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Castleiney

The evening sun sinks slowly o 'er the C ity’s gloomy brow 
As wearily I  make my way to where 1 call home now 

Through crowded streets where strangers meet, so alien to me 
Ti's times like this that I  always miss my own Castleiney

When bright lights pall, when shadows fall, when one feels ju st a fool 
When daily grind dulls soul and mind ti's then I  long to be 
Neath the homely skies, the simple joys o f  sweet Castleiney

For my heart still goes where the Iney flows, through woodland hill and dell 
Through the golden yields and verdant fields which memory calls so well 

The Washpen scene so calm more as I  did o f  yore through my own Castleiney

By Crannagh grove my memory roves through silent Ballinroe 
Through bog and moor ‘round Gortdalure through Strange and Laha too 

Through Cobbs, Aughall loved places all, Through ancient Templeree 
And I  breathe a prayer that God will care fo r my own Castleiney

Ballinlass’s sheen and sweet Gurteen e ’er remain with me 
The homely fo lk  'round old Kilcoke, Cuguilla, Kilkurkee 

And fond  thoughts span from  Kilanigan to Kylemore’s lovely lea 
The townlands all that I recall 'round Castleiney

Where cares and few and friends are true and Winter slips away 
The Springtime new and Summers blue and harvest time so gay 
Where loads are light and days are bright, in happy company 
For G od’s good grace shows every place in good Castleiney

For wealth fo r  fame, what foolish aim that so deluded me 
To leave behind a place so kind, so sweet in memory 

To rue the day 1 sailed away across the lonely sea 
And, a stranger roam, fa r  from my home in loved Castleiney

Robert Mahony (1909 -  1996) 
Poet & Playwright
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Abstract

Multiphoton processes in a series of promising organic materials; an endohedral 

metallofullerene, La@Cg2, carbon nanotubes and a set o f axially substituted 

phthalocyanines have been studied.

Linear optical studies were used to examine each o f the materials and providentially 

resulted in the first optical detection o f van Hove singularities (VHS), in 

multiwalled carbon nanotubes (MWNT). These VHS, which are energy levels with 

very high associated density of states, were observed from the visible spectral region 

through to the infrared.

Extensive nonlinear optical characterisation o f the materials was carried out. Large, 

broadband reverse saturable absorption behaviour in La@Cg2, indicates the 

suitability o f these materials for optical limiting purposes. MWNT showed large 

broadband ultrafast refractive nonlinearities. VHS were found to greatly influence 

the nonlinear absorption behaviour o f MWNT with significant saturable absorption 

occurring in the region o f the VHS peaks. The axially substituted phthalocyanines 

showed tunable reverse saturable absorption behaviour.

Unexpected visible/NIR photoluminescence from MWNT, observed using near 

infrared excitation, was also attributed to the presence o f VHS. The nonlinear 

excitation is believed to be resonantly enhanced by the presence o f the VHS. It is 

suggested that luminescence is produced as a result o f the radiative transition rate 

becoming appreciably large in the region o f the VHS absorption. These results 

suggest that VHS can facilitate efficient nonlinear optical activity in MWNT.

Optical limiting is found to be a suitable application for these materials. La@Cg2 in 

particular is found to exhibit a large figure o f merit and a broadband response. In 

the axially substituted phthalocyanines, effective control o f their optical limiting 

performance was demonstrated by means o f chemical adjustment o f the dipole 

moment o f the axial substituent, hence enabling modulation o f the response. 

MWNT showed effective broadband optical limiting behaviour using nanosecond 

irradiation, which is believed to originate from nonlinear scattering. MWNT also 

possess a high refractive nonlinearity suitable for ultrafast switching purposes.
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Chapter 1 
Introduction

A multiphoton process refers to the interaction o f more than one photon in a 

medium, in any single event. Such processes deviate from linear optics and fall 

within the regime o f nonlinear optics. It is well accepted that the realisation o f 

efficient multiphoton interactions, in suitable media, for which purpose organic 

materials have been earmarked as promising candidates, would revolutionise the 

technological world. The relevance o f multiphoton processes and the motivation for 

their investigation is described here. Also presented is an overview o f the studies 

undertaken during the course o f this thesis.

1.1 Scientific Background

The tumultuous rate o f progress in electronics technology means that the limitations 

o f this technology are fast being approached. Continued advancement relies on 

further device miniaturisation and increased processing speed. However, in 

electronics, which is the basis o f current technology, the boundaries for these 

improvements are being approached. Photonics, involving multiphoton processes, 

provides an exciting answer to these problems.

Photonics is analogous to electronics in that it describes the technology in which 

photons instead o f electrons are used to acquire, store, transmit and process 

inform ation'. M ost attractive is the fact that photonics enables processing o f 

information at the speed o f light. Optical circuits can also carry more information 

than their electrical counterparts, due to larger bandwidths, lower loss and cross talk. 

Realisation o f these photonic capabilities would give rise to the emergence o f the 

new age o f ‘optopia’.
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The realisation of photonics technologies depends on two main factors; the 

existence o f appropriate optical techniques and suitable optical interconnects. The 

invention o f the laser and the discovery o f multiphoton processes fulfil the first o f 

these criteria. The powerful coherent nature of laser light can be used to perform 

intricate optical interactions in materials in a controlled and precise manner. Most 

important for photonics technology was the discovery that the properties of 

materials behave in a nonlinear manner under intense laser irradiation. This gave 

rise to new optical phenomena and the field o f study known as nonlinear optics. 

The nonlinear response o f materials, which arises from multiphoton interactions 

with light, offers the possibility o f controlling optical signals using external electric 

fields and light sources.

The second factor required for photonic technologies are suitable materials, which 

can facilitate efficient multiphoton processes and form the building blocks o f optical 

circuits. At present, the ideal materials for this purpose remain elusive. The design 

and optimisation o f suitable materials is the focus o f much research and the quest to 

find ideal materials is ongoing. As candidates, organic materials have many positive 

attributes including; their ability to support considerable multiphoton interactions 

and hence produce large and ultra fast nonlinear optical responses, their architectural 

flexibility, high optical damage thresholds, and ease o f fabrication as well as low
• 2 3 *production cost ' . During the past decade, organic materials have begun to 

encroach on areas traditionally dominated by inorganic semiconductors for 

electronic applications. Polymeric devices have been developed, such as 

photodiodes'*, photovoltaic cells^, field effect transistors^, optically pumped lasers^ 

and recently, commercial products based on polymeric LED devices have begun to 

be marketed by such companies as Phillips, Uniax Corporation, and Cambridge 

Display Technologies. Progress continues to be made in the nonlinear optical 

properties o f organic materials for the photonics applications. In the future, stable 

optically clear organic materials may be as important to photonics as inorganic 

semiconductors have been to electronics.

The field o f organic materials for photonic applications encompasses a wide range 

of interesting materials including the familiar polymers or plastics, the naturally 

occurring prophyrins and their phthalocyanine relatives, as well as fullerenes and

2
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carbon  nano tubes. T he capacity  o f  these m ateria ls  to acco m m o d ate  substan tia l 

m u ltip h o to n  in terac tions has a com m on  origin: the Tt-electrons. T hese , Ti-electrons 

are no t tig h tly  b ound  to the ind iv idual nuclear sites, and  thus th e ir o rb ita ls  ex tend  

o v er long  d istances, hypo thetically  spann ing  an en tire  m o lecu le  o r even  a
o

m acro sco p ic  so lid  . Such Tt-electron d is trib u tio n s are ch arac te ris tic  o f  un sa tu ra ted  

o rgan ic  co m p o u n d s and  render these m olecu les h ighly  p o larisab le , due to the 

re la tiv e  ease  w ith  w h ich  optical fie lds can affec t the e lec tron ic  m otions.

In itia l ad v an ces in o rgan ic m ateria ls, w ere in the  area o f  po lym ers, w ith  linear rig id  

p o lym ers such  as po lyd iace ty lenes receiv ing  w id esp read  attention^. E n d eav o u rs  to 

im prove the m ateria l n on linear response included  the in co rpo ra tion  o f  m eta ls  and 

the ad d itio n  o f  supp lem en tary  g roups and chrom ophores^ . M o d ified  p o lym er 

m ateria ls  w ere  designed  w ith  a v iew  to all op tica l sw itch ing  p rocesses. A rom atic  

co m p o u n d s  such  as the prophyrin  m olecu les, found  in m any  liv ing  system s, also  

show ed  m any  p rom ising  featu res '^ . T hese w ere fo llow ed  by the c lo se ly  re la ted  

p h th a lo cy an in e  m olecu les, w hich  show ed  m uch chem ical flex ib ility  and  w ere  found  

to  be p articu la rly  su itab le  for op tical lim iting  p u rp o se s" .

A  p io n eerin g  b reak th rough  in the field  o f  o rgan ic m ateria ls  cam e in 1985, w ith  the

d isco v ery  o f  a th ird  allo trope o f  carbon , the  Ceo m olecu le , o r B u ck m in ste r 
12F u lle ren e  . T he Cgo m olecu le  has since becom e the  p ro to typ ical m em b er o f  a vast 

c lass  o f  ca rbon  cage m olecu les co llec tive ly  know n as the fu llerenes. O th er fu llerene 

m em bers include; C70, Cye, C78, and Cgo. T he versa tility  o f  fu lle renes s tem s, in part, 

from  the p o ssib ility  o f  dop ing  e ither by attach ing  atom s to  the o u te r b o nds o f  the 

cage o r by in serting  one or m ore atom s inside the  cage. E n cap su la tio n  o f  one or 

m ore  m etal a to m s inside fu llerene cages (endohedra l m eta llo fu lle ren es) has the 

po ten tia l o f  c rea tin g  n ew  spec ies or m ateria ls  w ith  new  p ro p erties , u n ex p ec ted  for 

h o llo w  fu llerenes. R ecen t p rogress is m arked  by the successfu l p ro d u c tio n  o f  

several endohedra l fu llerene species includ ing  one stud ied  here, La@ C g2 '^. For 

su ccessfu l fu lle rene  app lica tions, it is in te resting  to  in v estig a te  h o w  increased  

fu lle ren e  size  and  how  m od ifica tion  by endohedral d o p in g  affec ts m u ltip h o to n  

in terac tio n s  and  in fluences the n o n lin ear op tical p ro p erties  co m p ared  to  sm alle r 

h o llo w  fu llerenes.

3
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In 1991, a new  subfam ily o f  the fullerenes, the carbon nanotubes were d iscovered’'*. 

These tubular fullerenes have captured the im agination o f  researchers around the 

world. Just nanom etres in diam eter, these cylindrical tubes can be tens o f  m icrons 

long, w ith each end "capped" w ith h a lf  fullerene m olecules. Carbon nanotubes 

occupy a unique interm ediate position betw een m olecule and m aterial and have an 

im pressive list o f  attributes. They can behave like m etals or sem iconductors, can 

conduct electricity better than copper, can transm it heat better than diam ond, and 

they rank am ong the strongest m aterials k n o w n '^  Regarding their nonlinear optical 

properties, carbon nanotubes posses many o f  the attributes w hich can contribute to a 

large nonlinear optical response and theoretical predictions indicates significant 

nonlinear optical activity '^’'^. They possess the necessary conjugation, w hich in the 

case o f  nanotubes has the advantage o f  being very extensive providing a large area, 

w hich can support m ultiphoton interactions. In addition, the Ti-electron 

delocalisation is confined to one dim ension, which is expected to produce a large 

optical nonlinearity. A n extra factor, which can be expected to greatly influence the 

nonlinear optical response in carbon nanotubes, results from  the quantum  

confm em ent in nanotubes. The reduced dim ensionality o f  carbon nanotubes gives 

rise to singularities in their electronic density o f  states'^. M ultiphoton processes are 

expected to be significantly, enhanced at energies that are resonant w ith density o f  

state singularities.

Beyond their usefulness for technological applications, the nonlinear optical 

properties o f  a m edium  and the m ultiphoton interactions that it supports can shed 

light on the nature o f  the m edium  itse lf  M ultiphoton spectroscopy can be used to 

probe energy transitions, and other bulk and m olecular properties o f  a m aterial that 

are not accessible by other spectroscopic m ethods. The increased com plexity  o f 

m aterials, as in the case o f  the fullerenes and in particular the carbon nanotubes, 

m eans that com plete characterisation and understanding o f  certain m aterials is 

difficult using ju st the traditional linear spectroscopic m ethods. Investigation o f  the 

m ultiphoton processes w hich give rise to the nonlinear optical properties can result 

in a better understanding o f  the fundam ental nature o f  the m aterial.

This thesis presents a detailed study o f  a variety o f  the latest organic m olecules 

designed for nonlinear optics; the endohedral m etallofullerene, La@Cg2, carbon
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nanotubes and a set o f axially substituted phthalocyanines. Each o f these materials 

possess individual features, which are expected to enhance their nonlinear optical 

properties. La@Cs2 is an opportune species incorporating a heavy metal charge 

transfer complex within a fullerene structure. Carbon nanotubes posses many 

remarkable electronic properties o f which quantisation induced van Hove 

singularities, which are energy levels with very high associated density o f states, are 

o f particular interest here. Axial substitution is a new approach in the area of 

chemical modulation o f the nonlinear optical response in phthalocyanine materials.

These materials form a model set, spanning a range o f spatial dimensions and 

topologies. The fullerenes present as quasi zero-dimensional materials, with a 

spheroidal structure while the carbon nanotubes are essentially one-dimensional 

systems with rod like structures or quantum wires. The phthalocyanines represent 

the two-dimensional system based on a planar configuration. This systematic 

variation in the structure is reflected in their electronic and optical properties. This 

in turn is shown to have a profound effect on their nonlinear optical response.

The object o f these studies is two fold. The first is to identify materials, which have 

potential for photonic applications and ascertain how these materials can be 

optimised. The second objective is to use the knowledge gained from investigations 

o f the material nonlinear optical responses to gain an insight into and elucidate 

further information about the electronic properties o f these materials.

Thesis Outline

A range o f organic materials, namely a set o f axially substituted phthalocyanines, a 

lanthanum endohedral fullerene and carbon nanotubes are selected for multiphoton 

investigations. The objective is to determine their performance as photonic 

materials and use this information elucidate properties o f these materials.

Chapter 2 reviews the general properties of organic materials and these are then 

applied to the materials studied here, the endohedral fullerene La@Cg2, carbon 

nanotubes and phthalocyanines. This includes a discussion o f their structural and 

electronic properties and an account o f their particular attributes for nonlinear 

optical functions. A second section is devoted to the background theory o f
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nonlinear optics and the m ultiphoton processes o f  relevance to the studies carried 

out here.

Chapter 3 presents the characterisation o f  the basic properties o f  the m aterials in 

view  o f  their influence on their m ultiphoton processes and hence their nonlinear 

optical perform ance. The experim ental m ethods em ployed are described and the 

results o f  the characterisation are used to establish an understanding and to build a 

profile o f  the m aterials. This inform ation is used to give an insight into how  various 

aspects o f  the m aterials will affect their nonlinear optical properties.

Chapter 4 details the characterisation o f  the m aterial nonlinear optical properties. A 

description o f  the nonlinear optical techniques used, z-scan and degenerate four 

wave m ixing is given. Analysis o f  the results o f  the nonlinear investigations is used 

to designate which particular photonic tasks the m aterials m ight be suited. Their 

nonlinear optical behaviour is also related back to their linear optical properties.

Chapter 5 gives details o f  a new phenom enon, the observance o f  unexpected 

nonlinear photolum inescence from m ultiw alled carbon nanotubes. A m ultiphoton 

absorption m echanism  is suggested involving interactions from  van Hove 

singularities, which are energy levels w ith very high associated density o f  states 

regions arising due to the unique electronic properties o f  carbon nanotubes.

Chapter 6 presents an investigation o f  m ultiphoton absorption for the application o f  

optical lim iting in the m aterials studied here. The various m erits o f  the m aterials are 

analysed.

Finally, Chapter 7 concludes this thesis, by review ing the research presented here 

and addressing its im plications.
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Chapter 2 
Materials and Nonlinear Optics 

Background

Targeting organic materials for photonic applications requires collaboration between 

the disciplines o f material synthesis and nonlinear optics. The production o f 

suitable nonlinear optical materials entails the design o f structures and the 

incorporation o f species, which enhance their capacity to support multiphoton 

interactions and give rise to a large nonlinear optical response. Here we review the 

basic physics o f organic materials and nonlinear optics and these concepts are then 

used to understand the origin of nonlinear optical processes in organic materials

2.1 Organic Materials

The term organic material is used to refer to all materials whose chemistry is 

determined by their carbon atoms. They encompass a vast range o f materials, from 

methane to polymers, fullerenes and nanotubes, large macrocyclic molecules such as 

the phthalocyanines and most biological materials. For this work a series o f these 

materials including an endohedral metallofullerene, La@Cg2, carbon nanotubes and 

a set o f phthalocyanine molecules are selected. Each o f these materials, posses their 

own particular attributes which increase their capacity for multiphoton processes 

and promise an improved nonlinear optical performance.

2.1.1 Basic Concepts o f  Organic Materials

Carbon is a remarkable element forming a variety o f stable configurations, not only 

with itself but also with other elements. The adaptability o f carbon relates to the 

many possible arrangements o f the electronic states o f the carbon atom. The carbon
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atom has six electrons, which occupy Is^, 2s^, and 2p^ atomic orbitals with the Is^ 

orbital containing two core electrons and the remaining four electrons occupying the 

2s^2p^ valence orbitals. The energy difference between the upper 2p and lower 2s 

energy levels in carbon is small compared with the binding energy of chemical 

bonds and therefore the electronic wavefunctions for these four electrons can readily 

mix with each other in a process known as hybridisation. In carbon, three possible 

hybridisations can occur: sp, sp and sp , where the superscript indicates the number

of 2p electrons which are involved. The various bonding states are related to certain
■ • • • 2structural arrangements, so that sp bonding gives rise to chain structures, sp

bonding to planar structures and sp bonding to tetrahedral structures.

The type of carbon hybridisation adopted in a molecule is strongly reflected in its 

properties. In sp  ̂ bonded molecules ail the electrons are tightly bound in , bonds. 

Due to the high bonding energy of these bonds, it takes a large amount of energy to
'y

excite these electrons, and they tend to be relatively inert. In sp hybridisation, three 

of the valence electrons are involved in bonding leaving the fourth electron on each 

carbon atom unaffected in the unhybridised p  ̂orbital. The pz orbitals are arranged 

in a dumbbell shape out of plane and form n bonds.

o  Bond 

C C

N .
71 Bond

Figure 2.1 Example o f  a  and n  bonds

These 7T-electron orbitals overlap to form extensive delocalised molecular orbitals. 

These bonds are weaker and much more delocalised, therefore requiring much less 

energy to excite them. Excitations of the Ti-electrons can therefore produce a large 

perturbation of the molecular orbital and enable the induction of a large polarisation.

9
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Organic molecules in which sp^ bonding dominates are conjugated, which means

they are composed o f alternating carbon single and multiple bonds and so exhibit n- 

bonding. This is the feature o f most importance for the nonlinear optical 

performance o f an organic material.

2.1.2 Chemical Structure

The versatility o f carbon results in conjugated structures, which span a range of 

dimensions and topologies. Long chain polymers are examples o f one-dimensional 

systems. Aromatic rings form the basis o f many two-dim ensional structures while 

cage molecules, namely the fullerenes, have a three-dimensional delocalisation o f 

the TT-electrons. A vast array o f molecular configurations can be created from these 

basic structures.

(1)

(ill)

Figure 2.2 Examples o f  organic compounds 
(i) Linear polymer PPV, (ii) Aromatic Pyridine and an axially substituted  
Ti: Phthalocyanine, (Hi) Primary Fullerene C^o and a Carbon Nanotube

The structure o f organic molecules can be manipulated almost as desired using 

chemical techniques. Examples o f basic organic structures and some o f their more 

elaborate counter parts are shown in figure 2.2. Both the linear and nonlinear
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optical parameters o f a molecule are strongly dependent on their conformational and 

chemical structure. An understanding o f how molecular structure relates to its 

capacity for multiphoton interactions and hence its nonlinear optical performance is 

essential in the design o f materials with enhanced nonlinearities. Although a large 

body o f information exists on this subject, the story is not yet complete. The 

creation o f new materials and their optimisation continues, giving rise to more 

information and new criteria which serve to further develop the understanding o f the 

interplay between material structure and its nonlinear response.

2.1.3 Electronic and Photophysics Properties o f Organic Molecules

The electronic levels and photophysical processes in organic materials can be 

represented schematically in a Jablonski diagram such as that shown in figure 2.3. 

In this scheme the molecular electronic levels are divided into singlet and triplet 

levels. These electronic levels are vibrationally broadened to form bands. A variety 

of excitation and relaxation transitions can occur, which can be either radiative or 

non-radiative. The transitions are represented as lines; dashed lines denote non- 

radiative transitions while solid and wavey lines denote radiative transitions.

Figure 2.3 Jablonski diagram  o f  photophysical processes

Selection rules govern the possible transitions that may take place. The selection 

rules are different for single and multiphoton events. Single photon transitions may

I I
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only occur betw een states o f  opposite parity, while two photon events, which are 

responsible for a variety o f  nonlinear optical phenom ena, can only occur betw een 

states o f  even parity. These rules can be relaxed to a certain extent by such 

processes as spin orbit coupling and sym m etry breaking interactions.

The m ost fam iliar radiative excitation is ground state absorption where a m olecule is 

excited from  its lowest ground state into a vibrational level in the first excited state. 

The probability o f  this transition is given by the ground state absorption cross 

section g q , w hich is related to the ground state absorption coefficient by, 

a g  = ( J q N q ,  where No is the num ber density o f  the absorbing species. A bsorption 

processes are extrem ely rapid and occur on a tim escale o f  s.

A bsorption is also possible out o f  an excited state in a m ultiphoton process know n 

as excited state absorption. Excited states o f  m olecules can also be populated by a 

m ultiphoton processes in which more than one photon is sim ultaneously absorbed 

from  the radiation field. The probability o f  N  photons being absorbed by a m olecule 

at a given point in space and in tim e is directly proportional to the pow er o f  the 

density o f  photons per area unit per second. It therefore follow s that these processes 

are likely to occur only at high intensities.

Follow ing a m olecule’s excitation into a vibronic level o f  an excited state, it will 

rapidly cascade dow n the vibrational m anifold. This is a therm al nonradiative 

process, which occurs on a tim escale o f  10''^ s. Once in the lowest vibrational level 

o f  its excited state the m olecule may then relax radiatively into the ground state 

vibrational m anifold. If  both states have the sam e m ultiplicity this process is know n 

as fluorescence. It is a spin allowed process and occurs over a tim escale o f  1-100 

ns. R adiative relaxation from  a triplet state is know n as phosphorescence and is a 

spin forbidden process. It is therefore a slow  process occurring on a tim e scale o f  

m icroseconds to days.

There are several processes, which m ay com pete with radiative de-excitation, such 

as internal conversion, intersystem  crossing and various quenching m echanism s. 

Internal conversion refers to isoenergetic transitions where transfer m ay occur 

betw een a zero vibrational level o f  a higher state to a high lying vibrational level o f

12
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a lower state. Intersystem crossing refers to isoenergetic transition between an 

excited singlet state and a triplet state. This process is spin forbidden, however it 

can be made possible through orbit spin coupling between states o f different 

multiplicity. This coupling increases with atomic number Z in what is known as the 

“Heavy Atom Effect” . Incorporation o f heavy metal atoms in organic materials is 

often used as a method o f increasing nonlinear absorption.

2.1.4 Low Dimensional Materials

Low dimensional materials refer to material structures, which cannot be described in 

terms o f either molecular or bulk structures, but have an intermediate structure that 

extends to less than three dimensions. This may be because their lattice structures 

resemble sheets (two dimensional) or needles (one-dimensional) or clusters (zero

dimensional) with their short dimensions going to the scale o f atoms (i.e. 

nanometre, nm). Such low dimensional materials are o f interest since they allow 

fundamental theories o f one and two-dimensional systems to be tested 

experimentally. Studies o f the properties o f quasi-low dimensional material have 

taken on added significance with the continued reduction in size o f microelectronic 

devices since low dimensional effects are becoming increasingly dominant in such 

devices.

Carbon nanotubes constitute ideal low-dimensional materials possessing many 

remarkable properties, which are derived from their reduced dimensions. The 

electronic properties in low dimensional systems cannot be readily treated using the 

theory applied to molecular systems, but require a reduced dimension approach such 

as that described in section 2.3 for carbon nanotubes. The exotic properties o f 

carbon nanotubes, which are revealed, such as a diameter dependent band gap and 

the presence o f singularities in the density o f  states (DOS) have exceptional 

potential for the field o f nanoelectronics as well as for photonic applications.

2.2 Application of Theory to Materials Studied

The general principles o f organic materials presented above can be readily applied 

to the molecules chosen for study here. These include the endohedral

13
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m etallofullerene La@Cg2 as a representative o f  the fullerene fam ily, a set o f 

specifically designed phthalocyanine m olecules, and a series o f  carbon nanotubes. 

A lthough these m olecules present a range o f  contrasting structures, varying in size 

and dim ensions they are in fact closely related. These progressive structural 

variations are reflected in their electronic structure and photophysical properties. 

Fullerenes and phthalocyanines can be treated in term s o f  m olecular species while 

carbon nanotubes, which are interm ediate betw een m olecular and bulk m aterials, 

require a reduced dim ension type treatm ent.

2.2.1 Phthalocyanines

Phthalocyanines (Pcs) are synthetic analogues o f  the naturally occurring porphyrin 

com pounds. They are tw o-dim ensional conjugated arrays, w hich are highly 

architecturally flexible. Phthalocyanines can be extensively chem ical tailored 

allow ing control over their electronic and optical p roperties '. Basic and more 

advanced phthalocyanine structures are shown in figure 2.4. They can 

accom m odate a variety o f  substitutions; including peripheral and axial, while 

m etals, sem i-m etals or hydrogens can be accom m odated the centre position^.

R  R

N — M  - NN - M - N ^

R R

Unsubstitnted Non-peripherally substituted Penpherally substituted
phthalocyanine phthalocyanine phthalocyanine

Figure 2.4 Phthalocyanine m olecular structures

A case study o f  a set o f  axially substituted phthalocyanine m olecules is carried out 

here. A xially substituents o f  different dipole m om ent strengths are attached to a

14
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titanium phthalocyanine macrocycle and the influence o f these substituents on 

multiphoton absorption in the phthalocyanines is investigated.

Electronic Structure and Photophysics

The absorption spectrum of phthalocyanines is characterised by two strong 

absorption peaks; a Q-band in the red/near infrared part o f the spectrum and a B- 

band in the UV/blue part of the spectrum. The strong Q-band absorption is 

responsible for the characteristic intense blue-green colour o f the compound. A 

window of weak residual absorption lies in between and has important implications 

for the multiphoton absorption behaviour o f phthalocyanines. A typical linear 

absorption spectrum for a metal substituted phthalocyanine is shown in figure 2.5.

0.6  -

c
o
Q .
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</)
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300 400 500 600 700 800
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Figure 2.5 Metallophthalocyanine absorption spectrum

Multiphoton absorption in phthalocyanines can be explained with reference to a 

Jablonski diagram. Phthalocyanines are characterised by strong intersystem 

crossing between the singlet and triplet levels. This action results in a build up o f 

the electronic population in the triplet levels and is a mechanism, which is 

responsible for a nonlinear absorption process known as reverse saturable 

absorption. This type o f multiphoton absorption is facilitated by a weak linear 

absorption such as that which occurs in phthalocyanines between the two main 

bands.
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Structural modifications and substitutions in phthalocyanines typically shift the 

linear absorption maxima and the corresponding vibronics. The main features o f the 

linear absorption, which are due to the n-electrons within the conjugated ring, are 

generally retained'.

2.2.2 Carbon Nanostructures

Graphite, which is sp^ bonded, has a hexagonal layer structure and is an anisotropic 

semi-metaP. On the nanometric scale curved graphene structures can form'^. Finite 

sized graphite has many edge atoms with dangling bonds, which are higher energy 

entities. The energy o f such small carbon clusters is reduced by elimination o f the 

dangling bonds^. This results in the formation o f closed cage clusters such as 

fullerenes and carbon nanotubes. These species represent the third crystalline form 

o f carbon.

