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Preface

Observation of second harmonic generation (SHG) by P A Franken in 196 I marked

the birth of nonlinear optics as a new discipline of laser matter interaction. Nonlinear

optics is the study of phenomena that result from light induced modifications in the

optical properties of the materials. This branch of science explores the coherent

coupling of two or more electromagnetic fields in a nonlinear medium to generate

new frequencies that are sum or difference of coupling frequencies. Franken

attributed the new result to coherent mixing of two optical fields at 694 nm to

produce an optical field at 347 nm.

Since then nonlinear optics has been an important area of science and technology.

Interest in the study of nonlinear laser matter interactions arises because of two main

reasons: (I) it is an effective method of understanding the nonlinear optical (NLO)

properties of materials as well as spatial and temporal evolution of the non linearity

and (2) a number of technological application have been realized and many others

have been proposed using NLO effects. In this context investigation of NLO

properties of certain important photonic materials was chosen as the topic of research

outlined in the proposed thesis. Third order NLO effects are particularly interesting

partly because third order effects have greater technological relevance and partly

because third order effects are present, in varying degree of strength, in all .materials

irrespective of symmetry of materials. Organic materials, nanomaterials and photonic

band gap materials are among the NLO materials of recent interest. Phthalocyanines

(Pes) and naphthalocyanines (Ncs) are typical organic NLO materials. They form

one class of materials investigated here. The other type of material studied in this

work is silver nanosol, aqueous solution of silver nanoparticles, which may be

considered as a representative of nanomaterials. Origin and dynamics of linear as well

as nonlinear optical properties of nanoparticles are completely different from those of

organic compounds like Pes and thus two distinct class of materials have been



investigated. Degenerate four wave mixing and Z-scan were chosen as the

experimental techniques for the present investigation. The proposed thesis contains

seven chapters. The content of each chapter is described briefly.

Chapter 1: In this chapter, the basic concepts and salient features of nonlinear optics

are described. Some of the important nonlinear optical effects like optical limiting,

optical phase conjugation (OPC) and second harmonic generation (SHG) are

mentioned and a few applications of these phenomena in technology are explained. A

brief survey of important NLO materials such as organic materials, nanoparticles,

nanotubes, quantum wires, quantum dots, photonic band gap (PBG) materials is also

given. Emphasis is given to organic materials like Pes and metal nanoparticles, which

are the materials of present investigation. The motivation for the present work as well

as concise description important results obtained during this work is given at the end.

Chapter 2: This chapter contains the relevant theory and experimental details of the

degenerate four wave mixing (DFWM) and Z-scan techniques. Back scattering

geometry ofDFWM was used for the experiments. Variants ofZ-scan techniques and

other possible configurations of DFWM are mentioned. Specifications of excitation

sources and other instruments used for making the measurements are also given.

Chapter 3: This chapter contains the results obtained from open aperture Z-scan

experiments carried out in solutions of metal substituted phthalocyanines and

naphthalocyanines at a fixed wavelength (532nrn). Nonlinear absorption coefficient

was measured and optical limiting property of these samples was analyzed. All these

samples were found to exhibit reverse saturable absorption (RSA) at this wavelength.

Samples selected include metal mono phthalocyanines (LaPc, MoOPc) metal

subsituted naphthalocyanines (ZnNc, MgNc) ,metal substituted bis - phthalocyanines

[Eu(Pch, Sm(Pch, Nd(PC)2] and a bis- naphthalocyanine EU(NC)2' It may be noted

that the samples selected cover different structural variants of phthalocyanines.



Besides, metal ions are also different. Among (mono) MPcs, LaPc was found to be

better nonlinear absorber. Among bis-Pcs, Eu(Pc)z was found to be better nonlinear

absorbing material. Pes in solution form can exhibit negative nonlinear refraction due

to thermal lensing effect. Closed aperture measurements were taken in solutions of

Pes and exhibited thermal nonlinearity as expected.

Chapter 4: Studies on wavelength dependence of nonlinear absorption in bis-Pes are

too few. In this chapter, a comparative study of wavelength dependence of nonlinear

absorption in three bis - Pes viz. EU(PC)2, Sm(Pc)z and Nd(Pch in the blue side of

their Q-band is given. Objective of the work was to find out the upper wavelength

limit for reverse saturable absorption. Such studies help to know whether these

samples exhibit optical limiting property over a wide spectral range. Besides,

saturation intensity Is, nonlinear absorption coefficient p and imaginary part of third

order susceptibility Im[x(3)] were measured and resonant enhancement of Im[x(3)J was

also investigated. It was observed that magnitude of resonant enhancement is

different in these samples. Nd(Pc)z exhibited resonant enhancement of two orders of

magnitude but in other two samples, resonant enhancement was not as intense as in

the case of Nd(Pcb While Eu(Pc)z and Nd(Pc)z exhibited reverse saturable

absorption at 604nm, Sm(Pc)z exhibited a clear saturable absorption at this

wavelength. Since all these samples have similar structures, small but experimentally

observable differences between these samples might be arising from slightly varying

influence of these metal ions.

Chapter 5: This chapter contains the results of degenerate four wave mixing studies

carried out in solutions of metal substituted phthalocyanines and naphthalocyanines.

Polarizations of interacting beams were so chosen that formation of thermal grating is

prevented so that the response we get is entirely electronic. Third order susceptibility

X(3), figure of merit of third order nonlinearity F = x(3)/a and isotropically averaged

second hyperpolarizability (y) were measured. Samples selected include metal mono



phthaloeyanines (LaPe, MoOPe, FePc), metal subsituted naphthalocyanines (ZnNe,

MgNc, VoONc), metal substituted bis - phthalocyanines [Eu(Pch, Sm(Pc)Zl and a

bis- naphthalocyanine Eu(Nch. It may be noted that the samples selected covers

different structural variants of Pes with different levels of 11: electron conjugation.

Moreover metal substituents in these samples also vary. Level of 11: electron

conjugation, nature of metal substituent and dimensionality of the molecules

significantly influence the (y) values. The measurements were carried out with view

to exploring the combined influence of these factors on (y). The results obtained were

explained by taking in to account the level of 11: electron conjugation, nature of metal

substituent and dimensionality of the samples.

Chapter 6: The results of nonlinear absorption studies in silver nanosol using open

aperture Z-sean technique at selected wavelengths near plasmon band are included in

this chapter. Nanosol exhibited surface plasmon resonance (SPR) peak around

416nm. An interesting result of this investigation is that this material could act as a

reverse saturable absorber and a saturable absorber at the same wavelength,

depending entirely on the incident intensity. The results were explained in terms of

plausible effects of SPR bleach and photochemical change induced absorption.

Besides, closed aperture Z-scan experiments were also performed at 532nm, but

result was negative. Divided Z-scan curve did not reveal any sign of positive or

negative refraction. Possible reasons for this negative result are also mentioned.

Chapter 7: This chapter contains a brief description of future prospects along with

summary and conclusions.

Most of the results included in this thesis have been published / communicated for

publication, details of which are given below.
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1
Introduction

Nonlinear optics and nonlinear optical materials

Abstract

The fundamentals of nonlinear optics are introduced in this chapter. Physical origin of

optical nonlinearity and the concept of phase matching are explained. A few

important applications of nonlinear optical effects are also described briefly. An over

view of important nonlinear optical (NLO) materials is given. A few of the materials

investigated in this thesis viz., phthalocyanines, naphthalocyanines and nanoparticles,

are described in detail.



Chapter I. Introduction

t. Introduction

Observation of the second harmonic generation (SHG) 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 nm could be generated when a

quartz crystal was irradiated with light of 694.2 nm, obtained from a ruby laser. He

attributed this novel result to the coherent mixing of two optical fields at 694.1 nm in

the crystal to produce 347.1 nm [I]. Nonlinear optics is essentially concerned with the

study of phenomena that result from field induced modifications in the optical

properties of the materials. This branch of science explores the coherent coupling of

two or more electromagnetic fields in a nonlinear medium. During these coupling

processes, new frequencies can be generated that are the sum or the difference of the

coupling frequencies. Though the discovery of SHG marked the birth of nonlinear

optics as a new branch of experimental investigation, SHG was not the first nonlinear

optical (NLO) effect to be observed. Optical pumping is a nonlinear optical

phenomenon, which was known prior to the invention of laser [2]. A brief description

ofNLO interactions and NLO materials is given in the following sections.

2. Nonlinear polarization

Light is transverse electromagnetic (EM) wave. EM field is a vector field. Therefore,

in principle, when interaction of light with matter is formulated, the effect of both the

electric field (E) and magnetic field (B) as well as their directional nature must be

considered. Besides, spatial and temporal variation of E & B is also to be taken into

account [2]. However, light-matter interaction in nonmagnetic materials is described

in terms of E only. In non-magnetic materials, B is neglected [3]. Magnitude of B is

less than that of E. In fact, B is related to E through the velocity of light, c by the

relation

B= E/c (1.1)

3



Z-scan and DFWM studies in certain photonic materials

Based on the concept of harmonic oscillator, the basic physics of the light-matter

interaction can be summarized briefly as follows. E of light can interact with charged

particles in the matter, mainly electrons, and hence distort the equilibrium charge

distribution, which results in the separation of unlike charges to produce an electric

polarization. The polarization thus generated is related to externally applied electric

field through a characteristic property of the medium, called optical susceptibility [xl

[2]. It determines the magnitude as well as the direction of induced electric

polarization for a given field strength, at a particular wavelength. The magnitude of

optical susceptibility depends on various factors such as molecular and atomic

structure of the materials, wavelength of excitation and intensity of light [2]. It has

been found that when excitation intensity is increased, induced polarization becomes

a nonlinear function of applied electric field strength [2,4-6]. The consequence of the

nonlinear relationship between E and P is that, at very high values of intensity, a

number of new and interesting phenomena begin to manifest macroscopically.

In this context, it is highly desirable to examine the strength E associated with light

obtained from various sources used for optical excitation and compare the same with

interaton..c field. Eassociated with conventional light sources such as Xenon lamp

and Mercury lamp, which were mainly used to excite samples in the pre-laser era, is

very low in comparison with interatomic electric field. Because of its low electric

field strength, light from conventional sources cannot appreciably perturb the

molecular charge distribution. For instance, atomic field is of the order of 108 or 109

Vcm' [2,6, 7], whereas electric field strength associated with conventional sources is

102 _10 5 Vcm', Under the action of such a low electric field, electrons bound to the

nucleus are displaced only by about 10-18 m, which is very small in comparison with

interatomic distance, of the order of 10-10 m [4). Therefore, it can be said that this

small displacement is within the elastic limit and hence, there is no unharmonicity in

the oscillations of induced polarization. Hence, measurements using conventional

4



Chapter 1. Introduction

light sources gave a polarization P, which is linearly dependent on electric field

strength. P, in this case can be written as [6]

(1. 2)

where Eo is the susceptibility of vacuum. This domain of interaction of electric field

with matter is referred to as linear optics. Linear effects, also called first order effects,

include linear optical properties such as linear refractive index, linear absorption, and

birefringence.

With invention of lasers, which has high degree of spectral purity, coherence and

directionality, it has become possible to irradiate atoms and molecules with an E that

is comparable to interatomic field. This is because of the fact that lasers can be

focussed to a very small spot size, of the order of its wavelength, giving very large

intensity and consequently extremely high electric field strength, at the focal region.

This results in a considerable distortion of the equilibrium charge distribution, which

gives rise to a large displacement of electrons with respect to their equilibrium

position. Consequently, vibration of the electrons becomes highly unharmonic. It is

also interesting to note that, when laser beam is tightly focussed photon density at the

focal region approaches atomic density. In such cases, the potential which electrons

experience cannot be approximated to a parabolic one. Consequence' of this

unharmonicity is that unlike in eq.(1.2), induced polarization becomes a function of

higher powers of electric field too, i.e. nonlinear dependence on electric field

strength. In such cases the polarization is expressed as a power series in the applied

field as [8]

5



Z-scan and DFWM studies in certain photonic materials

Here, X(2) and X(3) correspond to second order and third order susceptibilities

respectively. Dj, D2 etc. are related to degeneracy [8]. In the nonlinear optical regime,

a number of interesting phenomena that are conspicuous by their absence in linear

regime, emerge. One significant difference between linear and nonlinear optical

interactions is that unlike in the linear case, in nonlinear optical processes two light

beams can interact and exchange energy through induced nonlinear polarization of

the medium [2]. 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 [9]. 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, detailed knowledge of NLO processes and their

dynamics is also essential for the implementation of these teclmiques in appropriate

areas of technology such as optical switching [10], optical communication [11],

passive optical power limiting [12-14], data storage [15] and design of logic gates

[16,17].

The wavelength at which nonlinear parameters are measured is also important. If the

wavelength of excitation is close to one, two or three-photon resonance, resonant

enhancement of nonlinearity will occur. At and near resonant 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.(1.3) is not relevant. In the

case of resonant excitation [2] (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 has very fast response but low

in magnitude. Usually, observed nonlinear susceptibility is due to the response of

6



Chapter 1. Introduction

weakly bound outer most electrons of atoms or molecules. If Ea is the average

electric field experienced by such electrons due to nucleus and neighboring electrons,

we can consider the expansion in eq.(1.3) in terms of a dimensionless quantity,

El Ea. If the wavelength of excitation is far away from resonance, order of magnitude

of nonlinear susceptibility terms can then be written as (X(2» ::::: <X(I»/Ea and <X(3» ::::

(x(I»/Ea
2 and so on [2]. However, if the wavelength of excitation is very close to any

of resonant 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.

(1.3) is not correct. Such nonlinearity is called strong nonlinearity [2].

3. Some important nonlinear effects

All the nonlinear optical effects can be broadly classified into two categories; one is

concerned with frequency conversion and the other one is concerned with optical

modulation [18]. Examples of frequency conversion processes are sum and difference

frequency generations. Processes concerned with optical modulation include Kerr

effect, self phase modulation etc. In optical modulation processes, light modulates

some property of the medium like refractive index. Generation of new frequencies in

frequency conversion processes is due to the oscillations of induced nonlinear

polarization at appropriate frequency. Obviously, frequency conversion processes are

instantaneous and take place in a time scale as short as the inverse of the frequencies

involved (:::: v'), However, common practice is to broadly classify the NLO effects on

the basis of the susceptibility term involved like second order, third order etc.

All the nonlinear optical interactions consist of two successive processes; (1) intense

light beam induces a nonlinear response (i.e. nonlinear polarization) in the medium

and (2) the medium reacts on the light, which induced the nonlinear polarization, and

modifies the light in a nonlinear way [2,8]. The first process is governed by the

7



Z-scan and DFWM studies in certain photonic materials

constitutive equations, which are general relations between external field and induced

polarization, written in terms of optical susceptibility X(n>. The second process is

governed by MaxweIl's equations, which describe the generation of new frequencies

in presence of nonlinear polarization. It is to be noted that the nonlinear polarization

acts as a source term in Maxwell's equations [2,8].

All the nonlinear interactions should satisfy certain conditions called "phase matching

condition" for macroscopic manifestation of NLO effects [2]. Physically, this

corresponds to the necessary condition for the constructive interference of new waves

generated in the interaction length. Mathematically, phase matching condition can be

written as

(1.4)

i.e. change in wave vector must be zero. If this condition is not satisfied, we will not

be able to observe any nonlinear effects macroscopically, even if the medium is

nonlinear. Phase matching condition depends on a number of factors such as

polarization of the light, symmetry of the sample etc.

As indicated earlier, propagation of EM waves in a nonlinear medium is governed by

Maxwell's equation [2]

(1.5)

Here a, f.l and e are conductivity, magnetic permeability and susceptibility of the

medium respectively. It is interesting to point out here that while Maxwell's equation

explains how new frequencies are generated in a nonlinear medium in presence of

nonlinear polarization, it does not tell how a nonlinear polarization is generated. The

later part is described solely by constitutive equations.

8



Chapter 1. Introduction

3.1 Second order effects

Second order effects which are related to X(2), correspond to all three wave mixing

phenomena such as second harmonic generation (SHG) X(2)(2w; 00, (0), optical

rectification X(2)(O; 00, -(0), parametric mixing X(2)(WI ± 002; Wh ± (02), Pocket's effect

X2(w;w, 0) [8]. Constitutive equation for typical second order process, under dipole

approximation, is given by [5]

p?Ol) _ L d~:E ~Ol)E~Ol)

j,k=x,y,z
(1. 6)

Summation over repeated index is assumed. Centro symmetric materials posses

inversion symmetry Le. VCr) = V(-r). Eq. (1.6) can satisfy this requirement only if

d~~O) vanishes completely. Hence, second order effects appear only innon-centro

symmetric materials. The most popular second order effect is SHG. Efficiency of

SHG is proportional to phase mismatch ~k as given by the relation [5]

(1.7)

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

decreases.

3.2 Third order effects

Third order effects involve all four wave-mixing phenomena. Some of the important

third order effects are third harmonic generation (THG) X(3)(3w; 00, 00, (0), non

degenerate four wave mixing X(3)( 001 + 002 ± 003; 00], 002, ± (03), Raman scattering X(3)

(00 ± Q; 00, -00,00 ± Q), instantaneous AC Kerr effect (degenerate four wave mixing)

Rex(3)( 00; 00,00, -(0), BriIlouin scattering X(3) (00 ± Q; 00, -00, 00 ± Q), DC Kerr effect

9



Z-scan and DFWM studies in certain photonic materials

Re X(3)( 00; 00, 0, 0), two photon absorption Im[x(3)( 00; 00, -00, 00)] and electric field

induced second harmonic generation X(3)(200; 00, 00, 0) [8].

Unlike X(2), X(3) is present in all the materials [2], irrespective of their symmetry.

Therefore, third order nonlinearity is the lowest order universally occurring

nonlinearity. Real part of third order nonlinearity is responsible for optical switching

applications while imaginary part is responsible for optical limiting or nonlinear

absorption. Therefore, third order nonlinear optical effects are very important in the

context of technological applications. The general constitutive equation for the third

order process can be written, neglecting nonlocal terms, as

1\(3)(r,t) = LX~j~(COa + COb +COe,COa,oob,coJE/ooa,r)Ek(COb,r)Ej(coe,r)
a.d,c

(1.8)

3.3. Cascaded nonlinearity

Cascaded nonlinearity refers to a situation where a few lower order effects occur in a

sample successively to produce an effective higher order nonlinear process. There are

many occasions where first order and second order effects or first order and third

order nonlinear effects occur successively. For example, in degenerate four-wave

mixing experiments (DFWM) if two-photon absorption (TPA) is present, the optical

phase conjugate (OPC) signal is related to pump beam intensity through its fifth

power, instead of normal cubic dependence [19,20]. Photorefractive effect is also an

example for cascaded nonlinear effect. In this case, initially linear absorption (first

order phenomenon) takes places in the sample, which is followed by the occurrence

of quadratic electro-optic effect, which is a second order phenomenon [21,22].

Therefore, it need to be ensured that in the experiments involving NLO effects, no

unintended cascaded nonlinear effects does interfere with measurements.

10
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3.4 Susceptibility tensor and hyperpolarizability

In isotropic materials, orientation of induced polarization Por electric induction

vector fi, given by eq. (1.9), [23]

(1.9)

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 the 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 of light is very important [23].

The nth order susceptibility X(n) is a tensor of rank (n+l) with 3(n+l) components.
l] .. ]n

However, when symmetry conditions are applied, the number of independent

components may be reduced. In certain experiments, it is possible to select different

components by properly choosing the polarizations of interacting beams. The

susceptibility tensors satisfy symmetry relationship, as shown below [2]:

(l.IO)
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For isotropic non dissipative media, there are only three independent components as

is evident from following equations [2).

Xxxxx = Xyyyy = Xzzzz

Xyyzz = Xzzyy = Xzzxx = Xxxzz = Xxxyy = Xyyxx

Xyzyz = Xzyzy = Xzxzx = Xxzxz = Xxyxy = Xyxyx

Xyzzy = Xzyyz = Xzxxz = Xxzzx = Xxyyz = Xyxxy.

Xxx>;x = Xxxyy + X>;yxy + X>;yyx

(1.11)

Nonlinear susceptibility X(n) is a macroscopic quantity, which corresponds to the

response of bulk material. Corresponding microscopic quantity is the atomic

polarizability u(n}. In very dilute media, where dipole-dipole interaction can be

neglected, X(n) is related to u(n
j by the equation [2}

x(n) =Na(n) (1.12)

where, N is the number of molecules per unit volume. In presence of induced dipole­

dipole interaction

X(Il} =eNa(n) where L, the local field correction factor, is given by L= (0
2

+2)
3

(n is the refractive index)

4. Applications

As indicated earlier, there are a number of applications for NLO effects in various

fields of technology and basic research [10-17]. Hence, study of NLO effects is

highly relevant and desirable. Apart from the magnitude of nonlinearity, other

parameters relevant to the applications of NLO effects are its (1) sign, (2) response

time and (3) nature (real or imaginary) of the nonlinearity at the wavelength of

excitation. In this section, a few important NLO effects are described briefly.
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4.1 Frequency mixing

Highpower lasers in different spectral regions can be obtained by sum and difference

frequency generations. For example, lasers in the infrared region can be obtained by

difference frequency generation, whereas laser beams in the visible and UV regions

can be obtained from sum frequency generations. Frequency doubled YAG laser is

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

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

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

400 nm to 2000 nm [24].

