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by Bruno Fl&vio Nogueira de Sousa Soares 

Nanoscale photonic functionalities based on light-induced structural transitions in 
nanoparticles have been investigated, and it hag been experimentally shown that nanopar-
ticles can act as both low power nanoscale optical switches and as resonator-less optical 
memory elements. 

A system for in-situ growth and characterization of gallium nanoparticles, which com-
bined technologies including atomic-beam deposition, ultra-high vacuum, cryogenics, and 
sophisticated fibre instrumentation including diode and ultra-fast laaers, has been devel-
oped. 

Optica,l switching has been observed in a gallium nanoparticle film on the end of a 
single mode optical fibre simultaneously in rejection and transmission, and under different 
regimes of excitation, for the first time. Measurements of the sub-microsecond dynamics 
of such light-by-light control allowed the first study of the fast kinetics of solid-solid and 
solid-hquid structural transformations in gallium nanoparticles to be performed. 

Single gallium nanoparticles have been grown from an atomic beam in the nanoaper-
ture at the tip of a tapered optical fibre for the first time. Reversible light-induced reflec-
tivity changes associated with a sequence of transformations between different structural 
forms (both solid-solid and solid-liquid) stimulated by optical excitation at nanowatt 
power levels, have been observed in such particles for the first time. The complex tem-
perature hysteresis of the narioparticle's nonlinear response has been observed and it has 
been discovered that the extent of overcooling can be controlled by varying the optical 
pumping regime. 

The first demonstration of nanoscale all-optical resonator-less memory functionality 
baaed on phase transformations has been performed using a film of gallium nanoparticles. 
It has been shown that single 1 //s optical pulses of a few mW peak power can be used 
to 'write' information to the memory by converting the particles from a lower energy 
phase (logic state 0) to a higher energy phase (logic state 1). A high contrast method 
for 'reading' the state of the particle memory, based on measurements of the reflectivity 
change induced by a modulated pump beam, has been developed. Both volatile and 
non-volatile modes of memory operation have been demonstrated. 

For the 6rst time, an optical memory element based on a single particle has been 
demonstrated. It has been shown that an 80 nm gallium nanoparticle can act as a four-
level nanoscale optical memory. Information is encoded on the particle by switching it 
between phases using single optical pulses with energies as low as 1.5 pJ, and by varying 
the pulse energy different states can be directly accessed from both ground and interme-
diate states, A closely packed array of such particles could provide a storage density of 
about 0.2Tb/in^. 

The experimental work has been underpinned by the development of appropriate 
qualitative physical models of the processes involved, so as to describe the relationships 
between excitation controlled phase coexistence in nanoparticles, their optical properties 
and the demonstrated functionalities. 
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Chapter 1 

Introduction 

1.1 Synopsis 

This introductory chapter explains the motivation for, and lays the foundations 
needed to better understand the work presented in the remainder of this thesis. 

Section 1.2 describes the motivation to obtain nanoscale photonic devices, gives 
a brief historical overview of nonlinear optics and other related work, and 
introduces the idea of using light-induced phase transitions in nanoparticles to 
obtain nanoscale photonic functionality. 

After this general overview, Section 1.3 discusses the optical properties of 
nanoparticle films through theoretical models. Section 1.4 introduces the basic 
thermodynamic principles involved in phase transitions, with particular 
attention being given to what happens during the nucleation and growth of a 
new phaae in a material, and to what changes occur when materials are conhned 
in nanoparticles. Section 1.5 then combines the ideas of the two previous 
sections to show how it is possible to obtain a nonlinear optical response in 
nanoparticles undergoing phase transitions. It also describes how such particles 
allow for optical bistability to be created at the nanoscale. Additionally, the 
traditional use of optical feedback and a nonlinear material to obtain optical 
bistability is also described. 

Following this. Section 1.6 discusses the general properties that phase change 
materials need to have, and gives an overview of the most common materials 
used. The properties of gallium, the material used in the work described in this 
thesis, are also described. Finally, Section 1.7 concludes this introduction by 
giving an overview of the remaining chapters in the thesis. 
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1.2 Introduction 

One of the most important goals of nanopbotonics is the creation of nanoscale 

low power nonlinear optical devices that control light with light in highly 

integrated circuits. The demand for such devices is large, as is the range of 

potential applications: They could for example control the output of miniature 

semiconductor lasers, switch signals between elements of three-dimensional 

photonic band-gap optical routers or serve as high storage-density memories. 

However, controlling light with light in the nanoscale is an immense challenge. 

A light signal is controlled when either its intensity or its phase is signi6cantly 

changed by the presence of another signal, the control signal. In all-optical 

devices this control is achieved using a control light-wave to change the optical 

properties of the medium in which the signal light-wave travels. 

The 6rst experiment that showed that light could change the optical properties 

of a material was performed in 1926 by Vavilov and Lewschin of Moscow State 

University, in Russia [1]. In this experiment the transmission of an 

uranium-doped glass plate was shown to depend on the intensity of the spark 

light source used. The reason for this dependence was the saturation of the 

absorption of the doped glass and Vavilov and Lewschin suggested, in what may 

be considered the first ever paper on nonlinear optics, that the absorption 

coe&cient should be treated as being intensity dependent. Later, Vavilov would 

generalize the idea of nonlinear optics writing "An absorption medium must 

exhibit a nonlinearity not only with respect to absorption. The latter is related 

to dispersion, and therefore the velocity of light propagation in a medium must 

generally depend on light power too. For the same reason, other optical 

properties of a medium - birefringence, dichroism, rotation capacity, and so on -

must generally exhibit a dependence on the light power, that is, a violation of 

the superposition principle." [2]. Unfortunately this was in 1950 and the light 

powers necessary to observe those effects were not available. Sadly, Vavilov died 

before the invention of the laser and therefore never saw the dramatic 

developments brought on by it, not only in the understanding of the physics of 

nonlinear interactions, but also in the applied field of telecommunications with 

numerous photonic devices based on the intensity dependence of the refractive 

index. Nevertheless, the Superposition Principle formulated by Christian 

Huygens in 1678: "The most remarkable property of light is that light beams 

traveling in different and even opposite directions pass through one another 
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without mutual disturbance" was clearly challenged by the Vavilov-Lewschin 

experiment of 1926 and the rich field of nonlinear optics was born. 

The fundamental idea behind nonlinear optics is in itself simple to understand. 

One can start by considering how the polarization P(r,^) of a material depends 

on the strength of the applied Geld E(r,<). In the case of traditional optics, 

there is a linear relation given by: 

ft 

Where eo is the electric permittivity of free space and are the components 

of the linear susceptibility tensor. This relation can be understood by 

considering that, for low levels of light excitation, that is small amplitudes of 

the applied Geld E(r, (), the charges on the material are displaced 

proportionally to the amplitude of the applied held and therefore their collective 

oscillations add up to give a total polarization P(r,^) linearly proportional to 

the applied held. However as the amplitude of the held increases, the motion of 

the charges departs from this linear motion and the above relation no longer 

holds. One can however generalize the equation by expressing the response as a 

power series of the field strength: 

+ Go t) 

+ + ... 

The tensors and are known as second and third order nonlinear optical 

susceptibility tensors and relate to the nonlinear optical properties of the 

material. Prom this simple idea, the equations that describe the wide range of 

nonlinear effects detectable in experiments can be derived. 

In 1961, soon after the demonstration of the first laser by Mainman in 1960 [3], 

Franken and co-workers discovered second harmonic generation [4], where a 

nonlinear material with a non-zero excited by a field of a certain frequency 

produces a field with twice that frequency. Other nonlinear optical efi'ects based 

on the second order term were soon observed [5], as were higher order eEects [6]. 
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Of particular relevance to our work is the intensity dependence of refractive 

index, a third order optical nonlinearity that shows itself in a range of effects 

such as self-focusing, self-diffraction, self-phase modulation and bistability [7]. 

The fundamentals of various all-optical devices based on this type of 

nonlinearity have been demonstrated [8, 9] and the search for materials that 

show larger and faster nonlinearities has been intense [10]. However these 

devices are normally based on optical resonators and need extended interaction 

lengths to give nonlinear e&cts of an adequate size. This presents a serious 

obstacle to the ever growing need for component miniaturization. Highly 

integrated micron-scale optical devices are presently available [11], based around 

passive elements such as mirrors and lenses, but in order to truly move 

photonics from the micro to the nano world, materials with extremely large 

nonlinear responses are required. This is a direct consequence of the need to 

control one beam of light with another in a nanoscale layer of the material. 

One can try to estimate the properties of a nonlinear material needed to achieve 

that kind of nanoscale control by considering a material with a complex 

refractive index n, -I- zA: and denoting by Azi and AA the nonlinear changes 

caused by a control beam to the real and imaginary parts of the refractive 

index. In order to obtain a significant retardation in a signal with a wavelength 

A using a layer with a thickness f/, the condition ^ should be satisGed. 

Additionally, to achieve a considerable change in the intensity of the signal the 

condition AaL ~ 1 should also be satisfied. Here Aa is the change in the 

absorption coefficient of the material, which is related to the imaginary part of 

the refractive index by the equation A a = TA/c. By rearranging these formulae 

one finds that: 

A _ ^ 1 _ ^ 

47rAA; 4?: A; AA: 

This expression shows that in order to obtain a low value of L (in the 

nanoscale), one requires a material not only with a large value of the complex 

part of the refractive index k, but also in which the induced change A A: is a 

signiGcant fraction of A;. That is, one needs a high refractive index material 

exhibiting a large change in the index. The materials with the highest values of 

A: are metals, but unfortunately in metals the conventional nonlinearities are 

very small. This is a direct consequence of the fact that, the traditional 
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nonlinearities appear as a result of nonlinear components in the restoring force 

of the electrons displaced by the light's electric field. In metals the optical 

properties are essentially determined by the response of free electrons and for 

truly free electrons the restoring force doesn't exist, which means that an ideal 

bulk metal shouldn't exhibit any nonlinear response. Still electronic 

nonlinearities are detectable in real metals because of multipole interactions, the 

dependence of electron mass ajid relaxation time on energy, and 

spin-Gipping [12], but they are too small to be appropriate for practical 

applications. 

However, there is an alternative way to achieve optical nonlinearities that has 

recently been given more and more attention [13]. The fundamental idea is 

extremely simple: Consider a material that has two structural phases with 

significantly different optical properties. If light could be used to stimulate a 

transition between these phases, then the materials response could be seen as a 

nonlinear effect. 

However to be of use for most optical data processing applications this 

transformation must be reversible, that is, when the external excitation is 

removed the material should quickly return to the initial phase. This could be a 

potential problem, since in bulk materials phase transitions are usually sharp 

Grst-order transitions that frequently present a hysteresis in recovering to the 

original state. Bulk melting is a good example of this situation: Once the solid 

material is converted to the liquid state, there is often a need for it to be 

overcooled before it converts back to solid. Thus, if the melting was caused by 

laser heating, the original state would not be recovered when the laser 

excitation was removed. 

