic Generation (THG), Time

resolvedoptical Kerr effect, Electro Absorption etc. are some of the techniques used

far this purpose. Using z-scan, the sign and magnitude of the third order susceptibility

tensor can be calculated. Degenerate Four Wave Mixing can give both the magnitude

and responseof the third order nonlinearity. Similarly THG is another technique used

for the measurement of the magnitude of the third order susceptibility tensor. Electro

absorption is used for the dispersion studies of third order nonlinearity and the time

resolved optical Kerr effect is used for the photo physical processes determining the

non1inearity.

2.2 Z-Scan Technique:

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

intensity dependent nonlinear susceptibilities of materials and it was originally

introduced by Sheik Bahae et.al (7-8]. In this method, the sample is translated in the

Z-direction along the axis of a focussed Gaussian beam, and the far field intensity is

measured as function of sample position. Consequently increases and decreases in the

ma:wnwn intensity incident on the sample produce wavefront distortions created by

nonlinear optical effects in the sample being observed. This is a simple and sensitive

single beam technique to measure the sign and magnitude of both real and imaginary

part of the third order nonlinear susceptibility X(3) of materials. The z-scan is obtained
by .

moving the sample along a well-defined, focused laser beam, and thereby varying

the light intensity in the sample. In the original single beam configuration, the
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transmittance of the sample is measured, as the sample is moved, along the

propagation direction of a focussed gaussian laser beam. A laser beam propagating

through a nonlinear medium will experience both amplitude and phase variations. If

transmitted light is measured through an aperture, placed in the far field with respect

to focal region, the technique is called closed aperture Z-scan experiment [7-8]. By

varying the aperture in front of the detector, one makes the z-scan transmittance 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.

In the closed aperture z-scan the transmitted light is sensitive to both

nonlinear absorption and nonlinear refraction. In this case, phase distortion suffered

by the beam while propagating through the nonlinear medium is converted into

corresponding amplitude variations and the real part of the susceptibility tensor can

be calculated. On the other hand, if transmitted light is measured without an aperture

the z-scan obtained is known as open aperture z-scan and in this case entire light from

the sample is collected [8]. In the open aperture z-scan the output intensity is sensitive

only to the nonlinear absorption of the sample and the imaginary part of the

susceptibility tensor can be calculated form the data obtained. The graph obtained by

dividing the closed aperture z-scan data by the open aperture z-scan data measured

simultaneously is know as "divided z-scan graph"[8]. In the "divided z-scan" the

effect of nonlinear absorption is cancelled out and the measured nonlinear effect is

due to the nonlinear refraction alone.

In a z-scan measurement, it is assumed that the sample thickness is always

less than the Rayleigh's range 7.(} defined by the expression [9]

kOJo
2

Z =-­
o 2

where k is the wave vector and 000 is the beam waist and is given by

(2.1)
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(jJ == fA
o D (2.2)

in this expression Of' is the focal length of the lens used, 'A.' is the wavelength of the

radiation used and 'D' is the beam diameter. The sample thickness is always kept less

than the Rayleigh range for ensuring that the beam profile does not vary appreciably

inside the sample. The experimental setup for single beam z-scan technique is given

in Fig.2.1

Detector

B

Beam

Isplitter 0--'1

Aperture Lens Sample

Detector

GJ---.......~4---l
RJP 7620

Ratiometer

Fig. 2.1 Experimental setup

Z-scan technique is highly sensitive to the profile of the beam and also to the

thickness of the samples [7, 8,10 ]. Any deviation from the gaussian profile of the

beam and also from thin sample approximation will give rise to erroneous results. To

enhance it's sensitivity and applicability new extensions have been added. A two

color Z-scan is used to perform the studies of non-degenerate optical nonlinearities

[II-12]. A much more sensitive technique, EZ-scan (eclipsed Z-scan), has been

developed which utilizes the fact that the wings of a circular Gaussian beam are much

more sensitive to the far-field beam distortion [13]. A reflection Z-scan technique was

introduced to study the optical nonlinearities of surfaces [14]. Z-scan with top-hat
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beams and elliptical Gaussian beams have been performed resulting in better

sensitivity [15]. The dual wavelength (two-color) extension of the standard Z-scan

technique has been used to measure the non-degenerate nonlinearities [11]. This has

been further used to time resolve the dynamics of the nonlinear process by

introducing a delay between the pump and probe beams [11]. Z-scan measurements

can also been done with astigmatic gaussian beams [16]. In the case of astigmatic

gaussian beam, a slit is used instead of a (circular) aperture. Z-scan measurement for

non gaussian beams with arbitrary sample thickness [17] and arbitrary aperture [18]

have also been suggested. In the case of the former, nonlinear parameters are

measured in comparison with a standard sample, mostly carbon disulphide (CS2) [15].

A comprehensive review of different techniques of z-scan could be found in any of

the following references [19-24]. The Z-scan technique has been used extensively to

study 'different materials like semiconductors, nano-crystals, semiconductor-doped
~ .

glasses, liquid crystals, organicmaterials, biomaterials etc.

2.3 Open aperture Z-scan for absorptive nonlinearity

Nonlinear absorption of the sample is manifested in the open aperture Z-scan

measurements. For example, if nonlinear absorption like two-photon absorption

(TPA) is present, it is manifested in the measurements as a transmission minimum at

the focal point [8]. On the other hand, if the sample is a saturable absorber,

transmission increases with increase in incident intensity and results in a transmission

maximum at the focal region [25]. A straight-line z-scan graph is obtained in the case

of samples with linear absorption.

In the case of excited state absorption (ESA), the sample experiences the

strongest intensity and fluence at focus; therefore it abosorbs the most energy and

allows least transmittance. Av,,'ay from the focus in the direction of both increasing

and decreasing z transmittance increases evenly because the irradiance decreases

symmetrically about the focus.



Chapter 2: Experimental .

ZlZo

Fig. 2.2 Open aperture z-scan curves for
a) ESA, b) SA and c) linear absorption.

This feature has been observed experimently and is shown by curve (a) of the

above figure (Fig. 2.2). Accompanying curve (a) we also show curve (b) simulated

for the situation of saturable absorption (SA) i.e. absorption coefficient a decrease

with intensity or fluence and curve (c) for linear absorption i.e. a remains constant

irrespective of intensity or fluence. All three curves are normalized to give a

transmittance of one in the linear region (i.e. regions of large Izl). Sample positions

are presented in units of zl'4J where '4J is the diffraction length. It has been shown that

the model originally developed by Bahae et. al [8] for pure TPA can also be applied

to excited state absorption (ESA) [26]. ESA is a sequential TPA process, where two

photons are successively absorbed [27]. However, in this case nonlinear absorption

coefficient 13 is renamed as !3elf, the details of which are discussed in later chapters.
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2.4 Theory of open aperture Z-scan technique

In the case of an open aperture z-scan the transmitted light measured by the detector

is sensitive only to the intensity variation. Therefore the phase variations of the beam

can be neglected safely. The theory of Z-scan experiment given here is same as that

given by M Sheik Bahae et. al. in reference [8].

The intensity dependent nonlinear absorption coefficient 0.(1) can be written

in terms of linear absorption coefficient a. and TPA coefficient Pas [8]

a(I)=a+ fJI

The irradiance distribution at the exit surface of the sample can be written as

1 ( )
_ I(z,r,t)e-aJ

r z,r,t ------
1+q(z,r,t)

where

q(z,r,t) = fJ/(z, r,t)Leff

(2.3)

(2.4)

(2.5)

Leff is the effective length and is given, in terms of sample length I and a. by the

relation

(2.6)

The total transmitted power Ptz, t) is obtained by integrating Eq. (2.4) over z and r

and is given by

P( ) - P. ( ) -aJ In[l+qo(z,t)]z,t - I t e
qo(=,t)

Pl(t) and qo(z, t) are given by the equations (2.8) and (2.9) respectively.

(2.7)

(2.8)
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(2.9)

(2.10)

for a pulse of Gaussian temporal profile, eq.(2.7) can be integrated to give the

tdDsmission as

( ) C "'f ,2
T z =---= In(1+ qoe- )dt

qo.,,};r -n

Nonlinear absorption coefficient is obtained from fitting the experimental results to

the Eq. (2.10).

Ifl qol < 1, the Eq. (2.8) can be simplified as

T(z,S = 1)= I [-qo(Z,o~r
m=O (m +1) 2

(2.11)

Once an open aperture z-scan IS performed, nonlinear coefficient 13 can be

unambiguouslydeduced.

2.5 Closed aperture Z-scan

The transmittance characteristics of the sample with a finite aperture depend on the

nonlinear refractive index of the sample. Consider, for instance, a material with a

negative nonlinear refraction and of thickness smaller than the diffraction length

(kCtJo
2

/ 2 ) of the focused beam being positioned at various points along the Z-axis.

This situation can be regarded as treating the sample as a thin lens of variable focal

length due to the change in the refractive index at each position (n = no + n2 I).

When the sample is far from the focus and closer to the lens, the irradiance is low and

the transmittance characteristics are linear. Hence the transmittance through the

aperture is fairly constant in this region. As the sample is moved closer to the focus,
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the irradiance increases inducing a negative tensing effect. A negative lens before the

focus tends to collimate the beam. This causes the beam narrowing leading to an

increase in the measured transmittance at the aperture. A negative lens after the focus

tends to diverge the beam resulting in the decrease of transmittance. As the sample is

moved far away from the focus, the transmittance becomes linear in Z as the

irradiance becomes low again. Thus the curve for Z versus transmittance has a peak

followed by a valley for a negative refractive nonlinearity. The curve for a positive

refractive nonlinearity will give rise to the opposite effect, i.e. a valley followed by a

peak [7,8].

o
zJzo

Fig. 2.3 Typical closed aperture z-scan curve
of samples having negati ve nonlinearity

The former is called self-defocusing and the later is called self-focussing. Fig. 2.3 and

2.4 shows a typical closed aperture z-scan curve of samples having negative and

positive nonlinearities respectively
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o
zJUJ

Fig. 2.4 Typical closed aperture z-scan curve
of samples having positive nonlinearity

One of the mechanisms of self-focussing is optical Kerr effect [28] which has

instantaneous response. In this case the electric field of a light beam exerts a torque

on anisotropic molecules by coupling to oscillating dipole induced in the molecule by

the field itself. Resulting light induced molecular reorientation is the main mechanism

for optical nonlinearity in transparent liquids. Nonlinear refractive index depends

linearly on light intensity. Other mechanism of optical Kerr effect includes off

resonant excitation of narrow band absorbers and consequent distortion of electronic

distribution among energy levels in the materials. The resultant intensity dependant

refractive index is responsible for self-focussing or self-defocusing. In self-focusing

beam collapses upon itself spatially. Kerr like nonlinearity has very fast response

time. of the order of picoseconds.



Investigations ofnonlinear .

2.6 Theory of closed aperture Z-scan technique

In a cubic nonlinear medium the index of refraction n is expressed in terms of

nonlinear indices n2 (esu) or y (m2/W) through

(2.12)

where no is the linear index of refraction, E is the peak electric field; n2 the intensity

dependent refractive index and I denote the irradiance of the laser beam within the

sample.

Assume a TEMoo beam of waist radius Wo travelling in the +z direction. E can

be written as (8]

w [r 2
ikr: ]E(z,r,t) = EO (t)-o-exp --2-- e-I~(z.1)

w(z)_ w (z) 2R(z)

(2.13)

Where w1 (z) = wo
2(1+ z2 /z/) is the beam radiu1 R(z)=z(1+z2 / z02) is the

radius of curvature of the wave front at z, Zo = kmo is the diffraction length of the
2

beam and k is the wave vector. Eo(t) denotes the radiation electric field at the focus

and contains the temporal envelope of the laser pulse. The e,i$(z) term contains all the

radiaIly uniform phase variations. For calculating the radial phase variations ~~(r),

the slowly varying envelope approximation (SVEA) was used and all other phase

changes that are uniform in r are ignored. L« zJ~~(O), where L is the sample

length, the amplitude and the phase <I> of the electric field as a function of z' are

now governed in the SVEA by a pair of simple equations Ji

d~~ = j),n(l)k
(2.14)

d=

and

d! (2.15)
-,=-a(l)!
d:
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tIere z' is the propagation depth in the sample and a(I) in general includes linear

IIlCi nonlinear absorption terms.

In the case of cubic nonlinearity and negligible nonlinear absorption Eq. 2.14

and Eq2.15 are solved to give the phase shift ~4> at the exit of the sample is given by

[
2r

2

]~1fJ(z,r,t):::: ~1fJ(z,t)exp - w2(z)

with

L1c1lo(t) the on axis phase shift at the focus is defined as

(2.16)

(2. I7)

(2.18)

where L _ (1- e-ai ) with a the linear absorption coefficient. Here ~o = yIo(t)
eJf -

with Io(t) being the 6ft axis irradiance at the focus (i.e. at z=O).

The complex electric field exiting the sample E, now contains the nonlinear phase

distribution

a1

E (z r t) =E(z r t}e2eid;{z,r,t]e , , , , (2.19)

By virtue of Huygen's principle and making use of Gaussian decomposition method [

] one can Show that

ei!1~(:,r,t) = f [i~~o(z,r,t)r e-2mr2/w2(z)

m=O m!
(2.20)



After including the initial beam curvature for the focused beam the resultant electric

field pattern at the aperture is

E ( )=E( =0 )e-aJ/2~ [iLlY?o(z,t)r wmO [_~_ ikr
2

'()] (2.21)
a r, t z,r,t L..,; exp 2 + 1 m

m=O m! W m W m 2Rm

Defining d as the propagation distance in free space from the sample to the aperture

plane and g=1+d/R(z) the remaining parameters in Eq. 2.21 are expressed as

(2.22)

(2.23)

(2.24)

(2.25)

and

(2.26)

Where cl is the propagation distance in free space for the sample to the aperture plane

and g is defined as g=1+d/R(z). The expression given in Eq. 2.21 is a general case of

that derived by Weaire et. al [29]. Gaussian decomposition method is useful for the

small phase distortions detected with z-scan method since only a few terms of the

sum in Eq. 2.21 are needed.

The on-axis z-scan transmittance for cubic nonlinearity and a small phase

change can then be derived as follows. The on-axis electric field at the apertue plane

can be obtained by letting r=O in Eq. 2.21 In the limit of small nonlinear phase
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(2.27)

;-([.1'0 « 1Donly two terms in the sum in Eq. 2.21 needed to be retained. The

~ized z-scan transmittance can be written as

. . lEa (z,r == o,~;ot _I(g+id/dot +i~;o(g+id/dlrr
.ri'JA;o)== IEa(z,r == O,~;o == ot - I (g+id/dot 1

2

:t1f"~"

The far field condition d»~ can be give a geometry independent normalized

UlJlSlDittafice as

wherex=zI~

()
4A;ox

Tz,Ac/Jo =1-( 2 X2 )
x +9 x +1

(2.28)

The peak and valley of the z-scan transmittance can be calculated by solving the

equation

dT(z,~;o) = 0
dz (2.29)

Solution to this equation yield xp.~0.858 therefore we can write the peak valley

separation as

M p •v = 1.7zo (2.30)

Also inserting the z value from Eq. 2.27 and Eq. 2.28 the peak valley transmittance

change is

(2.31)

This relation is accurate to 0.5% for I~;ol ~ Tr . For large aperture this equation is

modified and is

(2.32)
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Thus by measuring the transmitted power in a closed aperture z-scan one can obt~

the nonlinear refractive index by knowing the value ofd4lo from Eq. 2.29

All the measurements mentioned in this thesis have been carried out using ~

nano second laser and since the closed aperture measurements, in the presenl

experimental conditions, can give only thermal response [30], which is not of interesi

with respect to the scope of the present work. Therefore closed aperture Z-SCatl

measurements were not attempted in detail.

2.7 Merits and demerits of z-scan techniques

This technique has several advantages, some of which are

Simplicity: No complicated alignment is needed except for keeping the beam

centered on aperture.