4.2 Optical short pulse generation and measurement

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

nonlinear techniques. Picosecond pulses can be obtained by mode locking technique

[5]. Among different mode locking techniques, passive mode locking using nonlinear

saturable absorbers is preferred due to intrinsic speed limit of active mode locking

techniques using acousto-optic & electro-optic modulators [6]. Organic films, dye

jets, bulk semiconductor quantum wells ete are some of the nonlinear media used for

this purpose [25]. Pulse width of less than one picosecond is usually measured by

autocorrelation technique which utilizes SHG [5]. Frequency resolved optical grating

(FROG) is a nonlinear optical technique used for measuring the time dependant

intensity and phase of a femtosecond pulses [26]. Thus, generation and

characterization of ultra short pulses is possible only with appropriate tionlinear

processes.

4.3 Nonlinear optical effects in optical communications

The sign of the refractive nonlinearity determines whether self-focussing or self­

defocusing will occur in a medium when intense light propagates through it [2]. In

communication, Stimulated Brillioun Scattering, Stimulated Raman Scattering etc.

are detrimental effects, as they can cause optical loss and also frequency shift during

13
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propagation of laser beams through fibers. Fiber amplifiers are used to compensate

the attenuation. Stimulated Brillioun Scattering is particularly important in single

mode fibers. Self phase modulation is also an important nonlinear phenomenon in

optical fiber communications as it can effect pulse broadening. Today's fiber

communication employs optical! eletrical/optical converters at the transmitter and

receiver ends. The bandwidth of optical signal is very much higher than that of

electronics and therefore, the opticall eletrical/optical conversion processes act like a

bottleneck in the exploitation of full bandwidth of optics. This bottleneck can be

removed if all optical devices are fabricated using NLO effects [27,28].

4.4 Optical switching

Organic materials with large and fast nonlinearity are promising candidates for

optical switching [10]. The response time of the nonlinearity depends on the

mechanism of evolution of nonlinearity. Therefore, it determines the operating speed

of the devices. Refractive nonlinearity is responsible switching [29].

x

Kerr cell

t
Fig. 1. Working of an optical switch
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Schematic diagram of optical switching is shown in fig. I. Ultimate goal is the design

and fabrication of switches, wires, transistors and gates made of single field

responsive molecule connected by photonic wires [30]. The difference between an

electronic wire and a photonic wire is that the latter supports excited energy transfers

rather than electronlhole transfer process [31]. Absorption of a photon as input by a

chromophore at one end, causes emission of a photon at other end as out put. Optical

switching by third order effects (e.g. optical Kerr effect) has advantages over linear

electro-optic effect. The former has instantaneous response (response time around a

picosecond) while the latter's response time can be higher [4]. 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 carries [26]. All optical switching requires

a phase shift of more than 11: to be induced by light intensity through refractive index

modulation [29].

4.5 Optical limiting

Passive optical power limiters are used to protect sensors, including human eyes,

from intense laser light [12-14]. An ideal optical limiter (fig.2] will have a linear

transmission upto a threshold input fluence Ith value, which can vary for different

materials.

t,
Input fluence (J cm'2)

Fig. 2. Ideal optical limiting curve
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If incident fluence is increased beyond Itb, transmittance remains constant. Optical

limiting occurs mostly due to absorptive nonlinearity, which corresponds to

imaginary part of third order susceptibility [32]. The two important mechanisms of

optical limiting are TPA [14] and excited state absorption (ESA) [33]. The other

possible mechanism of optical power limiting is nonlinear scattering. Optical limiting

in carbon black suspension is a good example for nonlinear scattering [34,35).

5. NLO materials

Implementation ofNLO effects in appropriate areas of technology invariably requires

availability of suitable materials. Materials, which possess large and fast non-resonant

nonlinear response, are the requirement of photonic technology, except for optical

limiting. There is, in fact, a symbiotic relationship between the availability of suitable

materials and growth of technology. In this context, a lot of materials have been

synthesized and their NLO properties have been studied in detail. These materials

include inorganic [36,37] as well as organic compounds [38-40). Inorganic

compounds are generally used in frequency conversion processes [18]. For example,

KDP is the most popular SHG crystal. It has been observed that organic materials are

promising candidates for NLO effects involving optical modulation, particularly for

third order processes [18]. Advantage of organic molecules is that they contain a

number of rt electrons and hence organic compounds are considered to be good

nonlinear optical (NLO) materials. In the recent past, some new classes of nonlinear

materials such as nanoparticles [41], carbon nanotubes [42] and photonic band gap

materials [43] have also been identified to be very useful for many applications. A

description of certain important third order organic NLO materials is given below.

5.1. Organic materials

Loosely bound 1t electrons of organic molecules are easily polarizable. They also

posses ultrafast response time (of the order of a few picoseconds). A number of

organic materials have been studied for their NLO properties. Polymers,
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phthalocyanines and naphthalocyanines (Pes and Ncs), porphyrins, fullerenes etc. are

some of them. Here, polymers are discussed very briefly. Pes and Ncs, which form a

class of compounds investigated in this thesis, are discussed in detail. As far as their

NLO properties are concerned, porphyrins closely resemble Pes and Ncs, though the

structure of the former is different from Pes and that ofNcs.

5.1.1. Polymers

One-dimensional organic molecules like polydiacetylene (PDA) were initially

investigated for their third order NLO properties. PDA has the largest known

nonresonant nonlinearity. Although NLO properties depend on the extent of rr

electron conjugation, it must be said that in one-dimensional organic compounds,

NLO coefficients do not increase indefinitely with respect to increase in conjugation.

It has been observed that their nonlinearity gets saturated after a definite length,

called conjugation length [43,44]. Theoretical work reveals that in linear chain

polymers, a strong TPA can occur at nearly half the energy of band gap [45]. Two

photon resonances limit their applicability in device fabrication, by effecting severe

loss in optical fibers made of polymers. Different types of polymers have been

synthesized. Zwitterionic polymers [46], ladder polymers [47] and push-pull

polymers are some of them [48]. Polymers can also act as the host to other NLO

materials like phthalocyanines and fullerenes [49]. Significance of NLO materials

embedded solid matrix is that technology requires solid materials rather than liquids.

5.1.2. Phthalocyanines and naphthalocyanines

Two-dimensional macromolecules like Pes and Ncs are also good NLO materials. Pes

and Ncs have the added advantage of being chemically and thermally stable as well

as synthetically flexible. Besides, these materials can be easily processed into thin

films [31,50,51). These materials are organic compounds, with extensive 1t electron

delocalization, closely resembling naturally occurring photosynthetic materials viz.,

chlorophyll. Pes can be used as pigments and they are also the models for biologically
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important materials like hemoglobin. They can also serve as active element in

chemical sensors [52] and also of greater importance in the fabrication of

optoelectronic devices [53]. Pes are semiconductors and photoconductors also

[54,55]. Their intrinsic conductivity (in undoped condition) is due to the presence of

1t electrons. The conductivity present in Pes is called hole conductivity. The energy

gap which, these molecules must traverse, is related to the energy required to make an

electron to pass from the highest filled to the lowest unfilled energy levels of the

molecule [56]. Owing to the presence of easily polarizable 1t electrons, Pes possess

fairly good optical nonlinearity with a response time, of the order of picoseconds. In

the light of the importance of Pes and Ncs as NLO materials, they form one class of

materials investigated, as a part of the present research.

The common structural feature of Pes is a basic unit consisting of four pyrrole units

linked in a circular manner by four azamethine bridges. Each Pc unit contains 18 1t

electrons [31,38,50,51,57). 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) [58]. Fig. 3 a. shows the structure

of a metal substituted Pc (MPcs) [38,50]. Nearly 60 metals ions have been

incorporated at the center of Pc ring [38). Idealized molecular structures, found in

solutions, are used to classify the molecular structures. These structures show the

highest symmetry (D4h and Ch') (57]. Ncs are the compounds with higher degree of 11

electron conjugation than Pes. It can be seen that there are four additional benzene

rings in Ncs so that the extent of 1t electron conjugation is higher in Ncs. Fig. 1 b

shows the structure of a metal Nc (MNc) [59]. Lanthanide and actinide metal ions

can form homo dimers of Pes and Ncs; M(Pch and M(NC)2 (60,61] respectively. Such

compounds are called bis-Pcs or bis-Ncs. Fig. 4. a and fig. 4. b show the structures of

typical bis-Pcs and bis-Ncs respectively [38).
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N ~ ~ N
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Fig.3 a. Structure of MPcs

Fig. 4. a Structure ofbis-Pcs

fig. 3. b. Structure of MNcs

Fig. 4. b. Structure of bis-Ncs

In this thesis, (mono) MPcs investigated are molybdenum oxy phthalocyanine

~MoOPc), LaPc and FePc. (Mono) Ncs selected for the study include MgNc, ZnNc
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and VONc. In the case of MoOPe and VONC, the oxygen atom may be considered as

an axial substituent, as it projects out of the Pc plane. Therefore, MoOPc and VONC

have a pyramidal-type structure [62]. Fe2
+, Mo02+, V02

+ and Zn2
+ are transition metal

ions. All these transition metal ions, except Zn2
+, possess partially filled d-shells. Pes

and Ncs, which contain transition metal ions with partially filled d-shells, can exhibit

a number of charge transfer (CT) mechanisms [63]. Besides, transition metals with

incomplete d-shells can enhance intersystem crossing rate through spin-orbit coupling

[64-66]. All these aspects have been discussed in detail in chapters 3, 4 and 5.

From figures 3 and 4, it can be seen that the structures of bis-Pcs and bis-Ncs are

different from those of (mono) Pes and (mono) Ncs. Bis-Pcs and bis-Ncs have a

sandwich structure where, the metal atom lie in between two Pc planes, rotated by a

staggering angle a [50]. Therefore bis-Pcs and bis-Nes are not planar like mono Pes

and mono Ncs. In the case of bis-Pcs and bis-Ncs, the central metal is coordinated to

all of the isoindole nitrogen atoms of Pc or Ne macrocycles. The staggering angle

depends on both the height of coordination polyhedron (distance between the best

planes of the two Pc macrocyc1es) and the crystal structure. Dependence of the

staggering angle on the crystal structure is evident from the fact that similar structures

have similar staggering angles. It is also known that some metals can form several

bis-Pcs with different staggering angles [50,60,61]. There are a number of important

structural parameters for Pes and Ncs. Some of these parameters are; (1) location of

inner hydrogen in metal free Pes, (2) coordination chemistry of the central metal ions

in MPcs, (3) staggering angle in bis-Pc, (4) deformation in solid state molecular

structures (5) linear and slipped stacking [50]. Pes are sometimes classified as type I

or type H. Type I molecules have identically (or similarly) shaped sides and are

symmetrical in respect of Pc plane. Two distinguishable sides characterize molecules

of the type H. One side of type H complexes is the Pc macrocycle, while the other

side is characterized by an extra- coordinated metal ion or additional axial ligand

[50].
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Typical absorption spectrum of all the Pes consists of two intense bands; one known

as Q- band, around 600-800 nm in the visible region and the other one, known as S

band (Soret band), around 300-400 nm region [57]. The Q band, which arises from n­

rr;' transition, is composed of at least seven smaller bands. Intense absorption occurs

between 600 nm and 700 nm. The Q-band of the absorption spectrum is the

characteristic of a particular Pc compound. Introduction of metal into phthalocyanine

molecules has a variable effect on the intensity and spacing of its absorption

spectrum, however, the general features of the phthalocyanine spectrum remain intact

[56]. Fig. 5 shows the absorption spectra of the (mono) MPcs investigated here.

400 500 600 700 800 900

wavelength (nm)

Fig. 5. Absorption spectra of MPcs

a. LaPe; b. MoOPe; e. FePe

On introduction of the metal ions at the centre, the weakest absorption bands

disappear and the spectrum gets shifted to lower wavelengths. The extent of the

spectral shift is proportional to the atomic number of the central atom. Fig. 6 shows

the absorption spectrum of bis-Pes investigated here. It may also be noted that with

respect to increase in rr; electron conjugation, Q-band gets red shifted. Fig. 7 shows

the absorption spectrum of (mono) Nes and bis-Ncs studied in this thesis. The red
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shift of the Q-band of Ncs, which have high degree of conjugation with respect to

Pes, is evident from a comparison of fig 7 with fig. 5 and fig. 6.
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Fig. 6. Absorption spectra of bis-Pcs

a. Eu(Pch; b. Sm(Pc)2; c. Nd(Pc)2
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Fig. 7. Absorption spectra ofNcs

a. ZnNc; b. MgNc; c. Eu(Ncb d. VONc
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Apart from their chemical and thermal stability, they have the advantage of synthetic

flexibility. Owing to synthetic flexibility, their structures can be easily tailored to suit

the requirement of specific applications, without compromising their other properties.

Apart from metal ion, a number of axial and peripheral substituents can also be

incorporated into the Pc ring. These substituents can modify electronic and optical

properties considerably. Some chemical species like amino group (NH2) can donate

electrons to the Pc ring, while some other chemical groups like -eOOH can withdraw

electrons from the Pc ring. Therefore, if an electron withdrawing group and an

electron-donating group are attached to the opposite ends of an organic system, we

get systems, called push-pull compounds, which have relatively high values of

polarizability [66,67]. The enhancement ofpolarizability in push-pull compounds can

be explained as follows. The donor pushes electrons into the Pc ring while the

acceptor pulls the electrons. The push and pull result in increased charge separation.

However, enhancement of polarizability depends not only on the charge separation

but also on the amount of communication between the donor and acceptor,

intermolecular charge transfer processes (lCT), through the re electron systems [67].

Recently, Pc- azacrown- fullerene and Pc-fullerene multi component systems have

been synthesized and their photo-physical properties have been studied [68,69].

Using molecular beam epitaxy, we can get crystalline films of Pes, Crystalline forms

of Pes exhibit polymorphism. Some of the main differences between the polymorphic

structures are different stacking angles of Pc molecules with the stacking axis or

different stacking modes or different overlapping arrangements or different hydrogen­

bonding pattern. In Susich's nomenclature, polymorphs are called o, p or y forms

with ~ form being the stable one [50]. As mentioned earlier, monomer absorption

spectra can be obtained from dilute solutions of Pes. In concentrated solutions, Pes

usually form dimers or trimers [70-72]. Dimer and trimer formations occur through

hydrogen bonding. Evidently probability of the dimer formation is higher in polar

solvents. If there is fairly good electrostatic shielding between solute molecules in the
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solution i.e. if dielectric constant of the solvent is high, there is only very low

probability of dimer formation [71]. Formation of dimers manifests in their

absorption spectra as broadening of the characteristic Q band. Similar broadening has

been reported in the case of crystalline, polycrystalline and amorphous thin films of

Pes. The broadening is attributed to the intermolecular interaction induced splitting of

the energy levels [71,72].

A different class of compound, which closely resembles Pes, is sub-Pes [73,74]. Sub­

Pes are cone-shaped macrocycles, composed of three isoindole units. These samples

can be used as the intermediates for synthesis of unsymmetrical Pc derivatives. Sub­

Pes, which contains 14 1t electrons, have C3 symmetry. Like Pes, sub-Pes also have

fairly good thermal stability [73].

5.2. Nanoparticles

Nanoparticles are relatively new class of photonic materials. Nanoparticles are the

materials having a size less than or about 100 nm. Properties of nanoparticles are

considerably different from those of the bulk. The unique electric and optical

properties of nanoparticles are the result of quantum and dielectric confinement

effects that arise on reduction in particle size down to nanometer scale [75]. Amongst

metal nanoparticles, noble metal nanoparticles are of particular interest because of

their potential applications in fabrication of nanodevices [36]. Characteristic feature

of nanoparticles is the presence of surface plasmon band (in the case of metal

nanoparticles) or exciton bands (in the case of semiconductor nanoparticles) in their

absorption spectra. Surface plasmon is the collective oscillation of free electrons in

the conduction band, which occupy states immediately above the Fermi level [76]. In

this thesis, nonlinear optical absorption exhibited by silver nan0801, i.e. aqueous

solution of silver nanoparticles, is investigated at selected wavelengths near the

plasmon band. Linear and nonlinear properties of nanoparticJes are discussed in detail

in chapter 6.
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6. Merit factors

It must be said that, mere observation of high nonlinearity is not sufficient for the

fabrication of all optical devices, which can perform optical switching, logic

operations etc. The material must have very fast response, preferably less than

picoseconds. Optical losses due to linear and nonlinear absorption should also be a

minimum. Material dispersion should not result in pulse brake up. Besides, system

performance has to be stable at operating peak and average powers levels without

optical and thermal damage. An important parameter is maximum nonlinear phase

shift achievable over a single or multi photon absorption length. This condition can

be expressed by the expression [77]

n I pI..
W =_2_5 »1 and T =- « 1

UA n 2

(J. 13)

where a and p are linear and nonlinear absorption coefficient respectively, Is is the

saturation intensity and A. is the wavelength.

7. Present work

The results of experimental studies on third order NLO properties carried out in a

number of MPcs and MNcs as wen in silver nanosol are included in this thesis.

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

techniques to probe NLO properties. Second hyperpolarizability (y) was measured for

a number of MPcs and MNcs and the results were explained in terms of their

structure and spectroscopic properties. Nonlinear absorption at 532 nm was studied in

these Pes. Wavelength dependence of nonlinear absorption was investigated in certain

bis-Pcs. Besides, nonlinear absorption in a representative metal nanoparticle system

viz. silver nanosol was also investigated at well chosen wavelengths near plasmon

band.
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2
Experimental techniques and theory

Abstract

Z-scan and degenerate four wave mixing (DFWM) are the two specific experimental

techniques used for nonlinear optical measurements presented in this thesis. Details

of these two techniques are described in this chapter along with relevant theory.

Besides, the specifications and characteristics of the laser sources and those of other

instruments utilized for the measurements are also included in this chapter.
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1. Z-scan technique

Z-scan technique was originally introduced by Sheik Bahae et. al [1,2]. This is a

simple and sensitive single beam technique to measure the sign and magnitude of

both real and imaginary part of third order nonlinear susceptibility, X(3). In the original

single beam configuration, the 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 [1,2]. In this case, the transmitted light is sensitive to both nonlinear

absorption and nonlinear refraction. In a closed aperture Z-scan experiment, phase

distortion suffered by the beam while propagating through the nonlinear medium is

converted into corresponding amplitude variations. On the other hand, if transmitted

light is measured without an aperture (in this case the entire light is collected), the

mode of measurement is referred to as open aperture Z-scan [2]. In this case, the

throughput is sensitive only to the nonlinear absorption. Closed and open aperture

Z-scan graphs are always normalized to linear transmittance Le. transmittance at large

values of Iz I. Closed aperture Z-scan and open aperture Z-scan experiments

respectively yield the real and imaginary parts X(3) [2]. Usually closed aperture Z-scan

data is divided by open aperture data both measured simultaneously, to cancel the

effect of nonlinear absorption contained in the closed aperture measurement [2]. The

new graph, called divided Z-scan graph, contains information on nonlinear refraction

alone. In a Z-scan measurement, it is assumed that sample is thin, i.e. the sample

length is much less than Rayleigh's range Zo. [Zo =kw/12 where k is the wave vector

and Wo is the beam waist]. This is essential to ensure that beam profile does not vary

appreciably inside the sample. Experimental setup for single beam Z-scan technique

is given in fig.I. Photodetector (PDl) monitors the input laser energy. PD2 and PD3

give open and closed aperture measurements respectively.
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BS L BS A

I

Fig.l. Schematic diagram of Z-scan set up

A: aperture; L: lens; BS: beam splitters

Different variants of this technique such as eclipsing Z-scan [3] and two colour

Z-scan [4, 5] have also been introduced. In non degenerate (two colour) Z-scan, the

effect of nonJinear refraction and absorption induced by a strong excitation beam at a

frequency roe on a weak probe beam at a different frequency rop i.e, &1(roe,rop) and

~a(roe,rop), are measured. [&1refers to the change in refractive index and ~a refers to

the change in absorption coefficient]. Non degenerate Z-scan technique has some

advantages over conventional single beam technique [4]. The frequency difference

(O)p-roe) can be exploited to get information about the dynamics of the nonlinear

response with time resolution much less than the laser pulse width. With two colour

Z-scan technique, it is possible to make time resolved measurements by suitably

delaying the probe pulse with respect to pump beam. Investigation of non-degenerate

nonlinearity has technological importance in the area of dual wavelength all optical

switching applications, where cross phase modulation is very important [4]. In

eclipsing Z-scan technique, the far field aperture is replaced with an obscuration disk

[3], which blocks most of the beam. This modification of the Z-scan technique

enhances sensitivity to induced wave front distortion to an order of /.../104
• Two colour

eclipsing Z-scan technique has also been suggested [6]. Measurements presented in

this thesis have been made using single beam open aperture Z-scan technique.
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Z-scan technique is highly sensitive to the profile of beam and also to the thickness of

the samples [1,2,7]. Any deviation from the gaussian profile of the beam and also

from thin sample approximation will give rise to erroneous results. Therefore, some

modifications have been suggested to overcome these disadvantages. One such

modification is the use of non apertured multi channel Z-scan method, where the total

far field beam profile distortion is recorded using a two dimensional CCD camera

[8,9]. By image processing, the distorted beam for a given cell position is compared

with undistorted beam (Le. in the absence of nonlinearity). The module of the

intensity variation over each pixel of CCD camera is then summed to define the total

profile distortion signal (TPDS), which is proportional to nonlinear phase shift. This

method has some advantages [9] like (a) the entire far field distribution of both signal

and reference beams can be recorded simultaneously (b) after data acquisition the

image recorded can be digitized and stored in a computer and the image is ready for

further processing and analysis and (c) the dynamic range of a CCD detector is very

high. Z-scan measurements can also be made using astigmatic gaussian beams [10]

and top hat beams [11]. In the case of astigmatic gaussian beam, a slit is used instead

of a (circular) aperture [10]. Z-scan measurement for non gaussian beams with

arbitrary sample thickness [12] and arbitrary aperture [13] have also been suggested.