Nature however provides us with a solution since the sharp and abrupt 

transformations between phases become dynamic coexistences of structural 

forms when the material is placed in a confining geometry [14]. A material may 

be confined, for example, by the formation of an interface with another material 

or in nanoparticles. Confinement not only blurs the distinction between first 

and second order phase transitions, making the transition continuous and 

reversible, but confined materials close to a phase transition also become more 

sensitive to external stimulation, which provides an increased nonlinearity. So, 

by confining a material and placing it on the verge of a phase transition, one 
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may achieve a large optical nonlinearity that can control light with light in a 

reversible way. Furthermore, the irreversible response described above can still 

be useful for certain applications (namely in memory applications as will be 

shown) and can also be obtained in conHned geometries. 

Another very important advantage of this type of nonlinearity is its energy 

eEciency. In the traditional type of optical nonlinearity, a single photon can 

only excite a single atom so at best the maximum e&ct (obtained when all the 

atoms in the material are excited) requires a number of photons equal to the 

number of atoms. On the other hand when using phase transitions ag the base 

of the nonlinearity, one needs only to supply enough energy to obtain the phase 

transformation. This depends on the diEerence in enthalpy between the phases 

involved, and is of the order of a typical phonon energy per atom. The 

difference between the energy of a phonon and photon means that the new type 

of phase transition nonlinearity is about three to four orders of magnitude more 

energy efficient than the conventional nonlinearity. 

Thus, the big question is whether a material with a large refractive index can be 

found that has structural phases with radically different optical properties and 

which permits light-induced transitions to be excited between these phases. 

Most metallic elements have similar optical properties that are almost phaae 

independent. However, a material indeed exists that has a high refractive index, 

multiple structural phases with di&rent optical properties, phase transitions 

with reasonably accessible temperatures and an ability to undergo light-induced 

transformations. That material is gallium. 

Gallium is an extremely interesting polymorphic material. Despite being an 

elemental metal, at least nine di&rent structural phases have been 

discovered [15], with properties ranging from those of the almost 

semiconductor-like, partially covalent solid a—phase [16, 17] to those of the 

almost ideally metallic liquid phase [18, 19]. SigniGcant optical changes are 

therefore associated with transitions between some of these phases. 

Additionally, bulk gallium melting occurs at the convenient temperature of 

29.8 °C. The exploration of gallium's potential began in 1997, when gallium 

confined at an interface with silica was shown to exhibit a large phase transition 

based optical nonlinearity when brought to a temperature close to its melting 

point [20]. Soon after, potential applications of this effect were demonstrated by 

7 
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applying it to cross-wavelength optical switching [21] and passive Q-switching of 

fibre lasers [22]. The research continued with the detection of nonlinear effects 

in gallium nanoparticles subject to laser and electron beam excitation [23, 24]. 

It is worth pointing out that other materials can also be used to obtain such 

phase change functionality: for example GST materials (discussed in more 

detail in Section 1.6) are already commonly used in DVDs to store information. 

Nanoparticles are a particularly promising way to achieve nanoscale 

functionality due to the remarkable changes in optical, electrical and physical 

properties that can occur when a material is confined on the nanoscale. Indeed, 

many digerent ways to obtain various types of functionality with nanoparticles 

have been proposed. For example, semiconductor nanoparticles have high 

emission efRciencies [25], so they could act as tunable light-emitting elements in 

nanoscale circuits, and can be used as labels in chemical and biological 

applications [26]. Nanoparticles have also proved to be useful tools in improving 

photodetection processes: The high scattering e&ciency of larger nanoparticles 

and qualitative changes in resonance characteristics are the main physical effects 

contributing to such detection gains [27]. A related field that has been given 

particular attention is the use of nanoparticles as sensors. The localized surface 

plagmon resonance spectra of metallic nanoparticles are extremely sensitive to 

their size and shape, and the local properties of the surrounding environment. 

This sensitivity can be exploited to detect a wide range of gases and liquids [28], 

and may even permit the detection of single molecules [29]. Indeed, RNA and 

DNA strands can already be detected and identiGed [30]. It has also been 

discovered that by attaching DNA molecules to the surfaces of metallic 

nanoparticles, new hybrid materials with tunable properties can be 

obtained [31]. In a similar way, covering dielectric nanoparticles with a thin 

metallic shell also allows for the systematic control of the particle's optical 

resonance over a wide spectral region extending from the near-UV to the 

mid-infrared [32]. Both the optical and chemical properties of these type of 

nanoshell make them ideal for biomedical imaging and therapeutic applications. 

For example, they can be used as contrast agents for optical coherence 

tomography or as absorbing elements in NIR thermal therapy of tumors [33]. 

Finally, the ability of metallic nanoparticles to sustain plasmon oscillations 

facilitates their use in nanoscale waveguiding: By coupling plasmon nodes 

between particles in a closely spaced chain one can obtain coherent propagation 
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of energy along the chain [34]. The development of all these techniques could 

lead to the creation of nanoscale circuits, in which nanoparticles act as 

waveguides and as active elements. 

The work described on this thesis continues to explore the remarkable properties 

of gallium nanoparticles and shows for the first time how single gallium 

nanoparticles can exhibit a variety of useful optical functionalities. In particular, 

two regimes of excitation will be presented, leading to distinct functionalities. 

In Chapters 2 and 3 will show how low levels of excitation partially convert the 

particles to new phases, resulting in reversible transformations that can be used 

to create low power nanoscale optical switches. If a higher level of optical 

excitation is applied, the particle is completely transformed to the new phase in 

an irreversible fashion. Chapter 4 shows how this can be exploited to create 

nanoscale memory elements. In the remaining of this Chapter the ideas needed 

to better understand this work are presented in more detail. 

1.3 Optical properties of nanoparticles 

In the present section, the optical properties of nanoparticle 61ms are analysed 

through the introduction of suitable theoretical models, following the discussion 

by Fedotov [35). The analysis of media consisting of sub-wavelength metal 

spheres via the use of elective electric constants wag first developed by 

Maxwell-Gaarnett [36] and David [37]. The general idea in these models is that 

an external electric Geld polarizes the particles, which in turn generate their 

own local fields and thus affect the dielectric properties of the host material. 

Although these initial models have been used sucessfully for calculating the 

optical properties of media with a low density of metallic inclusions, they can't 

be used for the study of higher density volume medium or for planar granular 

Alms. To address this type of media Yamaguchi et al. [38[ introduced a new 

model that is described in Section 1.3.1. Although a marked improvement from 

previous attempts, this model still suffers from some limitations and a further 

model developed by Fedotov et al. [35] that accurately describes closely packed 

nanoparticles will be introduced in Section 1.3.2. This model also allows the 

modelling of nanoparticles consisting of a binary core-shell structure, thus 

providing a way to interpret the measured optical characteristics of 

nanoparticles undergoing phase transitions as will be discussed in Section 1.4.3. 
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Figure 1.1; Dipole moments P and P' of a particle lying on a substrate surface 
and of its mirror image. The local field Eioc inside the particle is the sum of 
the applied field Eext, with the field created by the image dipole P' and the field 
created by the dipoles and their images of all other particles Pj and Pj. After 
Fedotov[35]. 

1.3.1 Disperse nanoparticle films 

In order to analyse the properties of discontinous films on a substrate, 

Yamaguchi, Yoshida and Kinbara developed a model that not only takes into 

account the diple interaction between nanoparticles and their mirror images on 

the substrate, but also considers the variety of particle shapes and size effects. 

For simplicity, this model will be refered to as the YYK model [38]. 

The model starts by noting that the dipole moment P induced on a nanoparticle 

on top of a substrate (See 1.1) by the electric field of an incident wave parallel 

to the substrate is related to that of its mirror image in the substrate by: 

pi _ ^ext p 1^2 1) 
^suh 4" ̂ ext 

where tgub and text are the dielectric constants of the substrate and the exterior 

media respectively. The film is then seen as a monolayer of such small particles 

distributed on top of the substrate (See 1.1). For that type of arrangement the 

local field on each particle Eioc is given by the sum of the external field Eext, 

with the field Eimg produced by its mirror image, and the field Esur produced 

by the surrounding particles and their mirror images. One then has: 

Eioc — Eext 4" Ei^ng ~l~ Eg^^ (l-^O 

10 



Chapter 1: Introduction 

The contribution from the nanoparticle's mirror image relates to the image's 

dipole and the particle's height by: 

The expression for f as a function of P can be replaced in this expression, to 

yield the Eimg just as function of the nanoparticle's height and induced dipole. 

The next step is to calculate the contribution of the surrounding particles and 

their mirror images. To achieve this, a spherical system of cordinates is 

introduced in which the origin of the coordinates is at the nanoparticles centre 

(See Figure 1.1). Assuming that the distance between neighbour particles is 

much larger than the particles height /t, the dipoles moments and of the 

neighbour particle and its image can be approximated by an elective dipole 

moment P'' given simply by: 

p ; = f,. _ == (1.4) 
^-ext ^-sub 

Prom this it follows that the held can be written as the held produced by 

the effective dipoles of all the surrounding particles: 

E (1.5) 

where is the angle between and 

If the particles are considered to have the same polarizability a and volume F , 

they will have the same dipole moment and one can obtain the following 

expression for the local field: 

-Bzoc = . — - (1.6) 

with 
a ^ ^sub ~ ^ext 1 /l 7̂  

^ ; 1 1 G (1.7) 

11 
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As the shape of the nanoparticles was considered to be that of a rotational 

oblate (aspect ratio is 'y = 2r/A, > 1) ellipsoid, the volume may be approximated 

by: 
y — — ( 1 . 8 ) 

6 

One can then numerically calculate the value of C, by assuming that the 

particles occupy the points of a square lattice with a lattice constant / that is 

small when compared to the wavelength of light in consideration: 

C = - 0 . 7 1 6 - ( - ) ' / Y / " (1.9) 

where g = is the volume feeling factor of the 61m. 

A monolayer of particles with dielectric constant tint, and the same shape, size 

and orientation can be described by a plane-paraiel film with an effective 

dielectric constant Ggyy given by [39]: 

where E is the macroscopic Geld inside the 61m. / is called the geometrical 

(depolarizing) factor of the particles. If one takes the polarizability a to be of 

the form [40]: 

a = ' t r 7 (1.11) 
(ezt + / ( (W — (ea:t) 

one can obtain: 

where F is the e&ctive geometrical factor of the particles 

F - / + (1.13) 

and the geometrical factor / is given by: 

12 
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YYK mode 

CPNF model 

Aspect ratio Y 

Figure 1.2: Effective geometrical factor of a nanoparticleparticle film as a function 
of their aspect ratio for filling factors q — 0.01 and q = 0.6 for both the YYK 
(red) and the CPNF model (blue). After Fedotov[35]. 