2.2.3 Fullerenes

Collaborative research between Kroto, Smalley, Curl and co-workers, on unusual 

infrared emission from large carbon clusters in red giant carbon stars, led to the 

discovery o f the Ceo molecule^. This 60 carbon atom cluster has 7 A diameter and is 

shaped like a football.

Electronic Structure and Photophysics

Fullerene Ceo has an icosahedral symmetry structure formed with 12 pentagons 

separated by 20 hexagons. The high-level symmetry means that many optical 

transitions in C6o are strongly forbidden^. This is manifested in the absorption 

spectrum where absorption at the visible wavelengths is considerably weak. In 

figure 2.6 the absorption spectrum of Ceo at both low and high concentrations is 

shown. The absorption between 450 nm and 650 nm corresponds to the HOMO- 

LUMO transition, which is symmetry forbidden and is only clearly visible at high 

concentrations.

Other significant features in Ceo include an extremely efficient inter-system crossing 

and a long lived triplet state. This gives rise to an absorption mechanism similar to
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that o c c u r r in g  in th e p h th a lo c y a n in e s  w h e r e  a large  e le c tr o n ic  p o p u la tio n  ca n  b e  

a c c u m u la te d  in  th e  tr ip le t le v e ls .
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Figure 2.6 absorption showing HOMO-LUMO band at high concentration

T h is  fea tu re , in  a d d itio n  to  th e  lo w  o sc illa to r  stren g th  in  th e  v is ib le  r e g io n , g iv e s  r ise  

to  e f f ic ie n t  re v e r se  sa tu rab le  ty p e  m u lt ip h o to n  a b so rp tio n  in  Ceo-

Higher Order Fullerenes

H ig h er  o rd er fu lle r e n e s  are fo rm ed  b y  th e a d d it io n  o f  ex tra  b e n z o id  s ix -m e m b e r  

r in g s. O n e  o f  th e  m a in  fa cto rs  fa v o u r in g  th e fo rm a tio n  o f  a p articu lar fu lle r e n e , is  a 

stru ctural c o n fig u r a tio n  w h ic h  e n su re s  that in d iv id u a l p en ta g o n a l r in g s  are iso la te d  

fro m  e a c h  o th er , in  w h a t it a lso  k n o w n  as th e  iso la te d  p e n ta g o n  rule^. It is  

e n e r g e t ic a lly  m o re  fa v o u r a b le  to  k e e p  p e n ta g o n s  sep a ra ted  s in c e  th e y  in tr o d u ce  

cu rva tu re  in to  th e  stru ctu re, h e n c e  in c r e a s in g  th e  lo c a l stra in . A c c o r d in g  to  th e  

iso la te d  p e n ta g o n  ru le , Ceo is  th e  sm a lle s t  s ta b le  fu lle r e n e . In re a lity  it is  a lso  th e  

m o s t  a b u n d a n t fu lle r e n e . T h e  n e x t  m o s t  ab u n d an t is  C 7 0 ,  h o w e v e r  b e y o n d  th is  th e  

a b u n d a n ce  o f  h ig h e r  m a ss  fu lle r e n e s , su c h  as C 7 6 , Cg2 an d  Cg4 d e c r e a se s  

d ra m a tica lly .

A n  in c r e a se  in  fu lle r e n e  s iz e  le a d s  to  tu b u lar ty p e  stru ctu res rather th an  larger  

sp h e ro id a l ty p e  stru ctu res as can  b e s e e n  in  f ig u r e  2 .7 . T h e  re d u c e d  sy m m e tr y  o f  

th e se  larger stru ctu res s e r v e s  to  re la x  th e o p tic a l fo rb id d en  p r o c e s s e s  o b se r v e d  in
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Ceo- The oscillator strengths o f  transhions around 450 nm -600 nm increase and 

absorption continues into the near infra-red region.

There is a pronounced change in colour o f  the m aterial in solution as indicated in 

figure 2 .8 .

W hereas Cgo is m agenta, C 70 has a deep brow n/orange colour and the higher 

fullerenes are dark brown.

2.2.4 Endohedral Fullerenes

Fullerenes have a spherical empty space inside the carbon cage. Endohedral 

fullerenes are form ed when a small num ber o f  atom s are encapsulated inside the 

fullerene cage. These are generally prepared in an arc discharge generator where a

Figure 2.7  Fullerene structures

Figure 2.8 Fullerene solutions in toluene
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high purity oxide o f the metal species to be incorporated, is combined with the 

graphitic electrode. Laser ablation can also be used where again the target is a 

composite o f both the metal and carbon atoms. The endohedral metallofullerene 

La@Cg2 was found to be a particularly stable entity. A mass spectrum o f the 

extracted o f fullerene materials produced by laser vaporization o f a 10% 

La2 0 3 /graphite composite rod is shown in figure 2.9 .

660 720 780 840 900 960 1020 1080 1140 1:^00
( amu )

Figure 2 .9  M ass spectrum  o f  fu llerene ex tracts p ro d u c e d  by  la ser  ab la tion

As can be seen from the mass spectrum in figure 2.9, many fullerene species 

accompany the endohedral fullerene material including Ceo, C 7 0 , and Cg4 . However, 

Cg2 is not sufficiently abundant to enable it to be extracted using the necessary 

HPLC techniques^ and as a result a sample o f the isolated Cgi was unavailable for
■j

investigation here. However, Cg2 is well described in the literature

F igure 2 .10  S tructural m odels fo r  L a @ C s2 w ith  La at d ifferen t off-centre positions^
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o

A model structure for the La@C82 molecule is shown in figure 2 .10. Investigations 

o f the endohedral lanthofullerene structure indicate that the La atom is displaced 

from the centre o f the Cg2 cage by several angstroms^. Further study revealed that 

the La atom does not rest in the cage but rather is in a floating motion along the 

nearest six-member ring'°.

Electronic Structure and Photophysics

In endohedral metallofullerenes, substantial electron transfer takes place from the 

encaged metal atom to the fullerene cage, which significantly alters the electronic 

properties. Lanthofullerene has the charge state o f La^^@Cg2 with the three outer 

electrons o f La transferring to the Cg2 cage". Absorption spectra o f endohedral 

metallofullerenes differ from those o f empty fullerenes. The major influencing 

factors are the charge o f the metal and the cage structure. Fluorescence spectra 

show peaks in the La@C82, which are absent in the €32 spectrum'^.

2.3 Carbon Nanotubes

Carbon nanotubes are descendants o f the fullerenes. These tube-like molecules 

called carbon nanotubes or "buckytubes" are unlike anything reported in the 

fullerene family and have come to be recognised as fascinating materials with 

nanometer dimensions promising exciting new areas o f carbon chemistry and 

physics.

Figure 2.11 Section o f  a singleM’alled  carbon nanotube

A schematic o f a section o f a singlewalled carbon nanotube is shown in figure 2 .11.
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2.3.1 Physical structure o f  Carbon Nanotubes

A nanotube is essentially a single layer o f  graphite rolled into a tube that is closed at 

the ends by fullerene like caps. There are m any ways in which a graphene sheet can 

be rolled, depending on the angle that the lattice m akes w ith the tube axis. A 

nanotube o f  particular radius and chirality m ay be specified by choosing a “chiral” 

vector, which m aps two given hexagons in the lattice onto each other. Any vector 

connecting two hexagons in the lattice is a linear com bination o f  the prim itive 

vectors with integer weight.

0
h — -H

Figure 2.12 N anotube ro lled  fro m  graphene & unit vectors ai, a 2 , f o r  (3,1)
nanotuhe

A given nanotube is therefore associated w ith two indices that specify these 

integers. The nanotube form ed by rolling the tw o hexagons, show n in grey, on top 

o f  each other in figure 2.12 w ould therefore be a (3,1) nanotube.

A general definition o f  the chiral vector is given by C = nai+ m ai where ai and a.2 are 

unit vectors in the hexagonal lattice and m  and n are integers. A great many 

nanotubes chirality’s can occur o f  which tw o have particularly high sym m etry as 

depicted in figure 2.13. Chiral vectors o f  the form  (n, 0), correspond to zigzag 

nanotubes in which the rows o f  the lattice structure are perpendicular to the 

nanotube axis. The opposite occurs for (n, n ) chiral vectors w hich have bonds lying 

perpendicular to the nanotube axis and are know n as arm chair nanotubes.
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A r m c h a i r

C h ir a l

Figure 2.13 Carbon Lattice arrangement fo r  armchair, zigzag & chiral nanotubes
perpendicular to the cylindrical axis.

The (n,m ) values o f  the chiral vector, determ ine all the characteristics o f  a nanotube, 

including diam eter, chiral angle, and all electronic properties.

2.3.2 Electronic Structure of Carbon Nanotubes

For a very large radius tube, it can be expected that the properties o f  the nanotube 

are very sim ilar to that o f  graphene.

Figure 2.14 Brillouin zone o f  graphite



Chapter 2 Materials and Nonlinear Optics Background

It has been found that even for small diameter nanotubes that the basic electronic 

properties o f nanotubes may be deduced from the band structure o f graphite. 

Graphite has a two dimensional hexagonal Brillouin zone whose corner points 

correspond to the points at which the conduction and valence bands touch as 

depicted in figure 2.14.

The band structure o f nanotubes can be derived directly from that o f graphite by 

imposing strict periodic boundary conditions for translations by the chiral vector 

that defines the nanotube. The periodic boundary conditions for one-dimensional 

nanotubes permit only certain wave vectors, k to exist in the circumferential 

direction. The allowed k values are then quantized in the direction perpendicular to 

the Chiral vector C such that k-C = 27m, where n is an integer as depicted in figure 

2.15. This results in the two-dimensional Brillouin zone o f graphite being reduced 

to the one dimension for nanotubes. Thus, the band structure o f a nanotube consists 

o f one-dim ensional sub-bands. Lines are used to represent the allowed k values in 

figure 2.15. The nanotube may be insulating or metallic depending on whether 

these allowed k-values coincide with corners o f the hexagon.

27tk„C =  2nn

(i )

I
1 }
'  I

"I r
I i
i  i

(i i )

-  K

Figure 2.15 Confined electron motion along nanotube cylinder & Brillouin zones 
(i) metallic tube since the allowed k values pass through the corner points o f  the

hexagon (ii)semiconducting tube'^

In the case o f tube (i) displayed in figure 2.15 the allowed k values pass through the 

hexagonal corner points making it metallic while tube (ii) is semiconducting. In 

general, an (n,m) nanotube will have a band gap unless n-m = 3p, where p is an 

integer'^. Effects due to curvature result in corrections to this picture. For example,
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some tubes that the above model would predict to be metallic may actually develop 

a small band gap.

The confinement o f the electronic wavevectors gives rise to one further notable 

feature o f the electronic structure o f nanotubes. This is the presence o f singularities 

in the density o f states (DOS) o f the nanotubes known as van Hove singularities. 

The van Hove singularities (VHS) corresponding to the calculated band structures'"' 

are shown in figure 2.16.

B a n d  S truc tu re D ens i t \  o f  States

0

Z ig z a g  (9 ,0)
M eta l l ic

B and  S truc ture

-HiJSa 0
3

D en s i t \  o f  S tates

Z ig z ag  (1 0,0)  
S e m ico n d u c t in g

Figure 2.16 Band structure and density o f  state calculations 
fo r  (i) a metallic tube as a fin ite  density o f  states occurs at the Fermi energy, (ii) a 
semiconducting tube due to the presence o f  the bandgap In both (i) and (ii) the

van Hove singularities are apparent as sharp spikes in the DOS

These are apparent as sharp spikes arranged symmetrically about the Fermi Level. 

The band structure o f pristine graphite is indicated by the dashed lines. It can be 

seen that the band structure o f carbon nanotubes follows the basic profile o f that o f 

graphitic with additional features induced as a result o f quantisation effects. 

Calculations o f the nanotube DOS'"' corresponding to the VHS is also shown in 

figure 2.16.

In figure 2.17 the electronic transitions, which can take place between mirror image 

singularities for various nanotubes are i n d i c a t e d T h e  position o f the singularities 

about the bandgap is noted seen to be dependent on the chiral vector o f the 

nanotubes.
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-2 Q 2

(« V )

Figure 2.17 Electronic transitions between van Hove singularities^'^ The arrows 
and corresponding energies indicate the first andsecond electronic transitions

between van Hove singularities

The evolution o f the singularities with tube size is also indicated and an inverse 

relationship between band gap and tube diameter is observed.

Singlewalled Nanotubes

The above explanation o f the electronic structure o f nanotubes is simplified as it 

refers only to an idealised single nanotube shell or singlewalled nanotubes (SWNT). 

In reality, the situation is much more complicated.

Figure 2.18 Singlewalled Carbon Nanotube bundle'^
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SWNT do not readily exist as isolated entities but tend to form intertwined ropes 

and bundles'^ as depicted in figure 2.18. These bundles consist o f SWNT packed in 

a triagonal lattice held together by van der Waals forces'^. Furthermore nanotubes 

are rarely free from defects. Inhomogeneties such as pentagons, heptagons or sp^- 

hybridised carbon in the lattice are located mainly in the caps.

Multiwalled Nanotubes

Multiwalled carbon nanotubes (MWNT) consist o f many concentric singlewalled

cylinders. The interactions between these can greatly complicate their electronic

structure. The density o f states for a MWNT is far more complicated than for

SWNT, however the outer shell is thought to dominate the electronic structure, since
18this is the shell, which interacts most with the external environment .

2.4 Multiphoton Processes and Nonlinear Phenomena

Nonlinear optical phenomena occur as a result o f multiphoton processes in a 

material medium. Under an intense light field, the optical response o f a material is 

driven beyond the familiar linear regime into the regime o f nonlinear optics giving 

rise to new optical phenomena. The generation o f these nonlinear optical 

phenomena can be described by considering the effect o f incident light on the dipole 

moment o f a material. The influence o f an electromagnetic field on matter is 

manifested as an induced polarisation in the material. The polarisation characterises 

how the electric dipoles o f the medium responds when illuminated by the oscillating 

electric field. In linear optics, the dipoles generally oscillate at the same frequency 

as the applied field in what can be classified as harmonic behaviour. However, this 

low intensity approximation, is only valid when the electric field does not cause an 

appreciably large oscillation in the electric dipoles. If the intensity o f light is 

increased, the electronic dipoles can become hyperpolarized and multiphoton 

interactions can take place. Consequently, radiation can occur at frequencies, which 

are higher harmonics o f the fundamental incident frequency. This anharmonic 

response o f materials at high incident optical intensities can be identified with 

observable physical phenomena. For example, dipole oscillations at higher 

harmonics correspond to the nonlinear optical process o f harmonic generation where
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two photons are combined to produce one photon, whose energy is the sum of the 

two incident photons.

The optical response o f a material can be presented more formally by defining the 

polarisation vector P. Under low irradiation intensity, this polarisation, is linearly 

dependent on the electric field strength, E and has the form

tensor and describes the linear optical properties o f a material such as absorption, 

emission, refraction and reflection. Such optical phenomena constitute the field o f 

linear optics and are characterised by an induced response that is always linearly 

proportional to the incident field intensity.

In the case o f high incident irradiation, the linear approximation no longer holds and 

a series expansion is required to express the induced polarisation response

the nonlinear optical regime and signify that multiphoton interactions are involved. 

The induced response is characterised by its variation with some power o f the 

incident field intensity.

The symmetry relationship P(E)=P(-E) means that even order susceptibilities do not 

feature in materials with centrosymmetry as is the case for the materials studied 

here. The third order susceptibility, is the next highest term and has no 

symmetry restrictions. It involves the interaction o f three photons to produce a 

fourth and is o f interest since it is responsible for several important phenomena 

including Self Phase Modulation (SPM), Phase Conjugation, Two Photon 

Absorption and Self Focusing and Defocusing. The implications o f can be 

illustrated by considering the third-order contribution to the nonlinear polarisation

p = p, + sa^^^E (2 .1)

where, Pq is the initial polarisation, is the permitivity o f free space and 

denotes the linear optical susceptibility o f the material. is a second rank

(2 .2 )

denote the m''  ̂ order optical susceptibilities. Expressions with m > 1 constitute

(2.3)
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C onsidering the sim ple case where the applied field is m onochrom atic given by

£' = Ecos(^y-/) ^2 4 )

Then, since cos3cot=l/4cos3cot+3/4coscot, the nonlinear polarisation can be

expressed as

cos( 3 - c o t ) +  cos( c ot )  (2.5)

The first term  in equation (2.5) describes a response at frequency 3co which is the 

process o f  third harm onic generation. This corresponds to the annihilation o f  three 

photons o f  frequency co and the creation one photon o f  frequency 3co and is 

represented sym bolically as (-3a;,<«,&),&)).

The second term  in equation (2.5) describes a nonlinear contribution to the 

polarisation at the frequency o f  the incident field and hence corresponds to a 

nonlinear contribution to the refractive index o f the m edium . The refractive index,

w hich in linear regim e is defined as -  1 + j* '* , becom es

upon the incorporation o f  the third order contribution. The intensity dependent 

refractive index is represented a s ■

A pplying a m ore general optical wave than that given by equation (2.4) gives rise to 

m any m ore nonlinear optical phenom ena. The different frequency com binations 

involved in these processes can be described sym bolically; four w ave m ixing

, two photon absorption .

The nonlinear optical processes described so far are exam ples o f  param etric 

processes, w hich im plies that the initial and final quantum  m echanical states 

involved in the m ultiphoton interactions are the same and photon energy is 

conserved. In these processes, the electronic population can be rem oved from  the 

ground state for only a b rie f interval as perm itted by the uncertainty principle. The 

tem porary levels that the electrons reside in during these processes are know n as 

virtual levels, which do not in effect correspond with real levels in the system.
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Param etric processes occur at o ff  resonance excitation w avelengths and are coherent 

since they m aintain a w ell-detlned phase relationship w ith the incident optical field. 

They have the fastest response tim e o f  all m ultiphoton processes and are desirable 

for ultrafast nonlinear optical switching.

Param etric processes are described by the real part o f  the optical susceptibility, 

while the im aginary part o f  the susceptibility im plies dam ping o f  the optical wave in 

the m edium  resulting from  the exchange o f  energy betw een the optical field and the 

nonlinear m edium . These non-param etric processes occur under resonant 

conditions and involve the redistribution o f  electrons am ong the electronic states. A 

resonance contribution serves to enhance the nonlinearity by several orders o f  

m agnitude. How ever, response tim es are slow er and absorption losses are involved 

as well as a loss o f  coherence betw een absorbed energy and the exciting fields.

The follow ing sections present m ultiphoton induced nonlinear optical phenom ena, 

which are o f  relevance to this work.

2.4.1 N onlinear Refraction

A nonlinear refractive index is responsible for m any im portant physical processes. 

Issues such as the developm ent o f  an all optical switch, leading to the prospect o f  

replacing conventional electronics w ith all optical system s, is based on this 

nonlinear optical phenom enon. allows for the possibility o f  a nonlinear

refractive index change at the incident wavelength. This is seen in equation (2.6), 

which m ay be rew ritten in the form

n = n ^ + n j  (2.7)

The process o f  self-focusing, is derived from  the nonlinear response o f  the refractive 

index in the m edium. This is the m echanism  o f  z-scan technique w hich is used here 

to m easure the nonlinear refractive index o f  the sam ple m aterials. Self-focusing can 

occur w hen an optical beam  with a non-uniform  intensity d istribution, such a 

gaussian shaped laser beam , propagates through a m aterial. If  n2 is positive, its 

intensity dependence will cause the refractive index o f  the m aterial to be largest at 

the centre o f  the beam. The m aterial then effectively acts as a positive lens, w hich
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causes the rays to curve towards each other into a focus. This phenomenon is the 

basis o f the Z-scan experiment, which is detailed in Chapter 4.

Figure 2.18 Self-focusing o f  light

The nonlinear refractive index is related to the real part o f the third order 

susceptibility by

(2 .8 )

Measurements o f these parameters can be used to characterise the third order 

nonlinearity on the medium as described in chapter 4.

2.4.2 Nonlinear Absorption

The imaginary part of the third order optical susceptibility involves the modification 

o f the absorption coefficient o f a material. The absorption coefficient is then a 

function o f the optical field intensity, and can be written in a form similar to that of 

the refractive index

a  = + p i (2 9)

where P is the nonlinear absorption coefficient and can be either positive or 

negative. Absorption can therefore either increase or decrease at high incident 

intensities depending on the sign o f the nonlinear absorption coefficient.

The case where p is negative is known as saturable absorption which corresponds to 

a decrease in the absorption coefficient o f a material under high intensity irradiation. 

Materials possessing strong electronic absorptions can behave as saturable absorbers
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as long as the rate o f populating the excited state exceeds the rate o f return to the 

ground state. As the excited states are populated, there is a corresponding depletion 

in the ground-state population leading to a decrease in the ground state absorption 

coefficient. Consequently, the absorption saturates at high intensities and the 

medium can even bleach.

The opposite o f saturable absorption is reverse saturable absorption, where the 

transmission as opposed to the absorption decreases with increasing intensity. This 

occurs when the excited state absorption cross section is greater than that o f the 

ground state. One potential application for this type o f effect is sensor protection 

where the amount o f light that can be passed through the protecting medium is 

limited'^. This process, known as optical limiting, can be used to protect sensitive 

optics from becoming exposed to light intensities which would otherwise cause 

damage. Chapter 5 presents the optical limiting effect o f the materials used here.

Multiphoton absorption involving the simultaneous absorption o f a number photons 

is another process which can occur when P is positive.

k

CO
V i r t u a l  l e v e l

i

CO

Figure 2.19 Two photon absorption

In this process an electron can be promoted to an excited state by the direct 

absorption of more than one photon in the manner indicated in figure 2.19. The 

selection rules for these processes differ from those which apply to familiar one- 

photon absorption. Multiphoton absorption is thus a useful tool in identifying 

states, which would not otherwise be detected in a linear absorption spectrum.
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The nonlinear absorption coefficient is related to the im aginary part o f  the third 

order optical susceptibility by

This param eter can also be used to characterise the third order nonlinearity on the 

m edium  as detailed later in section 4.3

2.4.3 Theory of Third Order Nonlinear Optics

The laws o f  quantum  m echanics are used here to derive expressions for the third

expressions are useful as they show  explicitly how the m aterial susceptibility 

depends on param eters such as dipole m om ent transitions and atom ic energy levels. 

An abbreviated density m atrix form ulation is presented, since the full derivation o f

7'o begin with, consider the density m atrix pnm , which represents a statistical 

description o f  the system where n and m run over the eigenstates o f  the system. The 

density m atrix equation o f  m otion describes how  the density m atrix evolves with 

tim e and is given by

where H  is the H am iltonian operator o f  the system  and the brackets denote the usual 

com m utator relationship. The second term  on the right-hand side is a 

phenom enological dam ping term , which indicates that pnm  relaxes to its 

equilibrium  value p 2  at a rate . A perturbative technique is used to solve the 

equation using a H am iltonian in the form  o f  H  = H q + V { t ) . The H am iltonian o f  a 

free atom  is represented by and F(/) represents the energy o f  interaction o f  the 

atom  with the externally applied field. The electric dipole m om ent approxim ation 

V { t ) , given as

^  o  2 2
2 s q C  r i Q

(2 . 10)

90
order optical susceptibility using the m ethod described in Boyd . These

the expression for is unnecessarily com plicated to present in com plete detail.

(2 . 1 1 )

(2 . 12)
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w here // = -er denotes the electric dipole m om ent operator o f  the atom , is used. 

Expansion o f  the com m utators and m anipulation o f  the equations enables the 

density m atrix equation o f  m otion to be rew ritten in the form

Pmn ^^^nmPnm  ̂ (^nv Pini P  nv^vn\^ Ynm^Pnm P  nnt̂  2̂

E -  E
where q}„„, = — ----- — is the transition frequency.

h

The perturbation is now  expanded, by replacing in equation (2.13) by where

is a param eter ranging between zero and one which characterises the strength o f  

the perturbation.

Solutions to equation (2.13) in the form  o f  a pow er series in X, such that the 

coefficients o f  each pow er o f  X satisfy equation (2.13) separately, give rise to the 

follow ing relation

^  _  ^ ( 0 )  , ; ^ ( l )  , ; 2  ^ ( 2 )
Pnm Pnm Pnm Pnm (2 14)

A system  o f  equations is obtained containing only linear hom ogenous term s and 

inhom ogeneous term s that are already known. By em ploying a steady state solution 

for and m aking a change o f  variables, the resultant pi!,I system o f  equations can 

be integrated. The perturbation expansion giving the third-order correction to the 

density m atrix is given by

j - x  nn '  (2.15)

From  the general result for the second order correction to p , expressions for pl^J 

and p H'̂  are available from

,(2) = y  y  X ~ ^ ^
V  1  [ ( " » / »  - O ) p - C 0 . ) -  ] [ ( f i J v , «  -  "  J  -  iy^m ]

p f ^ - p f n  [/-1,,-E{co^)\]j.i,„,-E{o)p)\ I ^

t ?  [{C0„„^-C0p - C O ^ ) - i y n n M ^ n v - ^ p ) - i y n v ' \
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V pq

where the appHed field has been expressed as E ( t )  =  ' Y ^ E ( a > p ) e ~ ' “ ''' and p and q are

dummy indices. On changing the dummy indices and expanding the commutator 

the integration o f equation (2.15) can be performed.

(̂3) ^ 1V  VJ  ' ̂ ( < ^ r W n v l  I

(2.17)

The nonlinear polarisation at frequency cOp + c o ^  + c o ^  is given by

P { c O p  + C 0 q  + c o ^ )  =  N ( ^ / . i ( c O p  + 0 ) ^  + C 0 , ) )  ^2.18)

where (/'̂ ) = ^ ^  (//(«, ))e‘""'' .

Expressing the nonlinear polarisation in terms o f the third-order susceptibility

( ® p  +  + ( < fr )  =  Z I  (cOp + 0) ^  + c o , , c o , , o ) ^ , o } p ) x  E j  (q ) ^  ) E ,  {co^  ) E ^  { c O p ) (2.19)
hij (pqr)

Combining these equations gives the third order susceptibility as

nmvi 

k I i h
^ _____________________________________ MmnMnvMvlMlm________________________________________ (yO*°'  “

iy„„,  - w ^ ) -  iy,„,  ]

X ____________________________________________________________________________________________________________________________ ^ ^ ( 0 ) _ p ( 0 ) )

[("«m - ( O p - w ^  - Q } , ) - i r „ J [ { Q } , „  - C O p  - c o ^ ) - i y , J [ { c o , ,  ~ a ) p ) - i y , , ]  "

M L M L ^ ' n l M h
+ y P l l  ~  P n n  )

[(" n m  - ( O p - 0 ) ^  - 0 ) , ) - i y „ „ , ] [ ( 0 ) „ ,  -  COp -  CO^) -  i y „ , ] [ { c o -  COp)  -  t y ,

k I i h 1
_____________________________________ M nm M  vm

[(® m » - ( ^ n - a ) n  - CO -  (0 )  -  i y  „ J [ { c o  ~  0) )  -  i y  „ , ] [  ( 2 . 2 0 )
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The perm utation operator m eans that everything to the right o f  it is to be 

averaged over all possible perm utations o f  the input frequencies and co ,̂ w ith

the Cartesian indices h,i,j perm uted sim ultaneously.

The equation can be rew ritten as eight separate term s by changing the dum m y 

indices so that 1 is always the index o f  . It is also required that only positive 

frequencies appear if  the energies are ordered so that > E , , and that the

m atrix  elem ents are arranged so that they appear in a “natural order” , I ^  m n . 