In the case of the former, nonlinear parameters are measured in comparison with a

standard sample, mostly CS2 [11].

1.1. Open aperture Z-scan

Nonlinear absorption of a 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 [2]. 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 [14-16). It has been shown that the model originally

developed by Bahae et. al for pure TPA can also be applied to excited state
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absorption (ESA) [17]. ESA is a sequential TPA process, where two photons are

successively absorbed [18]. However, in this case nonlinear absorption coefficient P
is renamed Pelf, the details of which are discussed in chapter 3.

1.2. Theory of open aperture Z-scan technique

In the absence of an aperture, transmitted light measured by the detector, in a Z-scan

experiment, is not sensitive to phase variations of the beam and hence it can be

neglected. The theory of Z-scan experiment given here is same as that in [2]. Only

transmitted intensity need to be considered. The intensity dependent nonlinear

absorption coefficient a(I) can be written in terms of linear absorption coefficient a

and TPA coefficient pas [2]

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

I( )
_ I(z, r, t)e-CL!

r z, r, t - ---'-----'---
l+q(z,r,t)

(2.1)

(2.2)

where q(z,r, t) == ~I(z, T, t)Leff (2.3)

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

relation

(2.4)

The total transmitted power P(z, t) is obtained by integrating eq. (2.2) over z and r

and is given by
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(2.5)

PI(t) and qo(z, t) are given by the equations (2.6) and (2.7) respectively.

(2.6)

(2.7)

For a pulse of gaussian temporal profile, eq.(2.5) can be integrated to give the

transmission as

(2.8)

Nonlinear absorption coefficient is obtained from fitting the experimental results to

the eq. (2.8).

Ifl qol < I, the eq. (2.8) can be simplified as

(2.9)

Saturable absorption (SA) occurs when a sample is excited at its resonant

wavelengths. In this case, as indicated earlier, absorption in the sample decreases as

input intensity is increased. Therefore, nonlinear absorption coefficient may be

considered as negative. SA takes place because of the depletion of the ground state

population. This type of phenomenon is characterized by a parameter called
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saturation intensity Is [15]. In such cases, we cannot directly apply the eq.(2.8), which

was derived for TPA. The simplest model to explain SA is a two-level model [16].

Assuming that SA occurs due to depletion of ground state population, steady state can

be expressed by the equation

dN = crI (N _ N)- N = 0
dt hu g "C

(2.10)

Here N is the concentration of the excited state molecules, Ng is the undepleted

ground state concentration, o is the absorption cross section, hv is the photon energy

and 't is the life time of the excited state. Absorption coefficient a is proportional to

ground state population we can be written as

(2. I I)

In presence of SA, intensity dependent absorption coefficient a(I) can be written as

1 1
n(I) =0. 0 --=0. 0 --

0'1 I
1+- 1+-

hv Is

where hv/crr = Is, the saturation intensity.

(2.12)

1.3. Closed aperture Z-scan

Closed aperture Z-scan is an example of self-refraction phenomenon or self phase

modulation in space. In the absence of nonlinear absorption, a well-defined peak and

valley are observed [1,2]. If the nonlinear refractive index n2 of the sample is

negative, the beam gets converged in the pre-focal region to get focussed closer to the

aperture. Consequently, the beam diameter decreases near the aperture, resulting in
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large amount of throughput at the detector. This results in a peak in the pre focal

region. In the post focal region, the same phenomenon results in the divergence of the

beam, which results in the decreased transmission through the aperture. Hence, a

valley appears in the post-focal region. If the sample has positive nonlinear refraction,

we have just the opposite result (pre focal valley and post focal peak.). The former is

calledself-defocusing and the later is called self-focussing. One of the mechanisms of

self-focussing is optical Kerr effect [19], 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.

The 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.

All the measurements mentioned in this thesis have been made in samples taken in

solution form under nanosecond excitation. Therefore closed aperture measurements,

in the present experimental conditions, can give only thermal response [20,21), which

is not of interest in the scope of the present work. Therefore closed aperture Z-scan

measurements were not attempted in detail. It may also be noted that the theory of

closed aperture Z-scan experiments developed for Kerr type nonlinearity is not

applicable for thermal nonlinear refraction.

2. Degenerate four-wave mixing (DFWM)

Four wave mixing refers to interaction of three input waves in a nonlinear medium

through the nonlinear polarization corresponding to X(3)(ffi; ffil, ffi2. ff(3), to produce a
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fourth wave, at the resultant frequency and wave vector of the input fields [22]. If the

frequencies of all the waves are the same (their wave vectors can be different) it is

called DFWM. This is a sensitive interferometric method to determine magnitude of

X3(-oo; 00, 00, -00). In the present case, standard back scattering geometry of DFWM,

which gives rise to optical phase conjugation, is used to measure nonlinear

coefficients X(3)(-oo; 00, 00,-00). Schematic diagram ofDFWM is shown in fig.2.

Fig .2. Schematic diagram of DFWM

Pr. forward pump beam; Ph. backward pump beam; P. probe beam

S. ope signal; 8: angle between pump and probe beams

BSI BS2 BS3

M3

BS4PDI

M4

Fig .3. Experimental setup ofDFWM

BS: Beam splitters; PD: Photo-detectors; M: Mirrors; 8: Pump-probe beam angle

E]----'l.---......-----.lI<---.'I<-----t..------r-'-/
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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, + kb = 0). The actual experimental setup for DFWM is

given in fig.3. A third beam (called probe beam), which has an intensity less than

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

(in the present case e 8°) as shown in the fig. 3. Pump-probe intensity ratio was about

five. The generated fourth wave is called phase conjugated beam, because its

amplitude remains every where the complex conjugate of the probe beam. From

phase matching condition (zsk = 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.

koUI

Fig. 4. a

a. Reflection (ordinary mirror)

Fig. 4. b

b. Reflection (phase conjugate mirror)

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. Reflection from a phase conjugate mirror and that from an

ordinary mirror are illustrated in the figA [22, 23].
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Generation of phase conjugate light can be understood as diffraction of one of the

input beams from a grating formed by interference of the other two input beams {24­

27J. Grat ing essentially means spatial (or temporal) modulation of certain propert ies

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

writing and reading of the hologram) . In an isotropic medium the vector fonn of

nonlinear polarization is by l24]

(2.13)

The first term corresponds to the static grating formed by interference of forward

pump beam (Pr) and probe beam (P). Backward pump beam (Pb) is Bragg diffracted

from this grating. This is called transmission grating (fig.5.a). The second term

corresponds to the static grating formed by the interference of backward pump beam

(P.) and probe beam (P).

J>..

a

a. Transmission grating

b

Fig. 5

b. Reflection grating

The forward pump beam (Pr) appears to be reflected from this grating and hence this

grating is called reflection grating (fig.5.b) The grating vector for transmission
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grating and reflection grating are given by (k, - kp) and (k, - kp) respectively. These

two vectors are orthogonal. Hence, only one of them will dominate. The last term

corresponds to a temporally modulated grating (at frequency 20), which is stationary

in space. The probe beam is diffracted from this grating. This grating is free from

wash out effects. It is also to be noted that temporal grating does not have a

holographic analogue. The eq. (2.14) gives the grating spacing [24] in terms of the

wavelength A, refractive index of the medium n and the angle between the beams e.

A=~= A
kG 2nsin(e/2)

(2.14)

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 beams

may be classified into a number of categories like population grating [28],

orientational grating [29], thermal grating, polarization grating [26,27] 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 results in temperature rise, which leads to the

formation of thermal grating [26, 27].

An advantage of DFWM is that we can select a particular susceptibility component of

X(3) by suitably choosing the polarizations of input fields [24]. In the context of this

thesis, we are interested in measuring the pure electronic contribution to nonlinearity.

Therefore, polarizations of the interacting beams were adjusted such that the two

pump beams are s-polarized (vertical polarization) and the probe beam is p-polarized

(horizontal polarization). In this configuration a polarization grating is formed in the

sample and X(3) component measured is X{3}xyyx' It is also to be noted that, while
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formation of polarization grating, orientational grating etc. solely depends on local

field (local response), thermal grating and the gratings formed in the photorefractive

effect have nonlocal response [30].

Apart from back scattering geometry of DFWM, there are many other configurations

for DFWM. Folded boxcar geometry and forward scattering geometry are a few of

them [25].

2.1. Theory of DFWM

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) [23,25,31]. Using SVAP, second order Maxwell's

equations can be reduced to first order differential equation. Practically, this

approximations implies that growth of the signal with 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 do not

have the same frequency and wave vector, their volume integral will vanish because

they are orthogonal functions. Mathematically SVAP is given by the inequality

(2.15)

It is assumed that two pump beams are of equal intensity and there is no pump

depletion: i.e. IEl I= IEll = 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 MaxweIl's equation) is given by the

relation
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p;(ro =ill + ro - ro) =6Xijkl (- ill, 0), ro,-O))E
' j

(ro)E 2k (co)E;, (co)exp[- i(K1 + K2 - KJ. R]

(2.16)

The interaction between probe beam and phase conjugate beam are given by

dE p ."
--= -IK E
dz c

dEc . 'Eo
--=IK
dz p

(2.17)

where K is the coupling constant, given by eq. (2.18)

The solution to above equations are given by

(2.18)

(2.19)

Eq. (1.18) 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) = 0]. If the

ratio of the intensities of the pump and probe beams is always constant (i.e. if all the

three beams are taken from a parent source) intensity of the phase conjugate signal is

given by the relation

(2.20)

Third order susceptibility i 3
) is usually measured with respect to a standard sample

CS2. In absence of linear absorption, third order susceptibility is given by
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(2.21)

If sample has linear absorption, eq. (2 21) has to be modified by considering the

effect of linear absorption. It is assumed that optical density of the sample (i.e. al ,

where a is the linear absorption coefficient and 1 is the sample length) is much less

than one. In presence of linear absorption, susceptibility is given by the following

equation

(3) = (3 l[rxrlK1)]Y,[~]2 I,ef 0.1
X X,ef I (1- -al~-.Y,

I' firer e\) rcf

(2.22)

The reflectivity of the phase conjugate mirror R, is defined as the ratio of phase

conjugate intensity to probe beam intensity.

(2.23)

Eq. (2.23) can be written in terms of the coupling coefficient K as in eq. (2. 24).

(2.24)

2.2. Effects of absorption and pump depletion

In presence of pump beam depletion, phase conjugate reflectivity exhibit deviation in

its behaviour from the eq. (2. 24). In such cases phase conjugate reflectivity is given

by

44
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(2.26)

Inthe presence of pump depletion, the reflectivity becomes a multi-valued function of

K. This arises from the fact that energy is transferred from the pump beam to

conjugate beam such that the total energy is invariant. In the case of one photon

resonance, it is the imaginary part of the susceptibility, which contributes to the

formation of grating, unlike in the non resonant case (where only real part contributes

to the grating formation). If X(3) has an imaginary part of considerable magnitude,

resonant TPA can take place at high intensities, giving rise to formation of thermal

grating, concentration grating, free carrier gratings etc, depending on the sample. Net

effect of TPA is to produce effective fifth order nonlinearity through cascading X(3):

X(I) processes. Cascading is a situation where a few successive lower order linear or

nonlinear effects are combined to produce an effective higher order nonlinear process.

In such occasions, the phase conjugate signal may be fitted to an equation of the form

[32]

(2.27)

X(3) can also be calculated from the fitted value of b, of eq. (2. 27).

In the case of instantaneous response like optical Kerr effect, the pulse width of the

phase conjugate signal will be 57.77% of the input pulse width for a gaussian pulse.

This is approximately true in the case of hyperbolic secant squared pulse also.

Therefore, presence of phase conjugate signal temporally broader than 57.71% of

incident laser pulse width is an indication of the presence of slower process getting

mixed up with instantaneous response. In some cases cascaded effects will imitate a

third order process. Such effects have been reported in non-centrosymmetric

materials. A few examples are concurrent processes of optical rectification and linear
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electro optic effects. It has also been reported that piezoelectric effects can also give

rise to signal in DFWM[33].

3. Instruments specifications:

Specifications of the laser sources, photodiodes and laser energy meters used for

making measurements are given below.

3.1. Pulsed Nd: YAG laser [34]

Model and Make

Wavelength

Pulse energy (maximum)

Pulse width

Pulse repetition frequency

Spatial mode

3.2. MOPO [35]

Model and make

Wavelength

Beam profile

Pulse width

Beam shape

3.3. Photodiodes [36,37]

Model and make

Spectral range

Active area

Model and make

Active area

46

: Quanta Ray. GCR: 170

: 532nm

: 450rnJ

: 6 ~ 7 ns

: 10 Hz

: Gaussian ( 70%)

: Quanta Ray MOPO - 710

: 410 - 690 nrn (signal)

: 730 - 2000 nrn (idler)

: Gaussian ( 70%)

: 4 - 5 ns

: Beam shape (round ± 20%)

: Newport 818 DV

: 190nrn- llOOnm

: Icm'

: Melles Griot, 13DAS 007

: 0.lcm2



Spectral range

Breakdown Voltage

Dark current ( at 1V)

3.4.Oscilloscope [38]

Model and make

Rise time

Input resistance

Sensitivity

3.5. Energy meter

Detector head (Pyroelectric)

3.6. Spectrophotometer [39}

Model and Make

Wavelength range

Resolution

Chapter 2. Experimental ....

: 350 nm - 1100 nm

: 20V

: IOnA

: Tektronix TDS 360

: 1.75 os

: IMQ

: 2 mV/division to 10 V/division

: Rjp - 7620 Energy Ratiometer

: Rjp - 735

: Jasco 570

: 190 nm to 2500

: 0.1 nm (UV/Visible region)

: 0.5 nm (NIR region)
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3
Nonlinear absorption in phthalocyanines

and naphthalocyanines at a fixed wavelength (532 run)

Abstract

Nonlinear absorption in a number of phthalocyanines and naphthalocyanines viz.,

MoOPc, LaPc, Eu(Pch, Sm(Pch, Nd(Pc)2and Eu(Nch was investigated using open

aperture Z-scan experiment at 532 nm using nanosecond pulses. Effective nonlinear

absorption coefficient was measured. Nonlinear absorption was explained in terms of

five-level model. The fluence level for nonlinear absorption in Eu(Nc)2 was found to

be around 0.4 Jcm", which was about four times those of other samples. Among these

samples, Eu(Pch was found to be a better nonlinear absorber.
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1.Introduction

The amount of light absorbed in most of the absorbing materials increases linearly

with input irradiance, giving rise to a constant transmittance. This is referred to as

linear absorption. In such cases, absorption in a sample can be fully described by

Beer- Lambert law. If a is the linear absorption coefficient, transmitted intensity It is

related to input intensity 10 by the relation

(3.1)

where I is the sample length. Obviously, a is independent of intensity and depends

only on the wavelength of excitation [1].

Any deviation in the behaviour of absorption from eq.(3.1) is called nonlinear

absorption. In such cases, absorption coefficient Cl can increase or decrease with

respect to incident intensity. Thus, it is evident that in presence of nonlinear

absorption, a becomes a function of intensity also and hence, it is usually written as

a(l, A.). For a given wavelength, if 0.(1) increases with intensity, the corresponding

phenomenon is called reverse saturable absorption (RSA) [2], which is the main topic

of discussion in this chapter. On the other hand, if o.(I) decreases with intensity, the

process is called saturable absorption (SA), which is elaborated elsewhere. In the case

of RSA, when incident intensity is increased, the sample becomes more opaque,

whereas for SA, an increase in incident intensity makes the sample more transparent.

Both RSA and SA have important technological applications. For example, RSA is

exploited in passive optical power limiting to protect optical sensors, including

human eye, from intense laser pulses [3-5]. SA is used in the passive mode locking of

lasers [6]. A variety of materials have been synthesized and their nonlinear absorption

studies have been reported by earlier researchers [7-17]. It has been found that

phthalocyanines (Pes) and their derivatives are a class of materials, which exhibit
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RSA in the spectral region between Q-band and S-band of their ground state

electronic absorption spectrum [18-20]. These materials can exhibit RSA under

nanosecond and picosecond excitation [21]. Considering the importance of Pes as

nonlinear optical (NLO) materials with good optical limiting property, nonlinear

absorption studies in certain Pes have been carried out at 532nm and the results are

included in this chapter. Samples selected for the study include mono Pes, viz., LaPc,

MoOPc; bis-Pcs viz., Sm(Pch Eu(Pc)2 and NdiPc), and a bis-Ncs viz. Eu(Nch,

Structures and absorption spectra of these samples have been discussed in chapter 1.

There are two absorptive mechanisms effecting RSA, viz., instantaneous two photon

absorption (ITPA) [17] and sequential two-photon absorption (STPA) [9J. STPA is

also called excited state absorption (ESA). In addition, these samples are also known

to exhibit nonlinear refraction. Measurements presented here were carried out in

samples taken in solution form using nanosecond pulses. Hence, nonlinear refraction

studies will give only thermal effects [22,23], which is negative in nearly all the

cases. Thermal nonlinearity is not of our interest and hence detailed study of thermal

effects have not been carried out.

2. Experimental

Z-scan is a simple and highly sensitive technique to study nonlinear absorption. All

the measurements presented in this chapter were made using 532 nrn of a frequency

doubled Nd:YAG laser. Experimental details and laser beam specifications have been

detailed earlier. The solutions of suitable concentrations were prepared by dissolving

the samples in dimethyl fonnamide (DMF). Beam waist at focus and diffraction

length Zo. both in the sample, were 13 urn and 1.5 mm respectively. The samples were

taken in a cuvette of Imm path length.

3. Nonlinear absorption in Pes

A detailed discussion of excited states in Pes is required to understand the results of

open aperture Z-scan measurements. Excited states play a very important role in
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determining the nonlinear and other photo-physical properties of Pes and Ncs.

Excited state dynamics in certain Pes have been studied using femtosecond time

resolved (transient) differential absorption (TDA) measurements in solution as well

as in thin films. William et. al [24] have studied femtosecond excited state dynamics

in polycrystaline / amorphous thin films of CIAIPc and FAIPc. Femtosecond excited

state dynamics in PCS4 and ZnPcS4 in aqueous as well as in dimethyl sulphoxide

(DMSO, organic solvent) solutions have been investigated by Howe et. al [25].

Femtosecond spectroscopy of VOPc has been studied by Terasaki et. at. [26J.