Finally, one can use the fact that the microscopic electric field inside the film is 

simply equal to the incident field E = E^xu because the tangential part of an 

electric field is conserved across the interface between two dielectrics, to obtain 

the effective dielectric constant of the monolayer as: 

^eff — ^ext{q 
^ext + — ^ext) 

+ 1) (1.15) 

These equations have been used to sucessfully analyse a range of experimental 

data from spectroscopic ellipsometry measurements on discontinuous metalic 

thin films [41,42]. Nevertheless, it is possible to quickly identify a few 

limitations of the model just described. The first limitation arises from the fact 

that the model assumes that the spacing between the particles is larger 

compared to their size, that is, it is assumed that g 1. Moreover, the model is 

also only valid for monolayers composed of spherical or near spherical particles, 

that is 7 ~ 1. 

One can more easilly understand where the problem arises by considering the 

behaviour of the effective geometrical factor as a function of the aspect ratio. 

13 
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— T 
p' 

Figure 1.3: As the aspect ratio of a small particles increases, the distance between 
the point dipole of the particle and of its mirror image also increases, which leads 
to a discontinuity in the YYK model for disk like particles. After Fedotov[35]. 

Figure 1.2 shows how, for the parameters used, F becomes negative for 7 > 3.25. 

This means that for a metal particle which has Real(ei„t) < 0 the denominator 

in equation 1.15 doesn't cancel, meaning that the plasmon resonance shouldn't 

occur at any frequency. This effect is not observed experimentally. This 

problem is related to the use of the point dipole approximation to describe the 

interactions between the particles and their mirror images. This works fine for 

spherical particles, but when spheroids are considered the approximation is only 

acceptable for large distances in comparison to the size of the spheroid. 

Figure 1.3 shows the reason for this: the distance h between the centre of the 

particle and its mirror image decreases when one moves from a sphere to a 

spheroid with the same volume. In the YYK model the field produced by the 

image is proportional to h~^ and thus increases rapidly for spheroids, leading to 

a discontinuity for disk-like particles. In the next section, it will be show how 

these limitations of the YYK model may be .resolved. 

1.3.2 Closely packed nanoparticle films 

The problems with the YYK model just described mean that it can't be applied 

in many important situations. For example, the experiments described in 

Chapter 2 involve closely packed non-spherical particles and, as it was shown, 

the YYK model can't be applied successfully to that type of film. In order to 

solve this problem an extension to the YYK model was developed by Fedotov et 

al. [35]. This model will be referred to as the closely packed nanoparticle film 

(CPNF) model. 

The first improvement of the CPNF model arises from the replacement of the 

dipole approximation used in the YYK model with a more accurate expression 
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that takes into account the exact local Gelds of spheroidal nauoparticles. The 

expression for the electric potential outside an ellipsoid with semiaxes o, 6 and c 

in a uniform applied electric field is [40, 43]: 

3 yoo fls 

where A $ is the potential generated by the polarized ellipsoid and 0opp is the 

potential of the electric Geld applied parallel to the semi-axis a and given by: 

)?, () = opp 
(^ + 0^)(;7 + 0^) + (C + G )̂ 

(62_a2)(c2-G2) / 

In these expressions elliptical coordinates f/, () were used. Considering 

particles that are oblate spheroids, that is, a = 6 > c, with a = r, the radius of 

the particles and c = 2/i, the height of the particles, and using a cartesian 

coordinate system (x', y\ z') normalized by the radius of the particle (that is 

a;' = a;/r, = (//r and 2/ = z/r) and with the origin at the centre of the 

spheroid, the x'-axis parallel to the applied field and the z'-axis the same as the 

spheroids rotational axis one can obtain the following expressions that describe 

the exact variation of the x-component of the spheroid's own Geld in space [35]: 

y , z') = 7/% / ) (1.18) 

^ (W9, 

a , c t a n , / 5 p I + y | i ; [ V H ^ (1,20) 
Y f - 1 aa/ +1)^ 

7^ 
V W T T ( ^ ' + 1)' 

(1.21) 

It is possible to show that only for very large distances ( z', i/', 2/ ;$> 1) do these 

expressions describe the behaviour of a point dipole. Next, following a 
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Figure 1.4; Nanoparticles arranged in the square lattice used for the calculations 
of the modified effective geometrical factor in the CPNF model. The exact fields 
from the centre particle (brown) and the 23 nearest particles (blue) and their 
images are taken into account, while the remaining nanoparticles (in pink) and 
images are taken into account by the dipole approximation. After Fedotov[35]. 

procedure similar to the YYK model to account for the fields of the images and 

the neighbours particles, but this time using the above expressions one obtains 

a new effective geometrical factor: 

F = f - Y . (1.22) 
i=-2 j=-2 V "̂ 9 V 

2 2 . /2^ 2, 

0.177 /3g3 

êxt ~l" ŝub T V 27r 
(1.24) 

where A(0, 0,0) = 0. Figure 1.4 shows the 24 nearest neighbours that the 

second term in the above equation accounts for. The third term in the equation 

arises from the images of those 24 particles and of the nanoparticle itself. The 

contribution from the rest of the film is included in the fourth term of the 

equation and is described as before by using the dipole field approximation. 

Figure 1.2 shows how the inclusion of these extra terms makes the CPNF model 

work for closely packed particles: the effective geometrical factor now 

approaches zero only at extremelly large 7. 
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Figure 1.5: Representation of a core-shell spheroid nanoparticle with total volume 
V. The dielectric constant of the core is ei and the core volume is uV, whereas 
the shell has dielectric constant £2 and volume (1 - u)V. 

1.3.3 Core-shell nanoparticles 

A further improvement that is particularly important for the present work is the 

consideration of nanoparticles consisting of a core and a shell with different 

dielectric properties [44, 45]. Whereas the YYK model treats only homogeneous 

particles, these binary particles are considered in the CPNF model by 

introducing an effective dielectric constant for a homogeneous particle with the 

same polarizability as the binary nanoshell. It can be shown that the 

polarizability of a coated spheroid can be written as [40]: 

a 
(€2 — text)[^2 + (ei — e2)(/i - Z//2)] + ^62(^1 — £2) (1.25) 

[€2 + (ei - e2)(/l - l^f2)][^ext + (e2 - ^ext)h] + z^/2€2(ei - (2) 

where ei and 62 are the dielectric constants of the core and the shell, and is 

the fraction of the nanoparticle consisting of the core (See Figure 1.5). f\ and 

/2 are the geometric functions for the core and for the entire nanoparticle. 

From this, the effective dielectric constant of an equivalent homogenous particle 

can be determined by solving the equation a ' = where is the 

polarizability of an homogenous particle given by Equation 1.11. The actual 

solutionis: 

For near-spherical coated particles one has / i = /2 = 1/3, in which case 
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equation 1.25 reduces to: 

, ^ (̂ 2 - + 2^2) 4- (1 - A/i/r)^(6i - e2)(eei< + 2^2) f i27^ 
" 2(1 - A/2,/r)3(e2 - 6ez()(El - 62) 

where Ah is the thickness of the coating layer. Additionally for this type of 

particles equation 1.26 yields: 

Having arrived at the equations for the elective dielectric constant of the 

closely backed binary nanoparticles in the previous section, one may now treat 

the nanoparticle 61m as a plane-parallel Glm of thickness /t = 2r. To calculate 

its reSectance, transmittance and absorption one can then just use the usual 

thin film formulae REF VAS 13]: 

v 4 i e z p ( ^ ) + 

+ y l i A 2 e z p ( - ^ ) + 2\/Ai:^coa((^2 + 

rp _ ^3 B1B2 Q gQ\ 
- Ml e a : p ( ^ ) + A i A 2 e z p ( - ^ ) + 2\/3I%;coa(<^2 + 

with Ai,2, Bi,2 and (̂ 61,2 given by: 

, _ ( ^ 1 , 2 - " 2 , 3 ) ^ + ( ^ 1 , 2 - / : 2 , 3 ) ^ o . | \ 

" (»1,2 + »2,3)^ + (A:i,2 + A;2,3)' ^ ^ 

+ . (1.32) 
(̂ ,1,2 + 1̂2,3)̂  + (/:i,2 + ^2,3) 

where C = % if (mi,2/̂ 2,3 — M2,3A;i,2) ^ 0 and 2 — )i2,3 + g — ^2,3] < 0; C = —7r 

if (Ml,2/̂ 2,3 ^ ^̂ -2,3̂ 1,2) < 0 and g — 3 + fcj 2 ~ ^2,3] C — 0 if 

2 — 91,2,3 + 1̂,2 - 2̂,3] ^ 0. 

In the above equations 7%i — zAi = , 712 — %̂2 = &nd Mg — z/cs = 

are the complex refractive indexes of the substrate, the Elm and the 

surrounding medium. 
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Figure 1.6: Calculated relative changes in the reflectivity (R) and transmis-
sion (T) at 1310 nm of a solid-core, liquid-shell gallium nanoparticle film (particle 
width =80 nm, particle height= 30 nm, particle mean separation^ 95 nm) on a 
silica substrate as a function of shell thickness. The inset is a plot of normalized 
shell (t) against normalized shell volume (V). 

To illustrate the application of the CPNF model, the reflectance and 

transmittance of a gallium binary nanoshell fllm have been calculated. For this 

calculation a probe wavelength of 1310 nm was considered, and the particles 

were taken to be spheroids with a width of 80 nm and a height of 30 nm 

distributed on a silica substrate with a mean separation of 95 nm. The solid 

core of the particles was assumed to have optical properties intermediate 

between those of the liquid and a phases (ecore(1310 nm) = —25.9 — 39.7%), and 

the shell was taken to be in the liquid state (6 /̂̂ 6 (̂1310 nm) = —115.3 — 98.4z). 

Figure 1.6 shows the calculated change in the reflectivity and transmission of 

the film caused by the presence of the liquid surface layer on the 

particles (relative to the properties of a film of completely solid particles). Note 

how a shell just a few nanometres thick produces a significant change in both 

the reflectivity and the transmission, although the change in the reflectivity is 

more pronounced. Gallium properties will be further discussed in Section 1.6.3, 

while in the next section, the details of phase transitions that can lead to this 

sort of core-shell nanoparticles will be reviewed. 
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1.4 Phase transitions 

1.4.1 Principles 

A phase change or phase transition is the process by which at least one new 

phase appears in a system. The most common examples involve transformations 

between different matter states, such as the melting of ice to give water, or the 

reverse process of freezing . Phase changes are however also possible between 

diEerent phases of the same state of a material. For example, many substances 

have more than one solid phase, each exibiting a different crystallographic 

structure. A phase change can then occur during which the solid is converted 

from one structure to the other. An example of such a transformation is the 

transformation from orthorhombic solid sulfur to monoclinic solid sulfur. Other 

examples, of central importance for the work described in this thesis, are the 

changes between the various gallium crystallographic phases discussed in 1.6.3. 