• Simultaneous measurement ofboth sign and magnitude of nonlinearity.

• Data analysis is quick and simple except for some particular conditions.

• Possible to isolate the refractive and absorptive parts of nonlinearity unlike in
DFWM.

• High sensitivity, capable of resolving a phase distortion of1J300 provided the
sample is of high optical quality

• Close similarity between the Z-scan the Optical Power Limiting geometry.

Some of the disadvantages include

• Stringent requirement of high quality Gaussian TEMOO beam for absolute
measurements

• For non-Gaussian beams the analysis is completely different. Relative
measurements against a standard samples allows relaxation on requirements
of beam shape
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~ Beam walk-off due to sample imperfections, tilt or distortions

".
• Not suitable for measurement of off-diagonal elements of the susceptibility

tensor except when a second nondegenerate frequency beam is employed

'.;

2.L Degenerate four-wave mixing (DFWM)

Four wave mixing is a technique to study the third order optical nonlinearity of the

medium. In this method three coherent beams interact in a nonlinear medium to

generate a fourth wave. If the frequencies of all the waves are the same (their wave

vectors can be different) then it is called Degenerate Four Wave Mixing (DFWM).

DFWM is one of the most important and versatile techniques, which provides

infomation about the magnitude and response of the third-order nonlinearity. The

strength of this fourth beam is dependent on a coupling constant that is proportional

to effective X3 and hence measurements on phase conjugate signal will yield

infonnation about the X3 tensor components of the medium [31-40]. DFWM can be

employed in backward (or generally called the Phase Conjugate), forward or boxcar

configurations, with the choice on the experimental conditions and the requirements.

Using different polarizations of the three beams it is possible to measure all the

independent l tensor components of an isotropic material. Schematic diagram of

DFWM is shown in fig.S

............ . ........................ .............. - .................................................. .

Optically Nonlinear Medium
Forward Pump
Wave (Er)

Probe Wave Phase conjugate€En) ---..~~..........;;::::....-=-~...;...;...,-~-- light (E
e
)

Back pump
wave (Eb)

Fig. 2.5 Schematic diagram of
Degenerate Four Wave Mixing
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BS 2 BS 3

Fig. 2.6 Experimental setup of Degenerate Four Wave
Mixing BS: Beam splitters; PD: Photo-detectors; M:
Mirrors; «1>: Pump-probe beam angle

The presence of a third-order optical nonlinear susceptibility 'lleads to the

creation of various components of material polarisation, giving rise to new optical

fields. If the phase-matching condition is fulfilled (i.e. the phase relation between the

waves emitted by different parts of the nonlinear medium leads to constructive build

up of the resulting wave), new beams of light are created. If the fields are of identical

frequencies, the process is termed as Degenerate Four Wave Mixing and the output

beam will have the same frequency. The time resolution of the FWM measurements

depends on two parameters. The first is related to the time duration of the laser pulses

and the second is related to the coherence time of the laser pulses.

In the experimental setup, two beams of equal intensity generally called

forward and backward pump beams, are made exactly counter propagating. Therefore

sum of their wave vector is zero (k f + lib = 0). The actual experimental setup for

DFWM is given in Fig. 2.6. A third beam (called probe beam), which has an intensity



Chapter 2: Experimental .

less than those of the pump beams, make a small angle with respect to one of the

pump beams (in the present case ~ 8°) as shown in the Fig. 2.6. Pump-probe intensity

ratio is kept about five. The generated fourth wave is called phase conjugated beam,

because its amplitude remains everywhere the complex conjugate of the probe beam.

From phase matching condition (Ak = 0) it can be seen that wave vector of the phase

conjugate beam k, = - kp, i.e. phase conjugate light retraces the path of the probe

beam.

kout:....---+--..

(a.) kin = - kout (b)

Fig. 2.7 Comparison of the reflection properties of (a)
conventional and (b) phase conjugate mirrors. The PCM
reverses the total propagation direction of the incoming ray
while the conventional mirror only changes the sign of the
wave vector component normal to the mirror surface.

It is to be noted that in a phase conjugate reflection, the wave vector of the

incident beam is totally reversed, whereas in an ordinary reflection, only normal

component of the wave vector component is reversed. Thus phase conjugate

reflection does not obey the SnelI's law. Refection from a phase conjugate mirror and

that from an ordinary mirror is illustrated in the Fig. 2.7 [41].



Generation of phase conjugate light can be understood as diffraction of one of thi

input beams from a grating formed by interference of the other two input beams [42.

45]. Grating essentially means spatial (or temporal) modulation of certain propertiCl

of the medium. Therefore DFWM is also called real time holography (simultaneoUl

writing and reading of the hologram). For an isotropic medium the nonlinell1

polarization of the three superposed light waves can be represented in terms of the!

respective complex amplitude vectors Aj as follows

~(3) = A(Af.Ap·)Ab + A{Ab.Ap·)Ar + 2C(Af'Ab)Ap' (2.33)

I
As Fig. 2.8 (a) shows the first term in Eq. 2.33 describes a generation process giVinj

rise to conjugate wave E; A stationary three dimensional diffraction grating i

formed by the forward pump Er and the probe E, and the back pump wave E,

experiences Bragg diffraction on this grating. Since E, is transmitted through the

medium the process is said to involve a transmission grating. The transformation to

E, can be described in terms of a grating vector ko :; kr - kp. The second term in Eq.

2.33 describes diffraction of the pump Er on the grating formed by interference

between the pump E, and the probe as shown in Fig. 2.8 (b). Since Er appears to be

reflected from the medium to form E, the process is said to involve a reflection

grating with grating vector ko:; kt, - kp. Since the grating vectors (k, - kp) and ( kt.

lip) are almost ortbogonal one is dominat while the other is relatively weak

Nonlinear Medium

Forward Pump
Wave (Er) ------r--,

Probe Wave (E p)

Phase Conjugate
Wave (Ec)

Back Pump

.... Wave (Eb
) 1cG7

~) Trnnsrni ...."ivf'! tliffr~c-tiC'ln ar~tina 56.



Forward Pump
Wave (Er)

Phase Conjugate
Wave (Ec)

Probe Wave (Ep)

Nonlinear Medium

Back Pump
Wave (Eb)----

21;1
kf

(b) Reflective diffraction grating

Fig. 2.8 Two types of spatial diffraction lattices in four

wave mixing. (a) Phase conjugate light diffracted in the k, =
kb + k(} direction (b) phase conjugate light diffracted in the

k, = kf + kc; direction. k(} : diffraction lattice vector.

The third term in Eq. 2.33 represents a temporally modulated grating (at a

frequency 2(0) which is stationary in space. The probe beam is diffracted from this

grating. This grating is free from wash out effects.

The spacing of the diffraction grating described above is given by

A::: 21! ::: A-
kG 2nsin(B/2)

(2.34)

where e is the angle between the pump and probe waves in the medium and n is the

refractive index in the nonlinear medium.

Periodic modulation of any material property can be considered as a grating.

Nature of the grating formed depends on the characteristics of medium as well as

those of interacting fields. The gratings formed as a result of the interference of the
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beams may be classified into a number of categories like population grating [46],

orientational grating [47], thermal grating, polarization grating [44,45] etc.

Population grating is formed in an absorptive medium due to electronic excitation of

the molecules. Orientational gratings are formed by induced reorientation of

anisotropic molecules in presence of electromagnetic fields. Absorption of light and

subsequent nonradiative de-excitation usually results in temperature rise, which

results in the formation of thermal grating [44,45J.

Some of the several advantages of the degenerate four wave mixing technique are

• The Phase Conjugate signal is distinguishable from others by simple spatial
separation.

• The detected signal has a characteristic dependence on the input intensities,
which can be used for verification of the experiment.

• The sample could be in any form (isotropic) and all the independent tensor
components of c(3) can be measured in a single experiment

• Beams other than true Gaussian modes can be employed

The time dependence of the probe beam gives information about the response time of

the nonlinearity

2.9 Theory of DF\VM

The theory of degenerate four wave mixing is based on coupled mode equations,

which govern the spatial and temporal evolution of the signal under slowly varying

amplitude approximation (SVAP) [43,48,49]. Using SVAP second order Maxwell's

equations are reduced to first order differential equation. Practically, this

approximations implies that growth of the signal wave modulated at a particular

frequency and wave vector is determined only by the nonlinear polarization having

the same modulation frequency and wave vector. This follows from the fact that

power transferred to electric field is given by the volume integral of E & P. If E & P
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-"t have the same fre:uency and "" vector, thei.rv~lume integ~al will .vanish as

~ are orthogonal functions. Mathematically SVAP IS given by the inequality

.1:
"

(2.35)

It is assumed that two pump beams are of equal intensity and there is no

pUltlP depletion: i.e. IEl I= IE2 1= a constant. Therefore probe beam and phase

conjugate beam are only considered. Nondestructive buildup of the signal occurs

when nonlinear polarization (the source term in Maxwell's equation) is given by the

relation

................ (2.36)

The interaction between probe beam and phase conjugate beam is given by

dEp •••
--=-ZK E
dz C

where K is the coupling constant, given by Eq. (2.38)

dEc . ·E·--=ZK
dz P

(2.37)

The solution to above equations are given by

(2.38)

(2.39)

Eq. (2.38) shows that the phase conjugate signal is the complex conjugate of

Ep. [Here we have used the boundary condition that Ep(O) is finite and Ec(L)=O]. If the

ratio of the intensities of the pump and probe beams are always constant (ie. if all the
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three beams are taken from a parent source) intensity of the phase conjugate signal is

given by the relation

(2.40)

(2.41)

In absence of linear absorption third order susceptibility is given by

(3) =: (3)[ ~J ]Y,[~]2 [rei
% X~ ~ [

VIJ Jrel nre/

Third order susceptibility X3 is usually measured with respect to a standard sample

If sample has linear absorption, .Eq. (2.41) has to be modified by considering

the effect of linear absorption. It assumed that optical density of the sample (ie, al ,

where a is the linear absorption coefficient and I is the sample length) is much less

than one. In presence of linear absorption, susceptibility is given by the following

equation

(J) _ (3 1[ ~J ]Y,[~]2 lTO! al
X - Xrq 1I'Il I (I -"'~-~

vJ~J,..! n'Tj' -e

(2.42)

The reflectivity of the phase conjugate mirror R, is defined as the ratio of phase

conjugate intensity to probe beam intensity.

R=~ (2.43)

I p

Eq. (2.43) can be written in terms of the coupling coefficient K as in Eq. (2. 44).

R =: tan2~KIL) (2.44)
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:'%.10 Characteristic Properties of Phase Conjugate Waves

1'be phase conjugate light has a variety of characteristics and properties not

associated with nonnallight and they can be enumerated as follows

• Phase compensation effect
Waves that pass through an abcrrating medium are injected into a phase
conjugate mirror. If the outgoing wave is repropagated through the medium
the waves phase distortion is compensated.

• Space domain multiplicative interaction
Since phase conjugate waves are produced by interaction in a nonlinear
medium the spatial multiplicative effect among the light waves appears in the
phase conjugate waves.

• Intensity dependant phase shift
Due to the optical Kerr effect in a nonlinear medium the phase shift of the
electric field depends on the wave intensity.

• Detuning dependence
The reflectance of a phase conjugate mirror strongly depends on the detuning
between the pump and probe wave frequencies.

• Time inversion
A phase conjugate wave can be regarded as a time inverted wave since its
direction of propagation is exactly opposite that of the probe wave and the
wave front is identical to that of the probe wave.

• Time domain multiplicative interaction
When pulsed waves are used in the production of phase conjugate light the
resulting polarization, that is, the generalized phase conjugate wave intensity
depends on the product of the interacting waves in the waves' temporal
domains.

• Quantum correlation
When the waves are treated quantum theoretically, the probe and phase
conjugate waves correspond the photon annihilation and creation operators
respectively

2.11 Applications of Phase-Conjugate Light

Phase conjugate light has found large number of applications in various fields of

science and technology. The following are some of them
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2.11.1 Optical Resonator

Conventional resonators suffers from large number of problems like change in length

due to thermal effects, mode hopping, frequency drift etc. Utilizing a phase conjugate

mirror as one of the wave resonator's mirror can solve this type of problems. This

type of resonator is called a phase conjugate optical resonator. The phase distortion

correction is automatically performed during round trips of a light beam even if there

are aberrating substances within the optical resonator.

2.11.2 Laser Fusion

A light beam is concentrated into a small surface area in laser fusion for increasing

the optical energy concentration and approximating the conditions that occur in

fusion. In order for increasing the energy concentration it is necessary that the

amplifying medium is adjusted in several stages and hence beams from several

directions are to be focused on to the fuel pellet. Use of phase conjugate mirrors for

directing the beams on to the fuel pellet can free the beam from several types of

distortions.

2.11.3 Optical image transmission

While transmitting images through multimode optical fiber the phase of different

modes present in the fiber experiences different phase shifts and this will distort the

optical image. If this image is injected into a phase conjugate mirror made from a

nonlinear medium the resulting waves will be free from distortions. Therefore the

quality of the image transmission can be increased considerably[50].

2.11.4 Interferometers

If phase conjugate light is applied to an interferometer the phase change doubles and

the sensitivity increases and the interference fringes are visible independent of

changes in the intensity of the incident light.
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2.11.5 Optical frequency filters

When the frequency of the probe wave is different from that of the pump wave in

four wave mixing, the reflectance shows a strong dependence on detuning [51]. This

feature is being actively used in optical frequency filters.

2.U.6 Optical pulse compression

By injecting two optically intense pulsed pump waves into a nonlinear medium at a

small angle, radiations with pulse width narrower than that of the input pulses can be

produced by wave mixing. This technique is used for the optical pulse compression.

2.12 Instruments specifications:

Specifications of the laser sources, photo diodes and laser energy meters used for

making measurements are given below:

2.12.1 Pulsed Nd: YAG laser [52]

A Q-switched Nd:YAG laser (Spectra Physics Quanta Ray GCR: 170) which has a

fundamental wavelength at 1.06 urn is used in the experiments described in this

thesis. The high peak power of the Q-switched pulses permit second harmonic

generation at 532 nm by introducing KDP crystal in the beam path. This wavelength

is used for the z-scan and four wave mixing studies included in this thesis. The pulse

width is 6 - 7 ns and maximum energy per pulse available at this wavelength is 450

mJ. The pulse repetition frequency is 10Hz and the beam has a Gaussian output

(70%).

2.12.2 MOPO [53]

For the wavelength dependent studies using the z-scan and DFWM techniques, a

MOPO laser (Quata Ray MOPO - 170) that can be tuned from 410 nm (signal) to

2000 nm (Idler) is used. The Gaussian (70%) output from this laser has a pulse width

of 4~5 ns and the beam shape was approximately circular (± 20%).
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2.12.3 Photodiodes [54,55]

Photodiodes from Newport and Melles Griot were used for the energy measurements.

The Newport 818 DV has a spectral range of 190nm - 1100nm and lcrrr' active area.

The MeIles Griot, l3DAS 007 has a spectral range of 350nm - 11 OOnm and O.lcm2

active area.

2.12.4 Oscilloscope [56]

Degenerate four wave mixing signals were monitored USIng photodiodes and

Tektronix TDS 360 oscilloscope. The oscilloscope had a rise time of 1.75 ns and an

input impedance of 1 MQ . The sensitivity range of the oscilloscope was

2mV/division to lOV/division.