Common observation is that nonlinear absorption takes place in solution and thin

films of free base Pc (H2Pc) and MPcs in the spectral region between their Q and S

bands though, MPcs have been found to be better nonlinear absorbers than

corresponding free base Pes ['27, 28J. This indicates that nonlinear absorption is a

property of the Pc ring, though metal ions can modify it considerably. Femtosecond

studies indicate that non linear absorption takes place in a time scale of sub­

picoseconds. Considering the fast response time of nonlinear absorption, William et.

al. [24J attributed the nonlinear absorption to TPA, which has been later identified to

be STPA. Howe et. al [25] have measured the fluorescence in PCS4 and ZnPcS4,

varying the wavelength of excitation from 390 nm to 670 nm. They could observe a

red fluorescence (690 nm - 700 nm) for all the wavelengths of excitation, which

indicated that fluorescence emission always occurred between the same levels,

irrespective of the wavelength of excitation. They attributed this fluorescence to the

SI +- So transition. Upper excited singlet levels such as S2 are short lived~ Hence,

even if atoms are initially excited to higher vibrational levels in S2, they can

immediately come back to SI. the first excited singlet state in the time period of the

pulse width of the laser. They could also detect a very weak fluorescence around 500

nrn, which was attributed to the emission from S2. However, it can be assumed that

nearly all the molecules excited to S2 and higher excited singlet states come back to

SI. Wei et. al [29] have studied the intensity dependence and fluence dependence of

nonlinear absorption at 532 nm using picosecond pulses. It may be noted that pure
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TPA depends purely on intensity, while ESA depends on the input fluence. By

varying the pulse width, it is possible to make measurements at different intensity

levels, keeping the fluence level the same. Wei et .al (29) observed that all the plots

corresponding to the same fluence level had a perfect overlap, irrespective of the

value of intensity. All these investigations have confirmed the fact that the

mechanism of nonlinear absorption taking place in Pes, in the wavelength region

between their Q and S bands, is ESA. In this context, it is very relevant to point out

that the mechanism ofnonlinear absorption taking place in fullerenes (C60 and C70) at

532 nm is also ESA [30-34]. Many researchers have investigated in detail the

mechanism of ESA, both experimentally and theoretically [35-38]. These results

indicate that ESA occurs when the absorption cross section of the excited states is

higher than that of the ground state. SA occurs in all the other cases. It is important to

note that ESA is different from TPA. TPA does not involve any real intermediate

energy levels and two photons are absorbed simultaneously. On the other hand, ESA

consists of two successive one-photon transitions involving real intermediate energy

levels. The mechanism of ESA can be explained as follows.

Nonlinear absorption in macromolecules such as Pes on irradiation with nanosecond

and picosecond pulses can be explained using a five-level model shown in fig.l [39­

41]. Snand Tn represent singlet and triplet manifolds (n = 0,1,2) respectively. Because

of the very large size of these molecules, they will have a plethora of vibrational

levels within each electronic level. At thermodynamic equilibrium nearly all the

atoms occupy the lowest vibrational energy level (v = 0) of So. On irradiation with

laser pulse, atoms in the lowest vibrational energy level of So initially get excited to

some upper vibrational energy level of. S I through a one-photon transition.

Subsequently, the excited atoms relax to the lowest vibrational energy level of S, (v =

0) through non-radiative decay within a few sub-picoseconds. Details of the non­

radiative relaxation occurring in the vibrational levels of So, SI etc. are not relevant

because it occurs in a time scale much less than the pulse width of the laser even for

56



Chapter 3. NL absorpt ion in Pes and Ncs at 532 nm

picosecond excitation. From 5 1(v "" 0) state, molecules again get excited to some

vibrational levels of 52. However, under nanosecond time scales, S2 +- SI singlet

transition does not deplete the population in S, appreciably as atoms excited to 82

decay to S, (v > 0) within picoseconds. It may be noted that the transitions Srlv "" 0)

~ So(v = 0) and 5:(v -= 0) +- S,(V = 0) are forbidden because of the even parity of the

energy levels involved. Involvement of vibrational levels with appropriate parity is

essential to preserve parity conservation in these transitions. From S,(V c O), atoms

candecay to T. (v = 0) through intersystem crossing. Atoms can also go to So through

fluorescence. When excited with 532 nm, phthalocyanines exhibit only week

fluorescence. Therefore, most of the atoms get de-excited to the first excited triplet

stale, viz., T1 as a result of intersystem crossing.

-- -
~==~ J T__ _ 2

-- -

] T,

Fig. I Five level energy diagram for Pes

S, (n = 0,1,2): Singlet levels; Tn(n = 1, 2): Triplet levels

Solid line: radiative; curved line: non-radiative

1ntersystem crossing from SI to T1 is a spin forbidden transition and hence it will

occur comparatively slowly. Typical intersystem crossing rate is a few nanoseconds

to nearly a hundred nanoseconds [42,43J. Besides, triplet states generally have a
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lifetime higher than that of singlet states. A typical triplet state lifetime is also of the

order of nanoseconds. Therefore, under picosecond excitation, intersystem crossing

rate and triplet state populations are not relevant [39]. ESA under picosecond

excitation takes place solely due to Sz 0(-- SI singlet transition [21J. Consequently, the

explanation of ESA under picosecond excitation requires only three singlet energy

levels viz., So, SI and Sz. However, under nanosecond excitation intersystem crossing

rate and triplet state population are very significant. ESA observed in measurements

using nanosecond pulses is attributed mostly to Tz 0(-- T, transition [44,45]. In short,

Pes can exhibit nonlinear absorption and hence optical power limiting, under

nanosecond excitation through T2 0(-- T, triplet transitions and under picosecond

excitation through S2 0(-- SI singlet transitions.

3.t. Effective nonlinear 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 non linear absorption coefficient P as !3eff. The present

measurements have been taken using nanoseconds pulses and therefore, two

assumptions can be made: (1) intersystem crossing [from Sl(V = 0) to Tt(v = O)J is

fast compared to the laser pulse width and (2) intersystem crossing yield cIl isc is nearly

one i.e. virtually all the atoms excited from So reach the first excited triplet state T I.

As mentioned previously, atoms then get excited from T I to T2 as a result of ESA.

Under these assumptions, intensity variation through the sample and population in the

first excited triplet state T1 are respectively given by following equations [18]

(3.2)

(3.3)
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Here ao, at. no and n, are ground state absorption cross-section, first excited triplet

state absorption cross-section, number of molecules in the ground state per ml and

number of molecules in the first excited triplet state per ml respectively. (z

corresponds to sample length). From equations (3.2) and (3.3), the intensity

dependent absorption coefficient u(I) and ~eff are given respectively by

(3.4)

(3.5)

It is clear that ~effis intensity dependant for STPA through the factor no, whereas ~ is

independent of intensity for pure TPA. ~efT is a measure of the over all absorptive

nonlinearity present in the sample [43].

3.2. Rate equations

Dynamics of ESA can be described usmg rate equations. Under nanosecond

excitation, amongst singlet excited states, population 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 less than the laser pulse width. Therefore, only the ground state

(So), first excited singlet state (SI) and first excited triplet state (T I) are considered. If

a g, as and crI represent the absorption cross sections of So, SI and T. respectively, the

rate equations for the populations in these energy levels may be written as [18]

(3.6)

(3.7)
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(3.8)

Here no, n, and n2 are the populations in So, SI and S2 levels respectively. "rIO, "r12 and

"t20 are the life times of So (- SI. Tt (- SI and So (- T 1 transitions respectively.

Transmitted light intensity may be written in terms of total absorption coefficient,

which is also a function of time. Eq. (3.9) and eq. (3.10), give total absorption

coefficient and transmitted intensity respectively.

(3.9)

(3.10)

The equations (3.9) and (3.10) can be numerically solved using the initial conditions,

110 (t = - 00, z) = N = no+ n, + n2,; nl(t = - 00, z) = 02(t = - 00, z) = O. 0'\ and 0'2 are

kept as adjustable parameters. In macromolecules the vibrational levels of excited

singlet states (S, & S2) and triplet states (TI & T2) overlap in most cases. Intersystem

crossing occurs in nanosecond time scales. Hence under picosecond excitation, S2

level is considered instead of Tr. In the steady state conditions, the nonlinear

absorption coefficient is written as [18]

a. = 0. 0[1+ ~']
1+1

(3. 11)

Here I' = Ills where Is is the saturation intensity and K = O'T/O'O' If K is greater than

one, we get RSA and a value of K less than one, yields SA. In this chapter, ~eff is

measured using two-photon absorption theory introduced by Sheik Bahae et. al [46].
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4. Nonlinear Refraction

Closed aperture Z-scan experiment yields information regarding nonlinear refraction

in the samples. However, as indicated earlier, closed aperture Z-scan experiments

carried out in samples in solutions from will give the effect of nonlinear refraction

due to thermals effects. In most of the cases cases, thermal nonlinearity is negative

and it is characterized by a pre-focal maximum and a post-focal minimum as shown

in the fig. 2. Thermal nonlinearity is totally different from electronic nonlinearity. It

essentially arises from local heating of the sample due to release of thermal energy on

nonradiative decay. Local heating results in local refractive index change. In the

context of this thesis, we are interested in electronic contribution to nonlinearity

alone.
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Fig. 2. Closed aperture Z-scan graph (thermal refraction)

Eu(Pch (0.12 mM)

5. Results and discussion

Open aperture Z-scan plots obtained for MoOPc and LaPc in presence of ESA are

shown in fig. 3. These plots are typical of all samples exhibiting ESA. Transmittance

is a minimum at the focus and increases steadily on both sides of the focus. l3eff is

obtained by fitting the experimental open aperture Z-scan plot to the eq. (3.12) [46]
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c • ,
T(zl=-r f1n(1+ q.e-' )dl

Qov1t _Im

(3. 12)

where
q .(l) = PI. (llL•• (3. 13)

Here C is the normalizing constant, L.,lf is the effective length and 10 is the irradiance

at focus. The measured values of Pclf for MoOPc and LaPc are given in table I , along

with their concentration and irradiance at focus.
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Fig.3. Open aperture Z-scancurves
a. MoOPe (0.42 mM); b. LaPe (0.48 mM)

Table I : Values of PclT for MoOPc and LaPc along with concentration and

irrad iance

Sample Concentration lrradiancefls) P••
(mM) MWcm·2 cmGW· 1

MoO Pe 0.42 217 24.4

LaPe 0.48 183 44
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~etT is a measure of the strength of nonlinear absorption and optical power limiting

[42]. ~eIT of LaPc is nearly two times that of MoOPc. This indicates that nonlinear

absorption is high in LaPc. Since PelT is an effective quantity, it depends on intensity

of excitation and concentration of the sample [45]. In the present case, LaPc and

MoOPc have nearly identical concentrations (Table I). However the power levels of

the experiments differ. Therefore, we can plot nonlinear transmission as a function of

input fluence. Such plots can represent a better comparison of the nonlinear

absorption or nonlinear transmission in these samples.

•
1.00 ..... ···f •

Cl> • •c •c: • •
~ 0.95 • • •'E • .a
III
c: • •1Il 0.90 •~

"0 • •Cl> •.~ • •
1Il 0.85 b
E
~ •0 •Z

0.80 •
0.1 1

Fluence (J ern") [logarithmic scale]

Fig. 4. Nonlinear transmission (fluence on logarithmic scale)

a. MoOPe (0.42 mM); b. LaPc (0.48 mM)

Fig. 4 shows the nonlinear transmission for MoOPe and LaPc. These plots were

generated from Z-scan measurements. From the value of fluence at focus, fluence

values at other sample positions (z) can be calculated using standard equations for

gaussian beam waist. It can be seen that optical limiting property is high in the case of

LaPc. The downward arrow indicates the approximate fluence level at which the

transmission begins to deviate from linear transmission. It can be seen that these two

samples have nearly identical fluence levels for the onset of optical limiting (~ 0.08

Jcm").
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Plots similar to those in fig. 3 were obtained for certain bis-Pcs viz. Eu(Pch, Sm(Pc)z

and Nd(Pc)z as well as for a bis-Nc viz. Eu(Nch using open aperture Z-scan

technique. However, only the plots of nonlinear transmission generated from Z-scan

graphs are presented here. It may be noted that the structures of mono Pes [LaPc,

MoOPc] differ from those of bis-Pcs [EU(PC)2, Sm(Pc)2 and Nd(Pc)2] and bis - Ncs.

Values of Peff obtained for these samples are given in table 11 along with their

irradiance at focus and concentrations.

Table 11: Peffvalues of Eu(Pc)z, Sm(Pc)2 and Nd(Pc)z along with concentration and

irradiance

Sample Concentration Irradiance Peff
(mM) (MW ern") (cm GW· I

)

Eu(Pch 0.22 89 126

Sm(Pc)2 0.19 164 28

Nd(Pch 0.17 164 29

Peff values of Eu(Pch is much higher than those of Sm(Pc)2 and Nd(Pch. From the

measured values of Peff, it can be seen that Eu(Pch is a better nonlinear absorber

and hence a good optical limiter than the other two samples. Fig. 5 shows the

nonlinear transmission for these samples. The optical limiting property of Sm(Pch
and Nd(Pc)2 are nearly identical. The fluence level for optical power limiting of these

samples is nearly 90 mlcrn" as indicated by the arrow in fig 5. It is to be noted that

Nd(Pc)z and Eu(Pch differ slightly in their concentration. Since values of Peff depend

on concentration it has to be verified whether the better optical limiting property of
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EU(PC)2 is due to its marginally higher concentration. Hence samples of identical

concentration ofNd(Pch and Eu(Pc)z was prepared and experiment was repeated.
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Fig.S. Nonlinear transmission in certain bis-Pes

a. Nd(Pch (0.19 rilM); b. Sm(Pc)z (0.17 mM); c.Eu(Pch (0.22 mM)
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Fig. 6. Nonlinear transmission

a. Nd(Pch (0.24 mM); b. Eu(Pch (0.22 mM)
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Fig. 6 shows the non linear transmission for solutions of Nd(Pc)2 and Eu(Pch, having

nearly identical concentrations. It can be seen that optical limiting property is higher

for Eu(Pch in this case also. Hence, it can be concluded that under nanosecond

excitation optical limiting property of EU(PC)2 is the highest amongst the bis-Pcs

investigated here.

Fig. 7 shows the nonlinear transmission for a bis-naphthalocyanines, viz. Eu(Nch. Peff
was obtained to be 39 cmGW·1 for an irradiance of 152 MW ern" at focus. It can be

seen that the fluence level for optical limiting is higher (~0.4 Jcm", arrow in fig.7) in

the case of Eu(Nc)2. The value of fluence for the onset of optical limiting in bis-Pcs is

around 90 mlcm".
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Fig. 7. Nonlinear transmission in EU(NC)2 (0.2 mM)

Therefore, the fluence level for optical limiting for Eu(Nch is nearly four times

higher than those of mono Pes and bis -Pcs investigated here. A comparison of fig. 7

with fig. 4, fig. 5 and fig. 6 indicates that in the case ofEu(Nch, beyond the threshold

level, there is a comparatively faster decrease in the transmitted fluence. There are

reports that Ncs undergo photochemical changes on laser irradiation [10,1 I]. Besides,

it has also been reported that Ncs are better opticallimiters at higher laser irradiance,
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which is consistent with our observation. An advantage of Ncs is that they can act as

optical limiters in the red region of the visible spectrum also, where Pes absorb

strongly, because the Q-bands ofNcs are considerably red shifted from those of Pes.
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Fig. 8. Nonlinear transmission

Sm(Pch (0.17 mM), Eu(Nch (0.2 mM), Nd(Pcb MoOPc (0.42 mM)

LaPc (0.48 mM), Eu(Pch (0.22 mM)

Fig. 8 shows the nonlinear transmission in all the samples discussed in the current

investigation. Even though the concentrations are different, a comparison of their

optical limiting property is very appropriate. In spite of its comparatively low

concentration, EU(PC)2 shows better optical limiting than MoOPc and LaPc, both of

which have concentrations two times that of EU(PC)2. The fluence level for optical

limiting is the highest for Eu(Nc)2 amongst all the samples studied.

Under nanosecond excitation, ESA and therefore, optical limiting occur as a result of

T2 ~ T1 transition [35]. Hence the strength of nonlinear absorption depends on
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<PT X O'T /O'g, where <PT is the intersystem crossing rate [47]. Thus, under nanosecond

excitation if the intersystem crossing rate is very small, the effect of nonlinear

absorption can be less even if O'T /O'g is fairly high. While describing ~efr, it was

assumed that <DT :; I; however, in many cases intersystem crossing rate, which

depends on a number of factors, is less than unity.

Rate of intersystem crossing is explained using eg. (3.14) [48]. The term (\IIsIHsol\JIT)

gives the spin-orbit coupling and I(XslxT)12 is the Frank Condon factor. Delta function

indicates that only the levels for which ET ::::; Es will contribute to the intersystem

crossing rate,

(3. 14)

If the central metal ion of MPcs has unfilled d-shell, there is good interaction between

d electrons and delocalized 1t electrons of the Pc ring through spin-orbit coupling

[24]. The net intersystem crossing rate will be high only if both spin-orbit coupling

and vibrational overlap integral (Franck Condon factor) are sufficiently large.

Therefore, it must be noticed that the observed results depend on the term <t>T x O'T /O'g

and not on O'T /O'g alone. All the samples investigated here, except MoOPc, have rare

earth metal ions.

Though the predominant mechanism of ESA under nanosecond excitation is T2 f-- T,

transition, the possible contributions from SI to ESA can also taken into account by

defining an effective excited state absorption cross section (O'ex/f f
) as fsO's +itO't, [23,

48], where O's and o, correspond to absorption cross sections of SI and T 1 states

respectively. fs and it give populations in S, and T I respectively. The figure of merit

of nonlinear absorption is given by (O'cxceff)l O'g. Relative contributions to ESA from
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levels SI and T I can be obtained from the ratio fsas! fta,. If this ratio is of the order of

unity, it means that both S2 ~ S, and T2~ TI transitions contribute to ESA. If this

ratio is very large, implication is that S2 ~ SI transition is dominant. In the case of

aza-substituted porphyrazine derivatives, it has been found that the dominant

contribution to ESA comes from S2~ SI transition even under nanosecond excitation

[48]. However in most of the MPcs, under nanosecond excitation, T2~ T, transition

is the dominant contributor to ESA.

Like ESA, pure TPA (Two- Photon Absorption) can also be used for optical power

limiting. Threfore, it is appropriate to compare the merits of these two process. ESA

requires that samples should have a weak linear absorption. On the other hand, in the

case of TPA, until the threshold is reached, there is near total transparency. Pure PTA

has instantaneous response. The most important advantage of pure TPA is that it

retains the optical quality of the beam after tranvesing through the sample [49].

However, in the case of ESA, transmitted pulse need not retain the incident pulse

shape. The relaxation process of TPA is determined by the time required for the

restoration ofpopulation in the ground state of the molecular systems.

5.1. Concentration dependence

Pes can form dimers and oligomers at higher concentration due to aggregation of the

molecules. In the absence of dimer formation, ~eff value increases linearly with

concentration [34]. Hence, a study of the concentration dependence of nonlinear

absorption in Pes is required to verify if dimers are formed in the present

experimental condition. Fig 9 shows the open aperture Z-scan curves obtained for

Nd(Pe)2 for different concentrations, at nearly identical irradiance values. Magnitude

of nonlinear transmission gets increased as concentration of the samples is increased.

Values of Pcff measured for different concentrations and the results obtained are given

in Table Ill.
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a. 0.11 mM; b. 0.186 mM; c. 0.24 mM; d. 0.4 mM

Table III: Perr for different concentrations for Nd(Pc)2

Concentration Incident power Pcrr
(mM) (MW ern") (cm GW- l

)

0.106 160.5 13.2

0.186 164 27.5

0.235 157 66.5

0.4 159 119.4
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Fig. 10 shows the plot of Pelf against concentration. The plot is a straight line, which

implies the absence of dimer formation up to a concentration of 0.4 mM. Slightly

scattered nature of Pelf values in fig. 10 maybe attributed to small variations in the

input irradiance level, which arise because of pulse to pulse variation of laser pulse

energy.
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Fig. 10. Plot of Pelf values against concentration

Concentrations of all the samples used for Z-scan measurements are less than 0.4 mM

and therefore, it can be assumed that dimer formation is not significant to affect the

measurements in the present case. Fig. 11 shows the plots of nonlinear transmission

for various concentrations. It can be seen that all the plots are similar except for the

magnitude of nonlinear transmission. There is no any remarkable difference in the

fluence level for the onset of optical limiting for different concentration of the

samples. This implies that concentration does not influence the optical limiting

considerably in these samples. It may be appropriate to compare the present results

with those reported for fullerenes, C60, which also exhibits ESA like Pes under

nanosecond and picosecond excitations [14,34]. Nonlinear transmission studies

reported in C60 under nanosecond excitation shows concentration dependence, but
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a. 0.11 mM; b. 0.19 mM; c. 0.24 mM; d. 0.4 mM

such concentration dependence is absent under picosecond excitation. Riggs et. al

[50] have attributed the concentration dependence of nonlinear transmission under

nanosecond excitation to some bimolecular processes involving excited first triplet

state T,.