Phase transitions can be classiRed in diEerent ways, but by far the most 

common division is the separation between Grst and second order phase 

transitions. First order phase transitions are those accompanied by a transfer of 

heat between the system and the surroundings, that is, there is a latent heat 

associated with them. A volume change also normally occurs in systems 

undergoing a first-order phase transition and the heat capacity of the material in 

the two phases is di&rent. Mixed-phase regimes are yet another characteristic 

of this type of transformation, as the energy cannot be instantaneously 

transferred between the system and its environment. Historically, their name 

comes from the fact that under the Ehrenfest classiAcation scheme these 

transitions present a discontinuity in the Arst derivate of the free energy of the 

system. Many common transitions, such as the transformations between the 

solid, liquid and gas states, are Grst-order transitions. Second-order phase 

transitions are those for which there is no associated latent heat. They are 

continuous transitions, which in the Ehrenfest classiGcation scheme show a 

discontinuity only in the second-derivate of the free energy. The transitions 

between the normal conductivity and the superconductivity states in certain 

metals are examples of second-order phase transitions. 

When analysing phase transitions, a very important parameter is whether a 

given transition occurs or not in a spontaneous way for a given set of conditions. 
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Starting from the second law of thermodynamics, consider how one could obtain 

a way to easily acertain if a transition is spontaneous or not. The second law of 

thermodynamics says that for a reaction to occur spontaneously it has to 

increase the entropy of the Universe, that is: 

^Suniv — + ASgurr > 0 (l 34) 

In order to determine the sign of the change of entropy of the nniverse however, 

one must know the change in both the system, and the surroundings, 

ASsurr- Finding the changes in the surroundings is not easy, so one would like 

to have a thermodynamic function that would express whether a reaction is or 

not spontaneous by considering only elements of the system itself. One can 

start by writing the change in entropy in the environment as: 

(1.35) 

where is the variation in the system's enthalpy. By substituting this 

expression into equation 1.34 and multiplying both sides by —T one gets: 

= -TASa^, + A^,^ , < 0 (1.36) 

This expression implies that, at a given temperature T, a reaction is 

spontaneous if the changes in the enthalpy and the entropy of the system are 

such that A - TASa^g is less than zero. Having realized this, one may 

introduce a new thermodynamic function, the Gibbs free energy given by: 

G = ^ - T 5 (1.37) 

The change of the Gibbs free energy for a process at constant temperature is 

then given by: 
AG = A ^ - T A ^ (1.38) 

For AG < 0 the reaction is spontaneous, for AG > 0 the reaction isn't and for 

AG = 0 the system is in equilibrium. In this context, the Gibbs free energy can 

be seen as the energy available to make work, or the driving force of a 

transformation. That is, for a phase change to proceed, the Gibbs free energy G 

must be reduced by the process. 
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Figure 1.7: Schematic representation of the temperature dependence of the Gibbs 
free energy for a material with liquid, crystalline and amorphous phases. 
represents the melting point, and Tb the glass transition temperature. After 
Waser [47]. 

1.4.2 Nucleation and growth 

Having introduced the concept of Gibbs free energy, consider how it may be 

applied to the nucleation and growth of a new phase occurring in a material 

with a liquid, a crystalline and an amorphous phase. As will be described in 

Section 1.6.1, these types of material are important in many applications, but 

this section will focus only on the thermodynamic details of the transformation, 

following the ideas discussed by Waser [47]. If one ignores the temperature 

dependence of the entropy S and the enthalpy H, then, from equation 1.37, the 

temperature dependence of the Gibbs free energy for each phase is a straight 

line with slope - S (See Figure 1.7). There are two important temperatures in 

this diagram: the melting point and Tbthe glass transition temperature, 

below which the amorphous solid state can exist. 

One can then consider how AG behaves for the di&rent transitions possible. 

For the crystalline to liquid transition one has that at the melting point, 

AG = 0, giving A^" = A^Ff/T;^, where Ajf is the latent heat of the transition. 

Away from the melting point this leads to a transition driving force: 

AG = A^f: 
T 

(1.39) 
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For the amorphous to crystalline transition two situations are possible. For 

T > Tcjone has: 

z u ; = (1.40) 
^ m 

while for T < Tb the expression is [48]: 

AG = - ^ ( 1 - (1-41) 

Here AHac is the exothermic energy of the transition from the amorphous to 

the cyrstalline state. Note that for low temperatures the transformation 

proceeds extremelly slowly, which is a good property for memory applications as 

it assures long term data stability. 

Consider now the creation of crystalline regions in a previously amorphous 

material. The crystallization process consists of a nucleation phase and a 

growth phase, both being of extreme importance in the optimization of the 

overall transformation. Considering Grst the nucleation process: to create a 

nucleus, one needs to supply not only the energy difference AG, but one also 

needs to overcome the energy necessary to produce an interface boundary AG/p 

and to take into account the elastic energy AGg. However, as the elastic energy 

term doesn't change the form of the transition, it will be ignored in the 

following discussion. The total energy change is then given by: 

AQotoz = AG + AG/f (1-42) 

The Brst term is proportional to the volume F of the nucleus, while the second 

is proportional to the surface area, A. One can then write: 

AG(,w = A G y y + i / l (1.43) 

where the Gibbs free energy per volume, AGy and the specific interface energy 

'y were introduced. 

One may then proceed by considering the pairticular case of the formation of a 

spherical crystalline nucleus in an amorphous medium. If the radius of the 

nucleus is r one simply has: 
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r/arb.units 

Figure 1.8: Change in the total Gibbs free energy /S.Gtotai necessary to form a 
nucleus of radius r. After Waser [47]. 

total = A G v - v r r + 77rr (1.4^ 

Figure 1.8 shows how the total energy required for a nucleus to form changes 

with its radius r. This energy reaches a maximum AGc for the critical radius 

r^such that: 

(145) r . = 
27 

AG V 

and 

AG, 
16 7^ 
S'^AG^ 

(1.46) 
y 

Note that the negative sign in Equation 1.45, arises from the fact that as 

discussed earlier AGy must be negative for the phase transformation to 

proceed. Also note, how for r < further nucleus growth is not favourable, 

while for r > Tc growth is more favourable than decay. Thus, AGc reflects the 

energy barrier that must be overcome to first create the critical nuclei, and is 

therefore related to the rate at which these nuclei are created. In fact, by 

thermal fluctuations new nuclei are constantly forming and decaying. In 

equilibrium, the number of nuclei with radius r is given by: 

N{r) = Noe (1.4^ 
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Figure 1.9: Nucleation rate as a function of temperature T. Note the pronounced 
maximum at To at a lower temperature than Tm- After Waser [47]. 

where Nq is the total number of possible nucleation sites and ks the Boltzman 

constant. The number density of critical nuclei for a given temperature is then 

given simply by: 
(148) 

AĜ  
Nc = e ''bt 

A further atom is needed to convert a critical nucleus into a stable one. The 

probability of another atom joining the nucleus is proportional to 

exp{-WK/kBT), where Wk is the activation energy barrier to cross the interface 

between the phases. Thus, the nucleation rate should be proportional to these 

two parameters. That is, according to the nucleation theory [49, 50] the 

nucleation rate should be given by: 

I = ae 
W^+AGg 

(1.4^ 

where ais a proportionallity constant. To a first approximation both a and Wk 

are independent of the temperature, while AGc decreases as one moves away 

from Tm- The combination of these factors leads to a significant peak of the 

nucleation rate centered at a certain temperature and with a certain width, that 

depends on the melting temperature Tm, the latent heat of melting AH, the 

interface energy 7 and the activation energy Wk (See Figure 1.9 ). 

As discussed above, once a stable nucleus has formed there is a two phase 

coexistance separated by an interface, with the transfer of atoms between the 

phases governed both by the difference of the Gibbs free energy between the two 

phases and the activation energy necessary to overcome the interface (See Figure 
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Distance from interface 

Figure 1.10: Change of the Gibbs free energy of a system undergoing a transition 
between phases 1 and 2. The activation energy for transition 1 to 2, Wiv,i2, 
differs from the activation energy for the reverse transition, Wiy,2i) by AGatom, 
the difference in the Gibbs free energy between the two phases. After Waser [47]. 

1.10). The growth rate of the nucleus can be shown to be given by [50]: 

_ '^W21 (1 (1.50) 

where n is the areal density at the interface. The probability that a site 

changes to the new phase is p, while B is the probability that it remains in this 

new phase. The parameter ^ is introduced to take into account the fact that 

not all areas of the interface can take new atoms, while z/ relates to the attempt 

frequency. Finally AGatom is the difference in the Gibbs free energy per atom of 

the two phases and for the materials normally considered this is much smaller 

than Ww,2i or so they can normally be described only by the activation 

energy for nucleation Wk- Figure 1.11 shows the growth rate as a function of 

temperature and a maximum peak is once again present, although this time it is 

at an higher temperature close to the melting point. 

The combination of nucleation and growth can be described by a model by 

Mehl and Avrami [51, 52], that gives the transformed volume fraction % a s a 

function of time: 

%(() = 1 - (1.51) 

This equation reflects the fact that experimental data is often of the exponential 

form. Each transformation can be characterized by two parameters, the rate 

constant K and the Avrami exponent tia- This exponent in particular gives 

very good indication of the nature of the transformation. 

26 



Chapter 1: Introduction 

n 
(U 

ra 

T, T„ 

Temperature 

Figure 1.11: Growth rate as a function of temperature. Note how the maximum 
peak position, Ti is now at a closer temperature to the melting point Tm- After 
Waser [47]. 

To further visualize the time and temperature dependence of isothermal phase 

transformations, TTT (time - temperature - transformation) diagrams are used. 

Figure 1.12 shows a shematic of such a diagram, for a typical material. Notice, 

how at low temperatures the crystallization rate is low despite the driving force 

being high, because the atomic mobility is low. At high temperatures, close to 

Tm, the mobility is higher, but now the driving force is low, and one again the 

crystallization rate is low. In between these two extreme behaviours, the 

optimum temperature T* occurs, where suitable driving force and mobihty 

combine to give a fast crystallization, precisely what one wants for memory 

writting operations. 

1.4.3 Phase transitions in nanoparticles 

Armed with an understanding of the general characteristics of transitions in 

phase change media, one can try to identify any changes in these charateristics 

resulting from the material in question being confined in a nanoparticle. 