2.12.5 Energy meter [57, 58]

For the energy measurements in z-scan and DFWM experiments Rj - 7620 duel

channel energy Ratio meter is with two Rjp - 735 pyroelectric detector heads were

used. The details of the detector head is as follows

Spectral response

Maximum total energy

Maximum energy density

Minimum detectable energy

Maximum pulse rep rate

Detector active area

0.18 - 20 urn

1.0J

1.0 J/cm2

100 nJ

40Hz

1.0cm

2.12.6 Spectrophotometer [59]

The absorption spectra of the samples used in the present study were taken using

Jasco 570 spectophotometer. The wavelength range of the same was 190 nm to 2500

nm and the is 0.1 nm in the UVNisible region and O.5nm (NIR region).
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Chapter 3

Nonlinear Optical Studies on Samarium
phthalocyanine in Methyl Methacrylate using Z-Scan

and Optical Limiting Techniques

Abstract

The effective nonlinear absorption coefficient Pelf and the imaginary part

of the nonlinear susceptibility Im(Xcff~ of Samarium Phthalocyanine are
calculated from open aperture z-scan measurements. The sample is taken in
Methyl Methacrylate, both in liquid (Methyl Methacrylate Monomer - MMA) and
solid (poly Methyl Methacrylate - P:tvIMA) matrices. For sample excitation,
nanosecond laser pulses at 532 nm have been employed. Nonlinear absorption is
explained in terms of a five level model. Compared to the sample in solid matrix,
sample in liquid medium is found to show better nonlinear behaviour and this is
explained using bimolecular process taking place in these samples. Optical
limiting efficiency of the samples is studied in both phases and the results are
compared. The concentration dependence on the optical limiting nature is
studied both in liquid as well as in solid medium and the role of RSA in the
limiting behaviour is verified.



'"il Introduction

In most of the materials the amount of light transmitted is a linear function of the

intensity of light incident on these materials. In such cases, the absorption in these

samplescan be fully described by Beers-Lambert law [1].

dI
-,=-aI
dz (3.1)

where a is the absorption coefficient, I is the intensity of radiation and z' denotes the

propagation depth inside the material. Obviously a is independent of intensity and

depends only on the wavelength of excitation. But there are some materials which

show marked difference from this behaviour and they are called nonlinear absorbers.

In recent year, the z-scan technique has been widely used to study the reverse

saturable absorption (RSA) of various materials [1-2]. By RSA we mean the

absorption coefficient a in the Beer's equation increases with irradiance I (energy

per area per time) or fluence F (energy per area). The z-scan technique involves

measurements of the transmittance (transmitted energy/input energy) of tight focused

laser beams (TEMoo mode, pulsed) of equal energy through the sample at various z

positions relative to the focus. In the case of reverse saturable absorption (RSA), the

sample experiences the strongest intensity and fluence at focus; therefore it absorbs

the most energy and allows least transmittance. Away from the focus in the direction

of both increasing and decreasing z, transmittance increases evenly because the

irradiance decreases symmetrically about the focus. RSA is the main topic of

discussion in this chapter. In the case of saturable absorption (SA) the absorption

coefficient a decrease with intensity or fluence. But in the case of linear absorption a

remains constant irrespective of intensity or fluence of the incident radiation. Thus, it

is evident that in the presence of nonlinear absorption, a becomes a function of

intensity also and hence it is usually written as a(I, A).
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Materials showing saturable absorption become more transparent when the

incident intensity is increased and this phenomenon is exploited for applications like

passive mode locking in lasers [3]. Reverse saturable absorbers become more opaque

on increasing the incident intensity and found applications in the design of passive

optical power limiters to protect optical sensors, including human eye, from intense

laser pulses [4-9]. Design and fabrication of devices based on the nonlinear optical

(NLO) properties of materials is an exciting area of research in the field of opto,

electronics and photonics. The measurement of nonlinear optical parameters of

various materials has acquired great importance in this context. Useful data is now

available in the literature on the NLO properties of materials like fullerenes,

semiconductors, liquid crystals, conjugated polymers, dyes, organo- metalics [10-19]

etc. Large non-resonant optical susceptibility, ultrafast response, thermal and

chemical stability, ease of molecular structural engineering etc. are the most desired

properties of a good NLO material. In_general, it is not possible to simultaneously

satisfy all these criteria in a single material. However, organic macromolecules with

extensive 1t electron conjugation like porphyrins, phthalocyanines, napthalocyanines

and their different derivatives form a class of compounds which satisfy many of such

requirements (20J. The relatively low linear absorption and high ratios of excited state

to ground state absorption cross section in the 400 - 600 run region make the metallo­

phthalocyanines ideal for the realization of design and fabrication of good quality

optical limiters in the visible region. There are various reports in literature on the

nonlinear optical properties of these materials in different solvents [21-22]. But when

device applications are considered, the incorporation of these materials into solid

matrices and the study of their behaviour in different host materials become

important. Therefore we studied the NLO properties of Samarium Phthalocyanine in

solid (PMMA) as well as in liquid (MMA) matrices.
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III a typical open aperture z-scan experiment the transmittance of the sample is

pteasured as the sample is moved along the propagation direction (z) of a focused

Gaussian laser beam. In the present experiment the beam is focused with a lens of

focal length 30 cm producing a spot size Wo of2 x lO-sm and Rayleigh range Zo of2.3

,,1O·3m. The z-scan measurements in liquid phase are done by dissolving the

samples directly in Methyl methacrylate monomer and the samples are taken in a 1.5

nun cuvette. Doped PMMA samples are prepared by directly dissolving the sample

in MMA containing suitable initiators and keeping the solution at a constant

temperature (50°e) waterbath for a period of 48 hours. Fine polished solid samples of

suitable dimensions (1.5 mm) are prepared from the polymer thus obtained. The

damage thresholds of the samples thus obtained were measure and it is found to be

1.9 J/cm2 for the doped PMMA samples and 2.2 J/cm2 for the undoped PMMA. The

damage threshold of the undoped PMMA is in agreement with the value already

reported in the literature [23]. The decrease of the laser damage threshold in the

doped polymer samples is due to the defects in the microstructure of the polymer as

well as the presence of foreign bodies within the polymer. Incident energy as well as

the transmitted energy from the sample is measured using a dual channel energy ratio

meter (Rj-7620, Laser probe inc.) and averaged over hundred pulses.

3.3 Effective non linear absorption coefficient

Though the original theory of Z-scan was derived for pure TPA, it has been shown

that the same theory can also be used for ESA. However, in this case we have to

properly redefine the nonlinear absorption coefficient P as !3elf. The present

measurements have been taken using nanoseconds pulses and therefore, two

assumptions can be made: (1) intersystem crossing [from Sl(V = 0) to T,(v :::: 0)] is

fast compared to the laser pulse width and (2) intersystem crossing yield <l>jsc is nearly

one i.e. virtually all the atoms excited from So reach the first excited triplet state T I .
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As mentioned previously, atoms then get excited from T1 to T2 as a result of ES~

Under these assumptions, intensity variation through the sample and population in th~
1

first excited triplet state T 1 are respectively given by following equations [24]

(3.2)

(3.3)

Here 0'0, O't, no and n, are ground state absorption cross-section, first excited

triplet state absorption cross-section, number of molecules in the ground state per rnl,

and number of molecules in the first excited triplet state per ml respectively. (i
corresponds to sample length). From equations (3.2) and (3.3), the intensity

dependent absorption coefficient <x(I) an~ f3eff are given respectively by

(3.4)

(3.5)

It is clear that f3eff is intensity dependant for STPA through the factor no, whereas f3 is

independent of intensity for pure TPA. f3.ff is a measure of the over all absorptive

nonlinearity present in the sample [24].

3.4 Rate equations

Dynamics of ESA can be described USing rate equations. Under nanosecond

excitation, amongst singlet states, populations at SI alone is important. This is because

of the fact that higher excited singlet states have a lifetime of the order of picosecond,

which is much less than the laser pulse width. Therefore, only the ground state (So),

first excited singlet state (S\) and first excited triplet state (T I) are considered. If O'g,

72



J"and 0"1 represent the absorption cross sections of So, SI and T 1 respectively, the rate

~uations for the population in these energy levels may be written as [4]

(3.6)

(3.7)

(3.8)

Here no, nl and n2 are the populations in So, SI and S2 levels respectively. 't1O,

't12 and 't20 are the life times of Sof- St, T1 f- SI and Sof- T I transitions respectively.

Transmitted light intensity may be written in terms of total absorption coefficient,

which is also a function of time. The equations (3.9) and (3.10) give total absorption

coefficient and transmitted intensity respectively.

a{t) = 0'0 no(t)+ O'lnl (t)+ 0'2n2 (t)

dI
-= -(O'ono+O'lnl +CT2n2)I
dz

(3.9)

(3.10)

The equations (3.9) and (3.10) can be numerically solved using the initial

conditions, no(t = - 00, z):= N = no+ n) + n2.; n\(t := - 00, z):= n2(t = - 00, z) = O. 0"1

and {j2 are kept as adjustable parameters. In macromolecules the vibrational levels of

excited singlet states (SI & S2) and triplet states (T I & T2) overlap in most cases.

Intersystem crossing occurs in nanosecond time scales. Hence under picosecond

excitation, S2 level is considered instead of T I. In the steady state conditions, the

nonlinear absorption coefficient is written as [4]

a = a o[l+~']1+/

(3. It)
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Here I' = Ills where Is is the saturation intensity and K = crT/crO' If K is greater thaIl

one, we get RSA and a value of K less than one, yields SA. In this chapter, Pelf is

measured using two-photon absorption theory introduced by Sheik Bahae et. al [I].

3.5 Results and discussion

The structure of the sample used in the present study, Samarium Phthalocyanine

[Sm(Pc)2, Bis-Phthalocyanine], and a typical absorption spectrum in MMA and

PMMA are given in figures 3.1 and 3.2 respectively. Bis-Pc's have a sandwich

structure in which the metal ion lies in between the two Pc planes [25].

Phthalocyanine has a characteristic low energy absorption band in the 600-800 run

region and it is generally called the Q-band. They also have a high energy absorption

band in the 300-400 nm region called Soret or B band and an absorption valley

around 532 nm in the visible region. In the valley of the linear absorption spectrum,

reverse saturable absorption could occur because in this wavelength region the

absorption cross section of the excited state is larger than that of the ground state [4].

The advantages of polymer matrices over solution phase such as their

compactness, ease of handling etc. are obvious in a wide range of applications.

However, the extent to which the optical properties of the sample may differ in

different matrices is an important aspect to be considered. We did not observe any

marked differences between the absorption spectra obtained for the sample,

Samarium Phthalocyanine, in methyl methacrylate monomer (MMA) and poly

methyl methacrylate (PMMA) matrices. The spectra obtained are also identical with

those reported in literature [26]. This clearly shows that the solid matrix (PMMA)

does not modify the sample properties appreciably.
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Fig 3.1 Structure of Sm(Pc)2
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Fig 3.2 Typical absorption spectrum of 0.23 mM
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From the open aperture z-scan experimental data, nonlinear absorption

Coefficient 13 is calculated using the model suggested by Sheik Bhahe et.al. [I}.

Nonlinear absorption coefficient 13 is calculated by fitting the experimental data to the

nonnalized transmittance given by the equation



(3.12)
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T(z)= ~[ In(l +Qoe-/
2

~t
qo 7i ee

In equation 3.12, C is the normalization constantno =(;Jloleff )/(1 + x 2
) where

10 is the irradiance at focus, x = z/4J and lejJ = (1 - e-al)/a is the effective length of

the sample, a. is the linear absorption coefficient and I is the sample length. It is well

known that in Porphyrins like Pc's, nonlinear absorption at 532nm is not due to pure

two photon absorption but due to sequential two photon absorption, also known as

excited state absorption or reverse saturable absorption (RSA) [27-28]. Therefore to

distinguish this from the essentially non-resonant two-photon absorption, the

nonlinear absorption coefficient in RSA media is usually referred to as J3etT [29]. The

imaginary part of the nonlinear susceptibility (ImXetT3) can be calculated from J3etT

using the expression

(3.13)

To explain nonlinear absorption under nanosecond excitation, a five level

model involving the states So, SI, S2, T Iand T2 as shown in figure 3.3 [30] can be used.

Here S, and Tn are the singlet and triplet states respectively where n =0, I or 2 and

every electronic energy level involves many vibronic sublevels. Also a's represent

absorption cross sections and t's represent relaxation times of atoms in different

energy levels. When interacting with a laser pulse at 532 nm, atoms get excited from

the So (v=O) to the upper vibrational level of SI. Here v corresponds to the vibrational:

quantum number. Through the nonradiative decay within picoseconds they can relax ,
to the lowest vibrational level of SI (v=O). Since Pc's have very low fluorescence [411

the transition from SI (v=O) to So can be neglected. The occurrence of the S2 ~ SI

transition does not appreciably deplete the SI state, as the SI ~ S2 decay also takes

place within picoscconds.. However the TI(v=O) ~ SI(V==O) intersystern crossing
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croSS section is large, leading to a strong triplet - triplet absorption T2 ~ T10 Here we

assume that the intersystem crossing [31] is fast compared with the laser pulse width

(9 ns) and virtually all the atoms excited from So reach first excited triplet state Tr. In

fact the intersystem crossing is higher for heavy atom substituted Pc's due to large

spin orbit coupling of the metal orbital and their mixing with the orbitals of the

conjugated ring [26]. Therefore under nanosecond pulse excitation, the nonlinear

absorption observed here is a consequence of T, ~ Tt absorption [T2 ~ T,(v=O)]
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Fig 3. 3 Five level energy diagram for Phthalocyanine.
S, (n = 0,1,2): Singlet levels; Tn(n = 1,2): Triplet levels
c: Absorption cross section t: Relaxation times. Solid
lines are radiative and curved lines are non-radiative
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Figs. 3.4 and 3.5 show the open aperture z-scan curves obtained for the

samples investigated. Solid curves are numerical fits to the experimental data. The

Ronlinear absorption seen in both solid (PMMA) and liquid (MMA) matrices is found

to be similar. Sample thickness is 1.5 mm in both cases and the reduction in

transmittance around the focal region reveals the nonlinearity. The experiments have

been repeated in the pure host materials MMA and PMMA in identical conditions but

no measurable nonlinearity could be observed. The calculated values of Pelf and

Im(Xelf3
) along with the linear absorption coefficient are given in table 1.

Host
Absorption Linear

13elf Im<.fefT3)Sample Coefficient Transrn ittance
Matrix

0: (cm") (LT)% crn/GW x 10-1 m2y .2

0.086 74 47.83 1.075

MMA

SmPc 0.475 39 198.45 4.460

0.119 74 20.49 0.511

PMMA

0.328 46 69.66 1.74

Table 1: Measured values of nonlinear absorption
coefficient and imaginary part of susceptibility tensor of
Samarium Phthalocyanine in PMMA and MMA

The nonlinear absorption seen in these samples reveal that they can be used

as potential optical Iimiters. For being used as a good optical limiter, a number of

Important requirements should be met by the nonlinear material. Fast response, high

damage threshold and an excited state absorption cross-section larger than the ground

state absorption cross-section are the most important among them [32]. At 532nm the

excited state absorption cross section of phthalocyanine is higher than the ground
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state absorption cross section [26]. Moreover, this class of materials responds to both

fast and slow laser pulses via the (82 ~ SI) and (T2 ~ T,) transitions respectively,

Consequently, these molecules can be used for passive optical power limiting.

Figures 3.6 and 3.7 show the normalized transmittance of the present samples as a

function of the input fluence, plotted using data extracted from the z-scan curves.

From the curves and the l3elf values we can conclude that limiting in the liquid

samples is somewhat better as compared to that in the solid matrix.

,
I·

I: ~I'
1.00

Q) 0.96
(.)
c:
~ 0.92
'E
(fl

~ 0.88.=
a5 0.84
.D!
ro
§ 0.80
o
Z

0.76

1E-3

~
/lJtAM4 •..... ~..~... ~.......... .. ~ .. .
.. •• 't
(.... t... ....