6. Conclusions

Nonlinear absorption in a number of Pes viz., LaPe, MoOPc, Eu(Pe)2; Sm(Pe)2 and

Nd(Peh and also in a bis-Nc viz. Eu(Nch was studied using open aperture Z-sean

experiments. Nonlinear transmission and optieallimiting were explained in terms of a

five-level model. Values of 13eff were also determined, It was observed that among

mono Pes studied here viz. MoOPe and LaPe, LaPc was found to be a better NL

absorber. Among bis-Pcs viz. Eu(Pch Sm(Pch and Nd(Pch, EU(PC)2 exhibited better

nonlinear absorption. The transmission in these samples was found to deviate from

linear transmission around a fluence level of 80-90 mlcm", In the case of Eu(Nc)2,

nonlinear transmission was observed from an input fluence level of around OAJcm·2,

which is nearly four times than those of other Pes mentioned here.
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4
Wavelength dependence of nonlinear absorption in certain

bis-phthalocyanines

Abstract

Wavelength dependence of nonlinear absorption in three bis-phthalocyanines, viz.,

Nd(Pc)2, Sm(Pc)2 and Eu(Pc)z, was studied using open aperture Z-scan technique in

the blue side of their Q-band. The objective of the measurements was to determine

the wavelength region over which the mechanism of nonlinear absorption changes

from reverse saturable absorption (RSA) to saturable absorption (SA). Resonant

enhancement of imaginary part of third order susceptibility was also investigated. It

was observed that both Nd(Pc)z and Eu(Pch exhibited RSA at 604nm, while Sm(Pc)2

exhibited SA at this wavelength. Besides, resonant enhancement effect was found to

be the highest in Nd(Pch and the lowest in the case of EU(PC)2.
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1. Introduction

Phthalocyanines (Pes), porphyrins and their different derivatives are known to exhibit

nonlinear absorption at 532 nm [1-2]. Nonlinear absorption exhibited by many of the

metal substituted Pes was investigated in the previous chapter in detail. Most of the

nonlinear absorption studies carried out in Pes, porphyrins as well as in their

derivatives have been confined to 532 nm [3-5] and 1.06 urn [6,7] alone, mainly due

to the unavailability of a laser source having wavelength tunability in the desired

spectral range. Investigation of the wavelength dependence of nonlinear absorption,

particularly along the absorption band, becomes very important and highly desirable

when optical limiting (OL) application of these samples is considered. It is highly

desired that optical limiters have broad band spectral response [8]. Pes and their

different derivatives exhibit optical limiting property at 532 nm predominantly due to

excited state absorption (ESA) [9,10]. ESA occurs when excited states have an

absorption cross section higher than that of the ground state [11,12]. When the

wavelength of excitation is shifted closer to the wavelength of one-photon resonant

absorption, magnitude of ground state absorption cross section will increase steadily.

Consequently, the mechanism of nonlinear absorption gradually changes from ESA to

saturable absorption (SA). In the case of SA, transmitted intensity increases with

respect to incident intensity [13,14]. SA is strongly a non-parametric process. Usually

nonlinear optical process is described by a nonlinear polarization, which can be

expressed as a power series in electric field strength [eq. (1.3) of chapter I]. However,

owing to the strongly non-parametric nature of SA, which involves one-photon

resonant transition between real energy levels, such a power series expansion is not

valid. However, since SA is an intensity dependent absorption, SA is also considered

to be a nonlinear phenomenon. In fact, SA is an example of resonant nonlinearity

[15]. A salient feature of resonant nonlinearity is the considerable enhancement in the

magnitude of nonlinear coefficients with respect to nonresonant quantity [16].

Therefore, the investigation of wavelength dependence of nonlinearity will also help

to study the resonant enhancement effects in different samples. Resonant nonlinearity
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is basically an absorptive nonlinearity and as its magnitude increases, magnitude of

refractive nonlinearity decreases. At the peak of one-photon resonant absorption,

refractive nonlinearity is zero and therefore observed nonlinearity is entirely

absorptive [17]. 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 draw

back of the resonant nonlinearity is its slow response [I8J, but its advantage is, its

enormously large magnitude. Besides, in the context of Pes, the wavelength region

over which ESA gets changed to SA will set the wavelength limit for passive optical

power limiting. Thus, the study of wavelength dependence of nonlinear absorption is

also important in technological application. It may also be noted that SA is exploited

in the passive mode locking of lasers [19]. Considering its importance, resonant

nonlinearity in three bis-phthalocyanines viz., Sm(Pch, EU(PC)2 and Nd(Pch along

their absorption band in the visible region was studied using open aperture Z-scan

technique and the results obtained therein are included in this chapter. Wavelength

over which the mechanism of nonlinear absorption changes from reverse saturable

absorption (RSA) to ESA (and vice versa) in these samples to the red side of 532 nm

was also identified. In fact, the wavelength at which the mechanism of nonlinear

absorption changes from SA to ESA, loss of laser power due to nonlinear absorption

in the sample is a minimum. In this region nonlinearity is predominantly refractive.

A large number of resonant transition, sueh as electronic, vibrational and rotational

transitions, are possible in macromolecules with extensive n electron conjugation.

Each of these transitions may produce resonance effects. The relative strength of

different transitions varies over several orders of magnitude [16]. For example, the

strength of spin forbidden singlet to triplet transition can be as low as 10-12. The spin

allowed transition (e.g. n ~ n° transition) may have a (relative) strength, which is

nearly equal to unity. Even for symmetry allowed transitions, the strength can vary by

a few orders of magnitude. For example, both 1t ~ n° transition and n ~ n° transition
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are allowed. The strength of n ~ 1t' transition is much less than that of 1t ~ 1t'

transition because of very low overlap between the molecular orbitals in the case of n

~ 1t' transition. The change in permanent dipole moment occurring in the sample on

excitation need not necessarily be related to the strength of the transition [16]. Large

changes in dipole moment are known to occur for both weak and strong transitions.

The resonant absorption relevant in the context of present experiments is the S, +-- So

electronic transition, which is a spin allowed rt ~ 1t
0

transition. The vibrational

transitions taking place in So and S, are very fast (picosecond time scale) and hence

those transitions can be neglected in the present studies.

2. Experimental

Phthalocyanines such as Sm(Pc)z, EU(PC)2 and Nd(Pc)2 with identical structures were

selected for the investigation. The structure and absorption spectrum of these samples

are given in chapter 1. Q-bands of Eu(Pch and Sm(Pch are doublet with two peaks,

one at 628 nm and the second one at 672 nm. The second peak is very less prominent

for EU(PC)2 but for Sm(Pc)z this peak is very prominent and nearly as intense as that

at 628 nm. The Q-band of Nd(Pc)z has only one peak and it is located at 632 nm. It is

interesting to note that although all these samples have similar structures, Q-bands,

which are characteristic of these samples, exhibit certain differences. Therefore,

present investigation can reveal how the spectral differences among these samples are

manifested in their absorptive third order nonlinearity. The samples were dissolved in

dimethyl formamide (DMF). The solution had a concentration of 0.19 mM. A MOPO

laser (Quanta Ray 710) was used as the laser source for investigating the wavelength

dependence of nonlinear absorption. The wavelength of excitation was varied from

the absorption peaks of these samples to lower wavelengths till clear RSA was

observed. The wavelengths of excitation were so chosen that the difference in linear

absorbance of selected successive wavelengths were about 0.5 cm'. Under

nanosecond excitation, closed aperture Z-scan experiments in samples, taken in the

solution form, will give only thermal nonlinearity. Hence, only open aperture Z-scan
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measurements were carried out. The beam waist at the focus and diffraction length,

both within the sample, varied from 15 urn to 19 urn and 1.5 mm to 1.8 mm

respectively, depending on the wavelength of excitation.

3. Results

In the presence of SA, the intensity dependent nonlinear absorption coefficient is

given by [20].

u(I)=~
I

1+-
Is

(4. 1)

where 0.0 is the linear absorption coefficient, I is the excitation intensity and Is is the

saturation intensity. It is assumed that there is no two-photon absorption (TPA) taking

place simultaneously with SA. If TPA is present along with SA, the eq. (4.1) is

modified, by taking into account TPA coefficient P[13] as

(4.2)

Transmitted intensity is obtained from eq. (4.3). z' corresponds to sample length. 0.(1)

is given by eq. (4. I)

dl
-, ;= -u(r)I
dz

(4.3)

For pure TPA, intensity dependent nonlinear absorption coefficient is given by the

equation

(4.4)

A companson of the equations (4.1) and (4.4) shows that when the excitation

intensity (I) is much less than the Is, the saturation intensity, (-o./Is) can be considered
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as equivalent to TPA coefficient ~. To a good approximation, in the case of SA,

(-ails) gives the nonlinear absorption coefficient. In presence of ESA, the non linear

absorption coefficient ~ is obtained from open aperture Z-scan technique, as

described in chapter 3. From measured values of' B, Im[x(3)] can be calculated using

the equation [17]

(4.5)

Typical open aperture Z-scan curve obtained in presence of SA for these samples is

shown in fig. 1. Transmittance is a maximum at the focus (where incident intensity is

also a maximum) and it steadily decreases on both side of the focus. Thus the nature

of the curve is just opposite to that corresponding to ESA, discussed in the chapter 3.

It is also important to note that two different forms of eq. (4.1) are also used to

explain SA depending on experimental conditions. In the case of two level system

with inhomogeneous broadening and hole burning, the Is can be described by the

following equation [20]

a(I)= a~
(1 + _)05

I,

(4.6)

Samac et. al [20] have used the following empirical equation to get good theoretical

fit to SA exhibited by poly(indenofluorene), a picket-fence polymer, though the

reason for using the empirical relation has not been clearly identified.

o.(I):=o 0. 0

I
l+(-r

Is

(4.7)
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However, equations (4.6) and (4.7) did not give good theoretical fit to the

experimental curves for the samples under investigation here. Therefore eq. (4.1) was

used to interpret the results.

3.1. Wavelength dependence of non linear absorption in Nd(Pc)z

Nd(Pch was found to exhibit SA from the peak of absorption spectrum (632 nm)

down to 612 nm. However at 604 nm, the sample was found to exhibit a fairly good

ESA. This implies that Nd(Pc)2 act as an opticallimiter upto a wavelength of 604

nm [8].
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Fig. I Open aperture Z-scan curve indicating SA

Nd(Pch at 612 nm

Nonlinear absorption mechanism changes from RSA to SA in between 604 nm and

612 nm. Measured values of Is, Pand Im[x(3)] for Nd(Pch are given in table I along

with linear absorption coefficient 0.0 and excitation intensity at the focus, 10•

Excitation intensity in the focal region 10 is less than measured value of saturation

intensity Is for all the cases. We could get nearly identical values of Is for different

values of 10 whenever the value of 10 is less than that of Is. For example, we could
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obtain values of Is as 5.4 and 5.5 MWcm-2 respectively for an input irradiance of 2

MWcm,2 and 3.5 WMcm,2 (in the focal region) at 612 nm. It is evident that at sample

positions other than the focus, excitation intensity I, is always less than the intensity

at focus 10• It can be seen that Is increases as the wavelength of excitation is shifted

away from resonance. Im[x(3)] is a maximum at the absorption peak and it decreases

steadily as the wavelength of excitation is shifted away from resonance. The value of

Im[l3)] at 632 nm, which is the resonant wavelength, is nearly two orders of

magnitude higher than that of 604 nm which indicates that resonant enhancement

effect of Im[x(3)] is fairly large.

Table I: Measured values of saturation intensity Is, nonlinear absorption coefficient ~.

and imaginary part of third order susceptibility Im[x(3)]. 10 is the excitation intensity at

the focus.

A- ao 10 Is ~. Im[x,(3)]

(nm) (cm') MWcm·2 MWcm,2 cmGW I x 10,18 m2y'2

632 4.22 0.64 1.3 - -8.86

624 3.85 0.65 2 - -5.5

618 3.2 2.0 4.35 - ~2

612 2.6 2.0 5.5 - -1.22

604 2 85 - 30 0.076

~. values are given only for the case ofESA
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3.2. Wavelength dependence of nonlinear absorption in Sm(Pc)2

Sm(Pc)2 was found to exhibit SA from its absorption peak at 628 nm down to 604

nm. At 596 nm, the sample exhibited RSA. Therefore Sm(Pch can act as an optical

limiter upto 596 nm. Nonlinear absorption mechanism changes from RSA to SA in

between 596 nm and 604 nm. The measured values of Is> /3 and Im[x,(3)] for Sm(Pch

are given in table II along with linear absorption coefficient 0:0 and excitation

intensity at the focus 10. In this case also excitation intensity is less than Is except at

604 nm [21].

Table II: Measured values of saturation intensity Is, nonlinear absorption coefficient

/3" and imaginary part of third order susceptibility Im(x,(3)] for Sm(Pch. 10 is the

excitation intensity at the focus.

').. 0:0 10 Is /3" lm [X(3)J
(nm) (ern") MWcm·2 MWcm·2 cm GW·1 x 10'18 m2y .2

-
628 3.6 1.6 2.5 -4

-
620 3.3 1.66 3.25 -2.7

-
616 2.7 2 4.15 -1.7

-
610 2.2 7.2 12 -0.5

-
604 1.8 35 35 -0.14

596 1.4 143 31 0.06

13" values are given only for the case ofESA,
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At 604 nm both 10 and Is are equal. Here also excitation intensity was found to

increase as wavelength of excitation was shifted away from resonance. Im[x(3)]

exhibited correspondingly a decreasing behaviour. Im[x(3)] exhibited a resonant

enhancement of about seventy times.

3.3. Wavelength dependence of nonlinear absorption in Eu(Pc)z

SA was observed in Eu(Pch from its absorption peak at 628 nm down to 610 nm,

whereas at 604nm, the sample exhibited RSA. Therefore, it can be said that Eu(Pch

can act as an optical limiter upto 604 nm to the blue side of its absorption maximum.

Nonlinear absorption mechanism changes from RSA to SA in between 604 nm and

610 nm. Values Is, (3 and Im[x{3}] obtained for EU(PC)2 from Z-scan experiments are

given in table III along with linear absorption coefficient (lo and excitation intensity at

the focus 10•

Table Ill: Measured values of saturation intensity Is, nonlinear absorption coefficient

(3" and imaginary part of third order susceptibility Im[x(3)] for Sm(Pch. 10 is the

excitation intensity at focus.

A, 10 Is (3" Im [X(3)]
I

(lo

(nm) (cm') MWcm-2 MWcm-2 cm GW-1 x 10-18 m2V·2

-

628 4.2 2.26 3.5 -3.2

-
616 3.2 2.7 6_5 -1.3

-

610 2.5 23.3 95 -0.07

50
604 2.0 83.5 0.12

If values are given only for the case of ESA
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In this case also excitation intensity is less than Is. Excitation intensity was found to

increase as wavelength of excitation was shifted away from the resonance. Im[x(3)]

exhibited correspondingly a decreasing behaviour. Im[x(3)] exhibited a resonant

enhancement of about thirty times. Effective non linear absorption coefficient given in

tables I, 11 and III for wavelengths corresponding to RSA are effective nonlinear

absorption coefficient ~eff' It is a measure of over all absorptive nonlinearity. ~eff has

been discussed in detail in chapter 3. A plot of Im[x(3)] against wavelength for

Sm(Pc)2, Eu(Pch and Nd(Pch is shown in fig. 2.

... .....

I i i
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Fig. 2.Plot of Im[x(3)] against wavelength

a. Nd(Pch; b. Sm(Pch; c. Eu(Pc)z
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4. Discussion

A comparison of the values of Is and magnitude of Im[x(3)] for the phthalocyanines

investigated viz. Nd(Pc)z, Sm(Pc)z and Eu(Pch yields the following results. It can be

seen that in the region of SA, values of Is are the lowest for Nd(Pc)2, and the highest

for Eu(Pch. Sm(Pc)z shows Is values in between those of Eu(Pc)2 and Nd(Pc)2. An Is

value as high as 95 MWcm-2 is exhibited by Eu(Pch at 610 nm while Ndfl'c), shows
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an Is value as low as 5.5 MWcm·2at 612 nm. The wavelength dependence of Is in

these three samples are also reflected in the behavour magnitude of Im[x(3)]. Thus

resonant enhancement was the highest (about hundred times) in the case of Nd(Pc)2

and the lowest (approximately thirty times) in the case of EU(PC)2. Sm(Pch showed a

resonant enhancement, which is intermediate (about sixty times) to those of Nd(Pch

and Sm(Pch- The very high value of Is exhibited by Eu(Pch indicates that it is a

better reverse saturable absorber and hence better optical limiter. The plots in fig. 3

(to be discussed in coming paragraphs) are consistent with this observation. Apart

from the variation in the degree of resonant enhancement of nonlinearity among these

samples, it is also important to note the difference in the nature of non linear

absorption exhibited by Sm(Pch at 604 nm from that of Eu(Pch. While EU(PC)2

exhibited RSA at 604 nm, Sm(Pch exhibited SA. Since all these samples have similar

structure, the differences in the magnitude of nonlinearity as well as the nature of

nonlinear absorption depend on the varying influence of metal ions. All these

measurements were taken along the Q-bands of the absorption spectra, which is

characteristic of these samples. Differences in the Q-band of these samples are an

indication that the influences of these metal ions are not entirely identical.

Under nanosecond excitation, dynamics of RSA is explained considering a five level

model [22] consisting of singlet and triplet states [Sn(n = 0, I, 2) and T, (n = 1,2)].

Under picosecond excitation, ESA is explained singlet levels [S, (n = 0, I, 2) [9]. A

minimum of three levels is essential to describe ESA. However, a two-level model

consisting of singlet states So and SI is sufficient to describe SA [23], which takes

place because of the depletion of ground state population at So due to spin allowed

strong SI +- So transition. In the context of this chapter, wavelength dependence of

third order nonlinearity is of interest. Therefore details of rate equation describing the

temporal evolution of populations in various energy levels are less significant and

hence evaluation ofIm[x(3)] using eq. (4. 5) is appropriate.
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Fig. 3. Nonlinear transmission (fluence in logarithmic scale)

a. EU(PC)2 (604 nm); b. Nd(Pc)2 (604 nm); c. Sm(Pch (596 nrn)

Fig. 3 shows the nonlinear transmission of the bis-Pcs investigated here at the

wavelengths, for which RSA was observed. These plots were generated from

respective Z-scan plots. All these samples have nearly identical concentration

(O.19mM). It can be seen that EU(PC)2 shows a better optical limiting property than

the other twu samples. Nonlinear absorption studies carried out at 532 nm discussed

in chapter 3 also indicated that EU(PC)2 has better optical limiting property than

Nd(Pch and Sm(Pch. Optical limiting (OL) property observed in the nanosecond

excitation is the consequence of T2 +- T I transition [11,24]. In the. present

experimental conditions, OL property depends on the absorption cross-section of the

first excited triplet state (T I) as well as on the intersystem crossing rate, which were

described in detail in the chapter 3.

It is appropriate to mention some important studies of wavelength dependence of

third order nonlinearity in Pes and in other organic materials using Z-scan technique.

Raul et. al [15,17] have investigated optical nonlinearity in vandyl -phthalocyanine
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(VOPc) crystal and also the non linearity in tetrakis(thiohexyl)vandyl-phthalocyanine

along the absorption spectrum using picosecond pulses. Excited state dynamics in a

mode locking dye (3, 3' - diethylloxadicarbocyanine iodide, DODCI) has been

studied by Wittmann et. a1 [23]. Kandasamy et. al [13] 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.

5. Conclusions

Wavelength dependence of nonlinear absorption in solutions of three bis- Pes, viz.

Nd(Pch, Eu(Pch and Sm(Pch were investigated using open aperture Z-scan in the

blue side of their Q-band. Upper wavelength limit for optical limiting to the red side

of 532 nm was identified. Saturation intensity Is. effective nonlinear absorption

coefficient ~eff and imaginary part of third order susceptibility were measured.

Resonant enhancement of imaginary part of third order susceptibility was found to be

the highest for Nd(Pch and the lowest for Eu(Pch. Resonant enhancement in the case

Sm(Pc)2 was found to be about sixty times. Besides, at 604 nm, EU(PC)2 exhibited

fairly good ESA while Sm(Pc)2 showed SA. Although these samples have similar

structures, the observed differences in their nonlinear optical properties can be due to

the varying influence of metal ions.
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5
Degenerate four wave mixing studies in phthalocyanines

and naphthalocyanines

Abstract

Degenerate four wave mixing studies were carried out in solutions of various metal

substituted phthalocyanines and naphthalocyanines at 532nm under nanosecond

excitation. Third order susceptibility X(3), figure of merit of third order nonlinearity F

[F = x(3)/a, where a is the linear absorption coefficient] and second

hyperpolarizability (y) were measured. It was observed that many of these samples

possessed fairly good X(3), F and (y) values. Results obtained were explained taking

into account the plausible effects of rt electron conjugation, effect of central metal

substituent and dimensionality of the molecules.
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1. Introduction

Owing to the presence of delocalized and hence asymmetrically polarizable 1t

electrons, organic compounds are considered to be good third order nonlinear optical

(NLO) materials. Such materials possess fairly high bulk third order nonlinearity, X(3)

and second hyperpolarizability ('Y) values [1-2J. Unlike second order nonlinearity,

third order nonlinearity is not constrained by any symmetry requirements and hence,

it is present in all the samples in varying degrees of strength [3]. Apart from large and

fast responding nonlinearity, organic materials have the added advantage of synthetic

flexibility. Owing to synthetic flexibility, it is possible to tailor the structure of these

materials suitably by introducing appropriate organic and inorganic substituents so as

to maximize the nonlinearity [4-7]. In the case of centrosymmetric molecules,

synthetic flexibility can be exploited to break the centrosymmetry by introducing

appropriate substituents and thus inducing in the sample, second order NLO activity

[8].