In nanoparticles the ratio between the surface area and the volume of material 

is significantly larger, so the surface contribution becomes very important. 

Atoms on the surface have fewer near-neighbours than internal ones and 

therefore the surface acts as a boundary at which transformation processes can 

begin [53-55]. Thus, in nanoparticles transitions from lower-to higher-energy 

phases are not abrupt, but rather proceed through a dynamic coexistence of 
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Figure 1.12: Typical TTT diagram for a material with a crystalline, an amorphous 
an a liquid phase. Each curve shows the volume fraction transformed if the 
material is held at a particular temperature. After Waser [47]. 

structural forms across a certain temperature range [56], centered around a 

nominal transition temperature that depends on the particle size [57]. 

Within this transition range the particles normally consist of a core in the lower 

energy phase covered by a shell of the higher energy phase [58]. The thickness 

of this shell increases with temperature and, if for example the transition is 

being induced by laser radiation, with light intensity [59] (see Figure 1.13(a)). 

Importantly, throughout the temperature range where the two phases coexist, 

the structural transition is completely reversible. That is, if the temperature or 

level of optical excitation is reduced before the core is completely converted to 

the new phase, the surface layer will shrink to an appropriate equilibrium 

position. This can be seen by considering, as before, the Gibbs free energy 

changes associated with the process. In this case, one starts with a nanoparticle 

of radius A and a shell of thickness ^ of the new phase appears on the surface 

(See Figure 1.14). The change is the Gibbs energy is thus given by: 

AG AGnetuo!jg7r(72^ — (A —()^) — ^ ) (1-52) 

where is the change per volume in the Gibbs free energy of the two 

phases, and is the surface tension between the two phases. Note how 

curvature is now in the opposite direction to before, and hence the negative sign 

in the surface tension term. 

28 



Chapter 1: Introduction 

(a) Increasing temperature or excitation intensity 

(b) 

CL o 

o O @ e 
Phase A Phase B 

Phase coexistence limit 

o 

t 

Reversibility limit 

1 • • 
Temperature / Absorbed energy 

Figure 1.13: (a) Core-shell model of surface-driven phase coexistence for a struc-
tural transition in a nanoparticle. (b) Hysteresis with temperature and/or ab-
sorbed energy in the optical cross section of a nanoparticle undergoing a structural 
transition. Reversible excitation-induced changes are possible with increasing 
temperature/excitation up to the point indicated by the dashed line. 

Figure 1.14: Representation of a core-shell nanoparticle structure. A new phase 
layer of thickness t forms on the surface of a particle with radius R. 
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Figure 1.15: Change in the total Gibbs free energy AG„pas a new shell of thickness 
t forms on the surface of a nanoparticle with radius R, for increasing temperatures. 
For each temperature there is an equilibrium shell thichkness ti corresponding to 
the minimum in the Gibbs energy change A Q . 

Figure 1.15 shows this Gibbs energy change dependence on shell thickness, for 

different temperatures. For each temperature there is a stable equilibrium 

position and a corresponding shell thickness. As the temperature is increased 

this equilibrium thickness progressivelly increases. Changes in temperatures 

only adjust this equilibrium thickness point, but the overall shape of the curve 

isn't altered. So, if the temperature change is induced by a laser pulse, the shell 

will first increase while the particle heats up and once the pulse has passed and 

the particle cools, it will just revert to the begining equilibration thickness. 

On the other hand, when the particle's core is completely consumed by the new 

phase, a return to an old phase requires the creation of a nucleation centre. As 

it was shown before this causes the formation of an energier barrier, which 

means that the nanoparticle becomes stable against such a transition. The 

reverse transition will now only occur after a certain amount of overcooling and 

a hysteresis of the nanoparticle's properties appears as a result. 

The work described in this thesis focuses on how the existence of such a 

30 



Chapter 1: Introduction 

Figure 1.16: Schematic of a generic optical system with feedback. The transmis-
sion T is a function of the output lout- After Saleh [60]. 

hysteresis in the optical properties of the nanoparticles (See Figure 1.13(b)) can 

be used to achieve optical functionalitly on the nanoscale. The details of the 

mechanisms by which this becomes possible are discussed in the next section. 

1.5 Nonlinear optics via phase transitions 

1.5.1 Optical bistability 

A bistable or two-state device is a system such that whatever input is applied, 

the output always takes one of two possible stable values. Bistable devices can 

be used for various digital operations as switches, memories, registers and 

Gip-Gops. They are therefore active elements in Eelds like communications, 

signal processing and computing. Presently most of these devices are electronic 

based, but the use of all-optical devices could bring advantages such as 

increased speed and lower power consumption. Speed is improved not only 

because light travels at a faster speed, than signals in electronic circuits, but 

also because optical bistable devices would also eliminate the need to convert 

between electric and optical signals, for example in optical communications 

networks. Power consumption can mainly be reduced because of the lower 

energy dissipation characteristics of optical circuits. Another advantage is that 

optical devices normally scale very well, and they can be operated at a wider 

range of frequencies. Of course, there are also difEculties with all-optical 

devices. One of the main obstacles is the creation of sujSciently small devices, 

that are able to compete with the present level of miniaturization of electronic 

devices. Therefore obtaining nanoscale all-optical bistable devices is seen as 

decisive step forward in this important field. 

Let's first take a look at how bistability can be achieved in a system following 

the ideas outlined by Saleh [60]. For a system to be bistable, it normally haa to 
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Figure 1.17: Response curves of a generic optical system with feedback: (a) 
Transmittance T as a function of the output lout', (b) Input /i„ as a function of 
the output lout', and (c) Output lout as a function of the input /»„• 
After Saleh [60]. 

exhibit two features: nonlinearity and feedback. In optics this bistabiUty is 

usually obtained by using mirrors to feed back the output of a nonlinear optical 

element and control the transmission of light through the element. Figure 1.16 

shows a generic optical system where the output intensity lout controls the 

transmittance T of the system, T being therefore a nonlinear function of lout-

As lout = Tlin one has: 

(1.53) r ÔUt 

If T{Iout) is a nonmonotonic function like the one shown in Figure 1.17a), then 

hn — Iout/T{Imit) is also a nonmonotonic function of lout (See Figure 1.17b)). 

This means that lout must be a multivalued function of Im as can bee seen in 

Figure 1.17c). 

For small inputs such that and for large inputs such that kn > Itn, 

a given input only has a single corresponding output value, but for inputs such 

that < lin < lin there are three possible output values corresponding to 

each input. The intermediate region however, that is, the line joining points 1 

and 2, is unstable. Therefore such a system exhibits bistable behaviour. One 

can see this is so by considering a point P in the intermediate region (See 

Figure 1.17). For such a point, a small increase in the output lout, will result in 

a large increase in the transmittance, which, due to the feedback, will further 

increase the output, and so on. The overall result is that as one passes the 

threshold level 7 ^ there is a transition from the lower to the higher branch, 

without passing through the intermediate region. A similar situation occurs as 
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Figure 1.18; Output as a function of the input for a typical optical bistable device. 
Input powers thresholds of 7 ^ and 7 ^ " delimitate the bistable region. Point P 
represents an unstable state that will quickly fall into one of the stable regions. 
After Saleh [60]. 

the input is decreased and the ouput follows the higher branch until the value 

Jdown̂  at which point the output jumps to the lower section of the curve. The 

curve just described is plotted in Figure 1.18. 

A device with this type of response can be used as an optical switch by fixing 

the input at a bias level lb, for which the two stable points Li and L2 are 

possible. The system can then be forced into the higher state with a pulse of 

light so that the total input exceeds 7^ , and switched to the lower state by 

momentarily blocking the input beam. The same idea can be used to store 

information in the system by associating logic states with the low and high 

levels of the device. Finally, one should note that there are several other 

nonlinear functions that lead to bistable and even to multistable systems, that 

is systems with more than two stable outputs for a given input: the bell shape 

curve was used only for illustrative purposes. 

There are two main ways by which the optical bistability idea just described can 

be implemented in a system: using dispersive or dissipative nonlinear elements ( 

See Figure 1.19). In dispersive nonlinear systems the refractive index of the 

material is a function of the optical intensity, whereas in dissipative nonlinear 

systems it is the absorption coefficient a that is a function of optical intensity. 
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(a) (b) 

n(I) 

T(n) 

•> I., / a ( I ) / a ( I ) 

T(a) 

Figure 1.19: DiflFerent types of nonlinear elements for optical bistable devices, 
(a) dispersive system, where the transmittance T is a function of the refractive 
index, that varies with the output intensity lout', (b) dissipative system, where 
the transmittance T is a function of the absorption coefficient a, that varies with 
the output intensity lout- After Saleh [60]. 

Consider now the details of the operation of a dispersive nonlinear system: For 

such a system the refractive index of the medium changes with the intensity I 

as: 

n no + 7x2/ (1.54) 

where no and n2 are constants. Here it will be assumed that materials for which 

this occurs exist, while in Sections 1.5.2 and 1.5.3 the way that such a 

dependence may arise is discussed in more detail. A medium with such a 

dependence is then placed inside an interferometer, for example in one of the 

branches of a Mach-Zender interferometer (See Figure 1.20(a)). Taking into 

account equation 1.54 the transmittance through the system is given by [60]: 

T{Iout) = % + -cos{27T—n2lout + Stt—no + ' 
z 2 Aq Ao 

(1.55) 

where Ao is the vacuum wavelength for Ught, d is the length of the nonUnear 

medium and 0 is a constant. By plotting this transmittance as a function of lout 

(See Figure 1.20(b)), one can see how it is a periodic repetition of a nonmonotic 

function of the type that previously was shown to lead to optical bistability. 

Therefore a Mach-Zender interferometer with a medium for which the refractive 

index follows equation 1.54 in one of its branches, can be operated as an optical 

switch or as an optical memory. Note that the entire system is limited in the 

minimum size it can take, by the need of the interferometer feedback. A more 
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n(I) 
T(n) 

(b) 

Figure 1.20: Bistable optical device based on a Mach-Zehnder interferometer, (a) 
A nonlinear material with a refractive index determined by the intensity is placed 
inside one of the arms of the interferometer. This creates the response curve for 
the transmission as a function of the output intensity shown in (b). In the text 
it is shown that such a curve leads to bistable behaviour of the overall system. 
After Saleh [60]. 

detailed discussion of this and other types of optical bistable devices can be 

found in [61]. 