• • • t •... ........ ..-
•• •
• •••• •

• ••
•

0.01 0.1

Input Fluence (J/cm2
)

Fig 3. 6 Optical limiting response of Samarium Phthalocyanine in
(a) Methyl Methacrylate monomer (MMA) [LT 46%]
(b) Poly methyl methacrylate (PMMA) [39%]
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Fig 3. 7 Optical limiting response of Samarium Phthalocyanine in
(a) Methyl Methacrylate monomer (MMA) [LT 74%]
(b) Poly methyl methacrylate (PMMA) [74%]

The observed better optical limiting behaviour of the sample in liquid phase

as compared to the same in solid can be explained on the basis of the bimolecular

process suggested by Jason et. al. [33]. Diffusion of molecules in solutions will

provide an extra contribution towards the optical limiting property through

bimolecular process of excitation and de-excitation mechanism. The energy level

diagram corresponding to bimolecular process is given below (Fig. 3.8). Where S's

and T's represent singlet and triplet transitions and a's represent relation time. The

excited state energy of one molecule will be transferred to another one and this will

result in the enhancement in optical limiting property of the sample. However in the

Case of solids such diffusion process is not possible in the time scale (ns) of the laser

pulse used in the present experiment. Hence the optical limiting in solids can arise

from excited state absorption process through the phenomenon of reverse saturable

absorption. This argument supports the present observation that at low concentration
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(as indicated by high linear transmittance) the optical limiting efficiency (as indicated

by J3CIT) does not differ much as in the case of higher concentration for both liquid and

solid matrices[Fig.3.7J. At this level of concentration there may not be sufficient

amount of diffusion so as to support bimolecular processes.

'ttexD'rtg

S S2ex

(Js [T2 [T2"O'sex

(Jtex

SI crt > S
s.,

~
Tl r.,

G...1-~----_----l~-----_----l~--_.%--

Fig 3. 8 Reverse saturable absorption mechanism for
phthalocyanine that includes both unimolecular and
bimolecular excited state processes

As concentration is increased, the additional contribution through

bimolecular process results in the higher optical limiting efficiency in liquids as

compared to solids. Enhancements in the Peff at higher concentration in both solid and

liquid media are due to the availability of more number of molecules to take part in

the light-matter interaction. In liquids, over and above this, extra contributions to the

optical limiting efficiency come from diffusion processes.
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J.' Concentration Dependence

"bt order to understand the effect of thickness and concentration of the material on the

RSA the optical limiting responses were measured in a series of doped PMMA and

MMA samples. To keep the linear transmittance constant same sample with different

path length were used [4]. Figure 3.9 and 3.10 shows the optical limiting graphs thus

obtained with Samarium Phthalocyanine in PMMA and MMA medium.
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Fig 3. 9 Variation of transmitted fluence with respect to
incident fluence for Samarium Phthalocyanine doped PMMA
of 50% linear transmittance (a) Path length 1.5 mm (b) Path
length 3.0 mm (c) Path length 5.0 mm
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MMA of 22% linear transmittance (a) Path length 1.5 mm
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From the results shown in Fig.3.9 and 3.10 it is obvious that the limiting

shows clear concentration dependence. This result is in good agreement with the

report on copper phthalocyanine by Li et.al, [4]. The sample with larger path length

(lower concentration) shows a better optical limiting property, and its saturation

threshold is rather low. It may be noted here that the ratio of the effective excited

state to ground state absorption cross section crexc/crg can be used as a figure of merit

for RSA based optical limiters. This can be defined as crexc/crg = In(Ts3t)/ln(Tlin) where

Tlin is the linear transmittance at very low excitation energy and Tsat is the saturated

transmittance at high excitation energies [26]. The saturation thresholds of output

fluence are 0.18,0.06 and 0.026 J/cm2 corresponding to sample lengths of 1.5 mm,

3.0 mm and 5.0 mm respectively. The figure of merit calculated is 1.86. While the

reported values of figure of merit are about 3 for C60 and more than 10 for

Phthalocyanine complexes, that of the rare-earth metallo-phthalocyanine doped
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pMMA samples have been found to be lower [34], and this agrees with the present

measurements. The linear transmittance of the sample in liquid medium used for the

present study is very low (LT :;0 22%). Therefore the saturation threshold is further

smaller in this case. The measured values are 0.10 J/cm2 and 0.035 J/cm2

corresponding to sample length 1.5 mm and 3.0 mm respectively.

Kojima et. al. [35] while explaining the optical limiting property of a

polyacene based oligomer using a five level energy diagram, have shown that, in the

case of reverse saturable absorption due to excited state absorption the incident laser

intensity 10 and the transmitted laser intensity I obey the relation

In(Io/I) :;0 k(Io-I) + Ag (3.14)

where k is a constant that depends on the absorption cross sections and lifetimes of

the ground, excited singlet and excited triplet states and Ag is the ground state

absorbance. Equation (3.14) says that the plot of In(IoII) versus (Io-I) should be a

straight line with slope k ad intercept Ag•
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Fig 3. 11 Plot of In(loll) verses (Io - I) of Sm(Pc)2
doped in Prvt:MA
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Figure 3.11 and 3.12 shows the plot of In(IofI) verses (10 - I) for samarium

Phthalocyanine doped PMMA and MMA respectively. The straight-line nature of the

graph is a clear indication that RSA is the main mechanism causing optical limiting in

these samples.

3.7 Conclusion

Using the open aperture z-scan technique, the effective nonlinear absorption

coefficient Belf and imaginary part of the nonlinear susceptibility (ImXeti) of

Samarium Phthalocyanine in Methyl Methacrylate at 532 nm has been calculated, in

both liquid and solid media. The optical limiting behaviour of the samples is also

studied. The nonlinearity originates from the large excited state absorption cross

section, the characteristic property of Phthalocyanines. Enhancement in optical
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'liIniting property of samples in liquid phase over the solid phase is attributed to the

bimolecular processes taking place in liquid media. The measured l3elT values as well

as the optical limiting curves show that samples in liquid phase are moderately better

in their optical limiting efficiency. However, the solid matrix gives rigidity to the

nonlinear medium and the handling is more convenient. Therefore for a device

application the polymeric solid matrix may be preferred over the monomeric solution

phase. The concentration dependence on the optical limiting nature is studied both in

liquid as well as in solid medium and the role of RSA in the limiting behaviour is

verified.
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Chapter 4

Z-Scan and Degenerate Four Wave Mixing Studies in
Metal Complexes of Quinoxaline-2- Carboxalidene-2­

Aminophenol

Abstract

Degenerate four wave rruxmg experiments were carried out in solutions of
various mew complexes of Quinoxaline-2-Carboxalidene-2-Aminophenol
(QAP). 532 run radiation from a Q-switched Nd:YAG laser operating in the
nanosecond region is used for the sample excitation. Figure of merit of third

order nonlinearity (F), Third order susceptibility CX3
) and Second hyper

polarizability <y> of these samples were measured in different solvents using

DFWM technique. The nonlinear absorption coefficient (~efJ and imaginary part

of susceptibility tensor [Im(Xef/)] of these samples were measured using z-scan
technique. The measured nonlinear parameters are explained as due to the
combined effect of nonlinear absorption, oscillator strength and resonance
effects at the wavelength of excitation. The optical limiting nature of these
samples were also studied and it is observed that Ni and Co QAP's are very good
candidates for device applications.



lI·tlntroduction,
:Nonlinear optical processes in n-electron organic systems have attracted considerable

interest because their understanding has led not only to compelling technological

promise but also to new phenomena, new theoretical insights and new materials and

devices [I]. The n-electrcn excitation occurring on the individual molecular units is

the basic origin of the observed non-resonant nonlinear optical coefficients, which are

often unusually large in magnitude. As shown by theory and experiments, 'many

body correlation effects' determine the sign, magnitude and frequency dependence of

these nonlinear optical parameters and this level of understanding helps us for the

development of new NLO materials with many useful properties.

In recent years the research in this field is focused on high performance NLO

materials with technological applications and considerable progress has been

achieved towards the realization of the same. Many challenges in material synthesis

have been met so far and this has resulted in various methods for ultra-structure

synthesis and the discovery of entirely new materials exhibiting high thermal,

mechanical and chemical stability. Semiconductors, conjugated polymers, liquid

crystals, dyes, fullerenes, charge transfer complexes, organometallics, biomaterials,

nanocornposites etc. are different class of materials with varying degree of NLO

behaviour and several new compounds are being studied for their applications in

various fields [2-15]. Out of the large number of compounds with varying degree of

NLO behaviour, as mentioned earlier organic compounds like Porphyrins,

Phthalocyanines etc. with large number of delocalized x-electrons have got a great

deal of attention because of their architectural flexibilities, large nonlinear optical

sUsceptibilities and ease of fabrication [16-17]. Different types of structural

modifications can considerably modify the nonlinear optical properties of various

organic compounds and the structural modifications include peripheral and axial

SUbstitutions to the molecules, complex formation with different metal atoms etc. [18­

20]. The metal substitution can be effective in improving the nonlinear optical

Q1
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response through the polarisable valance electrons. With the motivation to develop an

understanding of the effect of metal ion substitution on the nonlincar behaviour of

organic compounds, we have studied the effect of different metal ions on the second

hyperpolarizability of the compound, Quinoxaline-2-Carboxalidene-2-Aminophenol

(QAP).

Quinoxaline-2-CarboxaIidene-2-Aminophenol (QAP) IS an organic

compound derived from the well known class of compounds named Schiff bases.

Schiff's bases are organic compound containing the azomethine group (-RC=N-) and

are usually formed by the condensation of a primary amine with an active carbomyl

compound. Metal complexes of schiff bases represent an important and interesting

class of nonlinear optical material and there are reports on the NLO properties of

various Schiff base compounds in different forms [20-22]. There are various methods

by which we can synthesis the Schiff's base. The preparation and isolation of the free

base ligand followed by copmplexation with a metal ion has traditionally been the

usual method for the preparation of metal ion complexes of Schiff bases.

4.2 Experimental

The experimental part of the present study is divided into two sections viz. sample

preparation and Degenerate Four Wave Mixing

4.2.1 Sample Preparation
The samples used for the present study were prepared by the method explained below

4.2.1.1 Preparation of Quinoxaline-2-Carboxalidehyde

For the synthesis of the base compound Quinoxaline-2-Carboxalidehyde we

have used the reported procedure in the literature [23-24J. Treatment of D­

glucose with O-phenylenediamine in the presence of hydrazine hydrate and

acetic acid on a boiling water bath under carbon dioxide atmosphere gave the

compound 2-(D-arabinotetrahydroxybutyl) quinoxaline. Oxidation of this
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compound with sodium metaperiodate in water in the presence of acetic acid

at laboratory temperature gives the compound Quinoxaline-2­

carboxaIidehyde. The product thus obtained is isolated by extraction with

ether and purified by re-crystallization from petroleum ether. The structure of

Quinoxaline-2-Carboxalidehyde is as shown below [25].

Fig 4.1 Structure of quinoxaline-2-carboxaldehyde

4.2.1.2 Preparation of Quinoxaline-2·Carboxalidene-2-aminophenol (HQAP)

The ligand Quinoxaline-2-Carboxalidene-2-aminophenol (HQAP) was prepared by

mixing an ethanolic solution of Quinoxaline-2-Carboxalidehyde and 2-aminophenol.

The solution was refluxed for one hour. The ligand separated out was filtered and

dried in vacuum over anhydrous calcium chloride. The structure of HQAP thus

obtained is as shown below [25].

Fig. 4.2 Structure of HQAP
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4.2.1.3 Preparation of metal complexes

The metal complexes of Quinoxaline-2-Carooxalidene-2-ammophenol were prepared

by the following procedure. An ethanolic solution of the Schiff base (HQAP) Was

mixed with the corresponding metal salt solution. The solution was refluxed for two

hours. The volume of the resulting solution was then reduced by evaporation and the

solution was cooled in a freezer for about one hour. The crystalline complexes

separated out was filtered, washed with ether and dried in vacuum over anhydrous

calcium chloride. Fig. 4.3 shows the structure of the metal complexes thus obtained

[25]

Fig. 4.3 Schematic structure of QAP Complexes

The samples thus obtained are dissolved in highly purified, spectroscopic

grade solvents and the absorption spectra are recorded using a UVNISINIR

spectrophotometer (Jasco V~570). In all experiments, sample solutions are

taken in l-mrn quartz cuvettes. Fresh solutions are prepared for each

measurement to avoid any complications arising from photodegradation.
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• ,:.2 Degenerate Four Wave Mixing

Detailed theory and experimental setup of degenerate four wave mixing were

discussed in chapter 2. We employ the standard back scattering geometry for making

the measurements. Radiation at 532 nm from a Q-switched Nd:YAG laser is used as

the source of excitation. One of the advantages of DFWM experiment is that by

suitably choosing the polarizations of interacting beams we can select different

components of third order susceptibility tensor [26-27].

This property is exploited to avoid thermal contribution occurring in experiments

with nanosecond pulses. In the present experiment, polarizations of the interacting

beams were so chosen that measurements gave only electronic response. The two

pump beams were vertically polarized and the probe beam was horizontally

polarized. The polarization of the phase conjugate beam is same as that of pump

beam. The angle between the pump and probe beams is _80 and the phase conjugate

signal counter propagating to the probe is separated by using a beam splitter. The

energy of the phase conjugate signal as well as the pump beams were measured by

using a dual channel energy ratio meter Rj-7620 and Rjp-735 pyroelectric probes

(LaserProbe International, USA).

The values of the second hyperpolarizability <y> were calculated using the following

equations

and

(4.1)

3
(4.2)
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where 'n' is the refractive index 'I' is the length of the sample, 'u' is the linear

absorption coefficient and 'I' is the intensity. For a solution of non-interacting

particles, the effective l3) assuming a pairwise additive model [28] is given by

(3) - L4[N' N ]Xsolution - solv,ntlsolvent + soluteY sohu« (4.3)

where Nsolure, Nsolvent are the number densities of molecules of the solute and the

solvent respectively, For dilute solutions with Nsolute = (A x C)/M, we may write

(3) _ (3) + L
4

Y solute AxC
Xsolution - Xsolvent M (4.4)

where 'A' being the Avagadro's number, 'M' being the molecular weight and 'C' the

concentration of the solute in g1ml. For lower concentrations the l3) of the solution

follows a linear relationship with respect to the concentration of the solute. X(3) may

have both real and imaginary components originating from the solute as well as

solvent. The real part is responsible for the nonlinear refraction whereas the

imaginary part is responsible for nonlinear absorption, SA, TPA or ESA. The real

part can be positive or negative. The figure of merit, independent of concentration, F

is defined as X(3)/u. We have taken the value of X(3l, for the reference sample CS2 as

2.73 x 10,13 esu [29]. L is the local field correction factor and N is the number density

of the solute molecules in solution. The X(3) contribution from solvent is taken to be

zero, as it is negligibly small in comparison to the solute .

.t.2.2.! Calibration

For the measurements of the nonlinear parameters using degenerate four wave mixing

technique the experimental setup has to be standardized using a nonlinear optical

material. Carbon disulphide (CS2) is used as the standard material because of its

completely non-resonant Kerr nonlineariry due to orientational response. Fig. 4.3

shows the log-log plot of optical phase conjugate signal intensity against pump beam
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fintensity for C52 when polarization of the probe beam was orthogonal to the pump

beam. The graph obtained is a straight line with slope 2.98 which is very close to the

theoretical value 3 showing the cubical dependence of phase conjugate signal against
k

the pump beam intensity.
, , 'I
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log(pump intensity)

Fig. 4.4 log-log plot of ope signal against pump beam intenstiy

4.2.3 Z-Scan

The detailed theory of the z-scan measurements was explained earlier in this thesis.

Here also we have used the standard open aperture z-scan technique developed by

Sheik Bahae et. al. [30]. for evaluating the nonlinear optical parameters of the

samples. Radiation at 532 nm from a Q-switched Nd:YAG laser were used for the

excitation. The samples were taken in 1 mm quartz cuvette and scanned across the

focus a lens of 20 cm focal length by using a micrometer translation stage. This

configuration gives a Raleigh range of 1.36 mm so that the thin sample

approximation condition is satisfied for the measurements carried out here. The input

and output energies were measured by using a duel channel energy ratio meter (Rj­

7620, Laser Probe International, USA) with pyroelectric detector heads (Rjp-735)
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4.3 Results

Fig. 4.5 and 4.6 show the absorption spectra of the samples used for the present study.