We require materials with fast acting nonresonant nonlinearity for technological

applications such as optical switching [9]. There are several methods to increase the

magnitude of third order nonlinear coefficients. One technique is to increase the 1t

electron conjugation [10-13J. For example, naphthalocyanines (Ncs) are compounds

with higher degree of conjugation in comparison to the corresponding

phthalocyanines (Pes) [141. However, it has been observed that nonlinearity does not

increase indefinitely with respect to rt electron conjugation. For example, in the case

ofpolydiacetylene, which possesses the highest value of (r) among linear polymers, it

has been observed that nonlinearity gets saturated after a definite degree of

conjugation [15]. Hence there is limitation in maximizing (y) by simply increasing 1t

electron conjugation. There are a number of alternative and more efficient methods to

enhance third order nonlinearity. One method is to substitute the samples with

appropriate ligands at axial and peripheral positions. Some chemical species like NH2

can donate electrons to a rr electron system, while some other species like pCOOH
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have strong tendency to withdraw electrons from a 1t electron system. A chemical

architecture consisting of an electron donating and an electron accepting group at

opposite ends of a rt electron system can increase hyperpolarizability of the materials

considerably by effecting intramolecular charge transfer (ICT) mechanisms. Materials

with such chemical architectures are called "push - pull" compounds [13,16-18].

Addition of suitable metal ions at the center of the Pc ring is the third method. In fact,

more than sixty metal ions have been substituted in Pes [19-21]. When metal ions are

substituted, it can create additional levels in HOMO - LUMO gap resulting in a

number of charge transfer (CT) mechanisms [12). Another important factor that

influences the magnitude of nonlinearity is the dimension of the molecules [4,22-24].

As dimensions of the molecule increases, effective conjugation length decreases

resulting in a reduction in the magnitude of nonlinearity [25]. Besides, if the sample

exhibits very good nonlinear absorption, it will also increase the nonlinearity [26].

However, enhancement of nonlinearity due to nonlinear absorption is not

recommended for device applications, except in the case of optical limiting (OL).

Nonlinearity due to absorption generally has a slow response time and also suffers

from detrimental photothermal effects [27]. For technological applications,

nonresonant instantaneous nonlinearity is required. Nonresonant nonlinear response is

very fast but usually is small in magnitude, whereas resonant nonlinearity has large

magnitude but very a slow response [28]. Resonant nonlinearity involves

redistribution of population among different energy levels (excited states) and this is

the reason for its slow response. Response time of the resonant nonlinearity is

determined by the lifetime of the energy levels involved (29]. Experimental

investigation of the influence of some of these factors on third order nonlinearity is

very important and highly desirable. Work presented in this chapter is an attempt in

this direction. Pes and Ncs are suitable materials for this type of investigation because

of their good nonlinearity, synthetic flexibility and thermal as well as chemical

stability [5,6,30-32). They also have a number of technological applications like
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optical power limiting [33-35], wave-guide fabrication, photo-dynamic therapy [36]

etc. Degenerate four wave mixing (DFWM) in optical phase conjugation (OPC)

geometry was used as the experimental technique to probe these effects.

DFWM is a popular and advantageous method to measure third order susceptibility

[l3)] of a variety of materials [37]. There are many factors to be considered when

four wave mixing techniques are employed to measure X(3) values. For instance, if we

measure X(3) with third harmonic generation (THG) technique, we get solely the

electronic response [38]. No other effects (e.g. thermal effects in the case of

absorbing samples and orientational effects in the case of asymmetric molecules)

interfere with THG experiments. However, in THG technique, plausible effects of

one photon, two-photon or three-photon resonant absorption at pump or signal

frequencies have to be considered [39]. But in the case ofFWM technique, signal can

be generated due to orientational and thermal effects in addition to pure electronic

response [40]. A good example is CS2, which is considered as a standard third order

NLO material in FWM experiments. The signal in the case of CS2 arises from

orientational response of CS2 molecule under the influence of electric field of the

laser light. Besides, in FWM experiments, both the refractive and absorptive

components of nonlinearity can contribute to the measured X(3) values. However, it is

also possible to separate real and imaginary parts of third order susceptibility in

DFWM measurements by measuring the phase and amplitude of signal separately

[41]. However, in the measurements presented in this thesis, phase of the signal is not

measured and hence the real and imaginary parts are not separated. There are a

number of advantages for FWM techniques over single beam Z-scan technique. It is

possible to study the temporal evolution of nonlinearity using FWM technique by

suitably delaying (optical delay) anyone of the interacting beams. Maximum

temporal resolution that can be attained is limited by the pulse width of the laser. For

example, experiments under picosecond and sub picosecond excitations carried out

by many other researchers have revealed that the typical response time of electronic
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nonlinearity is of the order of a few picoseconds in many organic materials [42].

Since the measurements mentioned in this thesis were taken using nanosecond pulses,

temporal evolution of nonlinearity is not easy to investigate.

2. The samples

A number of Pes and Ncs with varying structures, dimensions and central metal ions

were selected for experimental investigation. They include metal substituted (mono)

phthalocyanines (MPcs), viz., LaPc, FePc, and MoOPc (Molybdenum oxy

phthalocyanine); mono-naphthalocyanines (MNes), viz., VONe (vandyl oxy

phthalocyanines), ZnNc and MgNc; bis-phthalocyanines M(Pch viz., Sm(Pch and

Eu(Pe)2 and a bis-naphthalocyanines viz., Eu(Nch. All these samples have different

structures as well as varying degrees of 1t electron conjugation. Metal ions of all these

samples are also different. Therefore, these samples provide good opportunity to

investigate the effects of metal ions, structures etc. on third order nonlinearity.

Structure and properties of these samples have been discussed in chapter 1. Those

details are required to understand the results presented in this chapter.

Besides, Nalwa et. al [42] have observed from THG experiments carried out in thin

films that peripheral substitution reduces the magnitude of X(3), if axial substituent is

present in Pc systems, for example, as in the case of VOPc. They attributed the

reduction in magnitude of nonlinearity to the effect of molecular stacking. Yamashita

et. al [43] have measured X(3) values ofVONc and VOPe using THG technique itself

in thin films and found that the X(3) value of VONc is lower than that of VOPe. This

observation is very interesting because of the fact that VONc has higher degree of 1t

electron conjugation than that of VOPe. In the context of these reports, we got

interested in the second hyperpolarizability (y) value of VONc, obtained from DFWM

measurements carried out in solution form. This result is compared with our DFWM

measurements in other Pes and Ncs as well as with the results ofNalwa et. al [42] and

Yamashita et. al [43] from THG measurements. We could also obtain comparatively
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very low value of (y) for VONc from DFWM measurements. This coincidence is very

interesting, as THG and DFWM are different processes involving third order

nonlinearity. Since (y) is a microscopic quantity, it can be said that low value of (y) of

VONc is an intrinsic property of the sample [44].

3.Experimental

Experimental details and theory of DFWM were discussed in detail in chapter 2. In

brief, back scattering geometry of optical phase conjugation was used for making the

measurements. As indicated earlier, an advantage of DFWM experiment is that we

can select different components of third order susceptibility tensor by suitably

choosing the polarizations of interacting beams [26,45J. This property is exploited to

avoid thermal contribution occurring in experiments with nanosecond pulses. If the

polarizations of all the interacting beams are the same, a thermal grating is formed

under nanosecond excitation in an absorbing sample. In the absence of thermal

grating (e.g. experiments with picosecond pulses) experiments with eo-polarized laser

beams give X(3)xxxx component of the susceptibility tensor. If polarization of the probe

beam is orthogonal to those of the pump beams, X(3)xyxy component of the

susceptibility tensor is obtained. Also if the polarization of anyone of the interacting

beams is orthogonal to those of the other beams, a polarization grating is formed in

their interaction region instead of intensity (thermal) grating [46,47] even under

nanosecond excitation. 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.

3.1 Calibration

Dependence of third order susceptibility tensor components on polarizations of

interacting beams was exploited in the present measurements to standardize the
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experimental setup. CS2, is considered as a standard third order nonlinear optical

material as it possess completely nonresonant Kerr nonlinearity due to orientational

response. The experimental setup was calibrated by measuring the ratio of X(3) xyxy to

X(3) xxxx for CS2. This value was obtained to be 0.695, which is very close to accepted

value of 0.706 given in the literature [48]. Fig. I shows the log-log plot ofOPC signal

intensity against pump beam intensity for CS2, when polarization of the probe beam

was orthogonal to those of the pump beams. This is a straight line with slope equal to

2.8, which is very close to the theoretical value of three. This also indicates that there

is no saturation of nonlinearity. Similar plots were obtained when all the beams were

of identical polarization.

r---------------.--

~
c:
:::J 1.0
D
~

co
.5

co
c:
.~ 0.8

o
Il..
Q.
Cl
o

...J

0.6 -'----r---.,...---~--~--,.-----1
1.02 1.08 1.14

Log(pump intensity) in arb. units

Fig. 1. log-log plot of OPC signal against pump beam intensity

CS2 (slope = 2.8)

4. Results

Detailed discussion of the theory of DWFM is given in chapter 2. Only relevant

equations are given in this section. With respect to the reference sample CS2, third

order susceptibility can be calculated using the equation [28]
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(3) _ (]l[zxt(x:)]Y,[~]2 lref 0.1.
X, - x'ref, n I (1 _e-al ~_aY,

10 ref ref

(3.1)

x~~ was taken to be 2.73 x 10,13 esu [48]. Here n is the refractive index, 1 is the

sample length, I and 10 are respectively OPC signal and pump beam intensity and a. is

the linear absorption coefficient. In absorbing samples the quantity of interest is the

figure of merit (F) of nonlinearity. It is defined as the ratio X(3) to: It is a measure of

the maximum non linearity that can be achieved for a given absorption loss. Samples

with higher F values are considered to be better NLO materials. F values are very

often used to compare third order nonlinearity of different absorbing materials.

Second hyperpolarizability (y) can be calculated using the equation [12]

(3) (3)

(Y) = XSO!uti~n - Xsolvent

L Nsolute
(3.2)

L = (n2 + 2)/3 is the Lorenz local field correction factor [3] and Nsolute is the number

density of solute molecules per ml,

4.1. Third order susceptibility of the solvent

X(3) is a measure of bulk nonlinearity of the sample. Therefore, X(3) of the- solvent,

dimethyl formamide (DMF) was measured under the same experimental condition to

evaluate the solvent contribution to third order observed susceptibility of these

samples. Fig. 2 shows the log-log plot ofOPC signal against pump beam intensity for

DMF. Slope of the straight line is 2.8, which is nearly equal to theoretical value of

three. This indicates the third order nature of the process involved. Using eq. (5.1),

X(3) of the DMF was obtained to be 0.35 x 10,13 esu
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Fig. 2. Log-log plot ofOPC signal against pump intensity DMF (slope =2.8)

4.2. Third order nonlinear coefficients of the samples

Figures 3, 4, 5 and 6 show the log - log plots of phase conjugate intensity against

pump beam intensity for (mono) Pes, (mono) Ncs, bis-Pes and bis-Nc respectively.

All these plots are straight lines with slopes nearly equal to the theoretical value of

three. (Exact slope of each plot is shown in the figure caption). A slope of three

indicates the third order nature of the process involved as well as the absence of

saturation of nonlinearity in measurements. A competing process that can take place

during DFWM measurements is TPA. The effect of TPA in DFWM experiments has

been investigated in detail both theoretically and experimentally and the results show

that in the presence of TPA, OPC signal is related to pump intensity through its fifth

power instead of cubic dependence [49,50]. Slope of three in the present investigation

indicates that TPA contribution is practically zero. Since experiments were carried

out in samples taken in solutions form, it is possible to evaluate microscopic

molecular property viz. second hyperpolarizability (y). (Brackets indicates that we get

isotropically averaged quantities). Measured values of third order X(3), figure of merit
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F = X(3)/a. and (y) are given in table I along with extinction coefficients of these

samples. The extinction coefficient E can be evaluated using the eq.(3.3) [51].
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Fig. 3. Log-log plots ofope signal against pump beam intensity

a. MoOPc (slope: 2.8); b. FePc (slope: 2.8); c. LaPc (slope:3.1)
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10-3 aNAl
E = X /In(IO) (3.3)

where er is the absorption cross section and NA is the Avagadro number.
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Fig. 5. Log-log plot of ope signal against pump beam intensity

a. Sm(Pc)2 (slope: 2.9); b. Eu(Pch (slope: 2.7)
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Table I

Measured values of "1.(3), figure of merit F = "1.(3)/0. and (y) are given in the table along

with extinction coefficients g of these samples.

g X 103 "1.(3) F ("1.(3)/ a) (y)
Sample ltr cm,l mor l (x 10,13 esu) esu-cm (x 10'32 esu)

FePe 0.4 1.14 3.8 13

LaPe 0.62 1.4 4.6 24

MoOPe 0.9 1.86 3.72 31

MgNe 0.24 1.72 6.37 20.7

VONc 0.36 1.36 6.2 17

ZnNe 1.6 2.7 4.0 65.6

Sm(Pc)2 1.3 1.8 3.75 43.6

Eu(Pc)z I.1 1.8 3.25 41

Eu(Nc)z 2.1 1.6 2.9 55

DMF (solvent) - 0.35

"1.(3) of the solvent (DMF) is also given.
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From the Table, it can be seen that all the samples posses a X(3) value, which is three

times (or higher) than that of the solvent. MgNc and VONc exhibit the highest but

nearly identical F values. The lowest F value was observed for Eu(Nch Most of the

other samples possessed moderate F values. In the case of absorbing samples, those,

which possess higher F values, have better NLO materials. Amongst them VONc and

MgNc gave maximum nonlinearity for a given absorption loss. In this investigation,

the highest (y) value was obtained for ZnNc, followed by EU(NC)2 and FePc exhibited

the lowest (y) value. (y) values of Eu(Pch and Sm(Pch were nearly identical.

Nonlinearity due to parametric processes, which are extremely fast (sub-picosecond

response time), obey very selective phase matching conditions. Non-parametric

processes involve light induced changes in the energy level populations of the

systems [52]. In this case phase matching conditions are not applicable. Since all the

samples investigated here have weak absorption at the wavelength of our interest viz.,

532nm and also due to the fact that these samples exhibit excited state absorption

(ESA) at this wavelength, observed nonlinearity may not exclusively be due to

parametric processes. Non-parametric processes have comparatively low response

time. A good example for non-parametric nonlinearity is the passive optical power

limiting.

5. The important parameters determining the (y) values

Values of (y) depend on a number of factors. In the case of organic molecules, it is

known that (y) values depend on the extent of 1t electron conjugation and therefore,

these values are usually higher if 1t electron conjugation is high. However, it has been

observed in one- dimensional polydiacetylenes that (y) values get saturated after a

finite degree of conjugation [15]. Apart from n electrons, there are many other factors

that can influence the (y) values considerably. For examples, (y) values depend on the

oscillation strength (t) [12,53,54] such that (y) values are large if oscillation strength
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is high. Oscillation strength is related to extinction coefficient s through the relation

[54]

f::: (~)x4.319X10-9 fEdU (3.4)

Apart from the oscillation strength and the extent of rt electron conjugation, in the

context of the samples investigated here, the other important parameters determining

(y) values are, (I) the nature of metal substituent [12,55-58], (2) dimensionality of the

molecules [4, 22-24] and (3) the effect of axial substituent [13,16-18,42,59,60]. (y)

values mentioned here are influenced by many of these factors simultaneously and

hence, the measured values have a cumulative contribution from these parameters,

which are discussed below.

5. 1. Effect of metal ions

Many investigators have explored the effect of metal ions on nonlinear and

spectroscopic properties of Pes. Here, only the influence of metal ions on third order

non linearity is discussed. Other effects of metal ions like shift of peak wavelength of

Q-band etc. have been explained in chapter I. Nearly 60 metal ions can be

incorporated in Pc ring without compromising on their other properties like thermal

and chemical stability [19-21]. Metal substitution, in many occasions, improves the

magnitude of nonlinear optical response through the polarizable valence 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

[2,12]. In free base form, Pes have D2h symmetry. When metals ions are incorporated

at the center, the symmetry changes to D4h [61]. The substitution of transition metal

ions in the phthalocyanine ring can perturb the 1t electron system and thus influence

the spectral features. It can induce a number of low-lying states in the highest

occupied molecular orbital - lowest unoccupied molecular orbital (HOMO - LUMO)

gap via charge transfer (CT) mechanisms. CT mechanism means the interaction of the
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valence electrons of the metal ions with n electrons of the Pc ring. Possible CT

mechanisms include metal - ligand charge transfer (d~ n', MLCT), ligand metal

charge transfer (n:' ~ d, LMCT) and metal- metal charge transfer states. The location

of the CT states depends on the overlap between the orbitals and separation between

filled and unfilled states [12,60]. CT mechanisms are rarely observed in MPcs if

transition metal ions possess filled d shells. Generally, if metal ions have completely

filled states, interaction between electrons of the metal ions and those of Pc ring is

very weak. Hence, such metal ions do not considerably influence the non linearity

through CT mechanisms. Apart from non-transition metal, there are a number of

MPcs with rare earth ions as their metal substituent. Unlike the case of Pes with

transition metal ions, no remarkable change in nonlinear property was observed in

rare earth metal ion substituted Pes, Second hyperpolarizability (y) of a number of

rare earth ion substituted bis-Pcs and their anions had been measured at l.06 urn

using DFWM technique [56]. (y) values of the anions [M(Pch· l
] were nearly

identical. Differences in the (y) values of neutral species were attributed to resonance

effects arising from intervalence transitions around 1.06 urn. SC(PC)2 exhibited strong

resonant enhancement of non linearity due to intervalence transition at 1.06 urn [56).

5.2. Effect of dimensionality

Dimensionality of the molecules influences their linear and nonlinear polarizability

considerably. This has been investigated both experimentally and theoretically [4,22­

24]. For example, in one-dimensional systems like polyacetylene, electron

confinement occurs in one dimension along the chain length and microscopic

susceptibility is predominantly due to (Y)XXJ(x, Here, all electric fields are aligned along

the chain axis. When dimensions of the molecules are increased effective conjugation

length available for an electron to respond to applied optical field decreases and

consequently (y) values exhibit a reduction in magnitude [25]. Conjugation length

refers to the minimum size of a box in which electrons can be squeezed without
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altering its states and response to external field. However, as dimensionality of the

molecules is increased the number of susceptibility components increases. In one­

dimensional molecules like polyacetylene, there is only one component for (y), viz.,

(Y)xxxx. But in planar molecules like cyclooctatetraene, there are a number of

components for (y), (Y)ijkl. Many investigators have derived qualitative relations

between (y) and the dimensionality of the molecules. It is assumed that the most

important contribution to (y) come from the valence electrons. Swell has derived the

following equation [24J

3555 7
y=--ao16

(3.5)

where ao is the Bohr radius. Calculations in Unsold approximation by Ducuing give

the relation [24J

(3.6)

where L is the delocalization length and N is the number of electrons. For one­

dimensional systems, N oc L and thus y oc e. For two-dimensional systems, N oc e
and hence y oc L4. Evidently, if all the other parameters remain the same,

polarizability is high in one-dimensional molecules. Calculation for one dimensional

electron gas by Rustagi and Ducuing [24J as well as calculation by Agarwal' [24] for

polydiacetylene using tight binding approximation gave dependence of (y) on L as L5

and L6 respectively. These calculations predict a weaker dependence ef (y) on L in

comparison with calculations of Swell. However, all these calculations point to the

fact that (y) values depend significantly on dimensionality of the molecules [24J.

Kumar et. al [23J have measured X(3) values of basket handled porphyrins and

observed a decrease in third order nonlinearity due to the deviation from planarity of

molecules.
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5.3. Effect of axial and peripheral substituent

In the samples investigated here, oxygen atom may be considered as an axial

substituent in MoOPc and VONc, as oxygen atom projects outside the plane of Pc

and Ne rings [55]. Because of synthetic flexibility, it is possible to incorporate

electron donating (D, donor; e.g. NH2) and electron accepting (A, acceptor; e.g.

-COOH) chemical groups at appropriate positions of these molecules. Such

compounds are called Push-Pull compounds. Such compounds have D - 1t - A

structure. As in the case of metal ions, the axial and peripheral substituents also can

enhance (y) by introducing intramolecular charge transfer (ICT) mechanisms. leT

processes are associated with change in dipole moment A~ between the ground state

and the first excited state. 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 [13]

logK == log K, +pcr (3.7)

K and Ko denote equilibrium constants for substituted and unsubstituted compounds

respectively. 0" is the characteristic of the substituents indicating its behaviour as an

electron donor or electron acceptor. p is a measure of the sensitivity of the processes

to alteration in the substituents. For the samples investigated here, effect of

substituents is very less in comparison with those of metal ions and dimensionality of

the molecules. In the context of the influence of different factors on (1) values,

plausible reasons for the results obtained may be explained as follows.