This gives the third order susceptibility in the form

i.(^p+0)^+(O„(O^,0}^,C0p) = ^ ^ \ x Y ^  pjP
"  vnml

[ [ (® V / - ( O p - ( 0 , - ( O r ) -  iy.l][i.(0„l -  (Op - c o , i ) ~  iy„i][{co„, -- ( O p ) - > r m l ] ( a i )

[(^y«v - ( O p - ( 0 , - ( » r ) - ’ r m . ] [ { ( o „ ,  - ( O p  - w , i ) - i y „ , ] [ { c o , , +  ( Op )  +  i y , i ] ( a 2 )

M l v M v n M n m M m I

( b i )[ ( " n v - ( O p - ( 0 , - ( O r ) - i r n v ]l((0,n, +  (Op + ( 0 ^ )  +  iy,n,][i(0„,l - ( O p ) - i r n , l ]

M h M v n M n m M m I

( b 2 )
- ( O p - ( O r ) -  i 7„,„ ] ^  0) p + CO ̂ )  +  iy„, ] +co^) + i ]

M l v M v n M n m M m I

+ (t)p +  (0c, +  ( o ^ )  +  iy„ M (O r ,l  - (O p - (0 , , ) - i y „ l] [ { ( 0 „ l  ■- ( O p ) - i r n , l ] ( C l )

M l v M v n Mn m M m I

+ (0p +  0) ^ + (0 r )  +  i y  „m^\-^(0 mv p (0 q) * X m v ][ (® /v +  ( » p )  +  iy , i] ( C 2 )

Ml v Mv n Mn mMml

( d i )+  0J p + +  (Or) + iy„m ] [{0) ,„ , + o)p+ co^)  + iy,„,][{Q}„,i -- (O p ) - iy „ i ]

f-̂ lv f^vn M nni M ml 1

+  (0 p +  0)^ +  )  +  ' > « / ] [ ( " « /  + ( 0 p + ( 0 ^ )  +  iynA[(.(0,l + ( O p )  +  iy.i]\ ( d 2 )

For the general case in which and are distinct, six perm utations o f  the

field frequencies occur, and hence the expression for consists o f  48 different 

term s once the perm utation operator is expanded. The resonance structure o f  this
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expression can be illustrated in terms o f the energy level diagrams shown in figure 

2 .20 .

(ai) (a:) (bi) (bi)

( C l )  ( C 2)  ( d 2 )

Figure 2.20 Resonance structure o f  the third order nonlinear optical
susceptibility^^

The energy level diagrams illustrated in figure 2.20 give a pictorial description o f 

the various multiphoton transitions which can be involved in processes. They 

show the photon routes, and depict the different energy levels with which they 

interact denoting whether the interaction is virtual or real. This representation is 

useful as a means o f reference and aids in the understanding and interpretation o f the 

fundamentals o f the nonlinear optical response o f a material.

However some caution is necessary. Although the origin o f material nonlinearities 

can be well described by time-independent and time-dependent perturbation theory, 

this is only strictly true in the off resonance regime. The materials examined here 

were generally measured in the on resonance regime and hence direct relation o f 

their response using the theoretical treatment described here is not completely valid. 

Indeed a satisfactory theoretical treatment o f the on resonance nonlinear optical 

response o f a material is not as yet available. Albeit theoretical modelling o f
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nonlinear response o f the materials is outside the scope o f this thesis, nevertheless 

exploring the primary theoretical origin o f nonlinear processes is worthwhile. The 

diagrammatic representation given in figure 2.20 illustrates possible states, types o f 

transitions and the various interactions that are involved in the generation o f third 

order nonlinear phenomena.

2.5 Organic Materials as Targets for Nonlinear Optics

Organic materials emerged in the late 1970s as a possible alternative to 

semiconductors and glasses for integrated photonic switching^'. The merits o f 

organic materials include a high capacity for multiphoton interactions and hence a 

large nonlinear optical response, an ultra fast nonlinear response, high optical 

damage thresholds, architectural flexibility and ease o f fabrication^^. Progress in the 

performance o f organic materials lies in the design o f new materials. A series o f 

latest candidate organic materials for photonic applications are presented.

Phthalocyanines are among the most versatile o f organic materials for nonlinear 

optics . Their highly conjugated macrocycle is a structure known to give large 

optical nonlinearities. Their immense flexibility allows the manipulation o f by 

chemical substitution and provides the possibility o f tailoring the speed and 

magnitude o f the multiphoton interactions to a target application. A metal atom 

adds low lying electronic states to a molecule and introduces new states into the 

absorption spectrum. These can contribute to the nonlinear response, either directly 

or via new resonance enhancements. The introduction o f axial substitution, which 

can be carefully adjusted chemically, provides for the possibility o f controlling the 

nonlinear optical response in these molecules

The endohedral metallofullerene La@Cg2 provides an exceptional molecular species 

for nonlinear optical investigations. It incorporates the particular attributes o f the 

fullerene molecules and the added advantage o f charge transfer effects provided by 

the encapsulated metal atom. An increase in nonlinear optical response with 

increasing fullerene size has been shown experimentally^^. Also investigations on 

Ceo have shown that chemical modifications to form charge transfer complexes can
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increase the nonlinear optical response by up to two orders o f magnitude^"*. La@Cg2 

incorporates both these features and hence is a promising material.

Carbon nanotubes possess perhaps the most remarkable attributes for nonlinear 

optics. Considering the trend o f increased nonlinear responses for higher 

fullerenes^''’'̂  ̂ carbon nanotubes take this advantage to the limit given that they are 

among the longest conjugated systems known. They therefore posses very extensive 

Ti-electron systems. In addition, the ^-electrons are confined to one dimension, 

which is favourable for the production o f a large nonlinear optical response. The 

presence o f van Hove singularities in the DOS can be expected to greatly enhance 

resonant nonlinear optical transitions.

2.6 Conclusions

This chapter introduced the concept o f organic materials for photonic applications. 

The background theory o f organic materials and multiphoton processes responsible 

for nonlinear optical phenomena was presented. The general concepts o f organic 

materials were applied to the materials used in this work; phthalocyanines, 

fullerenes and carbon nanotubes. The individual features o f the materials were 

explained in view o f how they can relate to their nonlinear optical properties. The 

evolution o f the material properties with the dimension and topology o f their 

structures provides further interest. The overall profile is o f a progressive class o f 

materials incorporating a range o f supplementary mechanisms, which should greatly 

influence their capacity for multiphoton interactions and therefore their nonlinear 

optical performance.
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Chapter 3 
Characterisation of Material 

Properties

The basic properties o f materials including their physical and chemical structure, 

and most importantly their linear optical properties, have a profound influence on 

their nonlinear optical response. The behaviour o f these material functions can 

serve to either greatly enhance or diminish the efficiency o f their multiphoton 

interactions and hence their nonlinear optical response. Studies o f the basic material 

properties can be conducted to in order develop a basic understanding and to build a 

profile o f the material. This information can be used to give an insight into issues 

such as which spectral regions the material is likely to support nonlinear optical 

activity, whether the nonlinear response is likely to involve an absorptive response 

or just a purely parametric response. From this analysis, it is possible to forecast 

certain aspects o f the nonlinear optical behaviour o f a material.

The task o f material characterisation involves using well-established techniques to 

determine properties such as the electronic and chemical structures and the material 

morphology. Two approaches are taken here; the first is to use spectroscopic 

techniques to measure parameters such as absorption, emission, and chemical bond 

vibrations. The second is to use microscopic techniques to directly image the 

material structure on the micrometer and nanometer scale.

3.1 Spectroscopic Techniques

Spectroscopy uses the interaction o f radiation in a material to gather information on 

the electronic, molecular and physical structure o f materials. Optical spectroscopies 

are used to gain understanding o f materials from their interactions with photons
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while vibrational spectroscopies give information concerning the interaction o f 

phonons. When an optical wave interacts with a medium, the constituent atoms or 

molecules can react to the oscillating electric field in two different ways, depending 

on the incident frequency. If the photon energy matches that o f an excited state, 

such as an electronic or vibrational state, a resonant interaction occurs and the 

molecule absorbs the photon. If the incident photon energy is nonresonant a 

scattering type interaction takes place.

3.1.1 Optical Spectroscopy

The two principal optical spectroscopic techniques used are the complementary 

techniques o f absorption and fluorescence spectroscopy. These two techniques 

examine optical excitations and de-excitations o f materials, and can give a great deal 

o f information about the material and its local environment.

Absorption Spectroscopy

Absorption spectroscopy involves passing a monochromatic beam of light through a 

sample and measuring the absorption o f the material at this wavelength. This 

absorption is measured as a function o f wavelength over a range extending from the 

infrared to ultraviolet. The absorption is usually measured in reference to a blank 

sample in a double beam arrangement, to eliminate variations caused by the 

differences in lamp intensities at different frequencies. As the photons pass through 

a material, it is possible that photons o f a suitable energy can interact with the 

material, resulting in an electron being excited to a higher energy state, and the 

photon being absorbed. By measuring the amount o f light absorbed for a particular 

wavelength, it is possible to deduce information about the electronic structure o f the 

material.

At room temperature molecules, which are in thermal equilibrium, generally reside 

in the lowest vibrational level o f the ground state. The vast majority o f the 

excitation transitions therefore occur from the S qo level in the ground state. Since 

excitation occurs from only one level in the ground state to the vibrational levels in 

the excited state, an absorption spectrum yields information on the vibrational 

energy distribution o f the first excited state. The linear absorption spectrum o f a
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material hence yields inform ation on the vibrational energy distribution o f  one 

photon excited states.

Fluorescence Spectroscopy

Fluorescence spectroscopy is a useful com plem entary technique to absorption 

spectroscopy. W hile absorption spectroscopy probes the energies o f  excitations to 

higher states, fluorescence spectroscopy probes the energies at which higher states 

relax radiatively back to the ground state. U sually a suitable fixed w avelength is 

used to excite the m aterial, and the w avelength distribution o f  the em itted light is 

recorded

On excitation, an electron is prom oted to a vibronic level o f  the first excited state, 

and subsequently falls rapidly through the vibrational m anifold to the lowest energy 

level o f  that excited state. The em ission then proceeds from  the lowest vibrational 

level in the first excited state to the vibrational levels o f  the ground state. Since 

relaxation occurs from only one level in the excited state to the vibrational levels in 

the ground state, a fluorescence spectrum  yields inform ation on the vibrational 

energy level distribution o f  the ground state. Due to the therm al relaxation, which 

ensues after initial excitation, the m olecule loses energy. This is m anifested as a red 

shift in the em ission spectrum  com pared to that o f  the absorption spectrum  and is 

term ed stokes shift

3.1.2 Vibrational Spectroscopy

The chem ical bonds w ithin a m olecule and even the entire m olecular structure itse lf 

oscillate and vibrate at frequencies in the infrared region. M easurem ent o f  these 

vibrational frequencies provides useful inform ation on the m olecular structure. 

Traditionally, two techniques are used to obtain a vibrational spectrum  o f  a 

m olecule; infrared spectroscopy and Ram an spectroscopy.

Infrared Spectroscopy

M aterial absorption at energies in the infrared region corresponds to vibrations o f  

the chem ical bonds w ithin the m olecule. A  range o f  m olecular vibrations can occur, 

each o f  which oscillates at its own characteristic frequency. A bsorption o f  infrared
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radiation gives rise to transitions between these different vibrational states. Thus 

measuring the infrared absorption spectrum gives a series o f absorptions 

corresponding to characteristic vibrations o f particular bonds. Analysis o f the 

location o f  the frequencies o f these absorptions can aid in the identification o f the 

material composition. In organic materials, the most common absorptions occur in 

the wavenumber range 4000 cm '' -  650 cm"'.

Raman Spectroscopy

Raman Spectroscopy also gives information about the vibrational frequencies o f a 

material, and hence its structure. The oscillating electric field o f an incident optical 

wave can induce an oscillating dipole moment in a material. The material then 

radiates at the same frequency as the incident field in familiar elastic scattering 

processes. However, if  the oscillating electric field exchanges energy with the 

molecule, then the scattered radiation may have a higher or lower frequency than the 

incident electric field. This frequency difference corresponds to vibrational modes 

o f the molecular structure and is referred to as Raman scattering. Inelastically 

scattered light is much weaker than elastically scattered light, and therefore a laser 

light source is used. Raman scattering measurements can identify characteristic 

vibrational modes in a material and so provide information on its structure.

3.1.3 Microscopy Techniques

Microscopy involves the direct imaging o f samples. In the microscopy techniques 

employed here, electrons instead o f photons are used to image samples as the shorter 

wavelength allows a much higher resolution than traditional optical microscopy

Transmission Electron Microscopy (TEM)

In TEM a beam of electrons is directed onto a sample. The incident electrons are 

absorbed or scattered at different rates depending on the local structure, giving rise 

to an image o f the sample. The TEM used was a Hitachi H7000, and accelerafing 

voltage o f typically 100 keV was applied. The substrates consisted o f copper grids, 

with holes 100 |.im in size. These grids are covered in a thin layer o f the electron 

transparent polymer, formvar. Samples were prepared by using a pipette to drop 

some o f the solution onto the grids.
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Scanning Electron Microscopy (SEM)

Scanning electron m icroscopy involves scanning an electron beam  across the sam ple 

and line by line to build up an image o f  the sample.

3.2 Material Characterisation

The follow ing is an account o f  the characterisation o f  the basic m aterial properties. 

Techniques appropriate for the m aterials concerned are used. Spectroscopic 

m easurem ents were carried out on all m aterials, while m icroscopy was only suited 

to the carbon nanotube sam ples due to their larger size.

3.2.1 Endohedral M etallofullerene La@ C s2

The endohedral m etallofullerene La@Cg2 sam ples were obtained from  Lebedkin at 

the M ax Planck Institute, G erm any'. The sam ples were in solution w ith a 

concentration o f  3x10“* M in a solvent com bination o f  3:1 toluene:dichlorom ethane. 

The presence o f  the dichlorom ethane is as result o f  the chrom atography used in the 

sam ple purification process and is not expected to have any significant influence on 

the properties investigated in this work. The colour o f  the La@Cg2 solution is a 

deep rusty brown which is typical o f  a larger fullerene species.

The linear absorption spectrum  for La@Cg2 is shown in figure 3.1, and resem bles 

that given in the literature^. Com pared to Ceo the absorption contains m any new 

shoulders and is m uch broader extending out in to the near infrared region. These 

absorption changes result from two m ain factors; the reduced sym m etry properties 

o f  the higher fullerenes and the presence o f  the metal. Sym m etry reduction has the 

effect o f  relaxing the symm etry forbidden transitions and increasing the absorption 

in the visible region. The addition o f  the La m etal and the consequential charge 

transfer to the fullerene cage produces absorption bands in the near infrared region. 

In particular, the presence o f  bands and a tail beyond 1000 nm  is due to the presence 

o f  the La w ithin the Cg2 cage. The La@ C 82 was found to be stable over a long period 

o f  tim e and the sam ple solution was o f  reasonably high spectroscopic quality w ith 

little residue form ing in solution.

45



Chapter 3 Characterisation o f  Material Properties

0 . 0 8 -

—  0 .0 6 -

0 . 0 4 -

0 . 0 2 -

0.00
800 1000 1200400 600

Wavelength (nm)

Figure 3 .1 L inear absorption spectrum  for m etallofullerene endohedral La@ C s2

Further characterisation was not carried out here, as a complete characterisation of 

La@Cg2 is available in the literature .

3.2.2 Axially Substituted Phthalocyanines

A set o f axially substituted titanium(IV) phthalocyanines were obtained from P rof 

Hanacks group in Teubingen"*. Substitution was performed on the basic macrocycle 

(tert-butyl)4 PcTiO

Electron withdrawing substituents like cyano or aldehyde groups introduce a large 

dipole moment perpendicular to the macrocycle.

(a) (b) (c) (d)

HO ,CHOHO CNHOHO CN

HO HO HO CNHO

Figure 3.2 A xia l ligands used fo r  the substitution o f  (tert-butyl)4PcTiO

Such large functionalised ligands, in particular those shown in figure 3.2 (a)-(d), 

introduce steric crowding helping to reduce the tendency o f molecules to form

46



Chapter 3 Characterisation o f  M aterial Properties

aggregates. Four axially substituted titanium phthalocyanines were produced using 

these ligands, labelled compound A-D as illustrated in figure 3.3.

R' R"

H CHjCN

H CHO

CN CN 

H fert.-butyl

(CH3)3C

Figure 3.3 Structure o f  axially substituted titanium phthalocyanines

Optical absorption spectra o f the freshly prepared samples show the typical 

absorption profile o f a metallo phthalocyanine and are shown in figure 3.4.
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Figure 3.4 Linear absorption o f  unsubstituted & axially substituted
Ti:phthalocyanines

The spectral absorption o f the Q and B bands are shifted slightly in each case 

compared to the basic (tert-butyl)4PcTiO

C(CH
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The influence o f the axial groups is also seen in the formation o f charge transfer 

bands in the optical window between the two main absorption bands. These are 

seen clearly in the absorption spectrum shown in figure 3.5.
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Figure 3.5 Window region absorption of axially substituted Ti.phthalocyanines
which have been freshly prepared

However, these compounds were found to be relatively unstable in toluene solution 

as seen in the absorption spectra o f aged sample shown in figure 3.6. Sample 

degradation occurred over a period o f time with a residue forming in the bottom of 

the vessel. Absorption spectra for the aged sample, taken seven o f days after sample 

preparation reveal a clear splitting o f the Q-band absorption. This signifies the loss 

o f  the central titanium metal and therefore the axial substituents. The shelf life o f 

these phthalocyanines is estimated to be about seven days.
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Figure 3.6 Absorption spectra o f  aged axially substituted Ti.phthalocyanines

As complete degradation was not immediate, nonlinear optical measurements on 

fresh solutions were carried out and useful information about these compounds 

could nevertheless be obtained.

3.2.3 Carbon Nanotubes

Both SWNT and MWNT are used in this work in addition to pure graphitic particles 

and residue particles from the carbon nanotube production process^ which are used 

as reference materials. The reference materials served as a comparison material for 

the nanotubes properties as well as a method o f verifying that behaviour observed in 

nanotubes originate from features o f their unique structure.

Carbon Nanotube Samples

The nanotubes used in this work, both SWNT and MWNT were produced using the 

arc discharge method. Dr. Bernier’s group in Montpellier^ produced SWNT. 

SWNT require the presence o f a metal catalyst for their synthesis. Using a Y/Ni 

mixture the Montpellier group achieved a SWNT yield in range 70-90 %. The 

average diameter was found to be 1.4 nm, and the nanotubes were arranged in 

crystalline bundles with a diameter in the range o f 5 to 20 nm’ . In a scanning 

electron microscope image, such as that shown on figure 3.7, the SW NT material 

produced by this method looks like a mat o f carbon ropes.
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Figure 3. 7 High-resolution micrograph o fSW N T  ropes produced by arc-discharge

Some carbonaceous impurities are present in addition to metal particles used as the 

catalyst for the SWNT production.

Multiwalled carbon nanotubes (MWNT) from two different sources were used in 

this study. The first sample, shown in the TEM micrograph in figure 3.8 was 

produced in Trinity (MWNTTrinity) using a Kratschmer generator as described in
o

previous works . These M W N T samples have been well characterised and the raw 

nanotubes powder is known to contain between 30 % and 60 % o f well graphitised 

nanotubes, the remainder being mainly graphitic impurities^. A large amount o f 

nanotubes can be observed in TEM  micrographs o f the (MWNTxrinity) samples along 

with much graphitic impurities which, accompany their production. The second 

M W N T sample was purchased from BuckyUSA'^ (M W N T usa) and was estimated 

to contain 20-30 % nanotubes.
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Figure 3.8 TEM o f  M W N Tproduced in Trinity College Dublin

A SEM micrograph o f these MWNT is shown in figure 3.9.

Spot Magn Det WD Exp I--------
2 0 35000X SE 10 0 1 Hivac

Figure 3.9 SEMofMWNTusA

Similar to (MWNTTrinity), large amount o f nanotubes along with a lot o f  graphitic 

impurities can be observed in SEM pictures of the o f the (M W N T usa) samples.
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Two graphitic particle (GP) samples were used. The first were graphite particles 

(GP), which were ground from 99.99 % pure graphite rod and the second sample 

was ground from the shell which surrounds the raw nanotubes when produced in the 

Kratschmer generator" (KGP). The GP samples contained pure graphite particles 

while the KGP contained many fullerene and carbon onion species, a small amount 

o f carbon nanotubes and various turbostratic graphite particles. The TEM image in 

figure 3.10 shows the GP samples.

Figure 3.10 TEM  o f  graphitic particles (GP)

These are found to consist o f nanometer and micrometer uneven layered structures 

which are on the same length scale as the nanotubes samples.

KGP samples are expected to more closely represent the type o f graphitic impurities 

contained in the MWNT samples. The TEM picture in figure 3.11 shows the KGP 

sample. These samples were found to consist o f many bucky onions and fused 

graphitic particles.
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Figure 3 .11 TEM o f  Kratschmer generator GP shell particles

The KGP samples therefore contain matter similar to that which is found in 

unpurified M W NT samples.

Carbon Nanotube Purity

The purity o f carbon nanotube samples is a problem due to the difficulty in

separating the nanotubes from the carbonaceous material that results in their

production. Recent work here at Trinity College Dublin has shown that efficient

purification o f carbon nanotubes can be achieved through the incorporation o f the

nanotubes into a polymer matrix to form a polymer nanotube composited Mixing

nanotube powder with a solution o f the conjugated polymer, poly(m-phenylene-

vinylene-co-2,5-dioctyloxy-p-phenylene-vinylene) (PmPV), results in the selective

interaction o f PmPV strands and nanotubes. These polymer-coated nanotubes
1")remain in solution while graphitic impurities sediment out . This impurity material 

can be removed by decantation yielding a composite solution containing 91 % 

nanotubes.
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TEM images o f the purified MWNT samples, shown in figure 3.12 show very clean 

nanotubes with few graphitic impurities present. The material to the top right o f the 

TEM image is residue polymer used in the purification process.

In all cases, the production o f the polymer nanotube composite results in a solution 

that is darker than the original polymer, almost black in the case o f high 

concentration MWNT composites, but only slightly darker for SWNT composites. 

The maximum weight o f nanotubes that can be held in stable solution by PmPV is 

highly concentration dependent, but for all cases, the mass o f M W NT is orders o f 

magnitude greater than the SWNT. SWNT themselves tend to aggregate 

substantially, the majority forming ropes. This hinders interaction with, and coating 

by, the PmPV, hence limiting the amount o f SWNT that can be held in solution.

Sample Preparation

The method was similar for preparation o f both MWNT-based and SW NT-based, 

samples differing mainly in concentration o f sample used. Three different solutions 

were prepared. Two sample suspensions o f S W N T , MWNTtrinity, M W N T usa, GP 

and KGP were prepared by sonicating the material powders in

Figure 3.12 TEM  of P urified  MfVNTrnnHy
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naphthalene/dimethylformamid (NDMF) solutions and sodium dodecyl

sulfate/deionised water (SDS) solutions. The NDMF is understood to solubilise the

nanotubes through the wetting action o f the naphthalene rings in a similar manner to

the action o f the PmPV polymer in the composite. SDS is a surfactant and acts to

suspend the nanotubes through the interaction o f the surfactant micelles. The third

solution used the PmPV polymer nanotube composite, which has been shown in
12previous work to purify MWNT to a level o f 91 % . The composite solution was 

prepared by mixing MWNTrrinity with PmPV in toluene solution and sonicating. 

After a period o f several hours, sediment formed in the bottom o f the composite and 

MW NT NDMF solutions. Decantation was used to separate the sediment leaving 

stable solutions. In the case o f GP and KGP NDMF solutions, after a period of 

several hours stable suspensions were produced, and the precipitate was removed by 

decantation. SDS solutions did not produce any separable precipitate but served to 

satisfactorily suspend the material powders in solution. Both solution and solid- 

state investigations were carried out. Solid-state samples were prepared by either 

drop casting or spinning.

Raman Spectroscopy

Raman spectroscopy has been shown to be an important tool for characterising 

SWNT. Two features dominate a typical SWNT spectrum. In the low-frequency 

region (-200  cm ''), there is a mode characteristic o f the radial breathing o f the 

SW NT nanotube". The frequency o f this mode has been predicted to be essentially
I 3dependent on the tube diameter . This feature is normally broad due to the poly- 

dispersivity o f a typical SWNT sample. In the high-frequency region (-1600 cm ''), 

there is a feature, which arises from the ordered graphitic lattice structure o f the 

nanotubes known as the G line. There is also a feature at 1350 cm '' (the so-called D 

line), which arises mainly from disordered graphitic carbon particles''*. Thus, the 

relative intensities o f these two peaks can be used to give some indication o f the 

purity o f a nanotube sample.

Raman spectroscopy was carried out on an Instruments S.A. Labram IB in 

reflectance mode. Powdered samples were placed onto a glass microscope slide. 

Raman spectra o f SWNT and MWNT powders are shown in figure 3.13 and figure 

3.14 respectively.
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Figure 3.13 Raman spectrum o f  SWNT showing radial breathing mode

The Raman spectrum o f the SWNT is typical with a strong breathing mode feature 

present. The feature at 1350 cm"' is weak while the G-line is strong indicating a 

good quality samples. The MWNT Raman spectrum also shows a weak D line and 

strong G line.
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Figure 3.14 Raman spectrum o f  MWNT
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The radial breathing modes are not observed in MWNT as the dispersion due to the 

multi shell nature causes it to be smeared out.

3.3 Detection o f van Hove Singularities in Multiwalied 
Nanotubes

The absorption spectrum o f carbon nanotubes shows, as expected, many o f the 

feature o f graphite. A large rr-plasmon resonance is observed which peaks in the 5 

eV to 6 eV region. This is due to the collective oscillation o f the 7r-electrons and 

tails back into the near infrared region. However, quantisation effects in carbon 

nanotubes gives rise to regions o f high concentration in the density states known as 

the van Hove singularities.

3.3.1 Van Hove Singularities in Singlewalled Nanotubes

A typical SWNT absorption spectrum is shown in figure 3.15. On closer 

examination weak peaks can be identified residing on the 7r-plasmon absorption. 

These correspond to van Hove singularities (VHS) in SWNT.
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Figure 3.15 SWNT absorption showing n-plasmon & van Hove singularities
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The peaks are revealed more clearly by subtraction of the Ti-plasmon background as 

shown in figure 3T6. This procedure follows the method used by Petit et al'^ and 

assumes that the plasmon approximates to a straight line in the region o f the 

singularity hence allowing the subtraction o f a straight line along the plasmon in 

order to expose the presence o f the singularities.
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Figure 3.16 SW NT van Hove Singularities absorption hands

These VHS peaks are well known in SWNT and their positions have been assigned 

theoretically’ .̂ The VHS absorption bands are broad due to the dispersion o f 

nanotube types within the sample. They are in fact a superposition o f narrower 

absorption bands corresponding to the response o f individual single-wall nanotubes 

o f different chiral indices and/or o f different diameters. The inverse relationship 

between the bandgap and diameter o f SWNT allows the diameter distribution o f the 

nanotubes to be estimated from the position o f the van Hove singularity peaks in the 

absorption spectrum'^.

Figure 3.17 shows van Hove singularities in SWNT and their corresponding 

diameter distribution^'^. In accordance with the inverse relationship, larger diameter 

nanotubes have a smaller the band gap. On examining the peak positions o f the van 

Hove singularities measured for the SWNT used in this work, as shown in figure

2 1.5 1 Energy (eV) q.5
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3.16, it can be concluded that these SWNT are somewhat larger than those depicted 

in figure 3.17.
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Figure 3.17 Diam eter distributions o f  Van Hove singularities in SW NT‘^

It is estimated that the diameter range o f the SWNT used here peaks between 1.3 nm 

and 1.6 nm.

3.3.2 Predictions for van Hove Singularities in Multiwalled Nanotubes

The position o f van Hove singularities in the DOS o f SWNT can be calculated 

theoretically shown in figure 3.18 and 3.19. Figure 3.18 shows the DOS 

calculations for an (8,8) SWNT and a bundle o f SWNT'*. A certain degree o f 

damping and shifting o f the van Hove singularity peaks is noticed in the case o f the 

bundled SWNT.
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Figure 3.18 Calculations o f van Hove Singularities in a SWNT & SWNT bundle

In figure 3.19 calculations for the DOS o f  a M W N T com posed o f  three SW N T 

shells namely, (5,5), (10,10) and (15,15) is s h o w n ' T h e  M W N T is shown to 

exhibit distinct van Hove singularity peaks w ith little dim inishm ent o f  peak 

sharpness occurring as a result o f  the intershell interactions.
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Figure 3.19 Calculations for a MWNT showing van Hove singularity peaks
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It is intuitive therefore that van Hove singularities can be observed in the absorption 

spectra o f MWNT. The inverse relationship between the nanotube bandgap and 

diameter enables predictions to be made about MWNT VHS spectra. In SWNT the 

band edge is found in the 0.5 eV region o f the VHS spectrum. MWNT have several 

concentric shells, which are closely incremented and are larger. The VHS spectral 

edge can therefore be expected to be located further into the infrared region,and the 

singularity peaks can be expected to be distributed throughout the spectrum.