1.5.2 Conventional nonlinearity: intensity dependent re-

fractive index 

In the Introduction, the concept of nonlinear materials was presented by 

introducing the second and third order nonlinear optical susceptibility tensors, 

and Xa/375- In this section, a simple argument will be given that shows how 

in materials with a significant third order nonlinearity, the refractive index 

exhibits a dependence to light intensity given by equation 1.54. For a more 

detailed discussion see for example [61]. 
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Consider a simple applied monochromatic Geld given by: 

= Eom5(W) (1.56) 

Then the contribution to the third order nonlinear polarization, which is of the 

form: 

f(3)(() = (1.57) 

is given by: 

= ^%(^)EoCos(3'w^) + ^%(^)EoCoa(W) (1.58) 

where the trignometric identity co5^(z) =: ^cos(3a;) + ^co5(u;t) was used. The 

Grst term of this equation describes the process of third harmonic generation [7], 

that is a response at a frequency Stu caused by the applied Geld at frequency w. 

On the other hand, the second term of equation 1.58 describes a nonlinear 

contribution to the polarization at the same frequency w of the applied field. It 

can be shown [61] that the precise contribution of this extra term leads to a 

total polarization at frequency w given by: 

f ^ ^ ( w ) = x(^)E(w) + = %ey/^(w) (1.59) 

The introduction of a new elective Erst order optical susceptibility that 

depends on the applied electric Geld, means that the material behaves like the 

refractive index is actually changing with power. One can then write the 

changes in the refractive index as: 

+ (1.60) 

where Mg is the nonlinear refractive index and / is the time-averaged intensity of 

the optical field: 

f - ^ | E ( i / , ) | " (1.61) 

This change of refractive index with intensity is called the optical Kerr effect, by 

comparison with the electroptic Kerr effect, where the refractive index of the 

material changes with the applied static electric field. Electronic polarization 

and molecular orientation are examples of physical processes that can lead to 

this type of nonlinear change. The third order nonlinear optical susceptibilty of 
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a material can be related to the nonlinear refractive ng by using the 

following identity; 

l4-4;r%e// (162) 

Substituting expression 1.60 in this equation and considering only terms up to 

|E(tu)|^ Gnally leads to: 

ns == (1.63) 
MoC 

A typical value of the magnitude of the coefficent ri2 of 10"^* means that a laser 

beam with an intensity of 1 can only produce a change of the order of 

^ 10"® in the refractive index. So, this type of nonlinearity usually needs high 

energies and long interaction lengths to obtain a considerable response. In the 

next section, an alternative process to obtain optical nonlinearity will be 

introduced that relaxes these requirements. 

1.5.3 Phase change nonlinearity 

This section describes an alternative mechanism for an optical nonlinearity 

based on the use of light to stimulate transitions between material phases with 

different optical properties. 

Section 1.3 discussed how nanoparticles consisting of different structural phases 

of a material can exhibit significant contrast in their optical properties. In 

particular, Figure 1.6 showed how the transmission and re&ection of a him of 

nanoparticles, consisting of a core and a shell of different materials, changed 

continuously as the thickness of the shell increased. Then, Section 1.4.3 

described how this type of core-shell is precisely how phase transitions occur in 

nanoparticles. As the phase transition temperature is approached, a shell of the 

new material is created and as the temperature increases it progressively 

consumes the old phase. The changes are totally reversible as long as there is 

still some of the old phase remaining. 

This means that, if light is used to increase the temperature of the system, to a 

point before the full conversion temperature, any changes will be reversed when 

the light excitation is withdrawn. Inside this reversible region, that is between 

levels Qi and Q2 in Figure 1.21, higher intensities will convert a thicker layer 

and cause a larger optical change, and so the system shows a nonlinear response 
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Irreversible excitation 

Reversible 
excitation / 

q. & 
Absorbed energy 

Figure 1.21: Optical nonlinearity through phase transitions in nanoparticles. For 
energy levels between Qo and Qi the nanoparticle is a mixed phase state and all 
transformation are fully reversible. If the excitation exceeds Qi then the particle 
remains in the upper level even after the excitation is withdrawn and overcooling 
is necessary to bring the particle back to the initial state. 

to light intensity. The energy required to obtain this type of nonlinearity 

depends on the energy difference between the material phases, which is of the 

order of a phonon per atom. This results in a power requirement about three or 

four orders of magnitude lower than that of a traditional nonlinear media to 

observe similar responses. Chapters 2 and 3 show how this idea can be 

experimentally demonstrated first with a gallium nanoparticle film and then 

with a single gallium nanoparticle. 

These elements could in principle be introduced in the type of interferometer 

devices described in Section 1.5.1 to obtain bistable systems with lower 

switching energies than those using traditional optical nonlinearities. However 

this considerable energy gain is not the only advantage of using phase 

transitions in nanoparticles to obtain nonlinear effects: Optical bistability can 

also be achieved in nanoparticles without using any feedback mechanisms. Such 

bistability occurs when the system is operated at light intensities that are 

sufficient to fully convert the nanoparticle. The full conversion means that to 

recover to initial configuration a nucleus would have to be created, which as 

discussed in Section 1.4 creates an energy barrier against the return. Thus, to 

return to the initial state the particles now have to be significantly overcooled, 

meaning that a large hysteresis is present in the nanoparticles optical 

properties. This bistability can, as before, be used to store information but, as 
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feedback is no longer required, much higher storage densities are now possible. 

In fact, more than one bit of information can be stored in individual particles if 

there are more than two phases available. Chapter 4 discusses in more detail 

the processes involved in using nanoparticles as optical memory elements. 

1.6 Phase change materials 

1.6.1 General requirements 

For a material to be of use for the phase change applications just described, it 

has to possess a very particular set of characteristics. These are directly related 

to the demands of the type of functionality that one is trying to achieve. In this 

section, the main requirements that these types of materials need to satisfy are 

described following the general ideas discussed by Waser [47]. 

The hrst task that needs to be executed to store information in a medium is the 

writing of that information. In the materials commonly used today in comercial 

optical data storage systems such as DVD's, this writability demand means that 

the material must be an easy glass former, with a relatively low melting point of 

around 500 °C. A layered design is normally used, both to improve the 

absorption of light on the phase change Glm and to assist the conversion of the 

power absorbed into heat. Furthermore, the active layer is normally surrounded 

by dielectrics with very low thermal conductivity in order to increase the 

sensitivity and to create devices for which less that 5 mW//^m^ is suEcient write 

single bits. 

Once information is stored in a medium, a further requirement comes into play: 

Data needs to remain available for a long period of time, with typical accepted 

values of at least 10 years at room temperature. This means that information 

has to be stored in a stable phase, with a relatively large activation energy, on 

the order of or higher than 1 eV/atom. 

On the other hand, information also has to be erased quickly by using high local 

temperatures. For materials storing information in armophous/crystalline 

phases, speed improvements are related to a better understanding of the 

recrystalization process. Very short times of around 10 ns per bit are normally 

regarded as ideal, because of the demands of applications such as the recording 
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of high definition TV signals and computer mass data storage, that require high 

rates of data transfer. 

Furthermore, the stored data has to be accessed easilly, which means that there 

should be a large signal-to-noise ratio. To improve this ratio the contrast 

between the properties of the phases involved should be as large as possible, 

while the structure should be designed to yeld a noise level as low as possible. 

The Gnal requirement is that of cyclability: the material has to resist a large 

number of read and write cycles if it is going to be used in commercial 

applications. The commonly regarded target to achieve is 10^ cycles. Attempts 

to improve this parameter are normally centered around increasing the stability 

of the layer design, as the main problems arise from the stresses caused by the 

volume changes during the phase transformation. 

1.6.2 Commonly used materials 

The following describes some of the materials being currently used or researched 

for phase change applications. In the 1970s research began on the use of 

tellurium compounds for optical data storage. The interest in tellurium 

compounds arose from the fact that Te is an easy glass former. Over the years 

different materials were studied with particular interest in Ge-Te compounds. 

However, these compounds required very precise preparation as, for 

compositions other than GesoTeso, phase separation occurs on melting which 

leads to very long recrystallization times 

A family of compounds where moving away from the ideal composition doesn't 

cause a significant decrease in the quality of the properties is the ternary 

GegbTe system (See Figure 1.22). The best properties are found along the 

GeTe - line [63]. Currently this type of material is the most commonly 

used in phase change applications, being present in all DVD/DVR disks. As 

discussed, data recording is achieved by switching between amorphous and 

crystalline phases with appropriate laser pulses, while reading is also done 

optically by measuring the differences in reGectivity between the two phases. 

This type of memory has seen its latest development in Blu-ray DVD/DVR 

disks with a data storage density of 0.015 Tb/in^. 
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Figure 1.22: Different compounds of the GeSbTe family used in phase-change 
optical and electronic memory. After Lankhorst[64]. 
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The digerences between the amorphous and crystalline phages express 

themselves not only as contrasting optical properties, but also mean that there 

is a signiAcant change on the resistivity between the phases. This fact is 

exploited in so called ovonic uniGed memory [63]. Recent changes to the type of 

cell used have shown great improvement in the potential of this type of 

memory [64]. A diEerent conhguration employing shorter lines, which lead to 

lower switching voltages, means that doped-SbTe materials are now seen as the 

most suitable type for this kind of application. Cell sizes smaller than 100 nm 

and writing speeds of the order of 50 ns have already been demonstrated. 

A further way to explore phase change materials is through all-thermal memory 

systems [66]. In these devices a nanoheater, based around an AFM probe, is 

used to write spots with dimensions of less than 50 nm. Reading is achieved by 

using a low current to measure the resistance that depends on the phase of the 

Elm spot. Storage density of up to 3.3Tb/inch^ were demonstrated, with 

writing times as shorts as 10 ns. 

Recently, another type of ultra-high density data storage medium has been 

proposed, based on a diode created by growing a InSe/GaSe phase-change 

bilayer on silicon [67]. Bits are recorded as amorphous regions in the InSe layer, 

while reading is done by the current induced in the diode by a scanning electron 

beam. It has been demonstrated that bits can be stored in 150 nm regions and 

that there is a strong constrast in the measured current. The long term stability 

also looks promising, but further research is still needed to better understand 

the full potential of these devices. 

Finally, another very interesting development has been the demonstration of 

dislocation switching in [68]. Dislocations are defects or irregularities 

inside a crystal structure. In these experiments, the applied electric field 

controls oxygen transport along the dislocations, which in turn determines the 

conductivity. With densities of up to 10̂ ^ cm"^, if individual dislocations can be 

reliably addressed, data densities as high as a terabit per cm^ are possible. 

1.6.3 Gallium 

In the previous section, the most common materials used for diEerent types of 

phase change functionalities were introduced, while in this section, attention is 

focused on the material employed in the work described in this thesis: gallium. 
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In 1871, Mendeleev predicted the existence of an unknown element whose 

properties should be similar to those of aluminium. Four years later, in 1875, 

gallium was identihed spectroscopically by Paul-Emile Lecoq de Boisbaudran. 

In the same year he also succeeded in isolating the soft silvery-grey metal by 

electrolysis of a solution of the hydroxide Ga(OH)g in KOH. 