Fig 4.5 shows the absorption spectrum of 0.1 mM solution of the samples in

Dimethyl Formamide (DMF) and Fig. 4.6 represent the same in chloroform (0.25

mM). From the absorption spectra it is clear that in DMF, Nickel Quinoxaline.g,

Carboxalidene-2-aminophenol [Ni(QAP)2], Cobalt Quinoxaline-j-Carboxalidene.g,

aminophenol [Co(QAP)2] and Manganese Quinoxaline-Z-Carboxalidene.j.

aminophenol [Mn(QAP)2] shows two absorption bands. But in the case of Copper

Quinoxaline-2-Carboxalidene-2-aminophenol [Cu (QAPh] the low energy absorption

band is missing. In all these samples the high energy absorption bands extend from

300 to 450 nm region and they are known as the Soret band or S-band. The low

energy bands called (Q-bands) are having slightly different ranges, The red shift in

the absorption bands (Q-band) in these metal QAP's is found to be proportional to the

atomic number of the central metal atom present. But in chloroform, only Ni(QAP)2

shows two absorption bands. All the other samples show only high energy band. This

clearly shows that the solvent induces chemical changes in the samples under

investigation and this is reflected in the measured values ofNLO parameters

~o

2.~ !\
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/\ , yf!I

\ :,\', ,/ \
1~ \j \; \., ,
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Fig. 4.5 Absorption spectrum of (a)
CU (QAP)2, (b) Mn (QAP)2, (c) Co
(QAPh (d) Ni (QAPh,

\\'.""-IV '.
(d)\

~_a)-= _

WlM!Iength(nm)

Fig. 4.6 Absorption spectrum of
0.25 mM solutions of (a) Ni
(QAPh (b) Mn (QAP)2, (c) Cu
(QAPn, (d) Co (QAP)2,
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4.3.1 Degenerate Four Wave Mixing

The experiments were carried out with freshly prepared samples in spectroscopic

grade solvents DMF and Chloroform. The Degenerate Four Wave Mixing (DFWM)

experiments carried out in these samples shows a cubical dependence of the phase

conjugate signal over the pump signal.

,..,...-----------
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Cone:0.1 mM
20 Slope 289

fu
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1&
c:
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Fig. 4.7 log-log plot of Co
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Fig. 4.9 log-log plot of Mn
(QAP)2

Fig. 4.10 log-log plot ofNi
(QAPh
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Figure 4.7 to 4.11 shows the phase conjugate signal verses input intensity of these

samples in DMF. The concentration of the samples was kept at 0.1 mM. Similarly

Fig. 4.12 to 4.16 shows the log-log plots obtained with DFWM experiments in these

samples in chloroform, In this case the concentration of the samples used are 0.25

mM.

20
Co(OAP" in Chlorofom

18 Cone: 0.25 mM • r

s Slope: 2.87 -:"ii 16
c /.0

:S". •/.
'0
c
~ 42 /..

/-o
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Fig. 4.12 log-log plot of
Co(QAP)? in CHCh
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0.2
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1.20 125 1.30 135 1,.0 1."S '.SO 1,55 U50 1.85 110

log(pump intenSIty)

Fig. 4.13 log-log plot ofCu(QAP)2
in CHCb
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A slope of 3 in the log-log plots between the pwnp and phase conjugate signal

indicates the third order nature of the process involved as well as the absence

of saturation of nonlinearity in the measurements. The straight line graphs
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obtained in all these experiments are fitted by using a cubical function defined

by Eq. 2.40 in chapter 2.

There are several processes, which can influence the degenerate four wave

mixing experiments. Two photon absorption (TPA) is one among them. If TPA is

present in the samples the slope of the straight line obtained in the log-log plot

between the pump intensity and the optical phase conjugate signal (OPC) should be 5

instead of 3 [31-32]. All the samples studied here gives plots with slope 3 and hence

the presence of TPA contribution to the measurements can be ruled out. Since the

experiments were done with samples dissolved in spectroscopic grade solvents, it is

possible to evaluate the microscopic molecular property viz. second hyper

polarizability <y>. Measured values of third order susceptibility (X{3», Figure of merit

(F), Extinction coefficient (a) and Second hyper polarizability <y> are given in the

table 4.1 and 4.2 given below. For the calculation of the Figure of merit (F) of a

nonlinear optical material we have used the relation

X(3)
F=- (4.5)

a
where a is the linear absorption coefficient of the sample. The extinction coefficient
will be given by [33]

E= :~~)XIO-3 (4.6)

where (J is the absorption cross section and NA is the Avogadro number. From the

extinction coefficient E we can calculate the oscillator strength of the molecule. It is a

very important parameter, which can heavily influence the second hyper

polarizability <y>[34-36] and is related to the extinction coefficient by the following

relation.

f=(~)X4.319XIO-9 Jedv
(4.7)
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'-Sample Linear Extinction Third order Figure of Second
inDMF Absorption coefficient Susceptibility Merit Hyper

(0.1 Coefficient I'; x 103 X(3) F (x 10,13 polarizability
mM) a. (cm") Itr cm" mor l (x 10'13 esu) esu-cm) <"(>

(x 10.30 esu)

Co 1.054 4.579 12.65 12.00 6.42
(QAP)2

CU 0.136 0.591 2.54 18.65 1.29
(QAPh

Mn 0.183 0.795 3.08 16.85 1.56
(QAP)2

Ni 0.708 3.074 11.40 16.10 5.78
(QAPh

Table 4.1 Extinction coefficient, Third order susceptibility, Figure of merit and
Second hyper polarizabi1ity of different QAP's measured in Dimethyl fonnamide

Sample Linear Extinction Third order Figure of Second
(in Absorption coefficient Susceptibility Merit Hyper

chloro- Coefficient EX 103 lJ) F (x 10.13 polarizability
form) a. (cm") Itr cm" mol" (x 10,13 esu) esu-cm) <f

(x 10' 0 esu)

Co 0.113 0.195 10.55 93.74 2.04
(QAPh

Cu 0.082 0.142 04.98 60.85 0.96
(QAP)2

Mn 0.073 0.126 07.32 100.49 1.41
(QAPh

Ni 1.5379 2.672 53.12 34.54 10.25
(QAP)2

Table 4.2 Extinction coefficient, Third order susceptibility, Figure of merit
and Second hyper polarizability of different QAP's measured in Chloroform
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Table 4.1 and 4.2 shows the NLO parameters calculated in various QAP's in

DMF (0.1 mM) and Chloroform (0.25 mM) respectively by using the DFWM

technique. From the table 4.\ we can see that in DMF the Figure of merit of all these

samples are more or less same. Out of the four QAP's studied here CO (QAP)2 gives

the lowest value of Figure of merit and highest value for second hyper polarizability.

The largest value of Figure of Merit calculated is in Cu (QAPh. In chloroform the

maximum and minimum values of figure of merit is obtained in Mn (QAP)2 and Ni

(QAP)2 respectively. But the maximum and minimum values of second hyper

polarizability is in Ni (QAPh and Cu (QAPh

4.3.2 Z-Scan

Fig. 4.13 to 4.16 shows the open aperture z-scan curves obtained with 0.25 mM

solutions of these samples in chloroform. All these samples show similar behaviour.

The nonlinear absorption coefficient (Peff) in these samples can be calculated using

the model suggested by Sheik Bhahe et.al. [37] explained in chapter 3. The imaginary

part of the non linear susceptibility (lmXefl) can be calculated from Pelf using the

expression

(4.8)
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Fig. 4.13 Open aperture z-scan
curve of 0.25 mM Ni (QAP)2 in
chloroform

Fig. 4.14 Open aperture z-scan
curve of 0.25 mM Mn (QAP)2 in
chloroform
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Table 4.3 gives the NLO parameters, nonlinear absorption coefficient (Pelf) and the

imaginary part of the non linear susceptibility (Imxell) calculated using the open

aperture z-scan measurements carried out in these samples.

Table 4.3

Sample Absorption P~ff ImCr:U- )
Coefficient

x 10.17 m2V 2

a. (cm") (m/GW)

Ni (QAP)z 1.538 4.578 10.73

Co (QAPh 0.113 3.415 8.00

eu (QAP)2 0.0818 3.315 7.77

Mn (QAP)2 0.0730 1.515 3.55



4.4 Discussion

We have studied the nonlinear optical behaviour of four different metal

QAP's by using the DFWM and Z-Scan techniques. The usefulness of these samples

to protect the light sensitive instruments from intense light radiations has been studied

using the optical limiting technique. The second hyper polarizability <y> of a material

depends on many factors. x-electron conjugation length [38,39], Oscillator Strength

[36, 40-41], Metal substituents in the molecule [40, 42-45] , Dimensionality of the

molecule (46-49], Axial and peripheral substituents [50-56] etc. are the important

parameters determining the Second hyper polarizability <y> values of a material. The

<y> values measured can have a cumulative contribution from these parameters.

The metal atoms present in various QAP's plays a very important role in the

nonlinear as well as spectroscopic properties of the samples studied here. For

example, from the absorption spectra in DMF we can see that the redshifts of peak

wavelength of Q-bands in these samples are proportional to the atomic nwnber of the

metal present in the complex. Here we consider only the influence of metal ions on

the third order NLO properties of these samples. The effect of metal ions in the NLO

properties of compounds like Phthalocyanines, Porphyrins etc. are well known and

the mechanism of interaction which leads to the modification of the nonlinear

behaviour is really interesting since it will give greater insights into the NLO

properties of this class of compounds [38, 40, 43, 57, 58]. Metal substitution, on

many occasions, improves the magnitude of nonlinear optical response through the

polarisable valance electrons. Among a number of metal ions transition metal with

incompletely filled d-shells have been found to be very effective in enhancing the

third order nonlinear properties. [38,40]. From the tables 4.1 to 4.3 we can observe

that in QAP's also the NLO properties are modified by the nature of the metal ion

present. As mentioned earlier, several mechanisms can have cumulative effects in the

measured second hyperpolarizability <y> values of a NLO material. One of the major
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reason for the observed large value of second hyperpolarizability <y> of Ni and Co

QAP's in DMF can be attributed to the larger oscillator strength of these compounds.

The second hyperpolarizability <y> values of the same set of samples, given in table

4.2, measured in Chloroform confirms our observation in DMF. In this case, Ni

(QAPh which is having the largest value of extinction coefficient s has got the

maximum value for oscillator strength defined by the equation 4.7 and hence the

largest value for the second hyperpolarizability <y>.

The n-electrons present in the system get perturbed by the metal ions and

this in turn affect the spectral features of the material by the introduction oflow lying

charge transfer (CT) states in the HOMO-LUMO gap through charge transfer

mechanisms. The charge transfer mechanism means the interaction of the valance

electrons of the metal ions with n-electrons of the complex molecular system and the

Cf mechanism include metal-ligand, ligand-metal and metal-metal CT processes.

The location of the CT states depends on the overlap between the orbitals and

separation between filled and unfilled states [59]. This can also contribute to the

measured values of second hyperpolarizability.

Dimensionality of the molecule is another important factor contributing to the

nonlinear properties of the materials [50]. Out of the samples studied here Co (QAP)z

is having tetrahedral structure. Ni (QAPh and Cu (QAPh are having square planar

geometry [60J. When the dimensions of the molecules are increased the effective

conjugation length available for an electron to respond to applied optical field

decreases and consequently the magnitude of <y> values decreases [61]. For

example, Kumar et al. [62] have measured X(3) values of basket handle porphyrins and

observed a decrease in third order nonlinearity due to the deviation from planarity of

molecules.
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Resonance is another important process, which influence the nonlinear

properties of materials. A salient feature of resonant nonlinearity is the considerable

enhancement in the magnitude of nonlinear coefficients with respect to nonresonant

quantity [50]. In most of the experimental situations a combination of a weak

resonant and a background nonresonant nonlinearity is observed instead of a

completely resonant or completely nonresonant nonlinearity. A fundamental

drawback of resonant nonlinearity is its slow response [63J. But its advantage is its

enormously large magnitude. A large number of resonant transitions, such as

electronic, vibrational and rotational transitions are possible in macromolecules with

large number of z-electrons. Each of these transitions may produce resonance effects.

The relative strength of different transitions varies over several orders of magnitude

[50]. From the absorption spectra (Fig. 4.5 and 4.6) we can see that at the wavelength

of excitation there are some resonance effects. This resonance effect is more

prominent in Ni (QAP)z in chloroform. Compared to the second hyperpolarizability

<y> values of the samples other than Ni (QAP)z large value for <y> in this sample

when taken in chloroform may be due to the resonance enhancement. The low figure

of merit of this sample in this case is an indication of this effect. Therefore the

observed large value of Ni and Cu QAP's has a combined effect of several processes,

out of which the combined effect ofnonlinear absorption, large oscillator strength and

resonance effects are the major contributors to the second hyperpolarizabiIity of these

molecules. This observation is well supported by the nonlinear absorption coefficient

Pelf and imaginary part of nonlinear susceptibility [Im(x(3))J values obtained with the

z-scan technique given in table 4.3.

To explain nonlinear absorption under nanosecond excitation, we suggest a

five level model involving the states So. SI, S2, T[ and Tz as shown in Fig. 4.17 Here S,

and Tn are the singlet and triplet states respectively where n :::;;0, 1 or 2 and every

electronic energy level involves many vibronic sublevels. When interacting with a

laser pulse at 532 nm, atoms get excited from the So (v=O) to the upper vibrational
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Mevel of SI. Here v corresponds to the vibrational quantum number. Through the

ttlonradiative decay within picosecond time scales, they can relax to the lowest

vibrational level of SI (v=O). Since QAP's have very low fluorescence the transition

from S\ (v=O) to So can be neglected. The occurrence of the 52 f- SI transition does

not appreciably deplete the SI state, as the S, f- S2 decay also takes place within

picoseconds. However the cross section of the Tj(v=O) f- S)(v=O) intersystem

crossing is large, leading to a strong triplet - triplet absorption T2 f- T I• Here we

assume that the intersystem crossing [64] is fast compared with the laser pulse width

(9 ns) and virtually all the atoms excited from So reach the first excited triplet state

Ti. Therefore under nanosecond pulse excitation, the nonlinear absorption observed

here is a consequence ofT, f- T1 absorption [T2 f- T1(v=O)]

t
c ex

So ....1...__..... ...... _

Fig. 4.17 Five level energy diagram for metal

QAP's. S, (n = 0,1,2): Singlet levels; Tn{n = 1, 2):

Triplet levels
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The nonlinear absorption coefficient (Pelf) and the imaginary part of the nonlinear

susceptibility (lmXeti) calculated in these samples shows that Ni (QAP)2 is having the

best nonlinear optical parameters.

4.5 Optical Limiting

The nonlinear absorption seen in these samples reveals that they can be used

as potential optical limiters. Therefore, the optical limiting behaviour of these

samples was investigated and Fig. 4.17 to 4.21 represents the optical limiting graphs

generated from the z-scan curves given earlier. For being used as a good optical

limiter, a number of important requirements should be met by the nonlinear material.

Fast response, high damage threshold and an excited state absorption cross-section

larger than the ground state absorption cross-section are the most important among

them [65]. It is well known that materials which are having excited state absorption

cross section larger than the ground state absorption cross section are better optical

limiters and they can respond to both fast and slow laser pulses via the (S2~ SI) and

(T2 ~ Tj) transitions respectively
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From these graphs it is clear that all the QAP samples studied here show

better optical limiting at the excitation wavelength of532 nm. Out of the four samples

the optical limiting in Ni (QAP}2 is really commendable because it shows the highest

degree of limiting. It is a potential candidate for device applications at the wavelength

of excitation considered in the present studies.