3.3.3 Optical Detection o f  van Hove Singularities in Multiwalled 
Nanotubes

Examination o f absorption spectra o f MWNT does indeed reveal the presence o f 

van Hove singularity peaks. Measurements were performed in the solid state in 

order to avoid any contribution from solvent vibrations, which occur in the near 

infrared region. Films were produced by drop casting onto glass substrates in the 

case o f UV-Vis measurements and KBr disks in the case o f infrared measurements. 

Spectra were taken in the UV-Vis region from 300 nm to 1100 nm, in the near 

infrared region from 900 nm to 4000 nm and in the infrared region form 2500 nm to 

30,000 nm, using three different instruments.

UVA'is -  NIR Detection

The UV-Vis-NIR absorption spectra o f drop MWNT films are shown in figure 3.20 

and figure 3.21. The spectra shown were taken using two different instruments, and 

background subtraction was carried. The raw data before background subtraction 

for the visible section o f these spectra is shown in later in figure 3.28 and that for 

the NIR region is shown as an inset in figure 3.21.

In figure 3.20, an attempt at overlapping the common spectral regions o f the two 

spectrometers between 1000 nm and 1150 nm has been made. Such overlapping 

region is omitted in figure 3.21. Joining spectra is generally unsafisfactory, as an 

artefact or jum p in the absorbance magnitude due to an inherent feature o f the 

excitation lamp and poor resolution in the overlap region, means joining the spectra 

is unreliable.
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Figure 3.20 Joined M W NT absorption spectra showing van Hove singularity peaks

In both spectra a series of peaks are observed throughout the spectral range 

examined, beginning at 600 nm and continuing into the infrared region.
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Figure 3.21 M W NT absorption shoM’ing van Hove singularity absorption 
Inset shows near infrared region prior to background subtraction.
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The peaks are broad and contain some features. As anticipated for a multishell 

structure, the peaks are more numerous and lie closer together than those seen in 

SWNT.

Infrared Detection

Beyond the 3000 nm region vibrations due to bond stretchings shown in figure 3.22, 

dominate the spectrum and the presence o f singularities cannot be easily elucidated 

in this region. Carbon nanotubes readily adsorb elements from its surrounding 

environment and hence water, oxygen and other contaminants are generally present. 

Typical bond stretches, including vibrations from OH and C-H contaminants around 

the 3000 cm’’ and 8000 cm '' respectively are apparent in figure 3.22.
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Figure 3.22 Bond Stretch absorption in MWNT

A spectrum o f a MWNT Polymer composite, measured in reflectance mode using a 

film drop cast onto a gold plated microscope slide, is shown in figure 3.23. Typical 

bond stretches o f the polymer dominate the spectrum'^, such as aryl peaks at 3020 

cm"', and the various C-H stretches between 2925 cm”' and 2850 cm ''. However, 

features either side o f the C-H stretches in the 4000 cm‘'-2000 cm"', cannot be 

associated with the polymer.
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Figure 3.23 Infrared absorption from MWNT Polymer composite

This region o f the spectrum is shown as a function o f energy in figure 3.24.
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Figure 3.24 Van Hove singularity absorption features in MWNT-Polymer
composite

Again peaks indicative o f van Hove singularities are observed either side o f the 

main polymer feature.
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Far Infrared Detection

Further out in the infrared the presence o f  singularities are again observed. The 

spectrum  in figure 3.25 and 3.26 is extended out to 30000 nm. Further peaks are 

clearly observed and extend to the lim it o f  the FTIR spectrom eter’s range.
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Figure 3.25 Absorption spectrum showing van Hove singularities in fa r  infrared. 

In figure 3.26 the far infrared region has been plotted in as a function o f  energy.
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Figure 3.26 Far infrared MWNT van Hove singularities
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The presence o f  singularities in this region o f  the spectrum  is in keeping w ith the 

larger diam eter o f  M W NT, and hence their low er energy bandgaps.

Oscillations suggestive o f  Fabry-Perot resonances are observed in som e o f  the 

previous figures including figures 3.20, 3.23 and 3.25. Such resonances can occur 

as a result o f  the interference pattern produced by the surfaces o f  a thin film. The 

form ula shown in equation (3.1) can be used to calculate the thickness o f  such a 

film.

(3.1)

w here b is the thickness o f  the film, n is the num ber o f  fringes betw een vi and V2, 

and vi and v j  are the respective w avenum bers chosen for the lim its o f  the range in 

w hich well defined fringes can be counted. It is useful to apply this analysis in order 

to ensure that any Fabry-Perot resonances present do not im pede the resolution o f 

van Hove singularity peaks. The drop cast film s which were used are estim ated to 

have thicknesses in the nanom eter range. These were generally o f  poor quality, 

being highly inhom ogeneous, which, though not a disadvantageous for the objective 

o f  m easuring van Hove singularity absorption, is not expected to lend tow ards the 

generation o f  Fabry-Perot resonance fringes.

A pplying equation (3.1) to the peaks to the data used in figures 3.20 and 3.23 gives 

thickness o f  2.5(j^m and 50|am respectively. These thickness values do not 

correspond to anything near w hat the real thickness o f  the sam ples and hence it can 

be concluded that the observed peaks do not originate from  Farby perot resonances. 

In the case o f  the data in figure 3.25, the small oscillations residing on the m ain data 

correspond to a thickness o f  16)am. These features closely represent the typical 

appearance o f  Fabry Perot resonances, how ever again the thickness value is not 

correct. It is more likely that the features are due to factors such as the oscillatory 

behaviour o f  the lamp at these very long w avelengths which are at the edge o f  its 

range, or fluctuations in the environm ental conditions.
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Visible Detection

For purposes o f the investigations carried here, the presence o f van Hove 

singularities in the visible and near-infrared regions are o f most interest. The 

absorption spectrum in figure 3.27 focuses on singularities in this region. It shows 

singularities in M W N T u s a , which are typical for this region. The spectrum consists 

o f three well-resolved peaks and a number o f shoulders in the visible and near- 

infrared regions. A background subtraction has been performed to remove the 

influence o f the Ti-plasmon. The inset shows the raw date prior to background 

subtraction.
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Figure 3.27 Van Hove singularity peaks fo r  M W N T usa In the visible region
Inset shows raw data

Luminescence, which is described in more detail in chapter 5, has been observed 

whose spectrum shows a sharp rise beginning at about 550 nm and falls sharply 

beyond 930 nm. Significant also is the fact that no further peaks were identified at 

energies greater than 2.4 eV. This is in keeping with the larger nature o f MWNT, 

which given the inverse relationship between tube diameter and tube band gap, can 

be expected to have small band gaps with a weakening o f VHS features at higher
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energies. It is therefore possible that further singularities exist above 2.4 eV which 

do not contribute greatly to the nanotube’s spectrum and hence are not apparent.

Other spectra, such as those shown in figure 3.28, have a similar profile in the same 

spectral range, though the resolution is often not as well defined. The swamping o f 

the singularities by the 7r-plasmon resonance is significant, particularly in the visible 

region where the plasmon is stronger. Low film thickness with well separated 

nanotubes give the best spectra. The spectra shown in figure 3.28 are for three 

different drop cast films o f purified M W N T rr in i ty -
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Figure 3.28 Van Hove singularity peaks fo r  purified MWNTrnniiy prior to
background removal

Peaks are located in a similar region in the three spectra, though the definition o f the 

peaks varies. The lack o f clarity in the VHS absorption spectra o f M W NT is to be 

expected given their complexity o f their structures and the intershell and intertube 

interactions that can occur. Singularity features in SWNT can also vary, as can be 

seen from comparison with the spectra in figure 3.17, which shows the effect o f the 

synthesis temperature on the SWNT diameter distribution.
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3.4 Implications for Material Nonlinear Optical Properties

The Hnear optical properties o f a material have a profound influence on their 

nonlinear optical properties. Expectations o f the material nonlinear optical 

performance and the multiphoton processes, which they can support, as indicated by 

characteristics o f their basic properties, are now explored.

3.4.1 Endohedral M etallofullerene La@Cg2

The nonlinear properties o f La@Cg2 are expected to follow the foundations set by 

Ceo- Although it was not possible to obtain a sample o f C82 for measurement here, 

the results for the endohedral fullerene can be compared with those in the literature 

for Ceo and other higher order fullerenes. The nonlinear response o f Ceo is 

characterised by a considerable ultrafast nonlinearity as well as efficient reverse 

saturable absorption. An improved response is expected from La@Cg2 compared to 

C&0- Increase in the magnitude o f the optical nonlinearity with fullerene size has
90been reported in the literature . The presence o f the La atom and the extra electrons 

it donates to the fullerene cage is anticipated to enhance this effect. In addition, the 

broader wavelength range o f the linear absorption means that La@Cg2 will be able 

to support nonlinear optical activity over a much broader wavelength range.

3 .4 .2  Carbon N anotubes

The full extent o f the nonlinear optical behaviour o f carbon nanotubes cannot be 

readily predicted. Carbon nanotubes possess many important attributes, which can 

be anticipated to contribute to a large, broadband and ultrafast response. However, 

issues such as the influence o f the VHS cannot be completely foretold. It is intuitive 

to expect large resonant enhancement o f multiphoton interactions and hence optical 

nonlinearities at energies coincident with the singularities. These expectations are
9  1supported by theoretical calculations given in the literature . These calculations 

predict very large values in certain spectral regions due to multiphoton resonant 

enhancement processes in nanotubes.
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3.4.3 Axially Substituted Phthalocyanines

Metallophthalocyanines are well known as reverse saturable absorbing materials. 

The linear absorption spectrum, with its weak absorption window, provides ideal 

conditions for reverse saturable absorption. The objective here is to investigate the 

influence o f axial groups on the phthalocyanine reverse saturable absorption 

performance. These axial substituents depicted in figure 3.2 and 3.3 act as electron 

withdrawing groups, with compound A being the weakest, and compound D being 

the strongest due to the two cyano groups. Hence the double cyano electron 

withdrawing group in compound D is expected to have the greatest impact on the 

basic phthalocyanine structure. Empirically the reverse saturable absorption 

response can be expected to follow a similar pattern. This argument follows from 

previous investigations which have shown that alterations to the basic

phthalocyanine such as the addition o f peripheral groups can improve its optical
22limiting response . Though no specific theory has been developed to explain these 

findings it is proposed that the alterations affect the electronic structure o f the 

phthalocyanine and in particular improves the efficiency o f electron crossing to the 

triplet state.

The sample degradation problems can be expected to reduce the full magnitude o f 

the nonlinear absorption response. However, using freshly prepared samples and 

assuming that the degradation occurs at the same rate in all samples, as indicated by 

the absorption spectra in figures 3.4 and 3.6, the trend in the nonlinear behaviour 

should be preserved.

3.5 Conclusions

The scene has been set for material investigations o f nonlinear optical response and 

the multiphoton interactions from which they originate. The basic material 

properties, most importantly including linear absorption and sample morphology 

have been characterised giving a portrait o f the materials. Predictions for the 

nonlinear optical performance o f the materials have been made, by taking account of 

the material characteristics and applying established criteria and precedent.
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Characterisation o f the multiphoton processes and the corresponding nonlinear 

optical properties o f the materials is presented. The various parameters o f the 

material nonlinearities such as, magnitude, time response, and bandwidth are 

determined. The merits o f the material performance and promising features are 

identified and recommendations o f particular photonic tasks, for which the materials 

would be suited, are given. The material nonlinear response and the multiphoton 

interactions from which they originate, are analysed. It is found that many aspects 

o f these processes can be related back to the material linear optical properties.

Third order nonlinear optical interactions give rise to a large number o f phenomena. 

Various experimental techniques have been devised to study these phenomena and 

gain information on material third-order optical nonlinearities.

4.1 Experimental Techniques

Several experimental techniques are available to measure the various nonlinear 

optical parameters o f materials. Here we use both a simple technique, known as Z- 

scan, and a more comprehensive technique, known as degenerate four wave mixing, 

to characterise the third order nonlinear optical properties o f the materials. The Z- 

scan technique is an efficient method for examining third order nonlinearities, 

giving information on both the refractive and absorptive components and also on the 

sign o f the nonlinearity. Degenerate Four-Wave Mixing (DFW M) is a more 

elaborate characterisation technique, but has the added benefit o f measuring the time 

dependence o f the nonlinearity.
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The approach taken here has been to carry out general investigations using the more 

flexible Z-scan technique and to perform a more extensive characterisation using 

DFWM. The methodology o f both techniques is described.

4.1.1 Z-scan Technique

The Z-scan technique was first published by Sheik-bahae et al' and has since 

become a standard tool for the determination o f both real and imaginary third order 

susceptibility coefficients and the sign o f the nonlinearity. Its strength derives from 

an ability to translate changes in beam curvature, induced by the nonlinear response 

o f the sample under study, into detectable transmittance changes. The Z-scan 

principle involves traversing the sample under study along the path o f a tightly 

focused Gaussian beam thereby subjecting it to a large range o f intensities.

Open Aperture
Photo Diode

L e n s
Sample

A o e rtu reL e n s

Photo Diode

/  1LJ
Beam  S p litter Q o s e d  A p e r t U r C

•2 +Z

Spatial Intetuity Dirtribuiian

fclQ’

M-DiAarue

Figure 4.1 Schematic o f  Z-scan set up & spatial distribution o f  the beam intensity

A schematic o f the arrangement used in Z-scan is shown in figure 4.1, also shown is 

a plot o f how the intensity varies with position. Nonlinear behaviour can be induced 

above a threshold incident intensity. The transmitted power is measured as a 

function o f sample position in the far field, using two detectors, one apertured and 

one unperturbed. The sensitivity o f the experiment to the nonlinear refractive index, 

a real response, is due to the presence o f the apertured detector, referred to as 

‘closed z-scan’. The unapertured detector detects transmittance changes due only to 

nonlinear absorption and is referred to as ‘open z-scan’. The principles o f  the closed
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and open z-scan measurements are best illustrated by example as given in the 

following sections.

Closed Z-scan Measurement of Refractive Nonlinearities

Consider the case o f a material possessing a negative nonlinear refractive index and 

no absorptive nonlinearities, as it traverses the path o f a tightly focused Gaussian 

beam, depicted in figure 4.2.

Prefocal Beam Narrowing Postfocal Beam Broadening

Lens Aperture

Sam ple

P hotod iode

Lens

Sam ple

Photodiode

Figure 4.2 Schematic o f  induced beam narrowing and broadening during Z-scan

Far from the focal position (negative z), incident intensities are low and negligible 

nonlinear behaviour results. Closer to the focus, the increased power densities are 

sufficient to induce nonlinear refraction or self-lensing in the sample. Negative self- 

lensing will tend to collimate the beam in the far field and consequently increase the 

power transmitted through the aperture. After the focal plane (positive z) the same 

self-defocusing nonlinearity causes increased beam divergence leading to beam 

broadening at the aperture and a corresponding decrease in transmittance. Hence a 

prefocal transmittance maximum followed by a post focal transmission minimum is 

the typical Z-scan signature for a negative refractive nonlinearity. Following a 

similar argument, positive nonlinear refraction gives rise to the opposite valley-peak 

configuration.

Open Z-scan Measurement of Absorptive Nonlinearities

The open Z-scan corresponds to the measurement o f the total transmittance through
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the sample, i.e. with no aperture in front o f the detector. It only sees the nonlinear 

absorption that is the imaginary component o f the nonlinearity. The nonlinear 

absorption can either be o f the saturable or reverse saturable type depending on the 

sign o f P in the material.

1 .1 4 -

I 1 0 8 -
C /5

E
C /)c2

0 3

E
oz

- 0.8 0.0 0.8

Z-Distance (cm)

Figure 4.3 Z-scan measurement o f (i) saturable and (ii) reverse saturable
absorption

Both cases are shown in figure 4.3 as they would appear when measured using Z- 

scan. A peak about the focal point signifies saturable absorption, while a dip 

signifies reverse saturable or multiphoton absorption.

Theory of Z-scan Technique

The original formulation for z-scan is the treatment o f the propagation o f a Gaussian 

beam in a nonlinear m edium '. A TEMoo Gaussian beam of waist radius ( wq) 

travelling in the +z direction is assumed. E can be written as

£ ( z , r ,0  = £ o ( 0 - — -exp 
w{z)

ikr
 ̂ w '{z )  2R{z) (4.1)

where {z) = m>1{\ + ! z l ) \ s  the beam radius, R{z) = z{\ + z l ! z ' )  is the radius

o f curvature o f the wavefront at z, Zq = kw] /2  is the diffraction length o f the beam.
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k = 2 n l A \ s  the wave vector, and /I is the laser wavelength. £(,(/) denotes the 

electric field at the focus and contains the temporal envelope o f the laser pulse. The 

contains all the radially uniform phase variations. Only the radial 

phase variations, A(j>{r) , are calculated here and all other phase changes that are 

uniform in r are ignored. The slowly varying envelope approximation (SVEA), can 

be applied. A thin medium is assumed, meaning that changes in the beam diameter 

within the sample are small enough to be neglected. This requires that L < z ^ ,

where L is the sample length. The amplitude and J7 and phase (j) o f the electric 

field as a function o f z ’ are now governed in the SVEA by the following two 

equations;

^  = (4.2)

= (4.3)

where z ’ is the propagation depth in the sample and a(I), includes the linear and 

nonlinear absorption terms. In the case o f a cubic nonlinearity and negligible 

nonlinear absorption (4.2) and (4.3) are solved to give the phase shift A(j) at the exit 

surface o f the sample which simply follows the radial variation o f the incident 

radiation at a given position z. Thus,

A(p{z,rJ)  = A(zio(z,Oexp

with

w (z) (4.4)

° ^ ’^ ~ l  + z ^ / z ^  (4.5)

A(Z>o(0, the on-axis phase shift at the focus, is defined as

where = (1 - e ~ ' ^ ) l a  and here a  is the linear absorption coefficient.

The electric field exiting the sample Ee now contains the nonlinear phase distortion
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E ^ r , z , t )  = E{r,z , t )e (4.7)

A treatment method known as Gaussian Decomposition can now be appHed. This 

involves the decomposition o f the electric field at the exit plane o f the sample into a 

summation o f Gaussian beams through a Taylor series expansion o f the nonlinear 

phase term . That is,

m\ (4.8)

Each Gaussian beam can now be propagated to the aperture plane and there be re

summed to reconstruct the beam. The resultant electric field pattern at the aperture 

becomes

£ „ ( r ,/)  = E{z ,r  = 0, 0^- “̂ ' ' ^ 2! ! ^exp
f  . . 2

m=0 m\ wm

.1r~ ikr
 "■

V
(4.9)

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

plane and g=l+d/R(z), the remaining parameters in (4.9) are expressed as

2 _ w \ z )  _ kw],^ , 2 _ ,2
m O  1 ’ m 2  ’  m O

= tan

2m +1

did . .

S" + . 2

( f

~dl
, K = d 1 -

+ d^ Id ^ and

-1

The transmitted power through the aperture is obtained by spatially integrating 

Ea(r,t) up to the aperture radius ra, giving

P./ ( ^ ^ 0  (0 ) = ce^n^n I" \E^ { r , t f  rdr (4.10)

where so is the permittivity o f free space. Including the pulse temporal variation, the 

normalised Z-scan transmittance T(z) can be calculated as

T ( z ) (4.11)
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where (0  = (0  / 2 is the instantaneous input power within the sample and

5 = 1 -  exp(-2r„" / ) is the aperture of linear transmittance with wa denoting the

beam radius at the aperture in the linear regime.

Again considering equation (4.9) the normalised Z-scan transmittance can be 

simplified as

The far-t'ield condition d »  zO can be used to further simplify equation (4.12) to 

give a geometry-independent normalised transmittance as

Equation (4.13) is the theoretical fit which is applied to the closed aperture z-scan

the material and enables a values for AO  ̂be determined. The AO  ̂can then be

Calculation o f  Nonlinear Refractive Index

In the limit of a small nonlinear phase change (|aO(,| «  l) and employing the far field

condition the Gaussian Decomposition method enables the normalised Z-scan 

transmission to be expressed as in equation (4.13).

r(z ,AOo) =z,AOo) = ---------------------- ^
|£^(z,r = 0,A(zio =0)|

I 2
{g + idldf^y^ +i^(f)^{g + id I d^y'V

{g + idld^y^^ (4.12)

(4.13)

data. A satisfactory fit of this equation to the data confirms a real response in

used to calculate the magnitude of the real response.

The calculation of the real value involves computing the n2 values which are 

given by

(4.14)

where A(j)o is obtained from fitting (4.14) to each of the Z-scan signatures. Real yp'\ 
(9?ex^^ )̂ is then obtained in the traditional Gaussian units by
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10 - 6

")\ex^^\esu) = ^ ^ c n l n ,  (415)

where c is the speed of light in cm/s and U2 is in cm^/W. For the case where 

nonlinearities are composed of opposite signs within a sample, a simple addition of 

the parameters was performed.

Calculation o f Nonlinear Absorption Coefficient

The open Z-scan corresponds to the measurement of the total transmittance through 

the sample, i.e. with no aperture in front of the detector. It only sees the nonlinear 

imaginary component of the material, i.e. nonlinear absorption. In the case of two- 

photon absorption, which is described by equation (4.6) with p positive, the energy 

transmittance as a function of position z, Top(z) has been calculated and is equal to

Top(z) = T o S  [ - q o (z ,0 ) f / (m + lf"  (4.16)
m = 0

where To is the linear transmittance at low intensity and is equal to e-'^o'^, and

qo (z,0) = pio (t=0)Letr / (1 +z^/zo^) (4.17)

where, Letr = (1 - ) / ao .

Equation (4.16) is the theoretical fit which is applied to the open aperture z-scan 

data. A suitable fit of this equation confirms an imaginary response in the 

material. However, equation (4.16) is only true as long as

|qo (z= 0 ,0 )|<  1. (4.18)

The calculation of the Im^^^  ̂ value involved computing the /? values which are 

calculated from the fitting of (4.16) to the open Z-scan curves. Imaginary 

(Imx^^') is then given by

l O ' * '
:smx^^\esu) = ^ ^ c n l P  4̂ 19)

Z-scan Experiment

Measurements were taken on three different laser systems; namely a ps Nd:YAG, a 

wavelength tunable Nitrogen-Dye system producing 500 ps pulses and a nanosecond
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Nd:YAG. The shorter pulsed lasers are the most useful as they provide a better 

examination o f the faster nonlinear optical processes. The ps Nd:YAG is an 

active/passive mode-locked laser o f the Continuum PY60 Series. It is operated at 

1064 nm and at the frequency doubled 532 nm and delivering pulses at 10 Hz with a 

pulsewidth o f 25 ps at 532 nm and 35 ps at 1064 nm. The N itrogen-D ye laser 

system was used to take measurements at a number o f wavelengths in the visible 

region and had a repetition rate o f 3 Hz. The third laser system is a Q-switched 

Nd:YAG laser delivering 6ns pulses at a rate o f 10 Hz.

These lasers are well suited to giving a good characterisation o f the nonlinear optical 

properties o f materials. They are capable o f delivering high peak powers, necessary 

to observe nonlinear phenomena in materials. The wide wavelength range through 

out the visible region and the availability of 1064 nm in the near infrared region 

allows a large bandwidth to be tested. These lasers all operate at slow repetition 

rates, which helps to minimise thermal effects. As an illustration o f the 

technicalities o f a Z-scan experiment, one set up, where the ps Nd:YAG is detailed.

Laser beam at output

Nd:YAG Laser 1064532

Filters Apes‘4tiire iO,

FiltfersClosed ±z

Open Rei Laser beam at 
experiment mput

Figure 4.4 Z-scan set-up. Inserts show beam profile at output & after aperture #2.

The typical beam profile at the output o f the laser is depicted in the first inset in 

figure 4.4, is clearly not a perfect Gaussian. The experimental set up in figure 4.4
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included a means of up grading the beam profile to that shown in the second inset. 

In the ideal case, the fundamental TEM qo mode o f a laser is a Gaussian wave. 

However, this set-up deals with the deviation o f the laser beam profile from that o f a 

Gaussian, which is required for Z-scan theoretical analysis. A clipped somb beam 

profile is used to replace the defective Gaussian beam. Such a beam closely 

approaches a Gaussian profile and can be considered to satisfy the theoretical 

requirements. The laser beam departs from this theoretical function due to 

imperfections in the laser leading to fluctuations in the laser beam and the creation 

o f higher spatial frequencies in addition to the fundamental one. An aperture is used 

to spatially smooth the laser beam and attain a more Gaussian like profile. The

beam is first directed through an aperture and is subsequentially diffracted. In the
2 2 2 far-field, the beam profile becomes a somb function, somb (x) = 4 Ji2(7ix) / (t t x ) ,

where Ji (x) is the first order Bessel function. The central part o f this diffraction

pattern approaches a Gaussian profile and can be selected by using a second aperture

to "clip" the wings.

Experimental Considerations

The Z-scan experiments carried out here travel from the right to the left, unless other 

wise stated. A positive refractive nonlinearity will therefore have a ‘dip-peak’ 

signature and a negative refractive nonlinearity will have a ‘peak-dip’ signature. In 

cases where there is an absorptive nonlinearity, the influence o f the absorption can 

be removed from the refractive signature by dividing the normalised closed scan by 

the normalised open scan.

Curve fitting the Z-scan signatures using the equations described in sections 4.1 

enables the calculation o f the various nonlinear optical parameters. However, as 

previously specified, conditions apply to these equations since they include 

assumptions, which mean that the mathematics involved in their derivation are only 

applicable to Z-scan signatures whose normalised values deviate within ± 20 % in 

the case o f both the refractive and absorptive nonlinearities. Fitting Z-scan 

signatures, which deviate by a higher percentage, is possible by increasing the 

number o f fitting iterations. However the values which result are no longer accurate 

though they may still contain some indicative information about the nonlinearities.
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4.1.2 Degenerate Four Wave Mixing Technique

Degenerate Four W ave M ixing (DFW M ) is tlie general description given to the 

interaction o f  three w aves in a m edium  to produce a fourth w ave via a third order 

nonlinear optical process. The excitation w aves com prise o f  two antiparallel pum p 

beams, the forw ard and backward beam s, and a probe beam  entering at an angle. 

The intensity o f  the generated beam  is dependent on the coupling coefficient in the 

m aterial, w hich is a function o f  the third order optical susceptibility. This can be 

used as a m ethod o f  determ ining the m agnitude o f  in m aterials.

A backw ard reflection geom etry was used here, as it has the advantages o f  being 

autom atically phase m atched and the generated wave has the property that it is 

everyw here the tim e reversed w avefront o f  the input probe wave. Essentially, the 

forward and probe beam s form a transient index grating in the m aterial from  which 

the backw ard beam  diffracts into the phase conjugate wave.

Theory of Degenerate Four Wave Mixing

The generation o f  a phase conjugate beam  can be explained by considering the third 

order polarisation. A ssum ing input w aves o f the form

then the polarisation will have, as well as several other term s one o f  the form

Because the pum p w aves are counter propagating k i+k2 = 0 and the polarisation 

now becom es

This com ponent o f  the polarisation can act as a source term  for the w ave, w hich is 

the conjugate o f  the probe beam  and propagates opposite to it.

The interaction m ay also be understood in term s o f  grating form ation in the m edium  

as depicted in figure 4.5.

- i ( k - . r -cu l )

(4.20)

(4.21)

(4.22)
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W riting Reading

E .=  E

Figure 4.5 Grating formation in phase conjugate geometry.
Subscripts f, h, p  and c re fer to the forward pump, hackH>ard pump, probe and

conjugate beams

Interference o f two o f the beams forms a spatially varying intensity distribution, 

which then couples to the medium through the optical nonlinearity. This leads to a 

spatially varying refractive index and acts as a grating from which the remaining 

beam may Bragg diffract into the probe direction.