Nowadays gallium is normally obtained as byproduct of the aluminium industry. 

When bauxite is puriGed by the Bayer process, the alkaline solution has a 

aluminium: gallium ratio from 5000 to 300. After that, electrolysis using a 

mercury electrode gives an improved concentration and further electrolysis 

using a stainless steel cathode results in liquid gallium. If very pure gallium is 

required, a series of further processes are necessary. 

Although gallium is used in a variety of applications, the most important one 

presently is in the semiconductor industry, normally in the form of the well 

studied compound of gallium arsenide. The present work however concerns the 

properties of gallium when it is on its elemental form. 

Gallium has atomic number 31, an atomic weight of 69.723(1) g.mol ^ and its 

electronic conGguration is 3d^°4d^°4p\ At atmospheric pressure gallium melts 

at a temperature of 29.8 and has a very high boiling point of 2403 °C, 

making it the metal with the longest temperature range in the liquid state. 

Another interesting property of bulk gallium is that it is easily supercooled, 

that is, it remains in the liquid state a few degrees below the melting point, 

before solidifying. 

Even more interesting is the fact that solid gallium can exist as a number of 

diSerent crystalline forms. At standard conditions gallium crystallizes on the 

stable a—phase, but when pressure increases two other phases become stable, 

Go 77 and Go 777. There is also a number of metastable phases known as /?, "y, 

6 and e [69]. Figure 1.23 shows the phase diagram for bulk gallium obtained by 

Bosio [70]. By using a diamond anvil cell capable of reaching pressures up to 

3GPa in the temperature range 170 — 370 K, he was able to study the x-ray 

diffraction patterns of single crystals as the conditions changed and identify the 

crystalographic structures involved. 
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Figure 1.23: Phase diagram for (bulk) gallium. After Bosio [70]. 

Although Bosio was particularly interested in the high-pressure phases, Ga-II 

and Ga-III (not shown in Figure 1.23), at lower pressures be also observed 

various meta-stable phases occuring in the 80 firn diameter droplets used in the 

experiment. 

In the present work, it is the properties of these lower pressure phases, 3/, ^ 

and e, that are of particular importance. Their structural characteristics and 

thermodynamic properties have been reviewed in the past by Defrain [69] and 

are summarized in Figures 1.24 to 1.28. 

Unfortunately, optical data for all the diGFerent phases are not available in the 

literature. Nevertheless, the dielectric constants for two of the phages are 

well-know: Figure 1.29 shows the spectral dependence of the real and imaginary 

parts of the dielectric constant for both a—gallium (a-axis) and the liquid 

phase [71]. 
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Phase name a 

Melting Point, T„ 
at P=0 (K) 

302.92 

Latent heat of fusion, L 
a t T „ at P=0 (J/mol) 

5560 

Heat capacity C, 
at constant pressure (3/K.mol) 

26.6 at 303K 

Energy difference to the a-phase 
AGxlO" (atomic units) 

0 

Electrical resistivity, p 
at P=0 ((.iflcm) 

15.05 at 20°C 

Density, d 
at P=0 (g/cm^) 

5.904 
at 29.78°C 

Crystallographic system Orthorhombic 

Spatial Group Cmca 

Atoms per eelII 8 

Parameters at P=0 (angstrons) 

a=4.5186 
b=7.6570 
c=4.528 
at T=T„ 

Caj p lan DC = O 

C b J pfon 
o 

Figure 1.24: Left: summary of a—gallium properties. Right: arrangement of 
gallium atoms in the z = 0 and x = a/2 planes. After Defrain [69] 

Phase name (3 

Melting Point, T„ 
at P=0 (K) 

256.85 

Latent heat of fusion, L 
at T„ at P=0 (J/mol) 

2650 

Heat capacity C, 
at constant pressure (J/K.mol) 

28.0 at 256K 

Energy difference to the a-phase 
AGxlO" (atomic units) 

8.19 

Electrical resistivity, p 
at P=0 (nficm) 

8.3 to 11.3 
at -17°C 

Density, d 
at P=0 (g/cm^) 

5.904 
at 29.78°C 

Crystallographic system Monoclinic 

Spatial Group C2/C 

Atoms per celll 4 

Parameters at P=0 (angstrons) 

a=2.7713 
b=8.0605 
c=3.3314 
13=91.574° 

/ ® 

Figure 1.25: Left: summary of/3-gallium properties. Right: atomic arrangement 
of gallium atoms in the crystallographic cell. After Defrain [69]. 
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Phase name 7 

Melting Point, T„ 
at P=0 (K) 

237.6 

Latent heat of fusion, L 
a t T „ at P=0 (J/mol) 

2440 

Heat capacity C, 
at constant pressure (J/K.mol) 

26.8 at 237K 

Energy difference to the a-phase 
AGxlO" (atomic units) 

8.94 

Electrical resistivity, p 
at P=0 (nf lcm) 

Density, d 
at P=0 (g/cm^) 

6.20 
at -35.6°C 

Crystallographic system Orthorhombic 

Spatial Group Cmcm 

Atoms per cell! 40 

Parameters at P=0 (angstrons) 
a = 10.593 
b = 13.523 
c=5.203° 

\GC3 

\GC 3 

Got 

" G c 2 

\2,60^ 

Figure 1.26: Left: summary of 7-gall ium properties. Right: projection on the 
(001) plane of 7-ganium structure. After Defrain [69]. 

Phase name 5 

Melting Point, T„ 
at P=0 (K) 

253.8 

Latent heat of fusion, L 
a t T „ at P=0 (J/mol) 

2580 

Heat capacity C„ 
at constant pressure (J/K.mol) 

Energy difference to the a-phase 
AGXIO" (atomic units) 

8.30 

Electrical resistivity, p 
at P=0 ( | incm) 

Density, d 
at P=0 (g/cm^) 

6.21 
at -19.4°C 

Crystallographic system Rhombic 

Spatial Group R3m 

Atoms per celll 22 

Parameters at P=0 (angstrons) 
a = 7.729 

a=91.574° 

Figure 1.27: Left: summary of (5-gallium properties. Right: arrangement of 
gallium atoms between 0 and 1/6 of the hexagonal lattice. After Defrain [69]. 
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Phase name s liquid 

Melting Point, T „ 
at P=0 (K) 

244.6 

Latent heat of fusion, L 
at T„ at P=0 ( j /mo l ) 

2520 

Heat capacity C, 
at constant pressure (J/K.mol) 

28.0 at 300K 

Energy difference to the a-phase 
AGXIO" (atomic units) 

Electrical resistivity, p 
at P=0 ( i ^ c m ) 

25.8 at 30°C 

Density, d 
at P=0 (g/cm^) 

6.095 
at 30°C 

Figure 1.28: Summary of 5 -and liquid gallium properties. After Defrain [69]. 
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Figure 1.29: Dielectric constants for (a) a-gall ium a-axis and (b) liquid gallium. 
After Kofman [71]. 
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1.7 Thesis plan 

Following this introductory chapter, this thesis is divided into four other 

chapters: 

Chapter 2 describes how light-induced structural transformations in gallium 

nanoparticle films grown from atomic beam at the tip of an optical fibre were 

studied using low-power diode lasers. The data presented show that these 

transformations can be used to reversibly control the optical properties of 

metallic nanoparticles and therefore provide a paradigm for controlling light 

with light. 

Chapter 3 reports on how this type of nonlinearity was used to control the 

optical properties of a single gallium nanoparticle. Studying a single particle as 

opposed to a nanoparticle Elm allowed the detection of a more complex sequence 

of reversible transitions between several of the different gallium structural forms. 

Chapter 4 focuses on the idea of using nanoparticles undergoing light-induced 

structural transformations as optical memory elements. In particular, it details 

experiments that demonstrated that a 61m of gallium nanoparticles can act as a 

two level rewritable all-optical memory and that a single gallium nanoparticle 

can act as an all-optical quaternary memory element. 

Chapter 5 concludes the thesis with a summary of the results reported in 

previous chapters and a discussion of ongoing and potential research work. 

The work reported in this thesis was carried out while the author was registered 

as a postgraduate student in the School of Physics and Astronomy at the 

University of Southampton, United Kingdom. It is, unless otherwise indicated, 

the original work of the author. 
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Chapter 2 

Controlling light with light via 

structural transformations in 

gallium nanoparticle films 

2.1 Synopsis 

Light-induced structural transformations in gallium nanoparticles grown from 

atomic beam at the tip of an optical fibre have been studied using low-power 

diode lasers operating at telecommunication wavelengths. The study, in 

transmission and rejection, of the nonlinear response characteristics of the 

nanoparticles indicates the occurrence of both solid-solid and solid-liquid 

transitions. The megahertz dynamics of light-by-light control in the particle 

Elm provide an insight into the kinetics of structural transformations in 

nanoparticles and are consistent with an effective medium model for the optical 

properties of closely packed nanoparticle Alms. 

In Section 2.3 the growth of gallium nanoparticle films is described in detail: 

the ultra high vacuum (UHV) system that serves as a base for the experiments, 

the optical setup necessary for the light-assisted deposition, and the actual 

deposition process are presented. Then, in Section 2.4 the temperature and 

power dependences of the transmission and reflection properties of gallium 

nanoparticle films are discussed. The high-frequency response characteristics of 

the gallium films are analyzed in Section 2.5, and in Section 2.6 the study of 

second harmonic generation in a gallium nanoparticles film is described. 
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2.2 Introduction 

The growing interest in materials for highly integrated photonic devices haa 

fueled the search for ways to control light with light in a nanoscale layer of 

material. Obtaining signiGcant changes in the intensity or in the phase of a 

probe signal with a pump beam in such a small region, preferably at reduced 

power levels and at high speeds is no simple task. In this respect, nanoparticles 

have huge potential to provide an answer to those problems due to the 

modifications that occur in the properties of materials when they are conGned 

in an extremely small three dimensional region. In fact, the remarkable 

properties of nanoparticles may provide solutions for a wide range of fields such 

as spectroscopy [1], photodetection [2], selective catalysis [3], manipulation of 

light waves through the control of surface plaamons oscillations [4], and data 

storage [5]. Nanoparticle investigation is thus an extremely interesting and 

active Geld of research. 