4.6 Conclusions

Degenerate Four Wave Mixing (DFWM), Z-Scan and optical limiting studies have

been carried out in certain selected metal complexes of QAP's at 532 run under

nanosecond excitation. For the DFWM measurements the polarization of the

interacting beams were so chosen that electronic response is obtained. Third order

susceptibility, figure of merit of third order nonlinearity and nonlinear absorption

coefficient of these samples are calculated. The measured nonlinear parameters of

these samples are explained as due to the combined effect of nonlinear absorption,

oscillator strength and resonance effects at the wavelength of excitation. It is

observed that Ni (QAP}2 and CO (QAP}2 are promising NLO materials and their

importance in the context of device applications is confirmed by the optical limiting

studies carried out in these samples.
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Chapter 5

Z-Scan and Degenerate Four Wave Mixing Studies on
Certain Selected Tetra Phenyl Phorphyrins

Abstract

Z-scan and Degenerate four wave mixing studies were carried out in tetra phenyl
porphyrins having different peripheral substituents with varying electron affinities.
Figure of merit of third order nonlineariry (F), Third order susceptibility (xj and

Second hyper polarizability <y> of these samples were measured using DFWM
technique. The effect of wavelength, concentration and solvents on the NLO
behaviour of these samples were also studied using z-scan technique and the

nonlinear absorption coefficient (f3efd and imaginary part of susceptibility tensor
[Im(xef/)] were measured. The measured nonlinear parameters of these samples are
explained on the basis of the combined effect of nonlinear absorption, oscillator
srrength and internal charge transfer mechanism. The optical limiting studies carried
out in these samples shows that the unsubstituted porphyrins posses comparably
better limiting nature over the other samples.
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5.1 Introduction

During the last two decades the search for better nonlinear optical materials has gained

much importance among the scientific community due to their potential applications in

different fields of science and technology. As nonlinear materials find direct applications

in optical communications, data storage, electro-optical signal processing etc. molecules

with nonlinear optical properties have been extensively investigated. A collective effort

from physicists, chemists and material scientists is in progress to understand the basic

process responsible for the nonlinear behaviour of various compounds found in nature as

well as ofthose synthesized in the laboratory [1-5].

Among the various types of nonlinear optical materials investigated, organic

compounds have received much attention because of their large nonlinearity as well as

the opportunity they offer in design and formulation of more efficient nonlinear materials

for specific applications [6]. Porphyrins, Phthalocyanines, Naphthalocyanines, Fullerenes

etc. belong to this class of materials and considerable data on the nonlinear optical

properties of these materials is now available in the literature [7-14]. Harmonic

generation, wave mixing, optical limiting, optical switching etc. have been demonstrated

in various NLO materials [15-18]. Out of the large number of NLO materials available,

porphyrins form a distinct class of compounds having important biological

representatives. The nonlinear optical properties as well as photochemical reactions of

different types of porphyrin compounds have been studied for a long time from various

viewpoints. They are the key compounds to investigate mechanisms and dynamics of the

energy and electron transfer in photosynthetic model systems. They are also of crucial

importance for synthesizing various compounds aiming to construct ultra fast photo

responsive devices in general. Rich electronic and vibronic characters combined with

molecular configuration dominate the linear and nonlinear optical properties in
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porphyrins and rnetallo-porphyrins systems [19]. The basic structure of the porphyrin

macrocycIe is as shown in Fig. 4.1 [20]

RI

R

Fig. 4.1 Basic structure of porphyrin

Porphyrins differ in the nature of the bridging groups occupying meso position in the

porphyrin molecule. The bridging groups may only be -CH=, -(X)C=, -N= or their

combinations. The structural diversity of porphyrins is further enhanced by the presence

of various pyrrole substituents (R1-Rs) which may be H, CH3, C2Hj , CH=CH2,

CH(OH)CH3, CCO)H, COOH, CH2COOH, and CHzCHzCOOH. If it is also taken into

consideration that one or more pyrrole double bonds may be hydrogenated and that

adjacent substituents RI-Rs and R.-Ra may form closed cycles, then the diversity of

molecular structures of porphyrins, chlorines, azaporphyrins, Phthalocyanines, phorbins

and so on becomes evident.[ 20]

These specific features and the great diversity of porphyrins are the factors

responsible for their importance and wide distribution in nature as well as the
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large number of applications. The structural diversity of porphyrins and

metalloporphyrins opens up enormous possibilities for studying the effect of

functional substituents and central atoms on the properties of porphyrins.

Although the porphyrin ring is a macromolecule, it is highly flexible and a

number of structural changes involving different central metal ions and peripheral

substituents can be introduced without compromising its excellent chemical and

thermal stability [21-30]. This architectural aspect is relevant to nonlinear optics

in developing materials with optimum nonlinearity and response time. Porphyrins

and porphyrin derivatives which are two dimensional molecules characterized by

highly developed x-conjugation, present nonlinear optical properties such as the

intensity dependent refractive index and/or nonlinear absorption whose magnitude

and time response depend upon the dominant physical process as well as the

environment [31-38]

Metal substitution in the central position forms a group of metalloporphyrins and

introduces low lying energy states derived from metal-to-ligand and ligand-to-metal

charge and energy transfer. The optical processes of the excited state are highly related to

the characteristics of central metal ions and the coupling between the n-electron and the

metal ion. Dimensionality, axial and peripheral substitutions are the other two important

parameters which determine the nonlinear behaviour of various types of porphyrin

molecules [39]. Thus the NLO properties of this group of compounds are very relevant to

photonics and there exist a large number of reports in the literature in this topic [40-46].

Second hyper-polarizability (r) is a measure of the nonlinear behavior of a

material and this can be measured using different techniques like Optical Kerr effect,
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Degenerate Four Wave Mixing (DFWM), Z-Scan etc. In the case of linear x-conjugated

molecular systems the major contribution to the second hyper-polarizability (Y) comes

from ¥x"" component. But, in porphyrins and related molecules Yyyyy, Y>O<YY. Yxyxy, Yyyx.x, Yyxy-,.

and ¥yxxy also contribute to the total (y). The properties with special reference to <y> for

a number of Porphyrins and their derivatives have been studied in various media like

different solvents, thin films, polymers, sol-gets, glass etc. [46-54].

The structure of the porphyrin molecules which have been investigated in this

thesis is presented in Fig. 4.2

R

R=H
R = OCH3
R=OH
R=ON

R

Tetra Phenyl Porphyrin
Tetra 4 Methoxy Phenyl Porphyrin
Tetra 4 Hydroxy Phenyl Porphyrin
Tetra 4 Nitro Phenyl Porphyrin

Fig. 4.2 Structure of Porphyrins used
for the present study
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In this chapter we present our results on the measurements of the third order

optical nonlinearity and nonlinear absorption studies in Tetra Phenyl Phorphyrins with

peripheral substituents having different electro-negativities. These compounds have been

synthesized in a different department in the author's institution. The techniques of

Degenerate Four Wave Mixing (DFWM) in the backward configuration and z-scan have

been employed for the studies on the NLO properties of the above molecule.

5.2 Experimental

The samples are synthesized and purified according to the reported procedures in

literature [55]. Each sample is subjected to a column chromatographic purification

process just prior to the measurements. The samples are dissolved in highly purified,

spectroscopic grade toluene and the absorption spectra are recorded using a UVNISINIR

spectrophotometer (Jasco V-570). In all experiments, sample solutions are taken in l-mm

quartz cuvettes. Fresh solutions are prepared for each measurement to avoid any

complications arising from photodegradation.

5.2.1 Degenerate Four Wave Mixing

Detailed theory and experimental setup for degenerate four wave mixing were discussed

in chapter 2. We employ here, the standard back scattering geometry for making the

measurements. 532 nm radiation from a Q-switched Nd:YAG laser is used as the source

of excitation. One of the advantages of DFWM experiment is that by suitably choosing

the polarizations of interacting beams we can select different components of third order

susceptibility tensor [56-57].

This property is exploited to avoid thermal contribution occurring in experiments

with nanosecond pulses. In the present experiment, polarizations of the interacting beams
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were so chosen that measurements gave only electronic response. The two pump beams

were vertically polarized and the probe beam was horizontally polarized. The polarization

of the phase conj ugate beam is same as that of pump beam. The angle between the pump

and probe beams is _8° and the phase conjugate signal which is counter propagating to

the probe beam is separated by using a beam splitter. The energy of the phase conjugate

signal as well as the pump beams were measured by using a dual channel energy ratio

meter Rj-7620 and Rjp-735 pyroelectric probes (Laser Probe International, USA).

The values of the susceptibility (X3
) and second hyperpolarizability <y> were

calculated using the following equations

and

(4.1)

n2 +2
L=--

3
(4.2)

where 'n' is the refractive index 'I' is the length of the sample, 'a.' is the linear absorption

coefficient and 'F is the intensity. For a solution of non-interacting particles, the effective

X(3) assuming a pairwise additive model [58] is given by

(4.3)

where NsoJute, Nso1\<n1 are the number densities of molecules of the solute and the solvent

respectively. For dilute solutions with Nsolule =(A x C)/M, we may write
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(3) _ (3) L
4

Y soIll,e AxC
Zsolution - Zsoivem + M (4.4)

where 'A' being the Avagadro's number, 'M' being the molecular weight and 'C' the

concentration of the solute in g/ml, For lower concentrations, the X(3) of the solution

follows a linear relationship with respect to the concentration of the solute. X(3) may have

both real and imaginary components originating from the solute as well as solvent. The

real part is responsible for the nonIinear refraction whereas the imaginary part is

responsible for nonlinear absorption (SA, TPA or ESA etc.). The real part can be positive

or negative. The figure of merit, independent of concentration, F is defined as x(3)/a. We

have taken the value ofX(3), for the reference sample CS2 as 2.73 x 10.13 esu [59]. L is the

local field correction factor and N is the number density of the solute molecules in

solution. The X(3) contribution from solvent is taken to be zero, as it is negligibly small in

comparison to the solute.

5.2.1.1 Calibration

For the measurements of the nonlinear parameters using degenerate four wave mixing

technique the experimental setup has to be standardized using a nonlinear optical

material, Carbon disulphide (CS2) is used as the standard material because of its

completely non-resonant Kerr nonIinearity due to orientational response. Fig. 4.3 shows

the log-log plot of optical phase conjugate signal intensity against pump beam intensity

for CS2 when the probe beam was orthogonal to the pump beam. The graph obtained is a

straight line with slope 2.98 which is very close to the theoretical value 3 showing the

cubic dependence of phase conjugate signal against the pump beam intensity.
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5.2.2 z..Scan

The detailed theory of the z-scan measurements was explained earlier in this thesis. Here

also we have used the standard open aperture z-scan technique developed by Sheik Bahae

et. af. [60]. for evaluating the nonlinear optical parameters of the samples. A 532 nm

radiation from a Q-switched Nd:YAG laser was used for the excitation. The samples

were taken in 1 mm quartz cuvette and scanned across the focus a lens of 20 cm focal

length by using a micrometer translation stage. This configuration gives a Raleigh range

of 1.36 mm so that the thin sample approximation condition is satisfied for the

measurements carried out here. The input and output energies were measured by using a

dual channel energy ratio meter (Rj-7620, Laser Probe International, USA) with

pyroelectric detector heads (Rjp-735)
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5.3Results

All samples used in this study show the linear absorption features typical of Porphyrins,

namely the high energy B (Soret) band and the low energy Q band(s) except for Nitro­

TPP. Fig. 4.4 (a - d) illustrates the UV-Visible spectra recorded at room temperature. In

the case of Nitro-TPP the low energy band is almost absent. The experiments were

carried out with samples having a concentration in the range of 10-4 to 10's M

corresponding to an absorbance of less than 0.5.

(b) Nitro-TPP in Toluene

(d) Hydroxy-TPP in Tolune
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Fig. 4.4 (a-d) Absorption spectra of
0.1 mMsolutions of various TPP's
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FigA.5 to 4.9 shows the plots of phase conjugate signal verses input intensity.

The cubic dependence of the phase conjugate signal with the input intensity has been

verified for all the samples. All the graphs obtained are straight lines and are fitted to a

cubic function defined by the Eq. 2.40 in chapter 2. A slope of 3 in the log-log plot

between the pump and phase conjugate signal indicates the third order nature of the

process involved as well as the absence of saturation of nonlinearity in the measurements.
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One of the important processes that can influence the degenerate four wave

mixing measurements is the two photon absorption (TPA). If TPA is present in the

samples the measured slope of the straight line obtained in the log-log plot between the

pump intensity and the optical phase conjugate signal (OPC) should be 5 instead of 3 [

61-62]. All the samples studied gives a slope 00 and this rules out the presence ofTPA

contribution to the measurements. Since the experiments were done with samples

dissolved in spectroscopic grade solvents (Toluene in the case ofTPP, Methoxy-TPP and

Hydroxy-TPP and Ethanol in the case of Nitro-TPP), it is possible to evaluate the

microscopic molecular property viz. second hyper polarizability <y>. Measured values of

third order susceptibility (X(3)), Figure of merit (F), Extinction coefficient (e) and Second
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hyper polarizability <y> are given in the table 4.1. The Figure of merit (F) of a nonlinear

optical material is defined by the relation

( 4.5)

where a is the linear absorption coefficient of the sample. The extinction coefficient will
be given by the relation [63]

aNA 10-3
8=--X

In(lO)

where (J is the absorption cross section and NA is the Avogadro number.

(4.6)

Sample Linear Extinction Third order Figure of Second Hyper
(in Absorption coefficient Susceptibility Merit polarizability

Toluene) Coefficient EX 103 1.(3) F (x 10.13

<X~0.1 mM a. (cm") Itr cm" mol" (x 10.13 esu) esu-cm] (x 10 0 esu)

TPP 0.377 1.638 23.27 61.72 10.81

Methoxy 0.473 2.054 16.11 34.06 08.18
TPP

Hydroxy 0.097 0.422 2.40 24.74 01.48
TPP

(Ethanol)

Nitro TPP 0.180 0.725 3.12 17.32 01.59

Table 4.1 Extinction coefficient, Third order
susceptibility, Figure of merit and Second
hyperpolarizability of different TPP's
measured using DFWM technique
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From the table 4.1 it is clear that the highest value for Figure of merit as well as

second hyper polarizability were obtained in unsubstitued tetraphenyl porphyrin. The

lowest value of Figure of merit and second hyper polarizability is obtained in the case of

Nitro-TPP. This clearly shows the effect of periphereal substituents on the nonlinear

properties porphyrin samples.

Fig 4.10 shows the open aperture z-scan graphs obtained with these samples.

Out of the samples studied here unsubstituted porphyrin which is having the highest <y>

value as measured using DFWM technique shows the deeper valley in the z-scan graph.

All the samples show similar behaviour. Because of the near-resonant excitation, the

nonlinearity in the ns time scales could be due to the thermal excitation of the medium.

Depending on the pulse duration, pump intensity and wavelength, nonlinear absorption

can be from (a) the ground state SO to higher excited singlet states So, (b) the first excited

singlet state SI to higher excited states Sn, or from (c) the Tl to Tn states in the triplet

manifold. The last two processes are known as excited state absorption (ESA), but if their

cross sections are larger than that of linear absorption, then these are referred to as

reverse saturable absorption (RSA).
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Fig. 4.10 Open aperture z-scan curve
obtained with different TPP's (0.25 mM)
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Sample Concentration Absorption f3tfT Im(Xerl)
(mM) Coefficient

a. (cm"] (m/GW) x 10,17 m2y .2

Hydroxy
TPP 0.25 0.42 2.31 4.82

(in Ethanol)

Methoxy
TPP 0.25 1.69 4.62 10.38

(in MMA)

Nitro TPP 0.25 0.79 6.87 15.45
(in MMA)

TPP 0.25 1.47 8.62 19.39
(in MMA)

Table 4.2 Nonlinear absorption coefficient and
imaginary part of susceptibility of different
TPP's measured using z-scan technique

Table 4.2 summarises the results obtained from the z-scan studies carried out in

0.25 mM solutions of these samples in methyl methacrylate monomer. From the table it

is clear that unsubstituted porphyrin gives the highest nonlinear absorption coefficient ~eff

and imaginary part of the nonlinear susceptibility (ImXetl) and the smallest value is

observed in Hydroxy TPP.