Two important gratings are formed. One o f coarse pitch, formed by the forward 

pump and probe beams, ?^/2sin(6/2), and the other formed between the backward 

pump and probe beams o f fine pitch, A./2cos(0/2) where 0 is the angle between the 

forward pump and probe beams. In the case o f the coarse grating the backward 

pump scatters into the direction o f the probe beam providing the phase conjugate 

signal while in the fine grating situation the forward beam does so.

Degenerate Four Wave Mixing Experiment

A backward phase geometry is used as this has the advantage o f being automatically 

phase matched and does not have the temporal range limits o f other geometries. 

Automatic phase matching occurs when the counter propagating pump waves 

exactly retrace each other and have the same intensity. Under this condition the
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probe wave may be aligned at any angle to the pump directions and a signal beam 

will be observed. An account o f the set-up is now given in reference to the outline 

diagram shown in figure 4.6.

The Phase Conjugation experiments were carried out using the ps Nd:YAG laser. It 

is capable o f producing pulses o f energy in the region o f 33 mJ at 1064 nm. The 

initial part o f the set up cleans up the laser beam profile using an aperture in a 

similar manner to the Z-scan setup. The power is adjusted using neutral density 

filters and the polarisation is verified to be horizontal by passing it through a 

polariser. The beam is then directed through a half waveplate/polariser 

combination, which is used to control the intensity for intensity dependent 

measurements. In order to increase the power a telescoping arrangement o f lenses 

are used to reduce the beam diameter and ensure the beam is well collimated. A 

beam splitter then divides the beam in two; one part o f which becomes the backward 

pump beam is directed through a delay line, which enables time dependent studies. 

The second beam is directed around to enter the sample in the opposite direction and 

becomes the forward pump beam. Part o f the forward pump beam is split o ff to 

become the probe beam. The probe beam is directed through a delay line, which 

allows for the temporal alignment and enters the sample at an angle through a cube 

beamsplitter. The purpose o f the cube beam splitter is to maximise the intensity o f 

the phase conjugation beam and so make the detection easier. The phase conjugate 

beam propagates in the opposite direction to the probe and the cubic beam splitter 

directs 50 % o f it towards a photodiode for detection. This photodiode is placed 

around a 90° turn and far away from the main beams. This distance and the 

presence o f a polariser reduce the possibility o f scattering interfering with the 

detection o f the phase conjugate signal.

Alignment o f the experiment involves steering the two pump beams through a series 

o f apertures until they overlap and retrace each other’s path. A perfect overlap and
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Figure 4.6 Schematic representation o f  phase conjugate experimental setup
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counter propagation along the entire pathway o f the experiment is not possible, as 

the beams would re-enter the laser and disrupt the lasing in the cavity. Fluorescent 

paper and Rhodamine 6G are useful alignment aids. In particular, the Rhodamine 

6G is important in achieving temporal alignment as it two-photon fluoresces 

efficiently at 1064 nm. A bright green glow can be seen in a cuvette o f Rhodamine 

6 0  in ethanol and enables accurate overlap o f the beams at the sample position. On 

moving the temporal delay a sudden increase in the brightness o f fluorescence can 

be seen when the two pump beams are spatially and temporally aligned. This is due 

to the two photon fluorescence power law dependence o f exponent 2. A similar 

procedure can be carried out for the alignment o f the probe beam. As the probe 

beam is weaker, neutral density filters are placed in front o f one o f the pumps until it 

has a similar intensity and the other pump is blocked. The probe beam has its own 

delay and careful spatially and temporal adjustment, completes the input beam 

alignment.

In order to test for a phase conjugate signal a laser dye, A9740 (Kodak Q-Switch 1) 

is used, which gives a large signal. This is the same dye which is used to mode lock 

the laser and is an efficient saturable absorber at 1064nm. A cuvette o f the Q- 

Switch 1 dye is placed at the sample position and a screen o f white paper is placed 

where the output phase conjugate is expected and an Infrared Viewer is used to 

search for the signal. The signal usually appears as an intermittent spot among the 

scatter. Its presence can be verified by blocking the three beams in turn and 

ensuring it disappears. Also, mis-adjusting the temporal delay has the same effect. 

The signal is then directed into the photodiode, which is connected to an 

oscilloscope, for detection. The alignment can be readjusted at this point to 

maximise the signal output.

Measurements begin by using toluene as the sample. Toluene is the standard used 

in the experiment as it is the solvent used for the samples. It has a low nonlinearity 

and the detection o f an adequate signal is difficult. Preliminary measurements 

involve intensity dependence measurements. A power law o f exponent 3 is required 

to confirm that the signal is indeed third order and that scattering is not providing 

too much interference. Both intensity and time dependent arrangements are
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com puter controlled and the set-up is now  ready for m easurem ents, as long as the 

alignm ent holds.

Calculation of

The m agnitude o f  may be determ ined from  a m easurem ent o f  the reflectivity 

(R), (the ratio o f  the intensity o f  the phase conjugate beam  74 to the intensity o f  the 

probe beam). In practice the determ ination o f  the reflectivity and intensities o f  each 

beam  can be difficult given the many param eters such as beam  quality, w hich need 

to be accurately characterised. The response o f  a well characterised reference 

m aterial is used instead. Here we use the solvent toluene as the calibration standard 

w hich is the sam e reference used for the Z-scan experim ents. The value o f  for 

toluene at 1064nm is taken to be 3.8 x 1 0 ~''*e5 w.

can be calculated by com parison using the follow ing expression:

j   ̂ T
I (3) | 2 _ h a m p ’^ref  re/ I (3) ^

\a  s amp\  1 ^ 1  | (4.23)
^  rcj ^San ip  ^ s i g

where the subscripts samp and ref refer to the sam ple m aterial under test and the 

reference m aterial respectively.

4.2 Nonlinear Optical Characterisation o f Materials

The Z-scan and DFW M  techniques are em ployed to characterise the m aterials third 

order nonlinear optical properties. Param eters including, m agnitude o f  

nonlinear refractive index (na), nonlinear absorption coefficient (P), the tem poral 

behaviour and bandw idth o f  the nonlinearities are determ ined. The objective is to 

establish representative param eters and general trends o f  the m aterial nonlinearities 

to w ithin the lim its o f  error, rather than to carry out very precise m easurem ents. 

This approach is m ore realistic both due to the nature o f  the m aterials involved and 

for the requirem ents o f the studies undertaken in this thesis.

On considering the m aterials for study it becom es clear that certain aspects o f  their 

structure and the lack o f  an accurate knowledge o f  key param eters, m ake the precise 

evaluation o f  their nonlinearities extrem ely difficult. This situation is particularly
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evident in the case o f  the nanotubes. Param eters, which are routinely used in 

calculations such as concentration and absorption coefficients, are not readily 

applicable to nanotube samples. This is due to both to the high percentages o f  

im purities present and to the dispersion o f  m any tube types w ithin a typical sample. 

The situation is even m ore com plex in the case o f  M W N T, which contain several 

concentric SW N T shells, which cannot be easily characterised. Here the approach 

taken is to calculate the volum e fraction occupied by the nanotubes rather than to 

estim ate concentration values. In the case o f  the set o f  axially substituted 

phthalocyanines, degradation o f  the sam ples occurs as previously detailed in chapter 

3. This m eans that absorption coefficients and concentrations cannot be precisely 

specified for all the phthalocyanine m aterials. M aterial im purities are also present 

in the La@Cg2 sam ple, as a result o f  to the production process. These factors 

decrease the accuracy at which the nonlinearities o f  the m aterials can be m easured. 

N evertheless, on taking errors into account, values w hich are adequately 

representative for the m aterial in question can be found.

Calculations o f  nonlinear optical param eters for the m ost part, tend to be som ew hat 

inaccurate, unless very m eticulous procedures are adopted. The variance o f  the 

literature values quoted for the same m aterial is testim ony to this^. There are several 

reasons for these discrepancies, such as use o f  different laser sources, techniques 

and sam ple qualities, as well as an inability to accurately determ ine experim ental 

param eters. Despite the inconsistencies, the values o f  the nonlinear optical 

param eters provide sufficient inform ation for the purpose o f  identifying prom ising 

m aterials characteristics. Hence the inform ation given by the nonlinear optical 

m easurem ents carried out here gives indicative values o f  the m aterial nonlinearities 

and is adequate for analysis o f  the m aterial attributes and the m erits o f  their 

perform ance.

4.2.1 Review of Nonlinear Optical Properties o f Organic Materials

N onlinear optical effects have been investigated in a wide range o f  organic 

m aterials. Polym ers were the am ong the first m aterials tested, and show ed high 

resonant values, in the region o f  10'^ esu and as large are 10'^ esu, as well as large 

o ff resonant refractive nonlinearities in the region o f  10 '”  and 10''^ esu^'^. Polym er
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m aterials were favoured due to their good processablity, m eaning that thin film s and 

w aveguides can readily be constructed, as well as their chem ical flexibility which 

enables the incorporation o f  additional species such as side chains or m etal atoms^'^. 

Strategies and rules for the enhancem ent o f  the nonlinear optical response in 

polym er system s, such as the scaling laws, have been developed. These rules 

predict that the linear polarisability scales w ith the third pow er o f  the ^-conjugation 

length, and the second hyperpolarizability scales w ith the fifth pow er o f  this length. 

The nonlinear properties o f  porphyrins, phthalocyaines and squarines continue to 

receive a t t e n t i o n T h e s e  m olecules are highly chem ically flexible and provide
12 13m odel system s for the study o f  nonlinear optical effects ’ .

Fullerenes, in particular Ceo, have been extensively studied show ing reasonably high 

nonlinearities which are in the region o f  lO '"  esu at o ff  resonant w avelengths'"'’' ' ’ . 

W hile polym eric m aterials possess hydrogen atom s and are therefore characterised 

by residual infrared absorption due to overtones o f  C-H stretching vibrations, 

fullerenes on the other hand, while also possessing a large num ber o f  conjugated % 

electrons, are uniquely com posed o f  carbon atom s and therefore do not have any 

residual infrared absorption. Sim ilar to the trends found in polym ers, increased cage 

size has been show n to enhance fullerene nonlinearities'* '^. Endohedral doping and 

has also been successful in increasing the fullerene response, w ith increases upto 

three orders o f  m agnitude found in the case o f  Er2@Cg2^°'^^. Scaling up even 

further, the nanotubes present as ideal nonlinear m aterials, w ith theoretical 

calculations predicting very high nonlinearities^^'^^. Initial m easurem ents show
96 97prom ising results ’ .

4 .2 .2  Endohedral M etallofullerene L a@ C 82

La@Cg2 is exam ined over a broad w avelength range using the shorter pulse w idth 

lasers. In the case o f  picosecond Z-scans, the laser pow er used was o f  the order o f  

22)iJ and the beam  w aist was betw een 15(im and 25 |im . For longer pulsed 

m easurem ents, slightly higher input pow ers were used. Both the Z-scan and D FW M  

techniques were used and m easurem ents were perform ed in solution using a highest 

concentration o f  3x1 O'"’ M. DFW M  investigations were carried out at 1064 nm  with 

the m ain objective being to study the tem poral behaviour o f  the nonlinearity.
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Z-scan

Z-scan results for La@Cg2 taken at 532 nm using 25 ps pulses is shown in figure 

4.7. The theoretical fit used has been described in detail in section 4.11. These fits 

confirm the third order nature o f the induced nonlinear response in the case o f both 

absorption and refraction.
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Figure 4. 7 Z-scan o f  La@Cs2 using 25 ps pulses at 532 nm

The Z-scan is dominated by a strong reverse saturable nonlinear absorption signal 

while only a weak nonlinear refractive signal is observed. The signal for the 

refractive nonlinearity is found by dividing o f the closed signal by the open to 

remove the influence o f the nonlinear absorption. The refractive signature appears 

to be a dip followed by a peak, which is the same sign as that o f the solvent. Noise 

in the data is due to the instability o f the laser, however the signals are sufficiently 

clear. The theoretical fits can be improved be increasing the number o f data points 

measured. The weak nature o f the refractive nonlinearity is expected from the 

Kramer Kronig relations, which describe the transfer relationship between the real 

and imaginary components o f the optical susceptibilities. This implies that in the 

case o f a strong imaginary response the corresponding refractive response will be 

weak. Further insight into the sign o f the refractive nonlinearity can be gained from 

concentration dependent studies taken on the same laser system at 1064 nm.
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Exam ples o f  the refractive Z-scan signature for different concentrations are show n 

in figure 4.8.
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F igure 4 .8  R efractive Z -scan dependence o f  L a @ C s2 on con cen tra tion  a t 1064 nr}7

At low concentrations a positive signature results, indicating that the solvent 

dom inates the signal. On increasing the concentration o f  the La@Cg2 the refractive 

nonlinearity o f  the solution disappears, indicated as the h a lf  open circles on the 

graph. A further increase in concentration gives rise to a negative refractive 

nonlinearity. This pattern suggests that the refractive nonlinearity o f  La@Cg2 is 

negative, w hich is in keeping w ith the trend for fullerenes.

Considerable reverse saturable absorption behaviour is also observed in La@Cg2 at 

1064 nm as can be seen from  the plot in figure 4.9. This plot shows the open Z-scan 

behaviour for a range o f  concentrations. The nonlinear absorption show s a clear 

dependence on concentration w ith the strongest absorption occurring at high 

concentrations and the w eakest at low concentrations as indicated by the arrow.
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Figure 4.9 Concentration dependence o f  La@Cs2 nonlinear absorption at 1064 nm

Z-scan results using the 500 ps wavelength tunable laser system are now presented. 

Measurements taken at 524 nm are shown in figure 4.10. A negative nonlinear 

refractive index is observed in addition to reverse saturable absorption. At this 

wavelength the refractive response is relatively large while the reverse saturable 

absorption is notably weaker.
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Figure 4.10 Open and Closed Z-scan results for La@Cs2 at 524 nm
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The pattern continues at 563nm as seen in figure 4.11. Z-scan results show the 

reverse saturable absorption becomes more dominant at this wavelength.
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F igure 4.11 Z-scan resu lts fo r L a @ C s2 cit 563 nm

Reasons for the variation o f the nonlinear response o f  La@Cg2 with wavelength, can 

be found by examining its linear absorption spectrum, given in figure 3.1, and also 

shown in an adapted form in figure 4.12. The basic profile o f the absorption 

spectrum consists o f strong absorption bands at shorter wavelengths up to about 550 

nm and a broad tail that continues out into the near infrared. Many shoulders, dips 

and peaks exist throughout. In regions o f strong linear absorption, saturable 

nonlinear absorption tends to influence the material response. This behaviour can 

counteract the reverse saturable absorption behaviour o f a material.

A summary o f the results obtained for La@Cg2 are shown in figure 4.12. This 

shows the wavelength dependence o f the real and imaginary values against the 

linear absorption background. A B-spline function has been fitted which is intended 

just as a guide to the eye. The spectral region has been adjusted to highlight the 

wavelength range o f interest. The strongest reverse saturable absorption for
A

La@ C 82 was measured at a wavelength o f 563 nm, which lies within a dip in the tail 

region o f its linear absorption. The weakest reverse saturable absorption was 

measured at a wavelength o f 524 nm, which has the highest linear absorption
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coefficient o f  the w avelengths at which m easurem ents were taken. Further out 

tow ards the end o f  the absorption tail at 1064 nm, reverse saturable absorption o f  

reasonable strength is m easured. At such a low absorption coefficient, there can be 

no involvem ent o f  saturable absorption behaviour.

This interpretation is supported by nonlinear absorption m easurem ents taken on 

both La@Cg2 and Ceo at 634 nm, also using 500 ps pulses. The w avelength o f  634 

nm  lies tow ards the edge o f  the forbidden H O M O -LU M O  transition o f  Ceo show n in 

figure 2.6. In La@Cg2 this w avelength lies directly w ithin one o f  the distinctive 

peaks o f  the linear absorption spectrum  and therefore a strong saturable absorption 

influence can be expected.
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Figure 4.12 W avelength dependence o f  La@ C s2 nonlinearities

The results o f  investigations o f  nonlinear absorption in La@Cg2 at 643 nm  are 

shown in figure 4.13.

C 60 is well know n to exhibit reverse saturable absorption in this region o f  the 

spectrum  as is seen in figure 4.13. The response o f  the La@Cg2 , how ever is 

negligible indicating that at 634 nm the saturable and reverse saturable absorption 

behaviour effectively cancel each other out.
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The linear absorption spectrum also has implications for the refractive nonlinearity.
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F igure 4.13 N onlinear absorp tion  o f  L a @ C s2 a n d  Cso a t 634 nm

A pattern is observed where in the case o f wavelengths where reverse saturable 

absorption is very dominant, the entire energy o f the nonlinearity is channelled into 

the absorptive response, where as wavelengths at which the nonlinear absorption is 

less dominant, a negative refractive nonlinearity can be observed.

Degenerate Four Wave Mixing Results

The third order nature o f a DFWM signal is verified by a power law dependence o f 

exponent 3 on the signal intensity. The logged intensity dependence o f La@Cg2 

shown in figure 4.14, has a slope o f 3.06 ±0.22, confirming the authenticity o f the 

signal. The temporal behaviour o f the nonlinearity is investigated by delaying the 

backward pump beam and recording response o f the phase conjugate signal.

96



Chapter 4 Nonlinear O ptical Characterisation

•0.3

O)
■0.6

u_

CD

- 0.49- 0.56

Log o f Incident intensity (a.u.)

- 0.63

Figure 4.14 Logarithmic p lo t o f  La@Cs2 phase conjugate signal with intensity

The typical evolution o f the phase conjugate signal as a function o f backward pump 

beam delay is shown in figure 4.15. A sharp peak occurs about the zero delay 

position, which corresponds, to an ultrafast nonlinear response.
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Figure 4.15 Temporal evolution o f  La@Cs2 phase conjugate signal 
as a function o f  backM’ard pum p delay.

At larger time delays, the signal starts to build up again. This second part o f the 

signal is likely to be thermal in origin, arising from sample absorption. The ultrafast
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nature o f  the initial phase conjugate response is confirm ed by fitting a G aussian to 

the response in the region o f  the zero tim e delay position. The G aussian fit, shown 

in figure 4.16, has a tem poral w idth o f  31 ps, w hich w ithin experim ental error 

corresponds to the pulse w idth o f the laser. Therefore, the response tim e o f  this 

contribution to the nonlinearity is shorter than that which can be resolved by the 

pulse w idth o f  the laser used.

O)

0 . 3 -

-90 0 90

Time Delay (ps)

Figure 4.16 Gaussian fit to La@Cs2 phase conjugate signal at zero temporal delay

N otably only one decay com ponent can be resolved w ithin tem poral resolution o f  

the experim ent, substantiating the ultrafast nature o f  the response.

Assessment of Nonlinear Optical Performance

The values o f  the nonlinear param eters for La@Cg2 as determ ined from  Z-scan

m easurem ents are sum m arised in table 4.1. A negative real response and a

positive im aginary response are seen throughout the w avelength range. The real

X*̂  ̂ values, (which have been corrected for the influence o f  the solvent) are o f  the 
12order o f -10' esu, w hich although not considerably high, is in keeping w ith the 

literature values recorded for such endohedral fullerenes^'. The m ost notable 

feature o f  the nonlinear optical investigations is the observance o f  large positive 

im aginary x̂ ^̂  values throughout the visible spectrum  and into the near infra red
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region. The large values, facilitate reverse saturable absorption which makes 

La@Cg2 a potential optical limiting material.

Wavelength lo
(nm) ( G W W )

524 3.3±1.0

532 5.2±1.0

563 2.8±I.O

1064 10.4±1.0

H2 X 10'^ 9?ex‘̂ ’ x l0 '
(cm^GW) (esu)

-0.8±0.2 -6.6±1.7

-4.1 ±0.7 -4.2±0.7

-1.7±0.6 -27.6±9.4

-0.42±0.l -4.3±1.0

Beta 3mx^^^xl0'
(cm/GW) (esu)

0.5±0.2 2.7±1.0

2.3+0.4 8.8±1.5

6.1±2.2 22.5±8.1

0.9±0.1 3.6±0.4

Table 4.1 Third order nonlinear o p tica l p a ra m eters  o fL a @ C 82

The endohedral fullerene therefore exhibits a nonlinear response which has the 

merits o f  being ultrafast, broadband and its nonlinear absorption response has 

potential for optical limiting purposes.

4.2.3 Carbon Nanotubes

Measurements were performed both in solution and in the solid state using the 

polymer nanotube composite films with a thickness in the region o f 700 nm. Ideally 

both film and solution measurements should have been carried out at all 

wavelengths, however this work was carried out during the very early stages o f the 

development o f the PmPV polymer nanotube composite and hence lack o f sample 

availability prevented this. Z-scan measurements were carried out at three different 

wavelengths, 524 nm, 549 nm and 639 nm from the 500 ps laser system and at 532 

nm and 1064 nm using 25 ps and 35 ps pulses respectively. DFWM was carried out 

a 1064 nm.

Z-scan

Z-scan results taken at 524 nm for MWNT in a composite solution are shown in 

figure 4.17. The open Z-scan shows reverse saturable absorption with a positive 

refractive nonlinearity which is the dominant feature.
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Figure 4.17 Z-scan results fo r  MWNT composite solution at 524 nm

Z-scan results at the longer wavelength o f 549 nm for a MWNT film are shown in 

figure 4.18. The open Z-scan shows the nonlinear absorption response to have 

mainly disappeared, though a hint o f saturable absorption is now present. The 

refractive nonlinearity has now turned negative and is considerably larger.
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Figure 4.18 Z-scan results for MWNT composite film  at 549 nm
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This trend continues at 639 nm. Z-scan resuhs at this wavelength, given in figure 

4.19, show the absorptive nonlinearity to exhibit saturable absorption behaviour. 

The refractive nonlinearity is again negative, however it is somewhat weaker.

o  Open 
•  Closed/Open 
 Theoretical Fits

Z-distance(cm)

Figure 4.19 Z-scan results fo r  MWNT composite solution at 639 nm

Z-scan measurements using the shorter pulse laser are now given. Z-scan results on 

a thick MWNT film (thickness ~ 1.5 fam) using 25ps pulses at 532 nm shown in 

figure 4.20.
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Figure 4.20 Z-scan results for 1.5 fim MWNT composite film  at 532 nm
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The refractive nonlinearity is negative and dominant. The open Z-scan shows clear 

saturable absorption o f significant strength.

On comparing the very weak saturable absorption shown at 549 nm, it is important 

to consider the differences between solution and film measurements, and in 

particular given the high concentration o f nanotubes present in a film o f 1.5 |j.m. 

Therefore, nonlinear effects can be expected to be more pronounced in films.

Results measured at the near infrared wavelength o f 1064 nm, for a M W NT film o f 

normal thickness, are shown in figure 4.21.
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Figure 4.21 Z-scan results fo r  MWNT composite film  at 1064 nm

At this wavelength, the absorptive nonlinearity reverts back to reverse saturable 

absorption, which also occurrs at the shorter wavelength o f 524 nm. The reverse 

saturable absorption is weak, and the refractive nonlinearity remains negative and is 

dominant.

In order to find an explanation for the trends observed in the behaviour o f the 

M W NT nonlinearities it is useful to examine SWNT. Figure 4.22 shows Z-scan 

results for SWNT in SDS solution, taken at 1064 nm. Saturable absorption and a 

positive refractive index are observed.
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Figure 4.22 Z-scan results for SW NT in SDS solution at 1064 nm

The positive refractive index is in this case due entirely to the presence o f the 

nanotubes as SDS solution gives no measurable signal.

The explanation o f the SWNT nonlinear behaviour can be found by referring to its 

linear absorption spectrum, in particular the van Hove Singularity (VHS) 

absorption. A spectrum for VHS in SWNT is given in figure 3.16 and notably the 

1064 nm wavelength lies within one o f the singularity absorption peaks. The 

presence o f appreciable linear absorption inevitably results in saturation o f the 

absorption in the nonlinear regime and therefore accounts for saturable absorption in 

SWNT at this wavelength.

Using this interpretation in the case o f MWNT, means that at wavelengths 

corresponding to strong saturable absorption, linear absorption coefficient must be 

larger than at wavelengths where saturable absorption is absent or reverse saturable 

absorption becomes evident. Linear absorption spectra in figure 3.27 and figure 

3.28, show the presence o f VHS in MWNT in the visible region. The position o f 

the singularity absorption coincides very well with the nonlinear absorption pattern. 

When minimal singularity absorption is observed, such as at 524 nm, reverse 

saturable absorption occurs. Large saturable absorption occurred at 639 nm, which 

has by far the largest linear absorption o f all the measure wavelengths.
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Degenerate Four Wave Mixing

A third order response was confirmed from slopes o f 3.1 ±0.2 obtained from 

logarithmic plots o f the phase conjugate signal as a function o f the incident laser 

intensity. The magnitude o f was calculated with respect to the reference
3 •material toluene and using a volume fraction factor o f 1.85x10' , which represents 

the volume o f the solution occupied by the nanotubes. This approach is taken due to 

the difficulty in determining factor ssuch as the absorption coefficients and the type 

o f M W NT present. Using the volume fraction estimation, a value o f 1.2 xlO ’''̂  

esu was found.
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Figure 4.23 Temporal evolution o f  MWNT phase conjugate signal 
as a function o f  backvi’ard pump delay.

Typical temporal evolution o f the phase conjugate signal, which shows an 

effectively instantaneous response about the zero delay position is depicted in figure 

4.23. A Gaussian fit around the zero time delay position, shown in figure 4.24 has a 

FWHM of 38 ±3 ps, which is within the temporal resolution o f the experiment given 

that the laser pulse width is 35 ps. Therefore, MWNT exhibit a considerable 

ultrafast component characteristic o f an electronic contribution to the nonlinear 

response.
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Figure 4.24 Gaussian fit to MWNTphase conjugate signal at zero temporal delay

The presence o f just one component in the decay o f the uUrafast contribution to the 

nonlinearity is confirmed by fitting a single exponential decay
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Figure 4.25 Single exponential f i t  to MWNT phaseconjugate decay

At longer time delays, the signal increases again to higher magnitudes as can be seen 

in figure 4.23. This corresponding to a large slower component. A 1 ns delay 

occurs before the signal begins to rise, which is significantly slower that observed in 

the case o f La@Cg2 . However, since the time delay at which the thermal response 

o f the phase conjugate signal arises is dependent on the angle at which the probe
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beam enters the sample, no further information about the temporal properties o f the 

material thermal response can be obtained in this case.

No measurable phase conjugate signal was observed for GP. Contributions from the 

polymer are not expected due to the broken conjugation from the meta linkages in 

PmPV. Measurements o f the polymer in toluene showed signal levels o f the same 

intensity determined for the toluene on its own.

Assessment of Nonlinear Optical Performance

The values o f the nonlinear parameters for carbon nanotubes as determined from Z- 

scan measurements are summarised in Table 4.2. The magnitudes o f both the real 

and imaginary values for MWNT are large, particularly in the case o f solid state 

samples. The real values are o f particular interest given the large corresponding 

nonlinear refractive index.

Sample

MWNT
Solution

MWNT
film

MWNT
film

MWNT
Solution

MWNT
Film

SWNT
Solution

Wavelength lo n^xlO'® 9?ex*̂  ̂ xIO''^ Beta
(nm) (GW/cm-) (cm^/GW) (esu) (cm/GW) (esu)

524 5.9±1.0 l . l± 0 .2 x l0 ‘' 2.5210.5 1,0±0.2 0.3±0.1

532 6.7±1.0 -1 .5±0 .2xl0‘‘ -2 .2±0.3xl0-  -4 .3±0 .6x l0“ -1.6±0.2xl0^

549 2.411.0 -9.2x10'' -1,2x10^ -6.812.8x10^ -2.711.1x10^

639 5.311,0 -7.1311.3 -1.010.2x10'' -4 .9 l0 .9x l0 ''  -0.210.1

1064 21.811.0 -3.910.2x10'' -6.110.3x10^ 6.210.3x10^ 5.311.6x10^

1064 19.811.0 4.1610.2 -5.9x10'^ -4 .8 l0 .2x l0 ''  -0.310.1

Table 4.2 Third order nonlinear optical parameters o f  carbon nanotubes
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DFWM measurements also confirm a large ultrafast response with calculations 

giving values in the region o f 1.2x10''° esu. Values o f in the region o f 10''° to 

10'^ esu which arise from an ultrafast process have potential for optical switching.