6. Discussion

MoOPC, LaPc and FePc are the (mono) Pes investigated here for their (y) values.

These samples have more or less similar structures. 1t electron density is also the

same in these samples. Therefore, differences in their (y) values can be explained in
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terms of the influence of metal ions and other parameters like oscillation strength as

follows. Among mono Pes, MoOPc has the highest (y) value and FePc has the lowest

(y) value. LaPc has a (y) value in between MoOPc and FePc. Fe and Mo are

transition metal ions. Therefore, there is a possibility that CT processes occur in these

samples [12]. In the case of MoOPc, the oxygen atom lies outside the Pc plane,

giving rise to pyramidal structure [55]. Such compounds have an axial component for

polarizability, which enhances the (y) value. CT processes together with pyramidal

structure due to axial oxygen atom of the MoOPc can be one reason for the high

value of (y) for MoOPc. Among mono Pes, MoOPc has the highest oscillation

strength because of its large value of E. This can also partly contribute to its (y) value

[53,54]. Therefore, the observed highest value of (y) for MoOPc among mono Pes

may be attributed to the combined contribution of CT process, oscillation strength

and influence of axial substituent. FePc does not have any axial substituent like

MoOPc. It has the lowest value of E, indicating a low value for oscillation strength.

However, since Fe2
+ is a transition metal ion with unfilled d shells there can be some

CT processes, which alone can influence (y) [12]. Therefore (y) value of FePc may be

attributed to the presence of rt electrons and influence of transition metal ion Fe2~. In

the case of LaPc, CT process are very unlikely to occur, because La2
+ is a rare earth

metal ion. From the optical limiting studies given in chapter 2, it can be seen that

LaPc is a better nonlinear absorber in comparison with MoOPc. If nonlinear

absorption is high, it can enhance the imaginary part of third order susceptibility as

well as (y) by non-parametric process. In fact, increased value of third order

nonlinearity due to enhanced nonlinear absorption has been reported [26]. Besides,

LaPc has a value of E higher than that of FePc. This also favours a higher value of (y)

for LaPc with respect to FePc. Therefore higher value of (y) of LaPc witn respect to

FePc may be due to the combined contribution from nonlinear absorption and its

higher value of E.
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It is very appropriate to compare the present results with those reported previously.

Reji et. al [28] have measured (y) value of FePc using DFWM measurements at 532

nm under picosecond excitation. They got a (y) value of 27 x 10-32 esu without

subtracting the X(3) value of the solvent. Without eliminating the solvent contribution,

(y) value of the FePc obtained from present measurements is 19 x 10-32
, which is less

than the value obtained by Reji et. al [28] for FePc. Difference between these two

measurements can partly be due to the experimental conditions. Reji et. al [28] made

measurements using 35 ps pulses with eo-polarized beams. Measurements reported

here have been made using nanosecond pulses (7 ns). In Pes, nonlinear and

spectroscopic properties depend on the excited states as well. When pulse width

changes from picoseconds to nanoseconds, the behaviour of excited states will vary.

Under picosecond excitation singlet states are important, whereas under nanosecond

excitation, influence of triplet states becomes important. Besides, polarizations of

interacting beams in the case of picosecond excitation were different from those in

present case [62].

Ncs are molecules with greater number of n electron conjugation [17]. Therefore, in

the case of Ncs higher values of (y) are expected in comparison with those for

corresponding Pes. However, results obtained indicate that such an enhancement need

not necessarily occur for all the samples. The results obtained for VONe, ZnNe and

MgNc, Ne samples investigated here, are explained as given below. MgNc exhibited

a (y) value higher than that of FePc, but less than those of MoOPc and LaPc.' Mg2
+ is

a non-transition metal ion without any unfilled states. Therefore, no Cf processes can

occur in MgNc[12,2]. This implies that that Mg2
+ ion does not perturb the electronic

distribution of Ne ring appreciably. Besides, MgNc has the lowest value of s,

indicating weak oscillation strength. Therefore, it can be assumed that observed (y)

value of MgNc is mostly due to 1t electron conjugation. In this context higher value of
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(y) for MgNc with respect to FePc must be resulting from its higher degree of 1t

electron conjugation.

The lowest (y) value was observed for VONc. As in the case of MoOPc, VONc has

an oxygen atom as axial substituent. Therefore, the structure of VONc is pyramidal

[55]. Vandyl oxy ion is a transition metal ion with unfilled d - shells. In spite of the

presence of a transition metal ion with unfilled d - shells, axial substituent and

increased degree of 1t electron conjugation, VONe exhibited the lowest (y) value. This

result can be easily understood if we compare this result with certain previous reports.

It has been observed by H S Nalwa et. al [42]from THG in thin films that X(3) value of

vandyl oxy phthalocyanine (VOPC) significantly decreased when peripheral groups

were substituted. Similar results have been observed for TiOPc as well. On the other

hand, the case of CuPc and NiPc, peripheral substituents enhanced X(3) values [42].

General observation is that in the case of Pes, peripheral substitution is not

recommended to increase the nonlinearity if axial substituents are present in the

molecules, for example, as in the Case of VOPc and MoOPc. Nalwa et. al [42]

attributed the reduction In magnitude of X(3) of Pes with axial and peripheral

substituents to the possible effects of molecular stacking. Yamashita et. al [43] have

also reported very low value of X(3) for VONe with respect to VOPc using THG at 1.6

urn. According to their measurements, the ratio of X(3) values of VONc to VOPe is

0.081. This observation is very interesting because of the fact that VONc has greater

1t electron conjugation than that of VOPc with no other structural difference, but no

proportionate enhancement in X(3) was observed. From a comparison of the structures

of VOPc and VONc, we can see that higher degree of 1t electron conjugation in

VONc with respect to VOPe results from the presence of additional benzene rings at

its lateral position. It is also to be noted that unlike X(3), (y) is a microscopic quantity.

Present DFWM measurements have been made in samples taken in solution form.

Moreover, THG and DFWM are fundamentally different processes. Nevertheless the
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significantly low value of (y) for VONc is in good qualitative agreement with those of

Nalwa et. al [42] and Yamashita et. al. [43]. This coincidence indicates that reduction

in magnitude of nonlinearity of VONc can be due to some intrinsic property of the

sample and not necessarily due to molecular stacking alone [44].

ZnNc has the highest (y) value among all the samples. Zn2
+ is a transition metal ion,

but it does not have unfilled d states. Therefore, Cf processes are very unlikely [12].

Very high value of (y) for ZnNc can partly be due to its large value of extinction

coefficient, which implies increased oscillation strength [12,53,54]. Extinction

coefficient of ZnNc is nearly eight times that of MgNc and five times that of VONc.

Secondly, ZnNc has increased 1t electron conjugation in comparison with (mono) Pes.

Besides, dimensionality of the molecules can influence the (y) values considerably in

the case of ZnNc, as discussed below.

Sm(Pch EU(PC)2 and Eu(Neh are bis-Pes and bis-Ncs respectively. They have

increased 1t electron conjugation in comparison with mono Pes and mono Ncs. Both

mono Ncs as well bis-Pcs and bis-Ncs have greater 1t electron conjugation with

respect to mono Pes. However, in the case of the former, 1t electron conjugation

increases in the same plane, whereas in the case of the later, 1t electron conjugation

increases because of addition of molecules in a different plane. In other words, bis­

Pes and bis-Ncs are not strictly planar like ZnNc, MgNc and FePc and hence the

effect of dimensionality is very important as will be discussed later. Nearly identical

values of (y) for Sm(Pch and Eu(Pch indicate that rare earth ions do not influence the

nonlinearity as transition metal ions with unfilled states do. Intervalence transition

observed by Shirk et. al [56] around 1.06 urn in certain bis-Pcs are unlikely to

influence measurements made at 532 nm. Eu(Nch has a (y) value higher than those of

Sm(Pc)2 and EU(PC)2' This can mainly be due to the increased level of 1t electron

conjugation present in EU(NC)2 with respect to that in Sm(Pc)2 and Eu(Pch [62].
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Eu(Nc)2 has an extinction coefficient, which is nearly double those of Sm(Pch and

EU(PC)2. This may also partly contribute to the (y) value ofEu(Nc)2~

If we consider 1t electron conjugation and extinction coefficients alone, Eu(Nch

should have the highest (y) value. But highest (y) value was observed for ZnNc. This

can be explained considering the dimensionality of the molecules. In mono Ncs,

degree of 1t electron conjugation increases in the same plane with respect to mono

Pes. But in the case ofbis-Pcs and bis-Ncs, 1t electron conjugation increases not in the

same plane, but in two distinct planes. Therefore, bis-Pcs and bis-Ncs are not planar

like LaPc or MgNc. Proportionate enhancement in (y) can be observed with respect to

increased 1t electron conjugation only if it is achieved without increasing the

dimension of the molecular systems. Kumar et. al [23] have investigated basket

handled porphyrins using DFWM at 532 nm under picosecond excitation..They too

have observed a decrease in third order nonlinear response due to the deviation of

molecular structure from planarity.

It may be appropriate to mention the other important reports on non linearity of

phtl.clccyanines and related compounds. Bulk third order nonlinearity X(3) of a large

number of Pes has been studied in amorphous, crystalline and polycrystalline films

using third harmonic generation technique as well as DFWM at a number of

wavelengths [43,55,63]. The work by Nalwa et. al [42] and Yashamita et. al [43J have

been already mentioned. THG measurements carried out in thin films of a number of

axial substituted Pes like CIAIPc, FalPc, VOPc, TiOPe and MoOPc [64] at NIR

wavelengths indicate that, MoOPc possesses higher value of X(3), which is consistent

with our result of the highest value of (y) for MoOPc among mono Pes [62]. In fact

values of NLO coefficients measured in thin films of Pes and Ncs depend on the

nature of films (amorphous, crystalline or polycrystalline), excitation wavelength [39]

(which decides if one-photon I multi photon resonant absorption is possible) and
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techniques used for making measurements [65]. Nevertheless, main trends of our

results are in agreement with those of others.

7. Conclusions

DFWM studies were carried out in solutions of a number of metal substituted mono­

Pes, mono-Ncs, bis-Pcs and bis-Ncs at 532 nm under nanosecond excitation.

Polarizations of the interacting beams were so chosen that electronic response is

obtained. Third order susceptibility X(3), figure of merit of third order nonlinearity F,

defined as X(3)/a., where a. is the absorption coefficient and second h~erpolarizability

(y) were measured. MgNc and VoNc exhibited the highest values ofF indicating that

these two materials possess maximum third order nonlinearity for a given absorption

loss. Eu(Nch exhibited the lowest F value. (y) values were explained taking into

account the extent of 1t electron conjugation, effect of central metal ion, influence of

oscillation strength and effect of dimensionality. It was observed that ZnNe exhibited

the highest value of (y), followed by Eu(Nch. (y) value of ZnNc is attributed to the

combined effect of dimensionality and its high value of oscillation strength. FePc

exhibited the lowest value of (y). VONc showed a very low value of (y) despite the

presence of a transition metal ion with unfilled d-shells. (y) values of Eu(Pch and

Sm(Pch were nearly equal.
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6
Nonlinear optical-absorption studies in silver nanosol

using Z-scan technique

Abstract

Nonlinear optical absorption in silver nanosol was investigated at three selected

wavelengths (456 nm, 477 nm and 532 nm) using open aperture Z-scan technique. It

was observed that nature of nonlinear absorption is sensitive to both input fluence and

excitation wavelength. The present sample was found to exhibit both reverse

saturable absorption (RSA) and saturable absorption (SA) at these wavelengths

depending entirely on excitation fluence. Results are explained in terms of the

electron dynamics taking place in metal nanoparticles following the excitation. RSA

is attributed mainly to enhanced absorption resulting from photochemical changes.

SA observed for fluence values lower and higher than those corresponding to RSA

are respectively attributed to plasmon bleach and saturation of RSA.
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1. Introduction

Nanomaterials, which include metal [1,2] and semiconductor nanoparticles [3J,

carbon nanotubes [4,5], nanowires [6] etc. are a new class of technologically

important nonlinear optical (NLO) materials. 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 [7J. In a non-interacting cluster of N atoms, there exists N fold

degeneracy for each energy level. Interatomic interaction lifts degeneracy.

Consequently, these energy levels spread to form a band. In the bulk metal, the details

of interaction between individual atoms are less important in comparison with density

of states, which decides their properties. However, in the case of nanoparticles, both

electron level distribution and density of states determine optical properties.It may be

noted that density of states is related to the inverse of energy level spacing averaged

over electron level distribution [7]. Though remarkable advances in nanotechnology

occurred only in the recent past, the idea of quantum confinement is rather old.

Optical and electrical properties of metal nanoparticles are considerably different

from those of the bulk. Unique properties of electrons in nanostructures are due to

quantum and dielectric confinement effects, which appear on reduction in the particle

size down to nanometer and sub nanometer range. Quantum confinement (QC)

increases the spacing between energy levels, which leads to a system of discrete

energy levels in an otherwise continuos band. However, QC effects are practically

important only if the particle size is of the order of sub nanometer range « I nm) [8].

On the other hand, dielectric confinement effects can be observed even in particles of

bigger size. In fact, dielectric confinement is present in all the nanoparticles.

Condition for dielectric confinement is that particle size should be less than

wavelength of light. When particle size is reduced, plasmon frequency of the bulk
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metal, which usually occurs in the deep DV region, gets down shifted in energy, to

visible or near UV region. This leads to the formation of surface plasmon resonance

(SPR) band [8-11]. SPR band is a characteristic feature of metal nanoparticles. In the

case of metal nanoparticles optical measurements are particularly sensitive to SPR

band, which depends on both .the size and collective interaction between individual

particles as well as the interaction with the matrix that supports them [7,12]. SPR is

the collective mode of oscillations of free electrons in the conduction band, which

occupy energy levels immediately above Fermi energy [13]. When particles size is

reduced the lattice periodicity is lost and hence the concept of free electrons moving

in an infinite and periodic lattice is not fully valid [10]. In semiconductor

nanoparticles exciton bands are observed instead of SPR.

In dipole or quasi-static approximation (i.e. if particle size is less than wavelength of

incident light), SPR band is independent of particle size [13]. Concept ofa particle

immersed in a spatially uniform but temporally varying electric field is sufficient to

describe behaviour of nanoparticles under this approximation. However, dipole

approximation is valid only for small particles « 30 nrn) [14]. In larger particles,

size-dependent SPR features are clearly observed. It has been found both

experimentally and theoretically that the peak, width and shape of SPR band depend

on the size, shape and environment of nanoparticles. SPR band broadening and a red

shift of the peak are usually observed with respect to increase in particle size. This

observation is in agreement with the concept of limitation of electron mean free path

by scattering on the particle surface. Mie theory and Maxwell-Garnet theory explain

the SPR peak in terms of higher moment oscillations and particle size [15]. However,

in most cases small deviations are observed between theory and experiments. This

can be due to fact that conditions assumed in theory, like defect free lattice, are not

fully satisfied.
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In comparison with bulk materials, nanoparticles posses large surface to volume ratio,

which is exploited in many of their spectroscopic and analytical applications. The

small size shortens the average diffusion time of charge carriers to migrate on to

surface, which leads to an increase in the efficiency and the yield of charge transfer

and surface reactions [16].' Besides, at plasmon resonance frequency a large

enhancement of local field can be realized. The local field is given by the formula

[17]

(6.1)

where Em ;::; E~ + iE~ is the dieletric constant of the metal particles, Cd is the

dielectric constant of the matrix and :fj(m) is the local field factor. Because of

enhanced local field and large surface to volume ratio, nanoparticles are widely used

for surface enhanced Raman scattering [18], surface second harmonic generation

(SSHG) [19] etc. Molecular species adsorbed at surface of nanoparticles exhibit both

species and surface specificity, which make selective excitation of adsorbed

molecules possible. Therefore adsorbed materials on nanoparticle surfaces are

considered to be an ideal specimen to study metal-liquid heterogeneous interface. For

example, in the bulk isotropic materials, second order nonlinearity is zero; however,

when such molecules are adsorbed on the nanoparticle surface, isotropy is lost and

second order effects like SHG is observed, even if the two materials are individually

isotropic [20].

Synthetic flexibility of organic materials can also be incorporated in nanoparticles by

modifying their surface appropriately with suitable methods. Synthetic flexibility in

metal nanoparticles can be achieved by forming an organic thin film on them [21] by

dipping nanoparticles in suitable chemical reagent. These unimolecular organic films

are called self-assembled monolayers (SAMs). Formation of SAMs is an easy route

for surface functionalization with both appropriate aromatic and aliphatic organic
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units. SAMs are also useful in the design of molecular assemblies, capable of

performing electronic functions such as switching, gating and logic operations. If a

single molecule can perform electronic operations, its size makes it possible to utilize

1013 units ern" in comparison with present level of 108 units ern", Therefore,

proposed nanodevices consisting of single molecules can enhance the memory

capacity tremendously. Biological compounds like DNA can also be attached to

nanoparticles making the way for bio-photonics rather easy. SAMs are formed by

chemiadsorption of organic films on nanoparticle surface and hence they are

thermodynamically more stable than physi-adsorbed layers. SAMs are also protective

in nature. Nanoparticles are isolated from the surroundings by SAMs and thus growth

and agglomeration by air oxidation and other forms of degradation are prevented.

However, there is a limitation that SAM can be formed only on the surface of certain

substrates like Au, Ag, Pt , Cu, GaAs. There are also constraints on the choice of

anchoring group [22].

Most of the applications of nanoparticles make use of their nonlinear and

spectroscopic properties. Hence investigation of NLO properties of nanomaterials is

very relevant. Nanoparticles have been used in ultrafast switching [23], data storage

[24] and optical limiting [25]. In this chapter, nonlinear absorption and refraction in a

representative noble metal nanoparticle (silver nanosol) is investigated using Z~scan

technique. Nonlinear optical properties of nanoparticles arise because of the SPR.

There are two possible contributions to nonlinear properties of metal nanoparticles

[lO]. They are (1) interband transitions from filled d-states to conduction band, (2)

intraband transitions of electron in the conduction band. However, in silver

nanoparticles interband transition frequency is outside the SPR band (above 4eV) and

therefore, the contribution from interband transitions to nonlinearity can be neglected.

As far as silver nanoparticles are concerned, main contribution to optical properties is

from intraband transition.
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2. Sample preparation and characterization

Silver nanosol was prepared by standard reduction technique, which is also called

hydrosol method [7J. This method is well suited for the preparation of silver nanosol,

which is an aqueous solution of silver nanoparticles. For sample preparation, 10 ml of

I mM AgN03 solution was added drop wise to 30 ml of2.0 mM NaBH4 solution. The

solution was stirred well and was kept at a temperature of zero degree. The sample

was characterized by spectroscopic method. The absorption spectrum of the sample is

shown in fig. 1. SPR peak was observed at 416 nm.
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Fig. I. Absorption spectrum of silver nanosol

The SPR peak of silver nanoparticles mentioned in many other previous reports is

around 420 nm. P V Kamat et. al [15] reported SPR peak of silver nanopartic1es

produced by reduction technique using sodium citrate as 420 run. Ya- Pin Sun et. al

[23] has also observed SPR peak for silver nanoparticles around 420 nm. Our

observation is consistent with these results. In the case of gold nanopartic1es, the SPR

peak occurs around 520 nm [13]. Typical size of silver nanoparticles formed by

sodium citrate reduction technique is about 40-60 nm [15]. Roberti et. al [16] have

synthesized the silver nanosol using silver nitrate and sodium borohydride at zero

125



Z-scan and DFWM studies in certain photonic materials

temperature. They could obtain the silver particles of average size of 10 nm with an

SPR peak around 390 nm. They could also obtain nanoparticles of around 4 nm size

with a SPR peak at 400 nm by varying the rate of reaction. It is interesting to note

that Roberti et. al I I6] observed a marginal blue shift of SPR peak with increasing

particle size, which was attributed to the environment of nanoparticles. The width of

SPR band was attributed to coupling of plasma oscillations to individual electronic

states and also to non-uniform particle size distribution. There are several other

methods to synthesis nanoparticles, like ion implantation. Out of them, hydrosol

method produces particles of lower size [7].

3. Experimental

Wavelength dependence of nonlinear absorption in silver nanosol is the theme of our

interest. Therefore, open aperture Z-scan experiments were carried out at three

selected wavelengths near SPR band, which include 456 nm, 477 nm and 532 nm. It

can be seen that 456 nm is well inside the SPR band, 477 nm is on the edge of the

SPR band and 532 nm is outside the SPR band. Hence, nonlinear absorption in three

different regions of SPR band is investigated. Closed aperture Z-scan measurements

were also carried out at 532 nm. Measurements at 532 nm were taken with second

har-nonic of Nd: YAG laser while the measurements at other two wavelengths were

taken using a MOPO.