5.4 Wavelength Dependence

Fig. 4.11 shows the z-scan curves obtained at different wavelengths of excitation in 0.25

milli molar solutions of tetra phenyl porphyrin (TPP) in toluene. In the range of

wavelengths selected for excitation, maximum nonlinear behaviour of the sample is

observed at 540 nm. As the wavelength increases from this value the depth of the z-scan

curve decreases and this shows the wavelength dependent variation of the NLO
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behaviour of the sample considered. The effect of wavelength on the nonlinear properties

of znmp TB? and bis-phtanlocyanines were already reported [64-65J. As in the previous

reports we do not observe any saturation absorption in the wavelength considered in our

experiments.
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Fig. 4.11 Z-Scan curve obtained at 520, 540, 560, 580,
and 600 nm in 0.25 mMTP? in Tolune

5.5 Solvent Effect

As the wavelength of excitation, the solvent can also influence the NLO behaviour of the

sample. Fig. 4.12 the z-scan graphs obtained with TPP in Toluene, chloroform and

Methyl methacrylate monomer (MMA).
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The nonlinear absorption coefficient ~eff of tetra phenyl porphyrin in these

solvents at different concentrations were calculated. Fig. 4.13 to 4.15 and tables 4.3 to 4.5

shows the z-scan graphs thus obtained and the corresponding nonlinear absorption

coefficient Peff and imaginary part of the nonlinear susceptibility (ImXeff3
) values

calculated. From the open aperture z-scan experimental data, nonlinear absorption

coefficient Pefr is calculated using the model suggested by Sheik Bhahe et.a!' [60] and the

details of this is explained in chapter 2 and 3. The imaginary part of the nonlinear

susceptibility (ImXef/) can be calculated from Peff using the Eq. 3.13
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Cone.
Absorption

~eff Im(x~ )
Coefficient

(mM)
a (cm")

(m/GW) x 10017

m2V·2

0.06 0.24 1.67 4.21

0.12 0.47 6.76 17.04

0.25 0.94 21.00 52.92

0.50 1.89 24.85 62.61

Table 4.3
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Cone Absorption ~elT Imtr~f )
(mM) Coefficient (m/GW)

a (cm") x 10-17

m~V-2

0.06 0.37 1.59 3.56

0.12 0.74 3.43 7.70

0.25 1.47 8.62 19.39

0.50 2.94 21.78 48.96

Fig. 4.14 Open aperture z-scan
graph of various concentrations of
TPP in MMA

Table 4.4
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Fig. 4.15 Open~perture z-scan
graph of various concentrations
ofTPP in ChCl 3

Cone. Absorption Pelf ImCr;jf
(mM) Coefficient (m/GW)

et (cm") x 10.17

m2V·2

0.06 0.38 12.02 28.18

0.12 0.75 21.06 49.37

0.25 1.47 39.56 92.77

0.50 3.01 76.43 179.22
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Table. 4.5

From the calculated values of l3eff and Im-Xeff
3 given in tables 4.3 to 4.5 it is clear

that out of the three different solvents used, sample dissolved in chloroform gives better

NLO properties. The better nonlinear behaviour of the sample in chloroform is assumed

to be due to the polar nature of the solvent.

Results of the studies on nonlinear optical properties of various types of

porphyrins carried out by several people were reported in the literature [66-70]. S V Rao

et. al. [71] has reported the NLO properties of several Tetra Tolyl Porphyrin (TTP) using

nano second and pico second optical pulses. The effect of peripheral ligands on the NLO

properties of several dendritic porphyrins has been reported by B. P Sing et. al [72] and

they have observed very high values for the second hyper polarizability <y>. W. Huang

et. al. [73] reported the nonlinear behaviour of porphyrin Phthalocyanine metal triple

decker complexes. Nonlinear optical studies have been carried out in porphyrin samples

different host matrices. For example, Kandasamy et. al [74] have investigated optical

nonlinearity in a porphyrin (T 3, 4, BCEMPP) doped in boric acid glass, using Z-scan

techniques, at selected Ar" ion laser wavelengths

138



Chapter 5: Z-Scan and .

5.6 Optical Limiting

The reverse saturation absorption of property of porphyrin molecules can be well used for

the design of optical limiters to protect light sensitive devices from intense laser

radiations. N. Ono et. al. [75] studied the optical limiting property of meso-substituted

tetra benzyl porphyrins and tetra phenyl porphyrins and they have observed that the

compounds with electron donating Iigands to the base porphyrin ring show very good

optical limiting. The optical limiting property of our samples is also studied using the

standard experimental techniques explained earlier. Fig 4.16 shows the nonlinear

transmission of the porphyrins investigated here. These plots were generated from

respective z-scan graphs recorded. All these samples have nearly identical concentrations

(0.25 mM) and methyl methacrylate monomer was used as the solvent.
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Fig. 4.16 Optical limiting in 0.25 mM solutions of
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139



Investigations of nonlinear .

It can be seen that the unsubstituted porphyrin as well as the nitro-TPP show very good

optical limiting compared with the other two samples. This observation is in agreement

with the DFWM measurements carried out in these samples. Here the better limiting

nature of nitro-TPP which shows only very small second hyper polarizability value in

comparison with other samples studied is really interesting and it may be due to the

higher ESA of this compound in the wavelength of excitation.

5.7 Discussion

The second hyper polarizability <p of nonlinear optical materials depend on many

factors. In the case of organic molecules it is known that the <y> values depend heavily

on the extend of 11: electron conjugation. Therefore if the 11: electron conjugation is high

the corresponding <y> values is also large. But there are reports on the saturation of<y>

values after a finite degree of conjugation (76J and hence it cannot increase indefinitely.

Apart from the 11: electron conjugation there are many other factors that can influence the

<y> values. Oscillation strength [77-79], Nature of the metal substituents [77, 80-83J,

Dirnensionality of the molecule [84-87], axial and peripheral substituents [88-94J etc are

the important factors influencing the <y> values. Out ofthese various contributing factors

we are concentrating on the effect of peripheral substitution to the porphyrin ring on the

second hyper polarizability. The samples selected do not have any central metal ion in the

porphyrin ring but all them have different peripheral substituents like Nitro, Hydroxy,

Methoxy groups attached to the outer benzene ring.

As mentioned earlier, due to the high flexibility of porphyrin molecules for

structural modifications, it is possible to incorporate various chemical groups having

different electonegativities to the porphyrin macrostructure with out compromising its

excellent chemical and thermal stability. Chemical groups like -OH, NH 2 etc. have
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strong electron donating character while .N02, -COOH etc. are having high electron

accepting nature. Chemical groups like -eJ1s0 , -CH) etc. have intermediate

electonegativities. Therefore the incorporation of chemical groups having different

electonegativities to various positions can probe the effect of peripheral substitution to

the NLO properties of the base molecules. These types of compounds are called push pull

compounds and they have donor-conjugate electron-acceptor structure [95]. As in the

case of metal ion substitution at the center of the ring, axial or peripheral substitution can

also affect the <y> value of the molecule by introducing intramolecular charge transfer

mechanisms (lCT). The ICT processes are associated with change in dipole moment

between the ground state and the first excited state of the molecules. Hammett free

energy relationships are used to describe how substituents alter the electronic structure of

the molecules. Hammmett free energy is usually expressed using the equation [88]

logk =logko + pa (3.7)

where k and !<Q denote equilibrium constants for substituted and unsubstituted compounds

respectively. c is characteristic of the substituents indicating its behaviour as an electron

donor or electron acceptor and p is a measure of the sensitivity of the processes to

alteration in the substituents.

The difference in the <y> values of the samples can be explained in terms of the

influence of intermolecular charge transfer mechanism and other parameters like

oscillator strength as follows. Among the various TPP's studied, the unsubstitueted TIP

has the highest and Nitro-TIP has the lowest <y> value. The chemical groups attached to

the porphyrin molecules have different electronegativities. Among the axialligands, -OH

group is having high electron donating property while the -N02 is of high electron

accepting nature. The electronegativity of the 'methyl' group is in between that of
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'hydroxy' and 'nitre' groups. Due to this nature of the axial ligand the electron density in

the porphyrin core is heavily perturbed and this leads to the change in the observed <y>

values. The measured <y> values of Hydroxy-TPP as well as Nitro-TPP is considerably

smaller than the <y> of the unsubstituted TPP. This indicates that the very high electron

donating as well as electron accepting nature of the axial ligand from the porphyrin ring

decreases the second hyper polarizability <y> of the base material. Apart form the

electron accepting as well as electron donation to the porphyrin ring the oscillator

strength of the molecule can also affect <y> value of the samples (96]. Among the TPP's

studied the Methoxy TPP is having the highest value of oscillation strength because of its

large value of extinction coefficient E. Therefore the considerably large value of <y> in

the case of Methoxy-TPP is attributed to the effect of oscillator strength of the molecule.

The effect of oscillator strength OD the <y> values in the case ofNitro TPP and Hydroxy

TPP is also evident. The oscillator strength of these samples is considerably small in

comparison to that of unsubstituted TPP and Methoxy TPP. Therefore the charge transfer

due to the peripheral ligands combined with the oscillator strength of the molecules

explain the calculated <y> values.

The z-scan studies carried out on these samples also support the DFWM

measurements. The largest value of nonlinear absorption coefficient Petr and imaginary

part of the nonlinear susceptibility (ImXefl) are obtained in the case of unsubstituted

porphyrin sample. The nonlinear absorption observed in these samples can be explained

using a five level model involving the states So, SI,S2, T1 and T2 as explained in chapter 4

(71]. Here S, and T, are the singlet and triplet states respectively (where n=O, 1 or 2) and

every electronic energy level involves several vibronic levels. On interaction with laser

pulses at 532 nm, atoms get excited from the So to upper vibrational levels of S I. Through

nonradiative decay within picosecond time scale the excited molecules can rela-x to the
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lowest vibrational level of SI. There is a definite probability for the atoms to get de­

excited back to the appropriate vibrational level in the ground state through fluorescence

emission. But the fluorescence spectra observed in the samples under consideration are so

weak that we can rule out the St--" So transitions. Moreover, the SI to S2 transition does

not deplete the SI state because the SI to S2 transition takes place within the picosecond

time scale. However, the intersystem crossing in these samples is very large and this

result in strong triplet - triplet absorption [65]. Here we assume that the intersystem

crossing is fast compared with the laser pulse width and virtually all the atoms excited

from So reach the first excited triplet state T I . Therefore, under nanosecond pulse

excitation, the nonlinear absorption observed in these samples is a consequence of triplet­

triplet (TI --.. T2) absorption. The Nitro-TPP which is having very low <"(> value is

having fairly good nonlinear absorption coefficient Cl3cff) and this is attributed to the high

excited state absorption of this sample.

5.8 Conclusions
Degenerate four-wave mixing, z-scan and optical limiting studies were carried out in

solutions of porphyrin samples with different peripheral substituted ligands. Third order

susceptibility X(3), Figure of merit of third order nonlinearity (F), Second hyper

polarizability <y> were measured. TPP with out any peripheral ligands exhibited the

highest value of figure of merit as well as second hyper polarizability indicating that it

possess maximum third order nonlinearity for a given absorption loss. The <"(> values

measured were explained on the basis of internal charge transfer mechanism and

oscillator strength of the molecules. The effects of wavelength, concentration and

solvents on the NLO behaviour ofthe samples were studied using the z-scan technique.

The optical limiting nature of these samples was studied and it is observed that

unsubstituted porphyrin and nitro-TPP show the maximum optical limiting property.
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Chapter 6

DFWM Studies on Cobalt Ternary Complexes of 2­
Hydroxy Acetophenone N(4) Phenyl Semicarbazone

Containing Heterocyclic Coligands

Abstract

Degenerate four wave tnlXUlg studies were carried out in Cobalt Ternary
Complexes of 2-Hydroxy Acetophenone N(4) Phenyl Semicarbazone Containing
Heterocyclic Coligands. The experimental details are same as explained in earlier
chapters. As in the case of QAP's and TPP's, the Figure of merit of third order
nonlinearity (F), Third order susceptibility ex3

) and Second hyper polarizability
<y> of these samples were measured. The nonlinear parameters thus obtained
have been interpreted by considering the influence of oscillator strength and
atomic substituents.
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6.1 Introduction

As was noted in earlier chapters the nonlinear optical (NLO) properties of inorganic

complexes and organometallics have created significant interest in the scientific field

because of their importance in this area [1-8]. The nonlinear parameters of a vast

number of compounds studied so far depend on various aspects related to their

structure and composition. The n- conjugate electrons, presence of donor-acceptor

ligands, dimensionality etc. of the compounds play crucial role in determining the

NLO behaviour of various materials [9-13]. The achievement of controlled

modulation of optical properties of materials constitutes the first step towards the

development of photonic devices and the effort in this direction is really worth

mentioning. Measurement ofNLO parameters becomes a crucial step in this direction

in verifying whether the desired properties are truly available in the newly

synthesized organic materials. This is the motivation of the measurements presented

in this chapter.

New materials are the key elements to future photonic technologies in which

their functions can be integrated with other electrical, optical and magnetic

components of these compounds. Semicarbazones are compounds with versatile

structural features and are reported to possess antifungal and antibacterial properties

[14-16]. The nonlinear properties of these compounds are not yet reported to the best

of our knowledge. In this chapter we present our results on the measurements of the

third order nonlinear optical studies in Cobalt Ternary Complexes of 2-Hydroxy

Acetophenone N(4) Phenyl Semicarbazone containing Heterocyclic Coligands

synthesized in our institute. Second hyper-polarizability is a measure of the nonlinear

behavior of a material and this can be measured using different techniques like

Optical Kerr effect, Degenerate Four Wave Mixing (DFWM), Z-Scan etc. For the

present study Degenerate Four Wave Mixing (DFWM) in the backward configuration

has been used.
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The structure of various compounds used for the present study is as given in Fig. 6.1

COMP I: Cobalt (III) complex

(a)

DHN

~
-....;;: SCN o~

\\ .0 0 \ NH
-C '

"'N /' ~()N'-':,/' 0 0
N'i' ?"

H NH ~ Io
COMP ill: Cobalt (Il) Complex

(c)

COMP ll: Cobalt (Il) complex

(b)

COMP IV: Cobalt (III) Complex

(d)
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COMP V: Cobalt (ill) Complex

(e)

Fig. 6.1 (a-e) Structure of various Cobalt Ternary Complexes of 2­
Hydroxy Acetophenone N(4) Phenyl Semicarbazone containing
Heterocyclic Coligands

6.2 Experimental

The experimental part of the present study is divided into two sections viz. Sample

Preparation and Degenerate Four Wave Mixing

6.2.1 Sample Preparation

The samples used for the present study were prepared by the method explained

below.

6.2.1.1 Preparations ofHzL

4-Phenyl semicarbazide, 2-hydroxyacetophenone and 1, 10 phenanthroline required

for the present syntheses are used as received from reputed firms and all solvents

were distilled before use. A methanolic solution of 4-phenyl semicarbazide was

added to a solution of 2-hydroxyacetophenone in methanol. To the resulting solution
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two drops of cone. acetic acid was added and the reaction mixture was refluxed for 3

hours on water bath. On cooling off white colored crystals of H2L are separated and

this is filtered out from the mixture.

6.2.1.2 Synthesis of complexes

All complexes were prepared by adding a methanolic solution of cobaltous acetate to a

mixture of methanolic solutions of the H2L and heterocyclic base. The green coloured

solution was stirred for 10 minutes and a methanolic solution ofNaN:/ KCNS was added

and the reaction mixture was refluxed for 20 minutes. The complexes, which separated as

microcrystalline powders in decent yields, were filtered and washed with diethyl ether

and dried over P4010 in vacuo. Each sample is subjected to a column chromatographic

purification process just prior to the measurements. The samples are dissolved in

highly purified, spectroscopic grade Dimethyl Formamide (DMF) and the absorption

spectra are recorded using a DVNISINIR spectrophotometer (Jasco V-570). In all

experiments, sample solutions are taken in I-mm quartz cuvettes. Fresh solutions are

prepared for each measurement to avoid any complications arising from

photodegradation.