In order to gain an insight into the wavelength dependence o f the nonlinearity, the 

response o f absorptive nonlinearity is analysed. In figure 4.26, |3 is plotted as a 

function o f wavelength against the background o f a MWNT linear absorption 

spectrum. The particular MWNT absorption spectrum chosen is not significant, but 

rather its general profile, especially the wavelengths at which the onset o f absorption 

begins and those at which it diminishes, which are o f importance. These aspects are 

common to all such absorption spectra, more examples o f which are given in figure 

3.28. The magnitude o f P is not a significant feature o f this plot as values for film 

and solution measurements vary dramatically. The point o f interest is the 

wavelengths at which p is negative and where it becomes positive giving rise to 

reverse saturable absorption.
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Figure 4.26 Wavelength dependence o f  M W NT absorptive nonlinearity

The Z-scan measurements were performed along the tail region o f these M W NT van 

Hove Singularity (VHS). At 1064 nm which is far from the main peak, reverse
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saturable absorption behaviour occurs. This is also the case for 524 nm, which is 

the wavelength furthest from the main peak in the short wavelength side.

In between these wavelengths saturable absorption behaviour o f varying degrees is 

observed. These trends suggest that the absorptive nonlinear response o f M W NT is 

dominated by its linear absorption, in particular that due to the presence o f VHS.

4.2.4 Axially Substituted Phthalocyanines

Studies o f the axially substituted phthalocyanines focused mainly on their reverse 

saturable absorption behaviour. The chemical structure and details o f the linear 

optical properties o f these molecules are given in chapter 3. The ns Nd:Yag laser 

was used at 532 nm was used as it is suitable since this wavelength falls within the 

residual absorption window. These measurements were carried out at high power in 

order to induce the maximum optical limiting behaviour. This means that the 

materials may in some cases be driven beyond a the regime in the or some 

other higher order nonlinear regime. The operation o f a material in the regime 

can be confirmed by fitting with the theoretical fits described in 4.1.1.

Z-scan Results

Open z-scan results for phthalocyanine compound A are shown in figure 4.27.
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Figure 4.27 Open Z-scan results for phthalocyanine compound A
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As anticipated, strong reverse saturable absorption is observed. In fact 

phthalocyanine compound A shows the weakest nonlinear absorption o f the axially 

substituted compounds and is actually the only one for which the nonlinear 

absorption lies within the range required to satisfy the fitting conditions o f the 

equations used to calculate imaginary

Z-scan results for phthalocyanine compound D are shown in figure 4.28.

o Open
•  Closed 
A Closed/Open

0.9  -

■ o

0 .5 -

0.4  -

0.0 0.5 1.0 1.51.5 1.0 - 0.5

Z-distance (cm)

Figure 4.28 Open Z-scan results fo r  phthalocyanine compound D

This shows both open and closed scans and the closed divided by the open to give 

the refractive nonlinearity. The refractive nonlinearity as expected is rather weak 

and the distortion is possibly due to the induction o f nonlinearities o f higher order 

that The reverse saturable absorption behaviour is, however very strong.

The open Z-scan for each o f the compounds A, B C and D have been fitted as shown 

in figure 4.29 in order to get an indicative value for the magnitude o f the imaginary 

third order optical susceptibility. As can been seen from the plot, a systematic 

increase o f reverse saturable absorption occurs from compound A through to D.
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Figure 4.29 Open Z-scan fit  for phthalocyanine compounds A,B,C and D

This trend is in keeping with the intentions o f the molecular design.

Assessment of Nonlinear Optical Performance

Values o f the nonlinear parameters obtained from the fits are given in table 4.3. 

These calculations are only accurate for nonlinear absorption which deviates with 20 

% of the normalised values. At greater deviations the fits tend to under estimate the 

magnitude o f the nonlinear response and hence the value o f compound D in 

particular cannot be found using this treatment.

Sample lo (GW/cm^) Beta (cm/GW) 3m x(3) x lC '^  (esu)

Compound A 0.810.3 5.712.1 2.210.8

Compound B 0.7+0.2 14.714.2 5.111.5

Compound C 0.810.3 16.616.22 6.312.4

Compound D 1.010.3 n/a n/a

Table 4.3 Calculated nonlinear parameters o f  axially substituted phthalocyanines.

Imaginary values o f the order o f 10’'  ̂ esu are found which increase from

compound A through to C, as expected from the trend seen in figure 4.29.
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However, the fits fail in the calculation o f values for compound D. Nevertheless, 

since the magnitude o f the imaginary scales with the depth o f the open aperture 

curve, and as seen from the graph in figure 4.29, compound D gives the curve of 

greatest depth. This may indicate that compound D has the largest magnitude and 

that it may be greater than 6.3x10''^(esu).

Despite the fitting difficulties and the degradation problems mentioned previously, 

large reverse saturable absorption behaviour which is suitable for optical limiting is 

observed. Additionally the different magnitudes o f the imaginary values 

observed in the molecules, suggests that the axial substituents certainly effect the 

material reverse saturable response. The largest response appears to be for 

compound D which is expected to have the largest electron withdrawing axial 

subsistent and correspondingly the weakest response is found in compound A which 

has the weakest electron withdrawing group. This trend indicates that axial 

substitution, using strong electron withdrawing groups can dramatically increase 

reverse saturable absorption in phthalocyanines.

Further investigation o f the reverse saturable absorption behaviour o f the 

phthalocyanine compounds is detailed in chapter 6 which is dedicated to the subject 

o f optical limiting.

4.3 Designation o f Material Nonlinear Optical Functions

Examination o f the nonlinear optical parameters o f the materials, obtained from the 

characterisation enables potential applications to be identified. The suitability o f the 

materials for certain nonlinear functions is discussed.

4.3.1 Optical Limiting

The axially substituted phthalocyanines show the required reverse saturable 

absorption behaviour for optical limiting purposes. A variation in the degree o f 

reverse saturable absorption between the different molecules suggests that, the axial 

substituents have a significant influence on the nonlinear response o f the 

phthalocyanines in the manner intended in the molecular design. Modulation o f the 

optical limiting performance o f phthalocyanines via the incorporation o f different
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electron w ithdraw ing substituents w ould be a very useful attribute for an optical 

lim iting m aterial. This is investigated in chapter 6 , by exam ining the strength o f 

dipole m om ent o f  the electron w ithdraw ing groups and the efficiency o f  the 

corresponding reverse saturable absorption behaviour.

The endohedral fullerene La@C82, shows a num ber o f  attributes that w arrant its 

investigation as an optical lim iting m aterial. Tem poral dependence m easurem ents 

from  the D FW M  studies show  that the nonlinear response contains an ultrafast 

com ponent. The ultrafast response is further confirm ed by the observance o f  

significant reverse saturable absorption at both shorter and longer pulses. Such a 

fast response is desired for optical lim iting m aterials. A nother property required for 

optical lim iting m aterials is a broadband response. La@C82, suitably fulfils this 

criterion w ith reverse saturable absorption observed throughout the spectrum . This 

is a m arked im provem ent on the perform ance o f  €50, in which any significant 

reverse saturable absorption ceases beyond 650 nm. The spectrally broad nature o f 

the electronic structure o f  the larger fullerene, and the incorporation o f  the heavy 

metal atom  internal to the fullerene cage, act effectively to accom plish a broadband 

response. This is an im portant finding as in previous studies o f  larger fullerene 

m olecules, reverse saturable absorption efficiencies have been found to decrease as 

a result o f  a loss o f  the very efficient intersystem  crossing behaviour that occurs in

C60- Incorporation o f  m etal atom s exohederally, were found to only m arginally
28im prove the response .

4.3.2 Optical Switching

C arbon nanotubes, in particular M W N T as investigated here show  prom ise as a 

m aterials for optical switching. They exhibit large real values, w ith an ultra fast 

response tim e, w hich are key requirem ents for optical sw itching purposes. An 

im portant factor, which rem ains to be further investigated is the role o f  VHS 

absorption in the nonlinear refractive index o f  M W NT. The nature o f  VHS 

absorptions could hold the potential for the dram atic enhancem ent o f  the nonlinear 

response at certain w avelengths through either resonant or partially  resonant 

m ultiphoton processes. Such interaction could provide very large real 

m agnitudes, w hile still retaining an ultrafast response time.
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4.4 Conclusions

The axially substituted phthalocyanines showed strong reverse saturable absorption 

at 532nm . The m agnitude o f  the reverse saturable absorption was found to vary 

w ith the phthalocyanine axial substituent, dem onstrating a definite influence o f  the 

axial substituents on the nonlinear response o f  the phthalocyanines. The endohedral 

fullerene La@ C 82 showed a negative real nonlinear com ponent and a reverse 

saturable type imaginary com ponent, which were broadband. The linear absorption 

was found to greatly influence the reverse saturable response w ith the m agnitude 

significantly decreased at w avelengths which corresponded to a strong linear 

absorption feature. The carbon nanotubes showed large negative refractive 

nonlinearities which were as high as 10'*̂  esu in film sam ples. A w avelength 

dependent variation in the nonlinear absorption, sw itching from  reverse saturable to 

saturable behaviour, was attributed to the presence o f  linear absorption associated 

w ith the van Hove singularities.
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Chapter 5 
Multiphoton Excited 

Luminescence from Multiwalled 
Carbon Nanotubes

Unexpected photoluminescence from multiwalled carbon nanotubes (MWNT) 

which was observed here for the first time is presented. The luminescence is 

believed to originate from optical transitions between van Hove singularities (VHS) 

in the MWNT density o f states. Excitation at a wavelength o f 1064 nm produced 

luminescence in the visible spectral region, signifying that a multiphoton process is 

involved. A mechanism describing the underlying processes is presented. This 

entails a multiphoton absorption process followed by upconversion 

photoluminescence, which are resonantly enhanced by VHS interactions.

Graphitic particles (GP) are used as a reference material. Comparison o f the two 

materials serves to highlight the properties o f MWNT and verify that they occur due 

to the nanotube structure. Carbon nanotubes are shown to possess increased 

nonlinear behaviour and reduced thermal response compared with graphite.

The thermal response o f both MWNT and graphitic particles to the laser radiation 

involves the production o f Planck blackbody radiation. This was observed in the 

near infrared region in both materials. Significantly, the MWNT exhibit lower 

blackbody temperatures than the graphitic particles and show a smaller temperature 

dependence on the radiation intensity.
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5.1 Multiphoton Spectroscopy

Multiphoton spectroscopy serves to probe molecular states, which are not accessible 

by conventional spectroscopies and can therefore provide new information on 

materials. It involves populating molecular excited states by the absorption o f more 

than one photon in any one event. Different selection rules apply than for one 

photon processes. For example in the case where two photons are absorbed, the 

excited state has the same parity as the initial state. Such a transition is forbidden 

for single quantum processes.

Multiphoton events can proceed by either simultaneous or stepwise absorption of 

photons. Simultaneous multiphoton absorption is an inherently instantaneous 

process, whereas a stepwise process involves a timing factor. Both processes can 

give rise to counter intuitive phenomena such as upconversion luminescence. Here, 

investigations o f multiphoton processes in MWNT and GP are presented. The 

background to such processes in these materials is reviewed, and the affect o f 

multiphoton excitation is discussed. The new information on MWNT revealed from 

these investigations is interpreted and a mechanism describing the multiphoton 

processes involved is proposed.

5.1.1 Luminescence Activity in Carbon Materials

Luminescence is generally not expected in carbon materials. The semi metallic 

nature o f graphitic materials means that any induced excitations, given the absence 

o f a band gap, decay nonradiatively through the vibrational manifold o f the material. 

In the case o f carbon nanotubes similar pseudo-metallic properties mean that 

luminescence activity is unexpected. One third o f carbon nanotubes are metallic by 

nature and the small bandgap o f semiconducting MWNT leaves little opportunity 

for luminescence.

Luminescence activity in fullerenes, in particular €50, is also known to be weak. In 

Ceo, optical transitions between the lowest lying electronic states are symmetry 

forbidden. These become partially allowed by either solid-state effects or 

interactions between Cao and the surrounding solvent molecules. The very efficient
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intersystem crossing to the triplet states also strongly reduces the fluorescence 

quantum yield, making fluorescence virtually undetectable at room temperature.

Visible luminescence has however been reported in amorphous carbon m aterials'’̂ . 

These materials lack a defined structure and contain many deviations from the sp^ 

configuration o f graphite . Localized states are generated as a result, introducing a 

bandgap into the material and enabling broadband photoluminescence to be readily 

induced. Carbon nanotubes are generally well graphitised and though defects may 

be present, these are generally few and not enough to provide a source for any 

significant optical activity. However, potential for optical activity in carbon 

nanotubes is provided by the presence o f van Hove singularities in the density o f 

states (DOS).

Optical Transitions in van Hove Singularities

Van Hove singularities are regions where the electronic states are highly 

concentrated. These electronic states can support optical activity. Transitions 

between mirror-image van Hove singularities are optically allowed"* and create 

excited electronic states as indicated in figure 5.1.

>
(U

Oi)

DOS (a.Li.)

Figure 5.1 Schematic diagram o f electronic density o f  states 
for (a) metallic and (b) semiconducting carbon nanotubes. Arrows indicate the 

optically allowed interband transitions
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The interband transition energies are inversely dependent on diameter o f the 

nanotubes and also on their chirality.

Due to the very high density o f the electronic states in the region o f a singularity, 

resonant optical transitions are expected to be greatly enhanced. This arises from 

Ferm i’s Golden Rule, given in equation 5.14, which governs the probability o f an 

optical transition. It consists o f two components, the dipole transition matrix and a 

factor that depends on the number o f available electronic states. Given the large 

density o f states in the region o f a van Hove singularity, the transition probability 

will be dramatically large in the case o f resonant transitions.

5.1.2 Experimental

Sample preparation and experimental procedures were performed in order to give a 

complete investigation o f the observed phenomena. Photoluminescence spectra 

were recorded and intensity dependent measurements taken. The time dependence 

o f the photoluminescence decay was also measured.

Samples

The samples used in these investigations have been described extensively in chapter 

3. The main consideration in selecting samples lies in enabling the differentiation 

between photoluminescence originating from graphitic defect sites in the graphitic 

impurities that accompany MWNT, and that originating from MWNT. In order to 

do this, unpurified MWNT, purified MWNT and graphitic particle (GP) samples are 

prepared. A comparison o f the photoluminescence spectra for each material will 

allow the influence o f the graphitic impurities to be resolved.

Two types of M W N T  were used; MWNTirinity and M W N T usa as well as two types 

o f  graphitic particles, GP and KG. Also, any solvent dependence can be revealed by 

measurement o f samples using the three different solvents; SD S, N /D M F  and the 

PmPV polymer in toluene to form a composite. Investigations are also carried out 

on SW N T , however given the presence o f metal particle impurities in these samples, 

which remain from their production process, luminescence cannot be readily 

observed in SW NT.
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Experimental Set up

Photoluminescence (PL) measurements were performed using a focused Gaussian 

beam from a Nd:YAG laser operating at 1064 nm. The pulse-width was 35 ps and 

the repetition rate was low at just 10 Hz, which helped to minimize thermal effects. 

The input intensities were varied using a half waveplate and polarizer combination 

and intensity values were recorded using a reference photodiode. The emission was 

collected at right angles to the sample and directed into an Oriel 77400 spectrometer 

connected to an Andor B401-UV CCD detector. An incident intensity range o f 0.1- 

10 GW/cm^ peak power was examined. A schematic diagram o f the set up is shown 

in figure 5.2.

S p e c tro m ete r

CCD

T ran sm iss io n  P h o to d io d e

L ens

R eferen ce  P h o to d io d e

Sam ple B eam  Sp litte r

Po lartzor
Beam  Sp litte r

'A X p late

Figure 5.2 Schematic o f  multiphoton spectroscopic set-up

The temporal response o f the photoluminescence was measured using a BPX 65 fast 

photodiode, which had a rise time o f 4 ns. The temporal profile o f the laser pulse 

measured using this fast photodiode is shown in figure 5.3. The temporal 

measurement o f the pulse shows a non ideal pulse profile with ringing before and

120



Chapter 5 Multiphoton Excited Luminescence from M ultiwalled Nanotubes

particularly after the pulse duration. This is mainly due to the action o f the diode 

and may cause some difficulty in the interpretation o f the temporal measurements of 

the sample. In the case o f the samples, a filter was used to remove wavelengths 

longer than 750 nm ensuring that blackbody radiation was removed.
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Figure 5.3 Temporal profile o f  laser pulse using BPX 65 fast photodiode 
Straight line shows a Gaussian f i t  with a FWHM o f 4.3 ns

Rhodamine 6G was used as a reference material to verify the set up. Two 

absorption and upconversion fluorescence o f the Rhodamine 6G dye is well known 

at 1064nm^ Intensity dependent studies showed a power law dependence o f 

exponent 2, confirming the accurate operation o f the setup and subsequent 

calculations. Also, the temporal decay o f the up converted photoluminescence is 

known to be in the region o f 4 ns.

5.1.3 Multiphoton Excitation o f  Multiwalled Nanotubes

The response o f the various MWNT to intense laser irradiation at 1064 nm is 

detailed.

Photoluminescence

Stable visible photoluminescence was observed from all MWNT samples as shown 

in figure 5.4. The photoluminescence spectrum, consists o f a single broad
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shouldered feature, which peaks in the 780 nm region. Gaussian deconvolution 

reveals several distinct peaks at 621 nm, 665 nm, 757 nm, 814 nm, 849 nm and 901 

nm.

Energy (eV)
3 2.8  2.6  2.4  2.2  2 1.8 1.6 1.4

1 6 0 0 -

1 2 0 0 -

_ i
Q_ 4 0 0 -

500 600 700 800 900400

Wavelength (nm)

Figure 5.4 Photoluminescence spectrum ofM W NT excited at 1064 nm. 
Dashed lines show Gaussian deconvolution o f  spectrum

Both MWNTrrinity and M W N T usa samples gave the same spectrum and were found 

to be independent o f the solvent used. Significantly, both the purified and non- 

purified MWNT solutions showed the same features. This indicates that the 

graphitic impurities have a negligible contribution to the observed 

photoluminescence.

Nonlinear Response of Photoluminescence

Photoluminescence o f energy higher than the incident photon energy typically 

results from a multiphoton absorption excitation process. Power law dependence 

studies can reveal if this is the case. Photoluminescence spectra were take over a 

range o f intensities and integrated over the visible range, excluding wavelengths 

longer than 850nm. This is to ensure that the thermal, blackbody emission is not
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included. The results were plotted on a logarithmic scale and an example plot is 

shown in figure 5.5.
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Figure 5. J  Logarithmic p lo t o f  M W NTphotoluminescence as a function o f  intensity

These plots had a slope o f 3.01 ±0.25 corresponding to a power law dependence o f 

exponent 3 on intensity. This is characteristic of three-photon excitation.

Temporal Response

Temporal measurements are made with reference to Rhodamine 6G due to the 

peculiarities in the decay profile measured by the fast photodiode. A typical profile 

o f the Rhodamine 6G photoluminescence decay is shown in figure 5.6. An accurate 

decay measurement is not possible using the information provided in figure 5.6, 

however it may be useful for comparison purposes. The exponential decay fits to 

the photoluminescence decay have decay time o f the order o f 8.5±0.5.
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Figure 5.6 Rhodamine 6G photoluminescence decay 
Straight line shows exponential decay f i t  with decay time o f  8.5 ±0.5 ns

A similar temporal measurement for MWNT photoluminescence is shown in 

figure.5.7.

o MWNT Photoluminescence Decay 
 Exponential Fit0.9-

■yj 0 .6  -c0)c
0
^ 0 . 3-  0) u 
to 0) g
I  0 . 0-
_i

OO'

-0.3-

-10 0 10 20 30

Time (ns)

Figure 5. 7 Temporal decay o f  M W NT photoluminescence 
Straight line shows exponential decay f i t  with decay time o f  6.3 ±0.5 ns

In the case o f the MWNT photoluminescence decay the exponential fits the have a 

decay time o f 6.3±0.5 ns. This is shorter that found in the case o f Rhodamine 6G. 

These results suggest that the temporal decay o f the MW NT visible
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photoluminescence is somewhat faster than that o f the Rhodamine 6G. This is 

significant since the Rhodamine 6G photoluminescence is known to result from a 

two photon absorption process and the similar timescale observed in the case o f the 

MWNT photoluminescence suggest it also to be electronic in origin rather than a 

thermal or burning type process.

Blackbody Radiation

At the high end o f the intensity range, it was noticed that the MWNT 

photoluminescence spectrum began to rise instead o f dip in the near infrared region. 

This is attributed to the onset o f Planck blackbody radiation. MWNT

photoluminescence spectra taken at both the high and low ends o f the intensity 

range are shown in figure 5.8.
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Figure 5.8 Photoluminescence spectrum o f  MWNT excited high and low intensity. 
Straight line shows the superposition o f  a Plank Blackbody

Note that the Planck’s blackbody curve approaches the high intensity spectrum in 

the near-infrared region. Fitting Planck’s blackbody radiation formula to the data 

can be used to calculate the sample temperature. Importantly the onset o f
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blackbody emission is the only change that occurs in the profile o f the spectrum as 

intensity is increased.

5.1.4 Multiphoton Excitation o f  Graphitic Particles

The response o f the various graphitic particle samples to intense laser irradiation at 

1064nm is detailed.

Photoluminescence

Visible photoluminescence was also observed from GP and KGP under the same 

irradiation conditions. Figure 5.9 shows a typical photoluminescence spectrum, 

which is characterised by a broad peak at 660 nm followed by a plateau beyond 730 

nm. In the near infrared region, the spectrum rises again due to the onset of 

blackbody emission.

Energy (eV)
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Figure 5.9 Photoluminescence spectrum o f  GP excited at 1064 nm. 
Dashed lines show Gaussian deconvolution o f  spectrum

Gaussian deconvolution o f the spectrum shows the presence o f peaks at 660 nm, 

742 nm and 813 nm. No discernible differences were observed between the GP and 

KGP PL spectra and they were also found to be independent o f the solvent used.
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Nonlinear Response of Photoluminescence

Integration o f the spectra is again only performed over the visible region, up to 780 

nm in order to remove any significant contribution from blackbody emission. GP 

and KGP show an initial linear dependence with a slope o f 0.98. A change to a 

power law dependence o f exponent 2 occurs at higher intensities with a slope of 

2,08±0.22 as observed in the logarithmic plot shown in figure 5.10. A linear 

dependence is characteristic o f a thermal process while the change to a power law 

dependence corresponds to the induction o f nonlinear behaviour in GP at a higher 

incident intensity.
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Figure 5.10 Logarithmic plot o f  GP photoluminescence as a function o f  intensity

Blackbody Radiation

Blackbody radiation is observed in all GP spectra over the examined intensity range. 

Blackbody emission is shown to dominate the spectrum at higher intensities in 

figure 5.11, with the many o f the photoluminescence features being over riden.
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Figure 5.11 GP photoluminescence spectrum showing large blackhody radiation

The larger contribution o f blackbody radiation to the GP photoluminescence spectra 

than in the case o f the MWNT suggests that higher sample temperatures are reached 

in the case o f the GP.

5.1.5 Comparison o f  Multiwalled Nanotube and Graphitic 
Luminescence

The profiles and relative intensity o f the spectral features in the two materials differ 

significantly. MWNT spectra show a rise in photoluminescence from about 500 nm 

to a first main feature in the 665 nm region. The GP emission begins after 540 nm 

and rises to a clean Gaussian peak at 660 nm, which is broader and more distinctive 

than the MWNT feature in the corresponding spectral region. At longer 

wavelengths, the MWNT photoluminescence continues to rise, displaying many 

more shoulders and features reaching a broad maximum at around 780 nm. The 

corresponding spectral region sees the saturation o f the GP emission until the onset 

o f blackbody emission occurs in the near-infra red region. In M WNT the spectrum 

dramatically falls off beyond 900 nm the cases where no blackbody contribution is 

involved. Blackbody emission is observed in M WNT only at the highest end o f the 

intensity range. These differences in the photoluminescence spectra o f M W NT and
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GP indicate that different electronic states are responsible for the 

photoluminescence in the two materials.

The most significant difference in the photoluminescence o f the two materials is in 

the variation in their intensity dependence. GP shows an initial linear dependence 

on intensity, which indicates that there is a large thermal component to the 

photoluminescence even in the visible region. The change to a power law 

dependence at higher intensities confirms the presence o f a definite 

photoluminescence process distinct from the thermal emission process. The fact 

that the power law has a dependence o f two as opposed to the cubic dependence 

shown by MWNT throughout the intensity range demonstrates that the different 

excitation mechanisms o f the luminescent states operate in the two materials. The 

strong cubic dependence shown by the MWNT also demonstrates their enhanced 

nonlinear optical response.

5.2 Thermal Processes

Thermal emission processes such as blackbody radiation are distinctive from the 

visible photoluminescence processes observed in these materials. Nevertheless, 

they play an important part in the material response to the intense laser irradiation. 

Here we examine a number o f issues regarding the thermal activity o f the materials. 

The first issue addressed is the vaporisation temperature o f the materials and these 

investigations are carried out using a Thermo Gravimetric Analysis (TGA) 

technique. The sample temperatures reached under laser irradiation are then found 

by fitting blackbody radiation curves to the near infrared emission. The effect o f 

laser irradiation on the sample stability is also examined using Raman and FTIR 

spectroscopy in order to determine any degradation effects in the sample. Also 

irradiation induced sample dissociation is also discussed

Thermo Gravimetric Analysis (TGA)

TGA is a simple technique, which monitors the mass o f a sample as it is slowly 

heated. Here the temperature range at which the sample materials vaporise is 

investigated. TGA results for MWNT and GP are shown in figure 5.12.
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Figure 5.12 TGA o f  MWNT and GP

The material vaporisation temperatures can be read from the plot in figure 5.12. In 

the case o f GP this occurs after 800 K and in the case o f MWNT after 900 K. The 

lower vaporisation temperature o f  GP is understandable considering the many 

dangling bonds and interruptions to the graphite structure that occur in these 

particles. This is clearly shown in the TEM picture shown in figure 3.10. The 

MV/NT are more unified and stable entities and therefore vaporise at a higher 

temperature. However the most important information from this analysis is that the 

sample temperatures reached on laser irradiation are far below the vaporisation 

temperatures, as given in the next section.

5.2.1 Planck Blackbody Radiation Temperature

Planck black body emission occurs around the 800 nm region o f the spectrum in GP 

and in M W NT above 840 nm. Sample temperatures may be calculated by fitting 

Planck’s blackbody formula, given in equation (5.1) to the emission intensity (I) in 

the near infrared region using.

_ 2hc^ 1
(5,1)
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where, h is Planck’s constant, c is the speed o f light, X is the wavelength, k is 

Boltzmann’s constant and T is the temperature.

The sample temperature (T) was left as a free parameter in the fitting process and 

hence its value could be calculated form the fit curves.

Examples o f fitting blackbody radiation curves to the infrared emission for GP 

photoluminescence spectra are shown in figure 5.13. In order to eliminate 

interference o f photoluminescence which occurs mainly in the visible region and 

hence to ensure a good fit, the blackbody radiation formula was only fitted in the 

NIR region o f the spectra. The blackbody radiation curves fit reasonably well 

showing characteristic move to shorter wavelengths with higher intensities and 

hence higher temperatures.
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Figure 5.12 Blackbody radiation fits  to GP luminescence

Calculated sample blackbody temperatures for MWNT and GP are shown as a 

function of incident intensity in figure 5.14.
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Figure 5.14 Blackbody radiation tem perature calculated for M W NT and GP

It can be seen that for the same excitation intensity range M WNT temperatures are 

dramatically lower than those o f GP. A less steep slope is also observed in the case 

o f  M W NT demonstrating a weaker thermal dependence than that o f GP. These 

results can be understood in terms o f the higher thermal conductivity o f MWNT. 

Though thermal conductivity o f inplane graphene is high, the overall thermal 

conductivity o f graphite is low due to the poor interplane interactions, and hence 

also the thermal conductivity o f GP. M W NT on the other hand encompass the 

favourable properties o f inplane graphite and the large thermal conductivity serves 

to effectively dissipate heat and reduce sample heating. This is addition to the 

increased radiative decay pathways provided by the VHS account for the decreased 

thermal activity observed in MWNT.