4. Electron dynamics in metal nanoparticles

With femtosecond and picosecond pulses, it is possible to study in real time the

electron dynamics taking place in metal nanoparticIes following laser excitation.

Electron dynamics refers to processes involving excitation of electrons due to laser

irradiation and subsequent thennalization. There are several techniques to study

electron dynamics such as laser flash photolysis and transient reflectivity

measurements. Among the different types of nanoparticles, electron dynamics in

noble metal nanoparticles like Ag and Au as well as Au-Ag alloy has been studied in
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detail by earlier researchers. Their results are very relevant in the context of present

measurements. Roberti et. al [16] have studied electron dynamics in aqueous silver

colloid using femtosecond pulses. Kamat et. al [15] have investigated electron

dynamics in aqueous silver using picosecond pulses. Picosecond dynamics of

colloidal gold nanoparticles has been investigated by Ahmadi et. al [13]. Electron

dynamics in silver-gold alloys has been investigated by Link et. al [12]. It can be said

that fairly good understanding of electron dynamics in noble metal nanoparticles

evolved from these investigations.

An advantage of metal nanoparticles is that we can separate electron and lattice

specific heat capacities. The concept that electron and lattice specific heat capacity

can be separated forms the foundation of two-temperature model (TTM) [12,13]. The

electronic heat capacity is less than lattice heat capacity and hence, electrons can be

selectively excited without heating the lattice. Let T; Te, and T, be the initial

temperature, the electronic temperature and the lattice temperature respectively.

Before laser excitation, T, = T, = T, and hence system is in fairly good

thermodynamic equilibrium and hence electrons have a Fermi distribution. When

nanoparticles are irradiated with laser pulse the SPR band gets excited and higher

order (quadrupole, octopole etc) oscillations are induced, in addition to dipole

oscillations. These oscillations can couple with the applied electric field through the

surface. The electrons that are excited possess energy higher than Fermi energy and

are called hot electrons. Hot electrons have a non-thermalized, non-Fermi distribution

[12]. During this process, electrons can occupy higher energy levels of conduction

band. Consequently, SPR frequency of excited atoms differs from that of unexcited

atoms. A higher temperature results in broadening of the plasmon band and a

decrease in its intensity. The consequence is that SPR band can no longer absorb

around the peak of original SPR, which leads to SPR bleach [13,15]. Fig. 2 shows the

typical plasmon bleach in gold nanoparticles, reproduced from ref. [13]. Spectrum of

plasmon bleach (solid line in fig.2) is a mirror image of plasmon band (dashed line in
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fig. 2). Kamat et. al. [15] have investigated energy dependence of plasmon bleach for

silver nanoparticles,using picosecond pulses, at 355 nm. For lower energy values, a

plot of differential absorption against incident energy gave a straight line with slope

one. This indicates that plasmon bleach is a mono photonic process. Bleaching of the

absorption occurs in ultrafast. time scale and is accompanied by the appearance of

broad transient absorption on red and blue side of the bleached region.
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Fig. 2 Plasmon bleach in gold nanoparticles (reproduced from ref.[13] )

Dotted line: plasmon band; solid line: plasmon bleach

Hot electrons get subsequently thermalized by dissipating excess energy through

successive processes of electron-surface scattering, electron-electron scattering,

electron-phonon scattering [10-13,15,16]. Fermi liquid theory says that electron ­

electron scattering rate is proportional to the square of the energy difference between

the excited state and Fermi energy. It is possible to achieve different non-thermal

(non Fermi) distribution by changing the wavelength of excitation. Scattering rate is

higher for highly excited electrons, greater number of energy levels are available for

these electrons in momentum space. Similarly scattering rate is very low for an

electron distribution, close to Fermi level. Exact time scales of all these phenomena
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may vary according to type and environment of nanoparticles. During thennalization

process heat energy is eventually transferred to the surrounding medium viz., solvent

in the case ofnanoparticle solutions and substrate in the case ofnanoparticle films.

Excess thermal energy can increase the temperature of surrounding medium, which in

turn influence the SPR. Full recovery of plasmon bleach is delayed and transient

absorption is observed until the process of thennalization of hot electrons is complete.

The electron-electron scattering is very fast and occurs in sub picosecond time scale.

Depending on the experimental conditions as well as on the type of nanoparticles, the

broad transient absorption may consist of two components with different time scales

viz. a fast picosecond component and a comparatively slow one lasting for a few

nanoseconds. For example, in gold nanoparticles, recovery of plasmon band takes

place in a time scale slightly greater than 50 picoseconds with a double exponential

kinetic fit, consisting of two temporal components (2.5 ps and ~ 50 ps) [13]. In the

case of silver nanoparticIes, transient absorption often satisfies a double exponential

fit with a fast (100 ps) and a slow (1.5 ns) components for transient absorption,

probed at 440 nm after exciting with 355 nm [15}. However, only longer component

was observed when transient absorption was probed with 600 nm. Transient

absorption spectra measurements on silver nanoparticles have shown that though

strong bleaching of the plasmon band occurs in sub nanosecond time scale, full

recovery of plasmon bleach is delayed up to a few nanoseconds (= 2 ns) [IS}.

Component of transient absorption present in picosecond time scale is due to broad

transient absorption taking place on red and blue side of bleached region of SPR.

The component of transient absorption taking place in nanosecond time scale is

mainly due to photochemical change induced absorption occurring in the sample as a

result of photo-ejection of electrons on laser irradiation. Photo-ejection of electrons is

a multi photon process. The ejected electrons can charge the nanoparticIe surface

electrically, leading to aggregation, which results in a transient state (Ag+e-), through
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photo-induced intraparticle charge separation [15]. During this transient period,

aggregation can occur leading to formation of large nanoparticle clusters with very

broad plasmon band. All these processes take place in nanosecond time scale. These

phenomena also result in transient absorption. Study of energy dependence of

transient absorption occurring. in longer time scale has been described in ref [15].

They got a straight line with a slope equal to two which indicated that that photo­

ejection of electrons is a two-photon process. Some possible chemical reactions

occurring in the samples are given below.

(Ag), + 2hv ~ (Ag),+ +eaq'

(Ag)n+ +eaq' ~ (Ag),

(Ag)n+~ (Ag)n-I + Ag"

(6.2)

(6.3)

(6.4)

Eq. (6.1) shows the photo ejection of electron through a two-photon process. Some of

the silver ions thus generated can undergo recombination and this is shown in eq. (6.

2). Remaining silver ions can form aggregates.

Besides, ejection of electrons creates holes, which act as free carries and effect free

carrier absorption (FCA). It may thus be noted that slow component (ns) of transient

absorption is due to FCA and photochemical change induced absorption, while the

fast (ps) component is due to thennaIization of hot electrons. Optical limiting

property of silver as well as in silver haIides nanopartic1es under nanosecond

excitation were explained based on the slow component [26,27]. The results obtained

in the present experiment are explained considering the SPR band bleach,

photochemical change induced absorption and particle size-selective excitation.

5. Results and discussion

Plots "a" and "b" in fig.3 show the open aperture Z-scan curves obtained at 532 nrn

for fluence values (at focus) of 0.08 Jcm' and 0.5 Jcm" respectively. Plot "a"
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corresponds to reverse saturable absorption (RSA) whereas plot "b" indicates

saturable absorption (SA). Obviously as energy is increased, RSA changes to SA.

RSA (plot "a" in fig. 4) can be due to enhanced absorption resulting from

photochemical change induced absorption. FCA is also an alternative mechanism for

RSA. However, since present system of nanoparticles is uncapped, there is greater

probability for photochemical changes. Since SA is observed for fluence values

higher than those corresponding to RSA, it is attributed to saturation of RSA. It has

been shown in earlier reports that SA can occur when RSA gets saturated [28,29].
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Fig. 3. Open aperture Z-scan graphs at 532 nm

a. 0.2 Jcm"; b. 0.5 Jcm-2

Fig. 4 shows the open aperture Z-scan curves obtained at 477 nm for fluence values

(at focus) of 0.08 Jcm-2 and 0.44 Jcm". In Z-scan experiments, fluence is a maximum

at the focus and it continuously decreases in regions away from the focus. Therefore,

plot "a" in fig. 4 indicates that for lower values of fluence, the sample exhibits SA,

but as fluence is increased, SA changes to RSA. In this case, SA takes place for lower

values of fluence than those corresponding to RSA and hence SA observed is of

different origin from the case observed at 532 nm. In the present case, SA can be due
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to SPR bleach. SA has been observed for lower values of fluence than those

corresponding to RSA previously, in Z-scan experiment [16]. RSA, as in the case of

532 nm, is attributed to enhanced absorption due to photochemical changes.
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Fig. 4. Open aperture Z-scan curves at 477 nm

Each point in plot "b" of fig. 4 corresponds to a fluence value, about five times higher

than that ofplot "a". It is interesting to note that plot b is a mirror image of plot a. SA

observed in plot b around the focus occurs for higher fluence values after the

observation of RSA and hence it arises due to saturation of RSA. From fig. 4 it is

evident that both the SA and RSA are very sensitively dependent on input fluence.

Hence the plots in fig. 4 were not normalized to linear transmittance. Fig. 5 shows the

open aperture Z-scan curves obtained for a fluence value of 0.22 Jcm" at focus. In

this case only SA is observed.

Plots a, band c of fig. 6 shows the open aperture Z-scans curves obtained at 456 nm

for input fluence (at focus) of 0.1 Jcm", 0.2 Jcm" and 0.6 Jcm" respectively. SA, in
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plot "a" of fig. 6, corresponds to lower values of fluence than those corresponding to

RSA. Therefore, SA observed here could be due to plasmon bleach.
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When fluence is increased to 0.2 Jcm" SA changes to RSA, which can be attributed

to enhanced absorption resulting from photochemical changes. When fluence is

further increased to 0.6 Jcm" a clear sign of emergence of SA is observed at focus,

which can be due to saturation of RSA. General hehaviour of nonlinear absorption at

both 456 nm and 477 nm remains the same. Therefore SA observed here could be due

to plasmon bleach. When fluence is increased to 0.2 Jcm" SA changes to RSA, which

can be attributed to enhanced absorption resulting from photochemical changes.

When fluence is further increased to 0.6 Jcm" a clear sign of emergence of SA is

observed at focus, which can be due to saturation of RSA. General hehaviour of

nonlinear absorption at both 456 nm and 477 nm remains the same.

A comparison of figures 3,4, 5 and 6 yields the following important results; (1) no

plasmon bleach was observed at 532 nm. 532 nm is out side the SPR band and hence

probability for plasmon bleach can be less; (2) dynamic range of RSA at 477 nm is

considerably less than those at 456 nm and 532 nm; (3) threshold level for plasmon

bleach, as well as for RSA is very low at 477 nm in comparison with 456 nm.

Observed lower threshold for plasmon bleach at 477 nm may be explained if we

assume that there is close correspondence between SPR band and number density of

particles with specific size. Results of picosecond electron dynamics studies carried

out by Kamat et. al [15] show that when silver nanoparticles were excited with 355

nm, plasmon bleach observed was a mirror image of normal SPR spectrum.

However, when the same sample was excited with 532 nm, plasmon bleach was

observed around 532 nm and in the region of original plasmon band (around 420 nm)

broad transient absorption was observed. This observation is a very clear indication of

size selective excitation of nanoparticles by varying the wavelengths. Similar results

have also been observed in the study of electron dynamics in gold nanoparticles

described in ref [13]. Number density ofnanoparticles that are excited at 456 nm can

be higher than that excited at 477 nm. Consequently, number of photons (greater

fluence) may be required for plasmon bleach to occur at 456 nm. However, it must be
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said that plasmon bleach was not observed at 532 nm in the present experiments even

though such results have been observed under picosecond excitation by some earlier

researchers [28]. The reason for very low threshold as well as dynamic range of RSA

at 477 nm is not clear from the present measurements. Further studies under

picosecond and femtosecond excitations may be required in this direction to reach

definite conclusions.

In nanoparticle systems, nonlinear scattering is a viable alternative process that can

mimic nonlinear absorption. Optical limiting due to nonlinear scattering has been

reported in gold nanopartic1es. Nonlinear scattering is a size dependent mechanism.

Francois et. al [30] have observed that particles of bigger size are better optical

limiters. Strong optical limiting property due to nonlinear scattering has also been

reported in carbon black suspension (CBS). In CBS, optical limiting is due to

nonlinear scattering by the micro plasma generated at the focal region. In CBS optical

limiting property has been observed only under nanosecond excitation [31,32]. Under

picosecond excitation, micro plasma generated will not expand sufficiently to scatter

incident light to effect optical limiting. In the context of measurements mentioned

here, fluence dependent switching between SA and RSA observed at nearly all the

wavelengths of excitation indicates that nonlinear scattering is highly unlikely.

Fig. 7 and fig. 8 show the nonlinear transmission for silver nanosol at 532 nm and

456 nm respectively. The fluence level for optical limiting at both 532 nm and 456

nm is around 0.17 Jcm-2. Limiting threshold of silver nanoparticles in POP polymer

stabilized ethanol suspension has been reported to be 0.18 Jcm". Similarly, limiting

threshold of AgS nanopartic1es was found to be around 0.23 Jcm·2 [26]. The limiting

threshold reported and those obtained from our measurements are in fairly good

agreement. Optical limiting property was found to be high in silver nanoparticles as

well as in other silver containing nanoparticles (e.g. AgS).
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6. Closed aperture Z-scan measurement

Closed aperture measurements were carried out in silver nanosol at 532 nm to know

whether nonlinear refraction is present. Fig. 9 shows the divided Z-scan graph

obtained at 532 nm. [Divided Z-scan curve is obtained when closed aperture Z-scan

curve is divided by open aperture Z-scan curve]. Fig. 9 shows that there is no

significant change from linear transmittance, which indicates that the sample does not

exhibit nonlinear refraction, either positive or negative. Absence of negative

nonlinearity implies that there is no thermallensing effect in the sample.
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Fig. 9. Divided Z-scan curve (532 nm)

Absence ofthermallensing effect can be due to very low linear absorption at 532 nm.

Since the wavelength of excitation is far away from plasmon resonance, there might

be positive nonlinear refraction due to electronic contribution. The absence of

positive nonlinear refraction in the measurements may be due to the fact that most of

part of thermalization process occurs in the picosecond time scale. Detailed studies

under picosecond and femtosecond excitations are required to arrive at definite

conclusions.
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It may be relevant to mention important works in nanoparticles other than optical

limiting studies. One of such reports is four-wave mixing in silver nanopartic1es

around SPR region [33], where X(3) spectrum was found to follow the SPR band.

Other such reports include degenerate four wave mixing studies in colloidal gold [14]

as well as copper and gold in the glass matrix [17] as a function of particle size.

7. Conclusions

Nonlinear absorption in silver nanosol was investigated at selected wavelengths (456

nm, 477 nm and 532 nm) in the red side of the SPR peak using nanosecond pulses.

Results were explained taking into account electron thermalization processes and

plausible photochemical changes which could occur in the sample on laser

irradiation. An interesting observation is that the sample can act as a saturable

absorber as well as a reverse saturable absorber at the same wavelength entirely

depending on incident laser fluence. This is an important observation because unlike

the present sample, organic NLO materials very rarely show SA and RSA at the same

wavelength. Besides, at certain wavelengths (e.g. 477 nm) mechanism of nonlinear

absorption was found to be very sensitive on laser fluence. General trend of nonlinear

absorption is that as incident fluence is increased, the sample first exhibits SA, then

RSA and finally saturation of RSA giving rise to SA. SA occurring at lower values of

fluence (than those corresponding to RSA) is attributed to the bleaching of plasmon

band. RSA is attributed to enhanced absorption resulting from photochemical changes

occurring in the samples. RSA can take place due to FCA as well, but present.systems

of nanoparticles are uncapped and hence possibility is higher for photochemical

change induced absorption. Closed aperture Z-scan measurements were also carried

out in at 532 nm, but it did not reveal any sign of nonlinear refraction. Absence of

nonlinear refraction may be due to the fact that the process is too fast to be observed

under nanosecond excitation. Detailed investigation under picosecond and

femtosecond excitation is required in this direction.
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7
Conclusions and future prospects

1. Conclusions

Materials that are very useful for light based applications such as optical switching,

data storage, optical limiting, frequency conversion are collectively called photonic

materials. Most of the technological applications exploit nonlinear NLO properties of

these materials in one way or other. Hence, investigation of NLO properties of

different types of photonic materials becomes important in the frontier area of

research. In this context, study of NLO properties certain photonic materials, which

include organic systems and nanostructures, were chosen as the topic of the research

work.

Metal substituted phthalocyanines (MPcs), naphthalocyanines (MNcs) and silver

nanosol are the materials chosen for the present studies. Third order nonlinear optical

properties of these materials were investigated using degenerate four wave mixing

(DFWM) and Z-scan techniques. Pes and Ncs are organic semiconductors. Nonlinear

absorption and optical limiting properties of the samples were investigated using open

aperture Z-scan technique. Second hyperpolarizability (y) of Pes and Ncs were

obtained from DFWM. Some of the essential requirements of good photonic

materials are large and fast acting nonlinearity, synthetic flexibility and ease of

processing. It is noteworthy that Pes and Ncs satisfy many of these requirements.

Large and fast responding nonlinearity of organic materials comes mainly from the

presence of delocalized rt electrons. On the other hand, surface plasmon resonance

(SPR) band determines the optical properties of silver nanosol. Linear and nonlinear
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optical properties of silver nanosol are totally different from those of orgamc

compounds. Thus two distinct classes of materials were studied for their nonlinear

optical properties.

Interest in nonlinear absorption of Pes at 532nm anses from the fact that these

samples have potential applications as passive optical power limiters for sensor and

human eye protection against laser irradiation. Optical limiting refers to a

phenomenon in which the throughput of the sample remains constant beyond certain

threshold input fluence level. Excited state absorption (ESA) is the mechanism of

nonlinear absorption in Pes and Ncs at 532 nm. Wavelength dependence of nonlinear

absorption of certain bis-Pcs was also carried out in the blue side of the absorption

peak of the Q-band. Studies on wavelength dependence of nonlinearity are not

commonly reported. Application of these materials as broad band passive optical

power limiters also requires knowledge of wavelength dependence of nonlinear

absorption. Besides, these studies also gave some important results regarding the

extent of resonant enhancement of Im[x(3)] in the selected samples. The wavelength

region in which the mechanism of nonlinear absorption changes from reverse

saturable absorption to saturable absorption was also identified.

Second hyperpolarizabiJity (y) is a microscopic parameter and it gives the magnitude

of third order polarizability of molecules. (y) values of various molecules depend on a

number of structural and spectral parameters of the sample. Some of the parameters

relevant in the context of Pes and Ncs are (l) the extent of electron conjugation, (2)

nature of metal substituents and (3) effect of axial and peripheral substituents. (y)

values were measured for a number of metal substituted Pes and Ncs, having different

structures, using DFWM techniques. This work was partly motivated by the interest

to investigate the combined influence of many of the above mentioned factors on

third order nonlinearity. Secondly, third harmonic generation (THG) experiment

performed in certain samples like VONc by earlier researchers indicated some
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interesting results. Measurements made using DFWM reported here were helpful to

know whether such interesting results, reported by earlier researchers from THG

measurements, reappear in DFWM as well, as these two processes are fundamentally

different.

Nanomaterials are relatively new class of photonic materials. Such materials have

unique properties that are different from those of the bulk. Nonlinear absorption of

silver nanosol (aqueous solution of silver nanoparticles) was studied at well-chosen

wavelength near surface plasmon resonance (SPR) and results obtained were

explained in terms of the electron dynamics and enhanced absorption arising from

plausible photochemical changes. The sample was prepared by reduction technique

using silver nitrate and NaBH4• SPR peak of the sample was observed to be at 416nm.

This study was motivated by the fact that many of the previous nonlinear absorption

studies carried out in silver and other nanornaterials are mainly confined to 532nm.

During the course of these measurements, it was observed that the silver nanosol

could act as reverse saturable absorber and saturable absorber at the same wavelength

depending entirely on the input fluence.

2. Future prospects

In the context of technological applications, organic-inorganic hybrid systems, i.e.

organic materials - nanomaterials composite, have been identified to be promising

class of photonic materials. Hybrid materials do posses the synthetic flexibility of

organic compounds. Recently, these hybrid systems have been identified to be

essential ingredient of nanodevices. Good deal of work is being carried out the world

over in this area. For a better understanding of fundamental mechanism and evolution

of nonlinearity, time resolved measurements, laser flash photolysis experiments ete

under picosecond and femtosecond excitations are required in many of the photonic

materials.
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