6.2.2 Degenerate Four Wave Mixing

Detailed theory and experimental setup of degenerate four wave mixing was

discussed in chapter 2. The experimental conditions and finer details are same as in

the previous chapters of the present thesis. We employ the standard back scattering

geometry for making the measurements. 532 nm radiation from a Q-switched

Nd:YAG laser is used as the source of excitation. The values of the second

hyperpolarizability <y> were calculated using the following equations

(3) = (3)[ (1/ Ig ]~(~J2(/re! J( alexp(al/2))
Xs X re! I 3 I ()If 10 re! nre! 1- exp - al

(6.1)
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and

(6.2)

where 'n' is the refractive index 'I' is the length of the sample, 'a.' is the linear

absorption coefficient and 'F is the intensity.

The effective X(3) values of the samples were calculated by assuming a

pairwise additive model and is given by

(3) _ (3) L
4

Y soiute AXC
Xsolution - Xsolvent + M (6.3)

where 'A' being the Avagadro's number, 'M' being the molecular weight and 'C' the

concentration of the solute in g/ml, We have taken the value of X(3), for the reference

sample CS2 as 2.73 x 10-13 esu and the X(3) contribution from solvent is taken to be

zero, as it is negligibly small in comparison to the solute. The energy of the phase

conjugate signal as well as the pump beams were measured by using a dual channel

energy ratio meter Rj-7620 and Rjp-735 pyroelectric probes (Laser Probe

International, USA).

6.2.2.1 Calibration

For the measurements of the nonlinear parameters using degenerate four wave mixing

technique the experimental setup has to be standardized using a nonIinear optical

material. Carbon disulphide (CS2) is used as the standard material because of its

completely non-resonant Kerr nonlinearity due to orientational response.
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,......--------------,

HUll 110 172 1.74 1.7' L78 1.10 1.82 , .•• 1,1' Ul8

log(pump intensity)

Fig. 6.2 log-log plot of ope signal
against pump beam intensity

Fig. 6.2 shows the log-log plot of optical phase conjugate signal intensity

against pump beam intensity for CS2 when polarization of the probe beam was

orthogonal to the pump beam. The graph obtained is a straight line with slope 2.98

which is very close to the theoretical value } .showing the cubical dependence of

phase conjugate signal against the pump beam intensity.

6.3 Results
All samples used in this study show similar type of linear absorption and figure 6.2

shows the UV-Visible spectra obtained. The experiments were carried out with

samples having a concentration in the range of 10-4 to 10.5 M corresponding to an

absorbance of less than 0.2

'00 500 500 700

--COMPI
--COMP 11
--COMP III
--COMPIV
--COMPV

eoo 000

Fig. 6.3 Absorption spectra of the
compounds used for the present study
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From the absorption spectra it is clear that there is no linear absorption

corresponding to the wavelength of excitation (532 nm). Hence the nonlinearity

observed in these samples is due to the excited state absorption present in these

samples and therefore electronic in origin. The cubic dependence of the phase

conjugate signal with the input intensity has been verified for all the samples and Fig.

6.4 to 6.8 shows the plots of phase

u.,-----------------,
CaMPI: in D'IF

1.7 COne: 0.25mM
Sops: 2.81

~,,,...
C
GJ 1:5
.!i
-;; 1 •

.~
~ 1.3

a..
£12
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t1

1.0+-~.,._-.,..._-~-.,._-.,.___;

18) 1.55 1.70 175 180 1.15 UiD

1.40 CQM>11: in0f5
1.35 COne: 0.25 rttvl

Slope: 2.61
~1.3J
'iI
e
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:r 1.10
o
j1.05

1.CO

Fig. 6.4 log-log plot of COMP I

1.14 US 1.78 HO 1.8'2 1.&4 UIS 1.. 1.9]

Fig. 6.5 log-log plot ofCOMP II

conjugate signal verses input intensity. The concentration of the samples was kept at

0.25 mM and Chloroform was used as the solvent. All the graphs obtained are

straight lines and are fitted to a cubic function defined by the Eq. 2.40 in chapter 2. A

slope of 3 in the log-log plots between the pump and phase conjugate signal indicates

the third order nature of the process involved as well as the absence of saturation of

nonlinearity in the measurements.

'30 COMPIll: in OMF
Cone: 0.25mM

>: , 25 SI<lpe: 2,55

=i
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Fig. 6.6 log-log plot of COMP III
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Fig. 6.8 log-log plot of COMP V

As in the case of studies carried out in compounds presented earlier in this

thesis, contribution of two photon absorption (TPA) is absent in the value of

nonlinear parameters calculated using DFWMtechnique. If TPA were present the

slope of the log-log plot between the pump intensity and phase conjugate signal in

these samples would have been 5 instead of the observed value of 3 (17-18].

Therefore the contributions ofTPA in the measured values are ruled out.

Since the experiments were done with samples dissolved in spectroscopic

grade solvents, it is possible to evaluate the microscopic molecular property viz.

second hyper polarizability <y>. Measured values of third order susceptibility (X(3),

Figure of merit (F), Extinction coefficient (E) and Second hyper polarizability <y> are

given in the table 6.1. Figure of merit (F) and extinction coefficient E of these

material are calculated using the equations 4.5 and 4.6 given in the fourth chapter of

this thesis.

From the extinction coefficient E we can calculate the oscillator strength of

the molecule. It is a very important parameter, which can heavily influence the
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second hyper polarizabiIity <y>[19-21] and is related to the extinction coefficient as

shown in Eqn. 4.7

Table 6.1 Nonlinear parameters measured in metal complexes ofsemicarbazone

Sample Linear Extinction Third order Figure of Second Hyper
(in CHCI 3) Absorption coefficient Susceptibility Merit polarizability
0.25 mM Coefficient EX 103 X(3) F (x 10-13 <t

a (cm") Jtr cm" (x 10.13 esu) esu-cm) (x 10- t esu)
mol"

CaMP: 0.183 0.317 3.553 19.45 7.21
I

covr. 0.122 0.212 2.186 17.87 4.44
II

caMP: 0.106 0.184 2.053 19.30 4.12
III

caMP: 0.188 0.327 3.616 19.17 7.34
IV

caMP: 0.104 0.181 1.789 17.18 0.36
V

From the nonlinear parameters, measured using DFWM technique, given in

table 6.1 we can see that compound I and compound N are having almost same

second hyperpolarizability and their values are considerably better than that of other

compounds studied here. Similarly compound II and III have almost same second

hyperpolarisabilities but the value calculate in the case of compound V is very small

as compared to that of other samples.

6.4 Discussion

We have studied the nonlinear optical behaviour of five different Cobalt Ternary

Complexes of 2-Hydroxy Acetophenone N(4) Phenyl Semicarbazone containing
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Heterocyclic Coligands by using the DFWM techniques. The parameters thus

obtained are presented in table 6.1. These samples have more or less similar

structures and the it-electron density is also almost same in these samples. Apart from

the n-conjugated electrons there are many other factors that can influence the

measured second hyperpolarizability values of the samples. For example, oscillator

strength plays an important role in determining the measured <y> values [19-21].

Oscillator strength is related to the extinction coefficients by the relation as given in

chapter 4 (Eqn.4.7). From the relation between oscillator strength and extinction

coefficient it is clear that oscillator strength is larger if extinction coefficient is large.

Similarly the presence of metal substituents, dimensionality of the molecule, axial

and peripheral substituents etc. also play important role in determining the nonlinear

parameters of the materials[22-36]. The effect of these various aspects can have a

cumulative nature on determining the ~O parameters but the strength of influence

varies from materials to materials. In the present case the observed values of second

hyperpolarizability <y> can be explained in terms of the influence of the presence of

substituents as well as the oscillator strength of the molecules.

Among the five metal complexes of semicarbazones considered here the

oscillator strength of compounds I and N are considerably larger than that of other

compounds and accordingly the measured second hyperpolarizability values of these

compounds are larger. This observation proves the dominant effect of oscillator

strength of the molecules on the nonlinear parameters of this class of compounds.

From the structure of the compounds (Fig.6.1) given we can see that

compounds Il, III and V consist of sulphor atoms. Moreover even though the

oscillator strengths of these compounds are almost same the <y> value of compound

V is considerably smaller than that of other two compounds. The only difference

between the structures of compounds II and V is in the position of the sulphor atom in
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these compounds. Somehow the presence of Co-S bond in compound n enhances

nonlinearity. This clearly shows the influence of substituents atoms in the <y> values

of this class of compounds. In general, it can be inferred that the presence of sulphor

atom decreases the <y> values of this class of compounds. In addition to the presence

of the sulphor atom, the position of the same in the complex considered too is

important. Therefore the observed nonlinear parameters of metal complexes

considered here can be explained in terms of the influence of oscillator strength and

substituents atoms.

It may be appropriate to compare the measured nonlinear parameters of these

compounds with that of the results obtained in other compounds. The second

hyperpolarizability values obtained in QAP's and TPP's are presented in tables 4.1,

4.2 and 5.1. By comparing <y> values presented in these tables with the same given

in table 6.1 we can see that the <y> values obtained in the case of metal complexes of

semicarbazones studied here are lower at least by an order of magnitude. Hence even

though these compounds are not very good NLO materials, detailed studies in these

compounds can give better insight into the nonlinear behviour of various materials.

6.5 Conclusion

The nonlinear behviour of five Cobalt Ternary Complexes of 2-Hydroxy

Acetophenone N(4) Phenyl Semicarbazone containing Heterocyclic Coligands has

been investigated using DFWM technique at 532 nm excitation. Third order

susceptibility, figure of merit of third order nonlinearity and second

hyperpolarizability of these samples are measured and the observed nonlinear

behaviour of this class of compounds have been interpreted by considering the

influence of oscillator strength and atomic substituents. The <y> values of metal

complexes of semicarbazones studied here is at least one order of magnitude smaller

than the same in QAP's and TPP's presented in earlier chapters.
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Chapter 7

General Conclusion and Future Prospects

7.1 General Conclusion

Last part of the zo" century witnessed the emergence of Photonics as a new branch of

Science and Technology and it is a field of promise to the years to come. Up to this time

Electronics was playing the lead role in the field of science and technology. But now it is

giving way to photonics. By this time, Photonics has already established its relevance in

communication, instrumentation, measurements and control, optical computing,

information processing, displays etc. Photonics encompasses diverse areas such as

nonlinear optics, optical fibers, integrated optics, harmonic generation of laser radiation,

optical switches and display devices. The discovery of new intense monochromatic light

sources and materials with special properties intensified the growth in various fields of

photonics. Materials that are very useful for light based applications are collectively

called photonic materials and most of the technological applications exploit the nonlinear

optical (NLO) properties of these materials in one way or the other. Therefore the

investigations of NLO properties of different photonic materials become very important

and this led to the discovery as well as characterization of large number of NLO

materials. All over the world active research in this field is in progress. In this context,

study of NLO properties of certain photonic materials, which include a number of

organo-metallic compounds were chosen as the topic of the present research work.

Some of the essential requirements of good photonic materials are large and fast

nonlinearity, synthetic flexibility and ease of processing. Wave Mixing, Z-Scan, Optical

Limiting, Third Harmonic Generation (THG) etc. are the most commonly used



Investigations of nonlinear .

techniques for the evaluation of the nonlinear behaviour of most of the NLO materials.

Metal substituted phthalocyanines belong to the class of efficient photonic materials and

the nonlinearity of these compounds is well studied in various solvents. But there are

not many reports on the properties of these materials in solid matrices. When device

applications are considered, the incorporation of these materials into solid matrices and

the study of their behaviour in different host materials become important. Hence, we

studied the NLO properties of Samarium Phthalocyanine in solid (PMMA) as well as

liquid (MMA) matrices.

Using the open aperture z-scan technique, the effective nonlinear absorption

coefficient Peff and imaginary part of the nonlinear susceptibility (IrnXetl) of Samarium

Phthalocyanine in Methyl Methacrylate at 532 nm has been measured, in both liquid and

solid media. The optical limiting nature of the samples is also studied. The samples

exhibit obvious nonlinear behaviour and the nonlinearity originates from the large excited

state absorption cross section, the characteristic property of Phthalocyanines.

Enhancement in optical limiting property of samples in liquid phase over the solid phase

is attributed to the bimolecular processes taking place in liquid media. The measured Pelf

values as well as the optical limiting curves show that samples in liquid phase are

moderately better in their optical limiting efficiency. However, the solid matrix gives

rigidity to the nonlinear medium and the handling is more convenient Therefore for a

device application the polymeric solid matrix may be preferred over the monomeric

solution phase. The concentration dependence on the optical limiting nature is also

studied both in liquid as well as in solid medium and the role of RSA in the limiting

behaviour is verified.
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Chapter 7: Conclusion

Degenerate Four Wave Mixing (DFWM), Z-Scan and optical limiting studies has

been carried out in certain selected metal complexes of QAP's at 532 nm under

nanosecond excitation. For the DFWM measurements the polarization of the interacting

beams were so chosen that electronic response is obtained. Third order susceptibility,

figure of merit of third order nonlinearity and nonlinear absorption coefficient of these

samples are calculated. The measured nonlinear parameters of these samples are

explained as due to the combined effect of nonlinear absorption, oscillator strength and

resonance effects at the wavelength of excitation. It is observed that Ni (QAP)2 and CO

(QAP)2 are promising NLO materials and their importance in device applications is

confirmed by the optical limiting studies carried out in these samples.

Another NLO material studied is certain selected porphyrins with different

peripheral constituents. The effect of peripheral substitution is studied using Degenerate

four-wave mixing technique. The nonlinear absorption in these samples was studied

using z-scan and optical limiting nature is verified using the graphs generated from z­

scan data. Third order susceptibility 1.(3), Figure of merit of third order nonlinearity (F)

and Second hyper polarizability <y> were measured. TPP with out any peripheralligands

exhibited the highest value of figure of merit as well as second hyper polarizability

indicating that it possesses maximum third order nonlinearity for a given absorption loss.

The <y> values measured were explained on the basis of internal charge transfer

mechanism and oscillator strength of the molecules. The effects of wavelength,

concentration and solvents on the NLO behaviour of the samples were also studied using

the z-scan technique. The optical limiting nature of these samples was studied and it is

observed that unsubstituted porphyrin and nitro-TPP shows the best opticallirniting.
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The nonlinear behviour of five Cobalt Ternary Complexes of 2-Hydroxy

Acetophenone N(4) Phenyl Semicarbazone containing Heterocyclic Coligands has been

investigated using DFWM technique. Third order susceptibility, figure of merit of third

order nonlinearity and second hyperpolarizability of these samples are measured and the

observed nonlinear behaviour of this class of compounds has been interpreted by

considering the influence of oscillator strength and atomic substituents. The <y> values

of metal complexes of semicarbazones studied here is at least one order of magnitude

smaller than the same in QAP's and TPP's presented. Even though these compounds are

not very good NLO materials, detailed studies in these compounds can give better insight

into the origin of nonlinear behviour ofvarious materials.

7.2 Future Prospects

Large and fast nonlinearity, synthetic flexibility, ease of processing and good chemical

and thermal stability are being the essential properties of a good photonic material.

Search for such a material is highly active all over the world. Material, which satisfies all

these qualities are not yet identified. Nonlinearity observed at resonant fields shows very

large magnitude but has slow response. On the contrary, non-resonant nonlinearity is very

fast in response but low in magnitude. Many organometallic compounds and organic­

inorganic systems satisfy many of the essential requirements of good nonlinear material.

Organometallic compounds similar to those studied in the present investigations can be

tested for various device applications like opticallimiters, optical logic gates etc. A good

deal of work is required in this field for the realization of an ideal NLO material for

various technological applications.
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