In order to examine the possible influence o f  Planck blackbody radiation ok the 

scaling laws determined for the M W NT photoluminescence, the intensity 

dependence o f the integrated MWNT spectra was repeated for a series o f spectra 

from which Planck blackbody radiation had been subtracted. Specific criteria were 

used in determining suitable parameters in order to treat the case o f greatest possible 

contribution o f Planck blackbody radiation in the spectra. The M W NT spectra 

which were used in the determination o f the original scaling law were all below 566
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K. Therefore, a Planck Blackbody curve for a temperature o f 566 K was subtracted 

from each o f the spectra, maximising the area contribution to the overall spectra. 

An example o f blackbody subtracted M WNT spectrum is shown in figure 5.15.

o MWNT Spectrum  
♦ Planck Blackbody MWNT Spectrum  

—  — 566K Planck Blackbody Spectrum

Wavelength (nm)

Figure 5.15 Blackbody subtracted MWNT luminescence spectrum.

From figure 5.15 it can be seen that the effect o f subtracting Planck blackbody 

radiation is to reduce the amplitude o f the contribution at near infrared wavelengths. 

This subtraction was carried out for a series o f MWNT spectra, measured at 

different incident intensities.

The integration o f the blackbody subtracted spectra as a function o f incident 

intensity is shown on a logarithmic scale in figure 5.16. The linear fit has a slope o f 

3.17 ± 0.33, which, within the margins o f experimental error, does not differ from 

that for the unsubtracted spectra shown in figure 5.5.
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Figure 5.16 Logarithmic plot o f  Blackbody subtracted MWNTphotoluminescence.

This resuh further substantiates the three photon nature o f the multiphoton 

excitation process.

5.2.2 Effect o f Laser Irradiation on Samples

The effects o f heating due to laser irradiation are now detailed. Various 

spectroscopic methods are used to examine the before and after effect o f  irradiation 

on sample on aspects o f sample condition such as stability and the possibility o f 

degradation. Also some applications o f the thermalisation effects are considered.

Sample Degradation

A useful method o f examining sample degradation is absorption or in particular 

FTIR spectroscopy. FTIR spectroscopy provides information o f the chemical 

bonding arrangements in materials. Inspection o f FTIR spectra o f before and after 

irradiation can reveal any damage to the material resulting from broken bonds. FTIR 

spectra o f a polymer MWNT composite irradiated at both typical and very high 

intensities are shown in figure 5.17.
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Figure 5.17 FTIR o f  com posite irradia ted  at typical & very high intensities

The FTIR spectrum o f the composite irradiated in the DFWM set-up is identical to 

that o f a non-irradiated composite. This shows that under the typical irradiation 

conditions used in the experiments carried out here, no detectable sample damage 

occurs. However, the second spectrum o f a very intensively irradiated composite 

shows significant differences to the first. Many o f the absorptions characteristics o f 

the polymer either have disappeared or are greatly weakened, particularly in what is 

known as the fingerprint region from 1700 cm '' to 1300 cm '', indicating damage to 

the polymer. The sample colour was noted also to change to an orange shade. This 

confirms that sample damage is possible using the 1064 nm irradiation, though only 

at very high intensities.

As a means o f  checking damage to nanotubes, Raman spectroscopy is most useful. 

Raman spectra o f before and after irradiation o f M WNT showed no difference. 

However, a more definitive examination o f carbon nanotubes is given by Raman 

spectra o f the radial breathing mode in SWNT. It is assumed that SWNT and 

MWNT will respond in a similar manner to laser irradiation as regards sample 

degradation. An examination o f the effect o f irradiation on the SWNT radial 

breathing mode will provide information about the effect o f irradiation on MWNT.
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Raman spectra o f the radial breathing mode o f irradiated and non-irradiated SWNT 

are shown in figure 5.18.
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Figure 5.18 Radial breathing mode o f irradiated and non irradiated SWNT

The most important observation in figure 5.18 is that the radial breathing mode is 

strongly present in both the irradiated and non-irradiated SWNT samples. This 

means that the SWNT are not damaged to any great degree in the laser irradiation 

process and therefore it can be inferred that the MWNT are also not degraded by the 

irradiation.

An interesting fact is found on closer inspection o f figure 5.18, which involves the 

effect on the two components o f the radial breathing mode peak. Lorenztian 

decomposition o f the radial breathing mode for the irradiated and non irradiated 

SW NT is shown in figure 5.19. It shows that the 177 cm’' component o f the radial 

breathing mode is greatly reduced on irradiation. Since the radial breathing mode is 

related to the diameter o f the nanotubes a change in its components corresponds to a 

change in the diameter distribution o f the SWNT in the sample.

This indicates that while SWNT of a certain diameter are unaffected by the laser 

irradiation, others o f different diameter may be adversely affected and even 

vaporised. It is most likely that this would occur in metallic SWNT as the local 

heating can lead to higher temperatures.
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Figure 5.19 Lorentzian fits  to RBM o f  (a) non irradiated & (b) irradiated SWNT

Speculatively such a process could be a means o f selecting SWNT with a certain 

diameter distribution. Such a technique, termed size selection, is much sought after 

in the field o f carbon nanotubes.

The issue o f nanotube selection also arises due to the thermal influence o f the laser 

irradiation. The basis for this is the decomposition o f the carbon nanotube polymer 

composite on irradiation. The binding between the polymer and the nanotubes in 

the composite is known to be weak^. It is not surprising then that thermal energy is 

sufficient to separate the nanotubes from the polymer in solution. On irradiation of 

a dilute sample, black specks corresponding to groups o f nanotubes can be observed 

emerging from the composite, by close inspection. The effect is particularly 

dramatic in the case o f SWNT which given their tendency to form bundles and 

ropes, bunch together to form clumps before falling to the bottom o f the vessel.

Sample Stability

For the purpose o f the experiments carried out here, sample stability under 

irradiation is o f importance. Transmission o f the samples was monitored to ensure 

adequate stability and higher concentration composites served to counteract the 

thermal decomposition effect. A possible benefit o f the thermal decomposition
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process is as a method to separate nanotubes from the polymer in the composite. 

Since the composite is used as a method o f purifying nanotubes, and also o f size 

selecting SWNT in the case o f low concentration composites^, thermal separation 

could be used as a means o f removing the nanotubes from the composite leaving 

SWNT of a particular diameter distribution.

5.3 Multiphoton Absorption Induced Luminescence

The information from the investigations carried out is now compiled in order to 

establish an understanding o f the underlying processes responsible for the nonlinear 

photoluminescence observed in MWNT. A review o f emission processes in related 

materials is given in order to ascertain if there are similarities with other 

phenomena. A discussion o f the photoluminescence observed in GP is also given.

5.3.1 Review of Luminescence Processes in Carbon Materials

This review o f luminescence processes highlights the fact that, although at first sight 

luminescence in carbon materials seems improbable, there are many factors, which 

can contribute to the generation o f electronic states or the creation an environment 

where efficient luminescence can be induced in these materials. Additionally it is 

illustrated that many o f these luminescent states can support nonlinear type 

photoluminescence. On reflection then, the prospect o f nonlinear 

photoluminescence in MWNT does not seem so extraordinary.

Amorphous Carbon

Amorphous carbon refers to disordered arrangements o f carbon atoms. These 

structures include sp hybridised sites distributed among the usual sp graphite 

hybridisation. The presence o f sp sites introduces a bandgap into the material the 

magnitude o f which depends on the sp^/sp^ ratio*’̂ . The presence o f the bandgap and 

defect sites provides the opportunity for luminescence in these materials. A 

schematic diagram of band structure o f a typical amorphous carbon m a t e r i a l i s  

shown in figure 5.20.
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Figure 5.20 Schematic band diagram o f an amorphous carbon material 
Luminescence occurs by photoexcitation and radiative recombination. Non- 

radiative recombination occurs by tunnelling or hopping to carriers or defects 10

2 3Large band edge fluctuations are present due to the sp and sp bonding. 

Photoluminescence can be understood in terms o f the creation o f an electron hole 

pair upon photo excitation. The electron and hole consequentially lose energy by 

thermalisation until they reach the valence and conduction band tail states 

respectively. Photoluminescence then arises when the electron and hole pair 

recombine across the bandgap.

Diam ond Particles

Diamond specimens are commonly characterised by several types o f optical centres
I I  1 2

that are present due to natural origin or the growing conditions ’ . These centres 

can give rise to luminescence and can be excited by either photons to give 

photoluminescence or by energetic electrons to give cathodoluminescence'^’'^’’'*. A 

luminescent response at photon energies ranging between leV  and 5.5eV are 

produced depending on the type o f emission centres present. Impurities and 

radiation induced defects in diamond result in the generation o f electronic levels 

deep in the band gap. Excitation o f these states is possible using photon energies 

smaller than the band gap in a multiphoton absorption process'^.

The photoluminescence properties o f nanodiamond particles, have been studied by 

Glinka et al, using laser excitation at both a low and high power densities'^. 

Analysis o f the intensity dependences o f the induced photoluminescence shows that

139



Chapter 5 MuUiphoton Excited Luminescence from  M ultiwalled Nanotuhes

excitation in the low power regime corresponds to one-photon excited processes, 

whereas at high power it corresponds to multiphoton excited photoluminescence.

Fullerene C go

Although the fullerenes were discovered more than sixteen years ago, the electronic 

spectroscopy of Ceo molecules still possess a number of unsolved problems. The 

origin of certain components of even the molecular photoluminescence, as yet
17 18remain unclear ’ .

Solid phase Ceo gives rise to a photoluminescence spectrum whose features are

different compared with molecular photoluminescence spectra, with broader line

widths, a reduced number of structures and different intensity distributions

These differences suggest that, other luminescent processes can arise in solid state

Ceo- Additionally there are inconsistencies in the luminescence spectra reported for

solid phase Ceo- Luminescence spectra from Ceo single crystals has been known to
21 22depend on samples, crystal sites, cooling rates, heating processes and so on ’ .

Pristine solid Ceo is a van der Waals bonded molecular solid. In molecular solids 

energy transfer through the lattice is more difficult than in the case o f ionic or 

covalent crystals. Hence the elementary excitations remain localised on each 

photoexcited Ceo molecule. In self trapped states selection rules are broken and 

radiation recombination of self trapped exitons can occur.

Capozzi et al carried out a detailed study of optical spectra and photoluminescence 

of Ceo thin films. In figure 5.21 the low temperature photoluminescence spectrum 

of an 80 nm C(,o thin film, excited using a cw Ar"̂  source^' is shown. Four emission 

bands can be distinguished. These bands retain their spectral position though they 

broaden significantly with increasing temperature. There are further reports that 

fullerene thin films can be made to emit broad intense light under laser irradiation 

by the introduction of heterogeneous structures.
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Figure 5.21 Luminescence spectrum at lOK o f  a C^o thin film 21

Wen et al measured SEM mode cathode electroluminescence for pure Ceo and
-  23C6o/Si composite thin tilms as shown in figure 5.22.
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Figure 5.22 Cathodoluminescence o f  scratched film s (a) C6(/Si & (b) pure Ceo 23
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The films were scratched as a means o f introducing heterogeneous structures. 

Microscopic FTIR spectra showed that little transformation occurred on the Ceo cage 

as a result o f scratching for either pure or composite Ceo thin film. However, the 

fact that only the scratched part could show CL, suggesting that structures 

(undetectable by FTIR) introduced by scratching were involved in the electronic 

excitation and luminescent processes. Most likely these provide local enhancement 

o f the optical processes by reducing the symmetry.

Thermally induced blackbody emission is also a feature o f Ceo thin film emission. 

Wen et al report a broad spectrum in the infrared region, produced at crack sites 

under laser irradiation, which can be fitted to Planck’s blackbody formula^"^.

There are also several reports o f visible photoluminescence in highly excited solid 

fullerene Ceo films and crystals. Byrne et al demonstrated the strong nonlinear
9 s "yf\behaviour o f the luminescence , while Feldmann et al attributed the

27  *photoluminescence to a m ulti-step absorption induced process . These emissions 

are similar to the visible emission observed by Wen et al shown in figure 5.22.

The prospect o f multiphoton absorption induced photoluminescence in MWNT is 

further supported by similar photoluminescence mechanisms observed in solid Ceo- 

Feldmann et al reported intense and spectrally broad luminescence from 

polycrystalline Ceo- The luminescence was attributed, on the basis o f time-resolved 

luminescence studies, to transitions between higher electronic band states, populated 

by two-step absorption processes. Their observation o f white luminescence for 

excitation in the infrared verifies this interpretation.

5.3.2 Nonlinear Optical Properties

Theoretical calculations on carbon nanotubes predict a large nonlinear optical
98 90response, which is greatly enhanced by multiphoton resonant interactions , . Xie 

et al have shown that peaks in the wavelength dependence o f the third order 

nonlinear response for Ceo derived nanotubes can result from three-photon
T A

excitation in the region o f 1.2 eV .
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The DFWM and Z-scan results confirm the presence o f a considerable large third 

order nonlinear optical response in M W NT throughout the spectral range 

investigated. In particular the DFWM results showed the nonlinear response to have 

a considerable ultrafast component. The presence o f a large electronic nonlinear 

response at 1064 nm (1.16 eV) substantiates the prospect o f strong nonlinear optical 

activity at this energy. These results concur with an electronic origin to the 

nonlinear photoluminescence observed in MWNT. The nanosecond decay 

measurements o f the MWNT photoluminescence further further support this 

conjecture.

Graphitic particles are known to exhibit a large thermal response to high intensity
31radiation . This view is supported by DFWM measurements in which no signal 

was found for GP samples.

5.3.3 Mechanism o f  Multiwalled Nanotube Induced Luminescence

The remarkable spectral coincidence o f the photoluminescence and a set o f VHS in 

the visible region is now examined. The overlap o f  the two spectra is depicted in 

figure 5.23.
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Figure 5.23 MWNT van Hove singularity absorption & photoluminescence spectra
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There are many important features shared by the two spectra. The spectra both rise 

and fall in the same spectral range, and have almost the same spectral width, though 

the photoluminescence is slightly broadened. These factors indicated that the VHS 

absorption and the photoluminescence are intricately linked. A mechanism 

describing this underyling link is presented in diagrammatic form in figure. 5.24.

Multiphoton Absorption (eV)

v ib r a t io n a l m a n ifo ld

V i r tu a l / r e a l  leve l

Figure 5.24 Schematic ofM W NT multiphoton excited photoluminescence

According to the power law studies, a three photon process is involved. 

Multiphoton absorption consisting o f three photons provides excitations, via real or 

virtual levels located at 1.16 eV and 2.33 eV to an energy level at 3.54 eV. The 2.3 

eV energy level and possibly the 1.16eV level fall within the tail o f the real energy 

levels o f the identified VHS. Therefore, these interactions involve a partially 

resonant interaction and enhancing the multiphoton absorption process.

Once excitation has taken place the following scenario seems likely: initial 

nonradiative decay occurs through the extensive vibrational manifold o f MWNT. 

Radiative decay is not possible at this point due to the insufficiently large transition 

probability o f the environment. However, when the first VHS is reached the optical 

transition probability becomes large enough to initiate radiative emission. The first
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VHS is located in the 688 nm region. This is a broad peak which begins rising 

above 500 nm, which corresponds precisely to the onset o f the MWNT 

photoluminescence.

Further luminescence is prompted by the following van Hove singularities. As 

many o f  the singularities are broad and exhibit shoulders and features the induced 

photoluminescence can also be expected to be broad and contain features, as is the 

case in the MWNT photoluminescence spectrum. Again, it is significant that the 

photoluminescence appears to diminish just at the spectral region where no further 

van Hove singularities are present.

5.3.4 Quantum Theoretical Interpretation

A derivation o f the physical origin o f the photoluminescence using a quantum 

theoretical interpretation as given in Loudon^^ is now outlined. Consider the 

interaction between an atom and an electric field, which in quantum mechanics is 

described by a Hamiltonian. An electromagnetic wave is given in the form

E = E q cos{kz -  cot) 2)

The total electric dipole moment o f the atom is written -eD , where e is the
z

electronic charge and D = ' ^ r ^  with Z being the atomic number o f the atom and r is
a = I

the electronic distance from the nucleus. The main contribution to the interaction 

Hamiltonian arises from the potential energy o f this electric dipole in the

electric field o f the light beam as given by

= eD.E^ cos{ci)t)

Setting the direction in which Eq points as x, the x component o f the dipole moment 

denoted X is where X\j/^dV . Setting = eE^X^^^ the numerical factor

in the electric -  dipole matrix element.

Recalling standard relations o f quantum mechanics;

*T'(r,/) = C (0 | 'T, {r,t) + C (/), Wave function is a linear superposition
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t f V { r , t )  = i h d ^ { r , t ) l d t Tim e dependent Schrodinger equation

( r , t )  = ( r ) e x p ( - /£ '/  / h) Solution to Schrodinger’s equation

A pplying these rules to equation (5.2) and (5.3) the follow ing relations result

cos{o)t)exp{-icoQt)C2 = idC^ / dt

^ cos(<y/)exp(/(j;o/)C, = idC^^ / dt

Expressions for Einstein coefficients are now introduced. E instein B coefficient, 

w hich describe absorption and stim ulated em ission processes require solutions o f  

equation (5.4). A ssum ing that the atom  is in its lower state v|;l at a tim e t=0 and

w here {W{co^)) is the m ean energy density in the light beam  per unit frequency

range at coo- A pproxim ate solutions for C | and C2 can be found using an iterative 

m ethod. Setting the initial values as C |(0)=1 and C2(0)=0, substituting these into 

equation (5.4) and integrating w ith respect to tim e gives a first approxim ation to the 

tim e dependence o f  the coefficients as

( second approxim ation is obtained by substituting these solutions into equation

(5.4) and integrating again. The im proved solutions have the form s

A nd C i(t) is unchanged form  equation (5.7). Further approxim ations can be 

obtained enventually resuhing in an even pow er series o f  for C i(t), and odd power 

series for Ci(t).

(5.4)

I 2
Cj  is the probability that the atom  is excited after a tim e t. It follow s then that

I t (5.5)

C,(0=1 (5.6)

and

1 1 -  exp[/((3DQ + co)t 1 -  e x p [ /(< y Q  -  co)t
(5.7)

Ci(0=l+<^^x(function o f  t) (5.8)
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For light whose frequency co is exactly equal to ojq equation (5.7) reduces to

C^{t) = - { i ( ;  l2co^){s\n{co^t) QX\}{i(o^t) +CO ̂ t] (-5

Since atom ic transitions take place over tim e spans o f  10'^ s or longer, where as the 

transition frequency is typically o f  the order o f  10“'^ s, it follows that the inequality 

coot »  1 holds. The m any cycles o f  the electrom agnetic w ave that occur before any 

significant oscillation, m eans, that the second bracketed term  in equation (5.9) is 

therefore m uch larger than the first. A sim ilar case arises in equation (5.7) w hen co 

is close but not exactly equal to c o q . N eglecting this first term  in equation (5.7) in 

w hat is known as the ‘rotating w ave approxim ation’ gives

\r̂  _^2  sin'{i((yo - ( o ) t )
I (5 I0)

equation (5.10) gives a solution for the probability o f  excitation o f  the atom  into its 

upper level.

The Dirac delta function is defined by

2 ^  s in ^ { i( ty o -(9 ) /}
5 { c o ^ - c o ) - - Y ^  1 (5 . 11)

It is now possible to write equation (5.10) in the form  o f  an expression for the 

transition rate 1/x, using the D irac-delta function as follows

\ l T  = \ C , { t f  l 2 - \ n C ^ 5 { c o , - c o )  5̂ j2)

This transition rate form ula can be applied to the interaction H am iltonian given in 

equation (5.3) as,

^ E D  = expH^yO = T^Cexp(-'^yO (5.13)

The replacem ent for ^ in equation (5.12) gives

= 5 { c o , - c o , )

147



Chapter 5 Multiphoton Excited Luminescence from  M ultiwalled Nanotubes

where the formula is generalised to apply to the transition between an initial state 

|/)an d  a range o f final s ta te s ] / ) ,  with energies hco, and fico^ respectively. The

transition rate formula given in equation (5.14) is known as ‘Ferm i’s Golden Rule. 

Use o f the delta function can become more physically meaningful on integration and 

the summation over f  is best interpreted as an integral over a continuous range of 

final states j / ) .  For the treatment o f higher order interactions, such as the case o f

three photon interactions which are relevant to the events observed here, equation 

(5.14) can be expanded as give in equation (5.15).

r  ' =
2n d̂a>i f H '>4? -

(/KK)( H

CO. -  CO..

{ f \ f ' ' • h H H ')
\co^-co^.^

p,p,d{co, - « , )

(5.15)

where, p is the electron densities o f states and |v,) and correspond to the 

one, two and three photon states.

This equation allows us to qualitatively describe the multiphoton excited 

luminescence observed in MWNT in terms o f quantum mechanical transitions 

which are involved. It shows that the rate o f transitions is directly proportional to 

the density o f states. Given that VHS have a very high associated density o f states, 

hence according to Fermi’s Golden Rule, any optical transitions which are resonant 

with these VHS are expected to be greatly enhanced. The linear absorption 

spectrum in figure 5.12 is representative o f the distribution o f the VHS density o f 

states and account for the observation o f optical transitions, specifically radiative 

decay, in this spectral region. Ferm i’s Golden Rule also provides a means o f 

relating the transition states, visualised in section 5.33, to their quantum theoretical 

origin and is useful in validating the principles used in this model. Hence the basic 

quantum theoretical interpretations are in agreement with the qualitative model 

described in section 5.33.
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5.3.5 Graphitic Particle Luminescence

TEM images show that the GP consist o f micron and nanometer randomly 

structured particles indicating the presence o f dangling bonds and defects. Further 

evidence for this is given by the presence o f carbon hydrogen and carbon oxygen 

bonds in the GP FTIR spectra. Studies have shown that under such conditions a 

band gap is induced in the region o f 1.5 eV to about 3 eV, depending on 

composition, size and shape o f the carbon clusters.

Luminescence and thermalisation processes can readily occur in these materials. 

The spectral range o f the luminescence depends on the width o f the band gap. Here 

the luminescence occurs in the 1.9 eV region which corresponds to a relative low 

sp^/sp^ ratio.

The presence o f a band gap and luminescence pathways also provides the potential 

for a multiphoton excitation mechanism. The power law investigations indicate that 

a two photon process is involved which only becomes apparent at the higher 

intensity range. This is due to the dominant thermalisation processes which occur, 

resulting in large contributions from blackbody radiation. However, given the 

nature o f nonlinear processes, above a certain threshold intensity, they over ride the 

linear processes and the true luminescent nature o f GP becomes apparent.

It is evident therefore that two different luminescent processes operate, the first 

being mainly thermal in nature. The second originates from radiative recombination 

across the bandgap. It is significant that a two photon absorption process is 

involved in the excitation process which contrasts with the three photon excitation 

involved in the MWNT photoluminescence. This underlines the fact that different 

mechanisms are responsible for the luminescence in the two materials.

5.4 Conclusions

N ear infrared laser irradiation o f carbon nanotubes produced a number o f effects. 

The most exceptional was the production o f visible/NIR luminescence from 

M W NT. Investigations reveal a multiphoton excitation process and indicate that the 

luminescence originates from optical transitions in the MWNT van Hove
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singularities. MWNT were also shown to exhibit Planck blackbody radiation in the 

near infrared. This arises due to sample heating from absorption and non radiative 

decay. Significantly, the MWNT blackbody temperatures are less than in the case of 

graphitic particles under the same irradiation conditions.

Visible luminescence was also observed in graphitic particles on near infra 

excitation. However the difference in the spectral features and the power law 

dependence o f the graphitic luminescence demonstrate that the emission process 

differs form that observed in MWNT. Defect sites in the graphitic particle structure 

are suggest as the source o f the luminescence.

Examination o f the effect o f the laser irradiation on samples confirmed that the 

observed luminescence and blackbody radiation did not arise from a burning, 

ionisation or vaporisation processes. The induced thermal action within the samples 

was shown to have possible benefits, such as a method o f separating nanotubes from 

the polymer in the composite aid a size selection process for SWNT.
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Chapter 6 
Optical Limiting

Optical lim iting is one o f  the m ost useful applications o f  nonlinear optical effects. It 

can be used in devices for the protection o f light sensitive elem ents, such as the 

hum an eye, against intense radiation sources. Optical Lim iters can offer protection 

by em ploying nonlinear optical effects; such as reverse saturable absorption (RSA) 

or nonlinear scattering, to attenuate the incident radiation once it exceeds the 

threshold intensity.

Here the potential o f  the series o f  organic m aterials as optical lim iters is exam ined. 

These m aterials encom pass a range o f  specially designed features, intended to 

benefit their perform ance. The endohedral lanthanum  fullerene has been shown in 

chapter 4 , exhibit a nonlinear absorption response, which is both broadband and 

ultrafast. Carbon nanotubes were also shown to possess a broadband nonlinear 

optical response. Phthalocyanines are well established as optical lim iting m aterials 

and the set o f  axially substituted phthalocyanines present the additional possibility 

o f  controlling the nonlinear absorption via chem ical m odulation. The m aterials 

chosen for study here therefore address m any o f  the current issues concerning 

optical lim iting m aterials while also exploring the potential to control optical 

lim iting devices.

6.1 Background to Optical Limiting

Photonic sensors including the hum an eye can be irreversibly dam aged by intense 

sources o f  radiation. The safety threshold o f  a sensor depends on the nature o f  the 

m aterial and can differ over orders o f  m agnitude. The value o f  10^ W cm'^ is 

generally taken as standard for the hum an eye m inim um  dam age threshold. The 

ideal action o f  a protection device for these sensors is depicted in figure 6.1.
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Linear
Transmittance

Output Intensity

Nonlinear Transmission/Optical 
Limiting

Input Intensity

Figure 6.1 Transmission o f  linear materials c& those exhibiting optical limiting

The diagram in figure 6.1 illustrates the transmittance behaviour o f a normal linear 

material and that o f an optical limiting material. A certain amount o f linear 

transmission is required at lower intensity range in order for the photonic sensor to 

carry out its function as a detector. At higher incident intensities, approaching the 

sensor damage threshold, the transmission saturates and is maintained below the 

threshold level. This however is the ideal case and in most optical limiting 

materials the slope o f the linear transmission is simply reduced. The effectiveness 

with which a material can carry out this task is a critical factor o f its optical limiting 

performance.

6.1.1 Optical Limiting Mechanisms

Several nonlinear optical processes can give rise to an optical limiting type 

transmission response including; reverse saturable absorption, multiphoton 

absorption, nonlinear refraction, nonlinear scattering, and thermal blooming. 

Reverse saturable absorption was first observed by Giuliano and Hess when 

studying various organic dye molecules'. They noticed that under intense laser 

pulses, these organic dyes did not show bleaching (saturable absorption) as 

expected, but instead showed increased absorption at high intensities. This reverse
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saturable absorption mechanism, has since been shown to provide high speed optical 

limiting. In the case o f multiphoton absorption such as two-photon absorption, an 

electron is promoted from the ground state to the excited state by either the 

simultaneous or stepwise absorption o f two photons. This mechanism is efficient 

for the limiting o f short pulses.

Nonlinear refraction can be a consequence o f various phenomena that may take 

place in materials, but the result is similar: self focusing or defocusing o f light away 

from the sensor. Compared with optical limiting devices that function by absorbing 

the radiation, these types o f limiter can have a much larger dynamic range.

Thermal nonlinearities arise from the absorption o f radiation which gives rise to 

heating o f the materials. The heating results in the expansion o f the volume which 

in turn modifies the index o f refraction o f the material. In the case o f nonlinear 

scattering, the thermally induced local changes result in the formation o f small 

scattering centres. Increased scattering at higher intensity directly limits the 

transmitted intensity.

In general, materials that exhibit optical limiting behaviour use these mechanisms in 

any combination, although sometimes one or more processes are predominant in the 

material used. In the materials studied here reverse saturable absorption 

accompanied by nonlinear scattering are the dominant processes and these processes 

are now discussed in more detail.

Reverse Saturable Absorption

Reverse saturable absorption (RSA), which translates into increased optical 

absorption with increased incident optical intensity is a favoured mechanism for 

optical limiting. Materials showing RSA obey the Lambert-Beer law o f 

transmission only at low intensities and deviate significantly from it at high 

intensities. The primary condition required is that the absorption cross-section o f 

the excited states, aex, must be larger than that o f the ground state, qq. The energy 

level scheme shown in figure 6.2 can be used to describe RSA processes.
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S2

S ,

s

Initial absorption occurs from the singlet ground state So to the first excited singlet 

state S |. In materials where the absorption cross section o f Si is higher than that o f 

So a significant fraction o f the molecules electron population can be accumulated in 

the S] state whose lifetime is o f the order o f nanoseconds. The resultant 

transmission, which involves absorption from the ground state as well as from the 

excited state, therefore becomes smaller than the low intensity transmission. In 

materials in which the intersystem crossing time is shorter or comparable to the 

pulse duration, the excited population can subsequently relax to the nearby triplet 

state, T[. In this case, a larger absorption from the triplet state than that from the 

ground state enables RSA, provided that the lifetime o f the triplet state is longer 

than the pulse duration.

Intersystem crossing then occurs, transferring the population to the lowest triplet 

level Tq. Emission from the triplet level is slow and therefore the electronic 

population becomes stored there. Transitions between the higher excited singlet 

states play no great role in the reverse saturable absorption process, while those in 

the triplet states help to contain the population in the triplet levels.

Nonlinear Scattering

N onlinear scattering is another process that can be utilised for optical limiting. 

There are two kinds of scattering; coherent and incoherent. Coherent nonlinear 

scattering includes stimulated Raman scattering and stimulated Brillouin scattering. 

Incoherent nonlinear scattering may occur due to several processes, which lead to a 

change in the local density and hence to refractive index o f the medium. In an 

absorbing medium, the origin o f the scattering can be manifold, however absorption

Optical Limiting

In
Figure 6.2 Schematic Energy level diagram
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induced heating and thermal interactions are the primary mechanism o f relevance 

here. Local material sites commonly experience volume expansion due to the 

heating. In solution, heating can result in bubble formation and vaporisation. These 

effects amount to the creation o f scattering centres which can effectively scatter the 

incident light and provide strong optical limiting.

6.1.2 Criteria for Optical Limiting

Organic materials are o f considerable interest for developing optical limiting 

devices. Many inherently incorporate important attributes and readily exhibit a 

natural tendency to act as optical limiters. The possibility to control and modulate 

the optical limiting performance o f a material is another bonus afforded by the 

architectural flexibility o f many organic materials. An outline is now given o f the 

factors, which are important for optical limiting and the conditions required for 

materials to perform efficiently.

The criteria desired for optical limiting devices include; broadband operation, an 

ultrafast time response and an ability to perform at a range o f pulse widths. These 

aspects are considered in terms o f an optical limiter, which use RSA as its limiting 

mechanism. The bandwidth o f the optical limiting operation in a material depends 

on the wavelength dependence o f both gq and aex. A frequently used figure o f merit 

is K,  which is the ratio o f these two parameters

^  =  (6 . 1)

In the case o f ground state absorption, low residual type absorption is optimal. Such 

weak absorption enables sufficient optical interaction for the RSA processes to 

proceed without the adverse effects o f saturable absorption. Materials with 

extended absorption tails provide suitable linear absorption requirements. In the 

case o f excited states those, which can absorb incident photons with the same 

frequency as the ground state are required. But more importantly, the excited state 

must have a larger aex than gq. An effective way o f ensuring a larger aex is to 

transfer the excited population to the triplet levels. An efficient and fast 

intersystem-crossing rate is therefore desired, allowing a fast response to the 

incident radiation. In materials where intersystem crossing occurs naturally, the
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efficiency can be improved by the addition o f a heavy metal atom to the molecular 

structure. In an effect known as the heavy atom effect the metal atom introduces 

further spin orbit coupling with the triplet level and so enhances the electron transfer 

process.

6.1.3 Review o f  Optical Limiting Materials

A review o f several organic materials for optical limiting, with attention focused on 

those relevant to the materials for investigation here, is now given beginning with 

the fullerenes.

C60 is the benchmark material for optical limiting^’̂ . This arises from its remarkable 

intersystem crossing efficiency, which is almost 100 For excitation pulses 

having durations o f  a few nanoseconds, the dominant contribution to RSA comes 

from absorption from the triplet state Ti with being ~ 3 at 532 nm ^ Ratios

o f only slightly greater than 1 are found beyond 650 nm. Thermalisation

processes are known to provide additional contributions to optical limiting in C6o- 

All nonradiative relaxation processes result in heating o f the solvent resulting in 

thermal lensing. However the time required for the development o f a thermal lens is 

in the region o f lO’s o f nanoseconds and therefore thermal refraction contributes to 

the optical limiting o f ns pulses but not o f ps pulses. Nonlinear scattering can also 

provide a contribution to the optical limiting action o f C6o, however the exact source 

o f the scattering is difficult to establish.

The limitations o f C^o beyond 650 nm are evident from the linear absorption 

spectrum, where the ground state absorption cross-section becomes too small for 

effective optical limiting^. Materials possessing linear absorption at higher 

wavelengths are therefore necessary. Higher cage fullerenes are an obvious choice 

for greater linear absorption bandwidth. Figure 6.3 shows how linear absorption 

broadens towards longer wavelengths in the higher cage fullerenes. Optical limiting 

in the higher fullerenes has also been tested, however all o f these have shown 

optical limiting weaker than Ceo at 532 nm ^ A higher degree o f RSA occurs in Ceo 

than in the larger fullerenes possibly due to their reduced intersystem crossing 

efficiency.
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Figure 6.3 Absorption spectra o f  higher case fu llerenes

In an effort to counteract this tendency the higher fullerene Cg2, incorporating a 

metal atom , La, central to its cage is tested. The presence o f  a heavy m etal atom  in 

the v icinity  o f  a m olecule is known to increase the intersystem  crossing efficiency in 

what is know n as the ‘heavy atom  effec t’.

Optical lim ing in carbon nanotubes has also being investigated*’̂ . M W N T 

suspensions have been shown to provide optical lim iting stronger than Ceo and 

carbon black suspensions''^. The optical lim iting action in carbon nanotubes is 

m ainly attributed to nonlinear scattering arising from  expanding m icrop lasm as". 

The m icroplasm as are assum ed to be generated by absorption-induced vaporisation 

and ionisation, which is also the m echanism  proposed for optical lim iting in carbon 

blacks'^.

Porphyrins and phthalocyanines are one o f  the m ost studied classes o f  organic 

com pounds'^’'"'. These com pounds are based on two dim ensional m acrocycles 

which can facilitate extensive chem ical m odulation. Very large transm ission 

reductions have been reported in certain porphyrin and phthalocyanine com pounds 

with K  values higher than 30 reported'^. Lim iting in these cases has been attributed 

to RSA and absorption induced therm al lensing. M etal substitution is noted as a 

means o f  enhancing the hyperpolarisability and the optical lim iting perform ance o f
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these compounds'^. Tests on a series of metallophthalocyanines have shown 

enhanced optical limiting performance going from lighter to heavier metal 

substitution'^. This is interpreted to be a consequence o f the increase in the 

intersystem crossing rate.

6.1.4 Z-scan Technique for Optical Limiting Measurements

In order to examine optical limiting properties o f a material a method o f determining 

the transmittance behaviour o f the material at both low intensities (intensities at 

which only linear transmission occurs) and high intensities (intensities at which 

nonlinear transmission maybe induced) is required. Z-scan, given the large intensity 

range it encompasses, provides an ideal method to perform such measurements.

For the purposes o f optical limiting only the open aperture o f a typical Z-scan setup 

is necessary. This monitors the transmission o f the sample over the range of 

intensities experienced as it traverses a focused beam. A typical Open Z-scan for an 

optical limiting material is shown in figure 6.4.
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Figure 6.4 Open z-scan fo r  a reverse saturable absorbing material

However, in the case o f optical limiting it is usual to present the results as a function 

o f  incident intensity rather than position along the z-axis. In this format the

1 6 1



Chapter 6 Optical Limiting

transm ission (t) can be fitted w ith equation (6.2), which enable the ao and Ge 

param eters to be calculated and k  to be evaluated.

/  =  1 -  a  =  1 - +  ■
Sal J

1 +

V ^Sal \
1 +

^  Sat J

(6 .2 )

This equation shows the absorption coefficient a  expressed in term s o f  the ground 

and excited state com ponents, where I is the incident beam  intensity and Isat is the 

saturation intensity. The expression derives from  the linear com bination o f  the 

ground and excited state absorption coefficients as given in equation (6.3).

a  =

I + ha.

hv

(6.3)

where, = ------ w ith v being the excitation frequency and x being the excited
G q T

state lifetime.
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Figure 6.5 Open z-scan fo r  a reverse saturable absorbing material

Results are presented here in the form  o f  input fluence verses output fluence, which 

is found by m ultiplying the transm ission by the incident energy. A typical result is
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show n in figure 6.5 where the linear transm ission has been given for com parison. 

The profile o f  these plots, though not com pletely resem bling the ideal case as 

depicted in figure 6.1, they nevertheless approach the desired trend.

6.2 Optical Limiting in Designer Organic molecules

M aterials such as the phthalocyanines can be chem ically tailored to influence 

properties such as the location o f  the m ain absorption bands and hence influence the 

band width o f  the optical lim iting response. The predictions and expectations for 

the axially substituted phthalocyanines, La@Cg2 and the carbon nanotubes are now 

tested.

6.2.1 Axially Substituted Phthalocyanines

Phthalocyanines are well know n as efficient optical lim iting m aterials'^. On 

irradiation these m olecules quickly reach the first excited singlet state, which 

subsequently converts to the first triplet state by efficient intersystem  crossing. The 

triplet state has the required long lifetim e and large absorption coefficient necessary 

for efficient optical lim iting.

Im provem ent o f  reverse saturable absorption efficiency in phthalocyanines has been
18achieved through peripheral and m etallic substitutions . Extensive studies has have 

been carried out on various types o f  in-plane substituted phthalocyanines'^. A new 

approach to the m olecular design o f  phthalocyanines is to add out o f  plane 

substitutions, such as ligands, which lie perpendicular to the m ain m acrocycle
90

plane . The central m etal elem ent in phthalocyanines can in m any cases be 

coordinated to an additional axial ligand, giving rise to higher solubility o f  these 

dyes com pared to their planar counterparts w hile at the sam e tim e inhibiting 

aggregation tendencies. A dditionally this action introduces a dipole m om ent 

perpendicular to the plane o f  the m acrocycle. Four different electron w ithdraw ing

ligands, as detailed in chapter 3, have been attached to a titanium  phthalocyanine
2  1com plexe , producing axially substituted phthalocyanine com pounds labelled A, 

B, C and D. The chem ical structures o f  the com pounds were m odelled using sem i- 

em pirical calculations in order to obtain a picture o f  the geom etry optim ised
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structure. In addition, the dipole moments o f the compounds were calculated. 

These properties are analysed in conjunction with the optical limiting performance 

o f each o f the compounds in order to establish any definite influence o f axial 

substituents on the nonlinear absorption properties.

M olecular M odeling

Semi empirical calculations on the axially substituted titanium phthalocyanines were 

carried out^^. The ZINDO method was used in these calcultions, as this is capable 

o f performing calculations on molecules containing transition row elements. It 

allows calculation o f energy states and optimal geometries o f molecules.

Calculations were performed on each o f the axially substituted phthalocyanine 

compounds, A, B, C and D, for which the geometry optimized structures are shown 

in figure 6.6. The results o f the geometry optimisation show a consistent distortion 

o f the ‘planar’ macrocyclic metallo-organic ring. This ‘saddle’ type distortion is 

seen for all four molecules indicating that the axial ligands effect the planar 

configuration o f macrocycle. Peripheral substitution on a set o f titanium 

phthalocyanines has previously been shown to give rise to similar curvature
23effects . The results o f this work suggested that tuning o f the nonlinear optical 

properties o f the titanium phthalocyanines can effectively achieved by 

functionalisation o f the edges o f the conjugated ring.

A more tangible parameter for quantifying the influence o f the axial substitutions, 

than induced curvature is the magnitude o f the dipole moments o f the molecules. 

Calculations, given in table 6.1, showed that the molecular dipole moments 

increased systematically from compound A through to D.
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Compound A Compound B

Compound C
Compound D

Figure 6.6 Chemical model of the axially substituted titanium phthalocyanines 
(a) (4-Tert.-hutylcatecholato)-tetra-tert.-hutylphthalocyaninatotitan(lV), (b) (4- 

Cyanomethyl-catecholato)-tetra-tert. -butylphthalocyaninatotitan(lV), (c) (4- 
Formyl-catecholato)-tetra-tert. -butylphthalocyaninatotitan(IV), (d) (4,5-Dicyano- 

catecholato)-tetra-tert.-butylphthalocyaninatotitan(IV)

This is in keeping the expected pattern the o f  electron w ithdraw ing strength from  a 

C H 3 group, which is relatively weakly, through to a double CN group w hich is know  

to be strong.

Optical Limiting Measurements

The optical lim iting results for each o f  the phthalocyanine com pounds are show n in 

figure 6.7. It is clear that the optical lim iting perform ance varies significantly 

betw een the com pounds, w ith Com pound D show ing the strongest results, C being 

the next m ost efficient, follow ed by B and finally A which is the weakest.
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A  Compound A
© Compound B
O Compound C
V  Compound D
 Theoretical Fits
 Linear Transmission

0 5 10 15 20 25

Input Energy (J/cm^)

Figure 6. 7 Optical Limiting o f  phthalocyanine Compounds A, B, C, D

Fitting o f results, using the formula for the absorption given by equation (6.2) 

enables the calculation o f Kappa (k ), the parameter used to quantify optical limiting 

efficiency. The calculated k  values, given in table 6.1, increase in accordance with 

magnitude o f the molecular dipole moment. This trend is evidence that increasing 

the electron withdrawing effect o f the axial substituent gives rise to an improved 

optical limiting performance o f the phthalocyanine compound.

Sample lo
(GW/cm^)

ao (cm”') Kappa Dipole Moment 
(D)

Compound A 0.9±0.3 0.23±0.05 1.2±0.5 6.710.05

Compound B 0.7±0.2 0.55±0.05 1.3±0.5 7.0810.05

Compound C 0.8±0.3 1.62±0.05 1.910.7 13.0910.05

Compound D 1.06±0.3 0.99±0.05 2.56±1.2 20.410.05

Table 6.1 Parameters o f  Optical Limiting performance o f  Compounds A, B, C. D

On knowing precise values for the concentration and also the linear absorption 

coefficient (ao), the values for the qq and a^x parameters can be calculated using
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equation (6.1). However due to concerns about sample degradation, as described in 

chapter 3, these values are not given here

In fact the overall relatively low values o f k , compared to what is typically found in 

such phthalocyanine molecules^^ are thought to be due to degradation o f the 

samples. Nevertheless the observed trends in the nonlinear optical response o f the 

molecules, substantiates the fact that the sample quality was sufficiently high to 

validate the studies carried out here.

Assessment of Optical Limiting Performance

The results show that significant control o f the optical limiting performance of 

titanium phthalocyanines is offered by chemical modification o f axial substituents. 

This an important result and is a very useful attribute for an optical limiting 

material.

6.2.2 Endohedral Metallofullerene La@Cg2

La@Cg2 presents as quite a large endohedral type metallofullerene, for which the 

nonlinear absorption measurements, detailed in chapter 4, appear promising for 

optical limiting at certain wavelengths. Significant reverse saturable absorption was 

observed on picosecond irradiation, which suggests that the intersystem crossing 

rate in La@Cg2 is high.

Optical Limiting Measurements

Optical limiting measurements for La@Cg2 taken at different intensities at 532 nm 

are shown in figure 6.8. Strong optical limiting behaviour is observed with the 

largest reduction in the output intensity occurring at the highest incident energy.
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Figure 6.8 Optical lim iting o f  La@ C s2 using 25 p s  pu lse  at 532 nm

Optical lim iting is also observed at 1064 nm, as show n in figure 6.9. On exam ining 

the graph it can be seen that initial linear behaviour gives way to rise to nonlinear 

behaviour and the onset o f  optical lim iting. This change over occur above a incident 

threshold intensity o f  about 0.03 J/cm  where the threshold intensity indicates the 

point at which the data begins to adopt a nonlinear trend.

O La@Cg2
Theoretical Fit 

 Linear Transmission

0.18 -

0.16 -

C  0 .0 8 - ••o
^  0 .0 6 - 
Q.

o  0 .04-

0 .0 2 -

0 .00-1
0.00 0.07 0.14

Input Energy (J/cm^)

Figure 6.9 Optical lim iting o f  La@ C s2 using 35 p s  pu lse  at 1064 nm
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O ptical lim iting  fo r L a@ C 82 at the v ario u s  w av elen g th s ex am in ed  is sh o w n  in figure 

6 . 10 .

524 nm 
532 nm 
563 nm 
1064 nm 
Theoretical Fit

0.07 -

0.06 -

0.05 -

> ,  0 ,0 4 -  
O)

C  0.03 -

i  0 .0 2 -

0.01 -

0.00  -

0.00 0.02 0.04 0.06

Input Energy (J/cm^)

Figure 6.10 O ptical lim iting o f  La@ C s2 cit various w avelengths

A d efin ite  varia tion  in the op tical lim iting  effic iency  w ith  w av e len g th s  is observed . 

T h is  b eh av io u r is easie r to  quan tify  from  ca lcu la tio n s o f  the k  v alu es  as g iven  in 

tab le  6.2.

velength
(nm)

Pulse width
(ps)

a o
(cm '')

l o  (GW/cm^) 1 3m
1

Kappa

524 500 5.1±0.2 3 .3± l .0 0.9±0.3 1.410.3

532 25 4.9±0.2 5.2±1.0 15.3±5.1 7.011.5

563 500 4.3±0.2 2.8+1.0 0.910.3 2.310.5

634 500 n/a n/a n/a n/a

1064 35 0.510.2 10.4±1.0 5.511.8 3.110.7

Table 6.2 W avelength dependent param eters o f  La@ C s2 optical limiting.
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A direct comparison o f the values o f nonlinear optical parameters obtained for the 

different wavelengths is difficult given the two different pulse width lasers, 500 ps 

and 25/35 ps that were used. The strongest optical limiting results from the use of 

the 25/35 ps pulses, which also provides the highest peak power (Iq) excitation. 

Nevertheless, the expected trend is apparent, that in regions o f high linear 

absorption, k  values are generally smaller. Strong optical limiting is accompanied 

by a high ratio o f the imaginary to the real values, and these again are seen 

mainly for the shorter pulsed excitation.

Assessment of Optical Limiting Performance

A summary o f the optical limiting behaviour o f La@Cg2 is given in figure 6.11. The 

efficiency o f La@Cg2 optical limiting w'as found to exceed that o f Ceo at 532 nm. 

Although high linear absorption reduced the limiting behaviour at certain 

wavelengths in the visible region, the far greater optical limiting band width as 

demonstrated by efficient reverse saturable absorption at 1064 nm more than 

compensates for this drawback.
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Figure 6.11 Wavelength dependence o f  La@ Cs2 Optical limiting  

La@Cg2 therefore possesses useful broadband optical limiting capabilities.
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6.2.3 Carbon Nanotubes

A small number o f studies o f the optical limiting behaviour o f carbon nanotubes are 

reported in the literature. These reports propose that the mechanism for optical 

limiting in nanotubes is a nonlinear scattering process similar to that which occurs 

in carbon black suspensions. A study by van Sun et al, has shown optical limiting 

behaviour in nanotubes using nanosecond pulses". They also measured the 

response o f the M WNT using short picosecond pulses and found no such optical 

limiting response, which leads to the conclusion that the picosecond pulses provide 

insufficient time for thermal processes and therefore no nonlinear scattering can take 

place.

The results obtained here for MWNT, partly agree and partly disagree with the 

literature findings. Measurements were carried out both using picosecond (25/35 ps 

and 500 ps) and nanosecond laser systems (6 ns).

Picosecond Nonlinear Absorption in Multiwalled Nanotubes

The wavelength dependent measurements o f MWNT nonlinear absorption have 

been detailed in chapter 4. These have been carried out using picsecond pulses of 

25/35 ps and 500 ps. At all the examined wavelengths nonlinear absorption, either 

saturable or reverse saturable was observed. These findings are in contrast to those 

reported by van Sun et al' ’. An explanation for the nonlinear absorption behaviour 

o f the M WNT in terms o f the newly discovered van Hove Singularities (VHS) is 

given in chapter 4.

The M W NT nonlinear absorption results have been fitted for k , the values for which 

are given in table 6.3. A k  value less than one, corresponds to saturable absorption, 

while greater than one signifies reverse saturable absorption.
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Sample

MWNT
Solution

M W NT film

M W NT film

MWNT
Solution

M W NT Film

SWNT
Solution

Wavelength PulseWidth 3 m (̂3)/
(nm)

524

532

549

639

1064

1064

(ps)

500

25

500

500

35

35

(GW/cmO 3?e I  

5.9±1.0 0.1

6.7±1.0

2.4±1.0

5.3±1.0

21.9±1.0

19.8±1.0

1.6

0.2

0.9

Kappa

l.8±0.4

0.7±0.2

0.810.2

2.2 0.7710.2

1.3110.3

1.6 0.9710.3

Table 6.3 Wavelength dependent optical limiting parameters o f  MWNT

The K values are plotted as a function o f the measured MWNT VHS absorption in 

figure 6.12.
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Figure 6.12 Wavelength dependence o f  MWNT nonlinear absorption
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The typical dependence o f the material nonlinear absorption on linear absorption is 

observed. A t  wavelengths where VHS peaks are absent the linear absorption 

coefficient is relatively low and hence reverse saturable absorption occurs such as 

that observed at 524  nm and 1064 nm. The in between wavelengths correspond to 

the onset o f VHS absorption and consequently saturable absorption behaviour is 

observed. This dramatic effect o f the VHS on the nonlinear absorption, 

demonstrates the important role they play in the nonlinear optical response o f 

MWNT. This contrasts strongly with graphitic materials in which VHS are absent 

and the linear absorption spectrum is composed o f a background 7i-plasmon 

absorption. These materials do not exhibit any significant optical nonlinear 

behaviour indicating that such Ti-plasmon absorptions do not give rise to any 

considerable optical nonlinearity

Nanosecond Nonlinear Absorption in Multiwalled Nanotubes

Nanosecond measurements were taken at 532  nm using 6 ns pulses. Strong optical 

limiting behaviour was observed as shown in figure 6 . 13 . The optical limiting 

behaviour o f Ceo which is used as a reference was also measured. MW NT are found 

to clearly out perform Ceo in the case o f nanosecond irradiation.

♦  M W NT
 L inear  T ra n s m is s io n

Q .

0 3 6 9
Input Energy (J/cm^)

Figure 6.13 Optical limiting o f  MWNT and C^o using 6 ns pulses at 532 nm.
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The nonhnear absorption behaviour o f  M W N T varies dram atically w ith pulse w idth 

for the same wavelength. The 25 ps m easurem ent show ed w eak saturable 

absorption, while using nanoseconds gives very efficient optical lim ing behaviour. 

This suggests that different m echanism s are responsible for the picosecond and 

nanosecond excitation. It is suspected that, as suggested in the literature, nonlinear 

scattering is the dom inant process for M W NT at 532 nm. This m eans that the 

optical lim iting response cannot be analysed in m anner used for reverse saturable 

absorption type lim iting and therefore param eters such as k  cannot be applied. 

Instead, in order to quantify o f  the efficiency o f  the M W N T nanosecond optical 

lim iting, the response o f  Ceo has been m easured. Ceo is know n to have a k  value in 

the region o f  3 under these conditions^, which is quite a significant value. The 

M W N T out perform  C6o suggesting that as a nanosecond optical lim iting m aterial, 

nanotubes have m uch potential.

6.3 Conclusions

The axially substituted phthalocyanines dem onstrated the possibility o f  controlling 

their optical lim iting behaviour through chem ical adjustm ent o f  the axial 

substituents. Increasing the m agnitude o f  the axial substituent dipole m om ent was 

found to provide a corresponding increase in the optical lim iting response, thereby 

providing a m eans o f  tuning the optical lim iting in phthalocyanine m aterials. The 

endohedral fullerene La@Cg2 show ed broadband optical lim iting behaviour which 

has a picosecond response time. These are useful qualities for an optical lim iting 

m aterial. The carbon nanotubes show ed strong optical lim iting behaviour at a 

nanosecond response time. How ever, this nonlinear scattering m echanism  for 

optical lim iting is not sufficiently fast to provide a response on shorter tim e scales.
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Chapter 7 
Conclusions

M ultiphoton processes in a series o f opportune organic materials have been 

investigated. The results demonstrate that the design o f material architectures, 

which incorporate features to enhance the molecular hyperpolarisability is effective 

in improving their nonlinear optical performance. The performance o f the 

endohedral fullerene La@Cg2, is testimony to this. In the set o f axially substituted 

phthalocyanines, successful control o f the nonlinear optical response through 

chemical modulation was demonstrated. Chemical adjustment o f the axial ligand 

was shown to influence the phthalocyanine nonlinear optical properties in a 

systematic fashion. Though the endohedral fullerene La@Cg2 and the axially 

substituted phthalocyanines fulfilled their expectations succeeding in accomplishing 

many o f the tasks requested o f them, it is the properties o f the carbon nanotubes that 

are found to be the highlight o f this thesis. Carbon nanotubes, in particular MWNT 

gave rise to many surprising and exciting results.

Linear characterisation was used to examine the properties which have implications 

for the material nonlinear optical properties. These studies showed that La@Cg2 has 

a broad absorption spectrum, which extends into the near infrared, therefore making 

it suitable for broadband nonlinear optical applications. The linear absorption o f the 

axially substituted phthalocyanines had the normal profile o f two strong absorption 

bands on either side o f a residual absorption window in the visible. Charge transfer 

bands present in the absorption window, provided evidence o f the influence o f the 

axial substituents on the electronic structure o f the phthalocyanines and hence can 

also be expected to influence their nonlinear optical behaviour. Careful linear 

absorption spectra revealed the presence of van Hove singularities (VHS) in 

MWNT, from the visible spectral region through to the far infrared. These regions
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o f high electronic state density can be expected to have important implications for 

the nonlinear optical properties o f MWNT.

W avelength dependent and nonlinear optical studies were used to determine the 

parameters o f the nonlinear optical response o f the materials. La@Cg2 showed weak 

real third order nonlinearities, with in the range o f -1 0 ''^  esu and significant 

reverse saturable absorption. The response was found to have contain a large 

ultrafast component and was broadband extending into the near infrared. This 

amount to a dramatically improved response compared to Ceo- The axially 

substituted phthalocyanines showed the expected reverse saturable absorption 

behaviour, the extent o f which was found to depend on the axial substituent o f the 

phthalocyanine. This demonstrated a definite influence o f the axial substituent on 

the nonlinear optical performance o f the phthalocyanines. The carbon nanotubes, in 

particular the MWNT showed a large negative refractive index, with as high as 

10'^ in the case o f film measurements. The nonlinear absorption showed a 

wavelength variation between reverse saturable and saturable absorption which was 

explained by the presence o f VHS in the visble specral region.

Unexpected luminescence from MWNT was observed on near infrared excitation. 

Three photon absorption followed by upconversion luminescence is believed to be 

the responsible mechanism. These processes are associated with VHS in the visible 

region which can partially resonantly enhance the multiphoton absorption and also 

provide the opportunity for radiative emission. These results suggest that VHS play 

an important role in the linear and nonlinear optical properties o f M W NT and can 

facilitate efficient nonlinear optical activity.

Optical limiting was investigated as a possible application for the nonlinear optical 

responses o f the materials. La@Cg2 was found to exhibit a large broadband optical 

limiting with an ultrafast response. In the axially substituted phthalocyanines, 

effective control o f their optical limiting performance was demonstrated by means 

o f chemical adjustment o f the magnitude o f the dipole moment o f  the axial 

substituent. A means such as this o f controlling the optical limiting response would 

be a powerful tool for optical limiting applications. It would help overcome 

difficulties such as the variation in transmission required to satisfy the different
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sensor safety thresholds and sensitivity thresholds. MWNT showed effective optical 

limiting behaviour under nanosecond irradiation, which is presumed to originate 

from nonlinear scattering.
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