The linear and nonlinear optical properties of clusters and nanoparticles have 

been studied extensively [6], with special attention being given to the dynamics 

of ultra fast laser excitation [7-10]. Nanoparticles and clusters are very 

interesting media for nonlinear studies, as their strong local field enhancement 

at the surface [11], normally leads to a strong enhancement of second-harmonic 

conversion eEciency [12, 13]. Furthermore, even if the nanoparticle material is 

centrosymmetric, second-harmonic generation (SHG) is still supported, because 

the inversion symmetry is locally broken at the interface. SHG from films of 

metallic nanoparticles has also be shown to allow for the determination of the 

nanoparticle size distribution [14]. This last point is extremely important, 

because nanoparticle properties are extremely sensitive to si/e and shape 

changes [15-17] and this imposes signiGcant demands on manufacturing 

processes. In fact, many different methods have been proposed to produce 

nanoparticles, such as patterning and etching [18], lithography [19], chemical 

synthesis leading to colloidal solutions [20] and evaporation-condensation in 

ultra high vacuum [21-23]. Various self-assembly techniques [2, 24, 25] have 

been given particular attention, because of their potential to provide simpler 

and cheaper production processes. However, these methods suffer from the 

problem that they normally produce nanoparticles with a wide range of sizes. 

This causes diEculties not only for the study of the size-dependent ejects, but 

more importantly it raises serious difficulties in applications that require 
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particles with a very specific size. Some of the proposed solutions to this 

problem involve the use of high-power lasers to manipulate the nanoparticles' 

shapes and sizes distribution [26-31]. Recently however, it has been shown that 

using lower power lasers during slow atomic beam deposition in UHV leads to 

the creation of particle Hlms with a relatively narrow size distribution [32]. The 

material used in these last experiments was gallium. 

Prior to these experiments, gallium had already been found to exhibit very 

interesting optical properties. For example, gallium-dielectric interfaces show a 

strong optical nonlinearity based on a reversible light-induced phase 

transformation in nanoscale layers of material [33-34]. The importance of this 

eEect for practical applications waa also proved with the demonstration of 

cross-wavelength optical switching [35], photoelectric light detection [36], and 

passive Q-switching [37]. Following this work, a similar transition-based 

nonlinearity was observed in gallium nanoparticles [38-39], indicating their 

potential to act aa active elements in low energy nanophotonic and plasmonic 

devices. The conventional optical nonlinearities of gallium nanoparticles have 

also been studied. For example, second-harmonic generation by gallium 

nanoparticles embedded in a SiOg matrix has previously been analysed as a 

function of particle radius and temperature [40]. 

In this Chapter, the experimental study of the reSective and transmissive 

nonlinear response of a gallium nanoparticle film to low-power near-infrared 

optical excitation modulated at frequencies up to 1 MHz is described. 

Furthermore, second-harmonic generation by a free-standing film grown at the 

tip of an optical fibre is compared with previous studies of embedded 

particles [40]. The characteristics of the transition-based response observed are 

consistent with an effective medium model for the optical properties of closely 

packed nanoparticle films [41], are functions of the particles' size distribution, 

and indicate that the particles undergo both solid-solid and solid-liquid 

transitions. 

2.3 Light-controlled growth of gallium nanoparti-

cles 

The gallium nanoparticle films used in this work were prepared by the 

light-assisted self-assembly technique [32, 42] in a dedicated UHV system 
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originally assembled by K.F. MacDonald [43] (pictured in Figure 2.1 and shown 

schematically in Figure 2.2). 

The main chamber was a fourteen-port "spherical square" vacuum chamber from 

Kimball Physics Inc., with the vacuum created by a turbomolecular pump 

backed by a rotary pump, in a typical ultra-high vacuum pumping combination. 

A combined Pirani and ion pressure gauge attached to one of the ports, and 

capable of measuring pressures in the range from atmospheric to 

5 X 10"^° mbar, monitored the pressure in the chamber. Under normal 

operation the system achieved a typical pressure of about 10"^ mbar. 

The atomic beam source was based upon the system developed by Ross [44], 

with the gallium evaporated from an open top graphite crucible, heated by a 

pair of molybdenum wire elements wrapped around the base of the crucible and 

near the nozzle. Two chromel-alumel thermocouples monitored the base and 

nozzle temperatures of the cell. When changes had to be made in the main 

chamber, a gate valve isolated the gallium source from the atmosphere. On the 

chamber side of this valve, a 5 mm diaphragm collimated the gallium beam, and 

a mechanical shutter allowed for the sample exposition to the atomic beam to 

be easily controlled. In a typical deposition experiment the temperatures at the 

nozzle and at the base were increased to about 1010 °C and 1000 °C respectively 

by running 6.8 A and 3.8 A currents from an external power supply through 

the nozzle and base heating elements. This temperature allows a vapor pressure 

of about 5 X IQ-^mbar to be achieved [45], giving a deposition rate of 

O.Snm.min"^ (measured with a quartz crystal microbalance). During the 

deposition process, the pressure inside the chamber increased to 

5 X 10"^ mbar. 

The cleaved end of a standard telecommunications optical 5bre was chosen as a 

substrate because Gbres are not only vacuum-safe, but also make the coupling of 

light signals (used to both probe and act on the nanoparticles) simpler. 

Subsequent manipulation and imaging procedures are also made easy by the use 

of a Sbre substrate and Gnally, as it is such a widespread technology, costs are 

minimal. This last point is particularly important in this type of research as it 
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Figure 2.3; Schematic of the integrating sphere used to hold the fibre inside the 
vacuum chamber. Light collected by the cavity passes through a GaAs filter and 
is detected by an InGaAs photodiode. A second opening allows gallium to be 
deposited on the fibre. The temperature can be increased via a resistive heater 
and is monitored with a silicon diode sensor. 

allows for an extensive study to be carried out with limited resources. The 

fibres used were single-mode at both 1310 nm and 1550 nm, with core and 

cladding diameters of 9 //m and 125 ̂ m respectively. They were fed into the 

vacuum chamber via a feedthrough sealed with vacuum-safe glue. The vacuum 

end of the fibre was cleaved and mounted inside a custom-built integrating 

sphere (see Figure 2.3). This acted as an optical trap and integrator for light 

transmitted by the nanoparticle film and scattered within the cavity, helping its 

detection by a temperature-stabilized InGaAs photodiode (with built-in 

amplifier) attached to the outer surface of the cavity. For efficient cooling of the 

tip to occur, the fibre had to extend by less than 1 mm from the two 

semi-cylindrical aluminium pieces gripping it. 

The sample holder was attached to the end of a cold-finger cooled by liquid 

nitrogen. This, together with a resistive heater, allowed the temperature to be 

controlled in the range between 80 K and 300 K. A silicon diode sensor, located 

on the outer surface of the cavity as close as possible to the fibre entry point, 

measured the sample temperature. 

The main components of the optical setup used in the experiment were outside 

the vacuum chamber. This made it a very versatile and efficient system, 

because when a new experiment was devised it could be put into practice 

quickly without breaking the vacuum in the chamber. 
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Figure 2.4: Optical setup for the light-assisted deposition of gallium 
nanoparticle films and simultaneous interrogation of their optical properties. 
The WDM (Wavelength-Division Multiplexer) combines/splits signals at differ-
ent wavelengths, while the shortwave-pass filter and the erbium-doped fibre stop 
reflected pump light from reaching the detector. The reflected probe signal is 
recorded with an oscilloscope and a lock-in amplifier. 
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The optical setup used for deposition is presented schematically in Figure 2.4. 

A continuous wave diode laser operating at 1310 nm, with a power of 0.75 mW, 

probed the fibre tip's reflectivity. A second diode laser, operating at 1550 nm 

and producing 1 f i s pulses with a peak power of 17 mW and a repetition rate of 

1 kHz wag also used. This second laser was the main element of the 

light-assisted self-assembly technique [32] used to prepare the nanoparticle 61ms. 

Two nonthermal growth control mechanisms, light-enhanced desorption, and 

light-suppressed adsorption, work together to narrow the si/e distribution of the 

particle Elm during the growth process [42]. 

A low-noise DC-coupled photodetector with a bandwidth of 125 MHz collected 

the reHected 1310 nm light, while the 1550 nm component wag blocked by a 

combination of a shortwave-pass Glter and a length of erbium-doped Gbre. The 

detected signal was recorded with a lock-in amplifier and a digital oscilloscope 

connected to a computer and controlled by purpose-written HP-VEE 

(Hewlett-Packard Visual Engineering Environment) software. 

Gallium nanoparticle films were created by taking the following steps : 

1. The fibre end was cleaved and attached to the integrating sphere mount. 

2. The chamber was closed and pumped down to 10"^ mbar. 

3. The fibre end was cooled to 80 K. 

4. The fibre was exposed to the gallium atomic beam source for 90 min. 

5. The fibre was returned to room temperature. 

During the gallium source exposure period, the refiectivity changed from 3.3% 

(a value used for calibration purposes and assumed to be the refiectivity of a 

clean fibre end in vacuum) to about 7.0% (see Figure 2.5), indicating the 

deposition of gallium on the end of the fibre. To reveal the structure of the film 

and the size of the particles present, the fibre was removed from the chamber 

and imaged in a scanning electron microscope. The nanoparticles on the core of 

the fibre are closely packed with a typical average diameter of 50 nm (see 

Figure 2.6). 
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Figure 2.5: Reflectivity as a function of time for a ninety minute period of gallium 
deposition at a rate of ~ O.Snm.min"^ on a fibre cooled to ~ 80K under a 
~ 10~® mbar vacuum. 
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Figure 2.6: (a) SEM image of the end face of an optical fibre after light-assisted 
gallium deposition. Note the clear difference between the core area where light 
was present and the area around the core, (b) SEM image of the core region of 
the optical fibre, (c) Nanoparticle size distribution from (b) obtained by Andrey 
Denisyuk and shown here for illustrative purposes. The nanoparticles have an 
average diameter of ~ 50 nm. 

Once this relation between the change in reflectivity and the formation of a 

nanoparticle film was established, the samples were kept under vacuum after 

deposition and a more detailed study of their optical properties was performed, 

as described in the next section. 
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2.4 Pump-probe study of optical transmission and 

reflection properties of gallium nanoparticle 

films 

Previous work [38, 46] has illustrated that reGective pump-probe techniques are 

extremely powerful tools for the study of nanoparticle &lms, providing 

information not only about the optical properties of the particles, but also 

about their phase constitution and transition processes. This section describes 

how this very useful technique can be expanded, by extending it to the 

transmission mode of detection, while the next section will focus on measuring 

the response in rejection for high pump modulation frequencies. 

In the Grst set of experiments, the reflectivity and transmission of the 

nanoparticle 61m were probed with the Gbre-optic arrangement shown in 

Figure 2.7, using a low power (0.48 mW) continuous wave 1550 nm diode laser. 

A second diode laser operating at 980 nm acted as a pump lager, inducing 

structural changes in the nanoparticles. It was modulated at 234 Hz (square 

wave, 50 % duty cycle) with a peak power of up to 2.8 mW. The low modulation 

frequency was necessary because of the limited bandwidth of the transmission 

detector. 

The magnitude of pump-induced changes in reSectivity and transmission were 

recorded by using digital lock-in amplifiers to detect variations in the 1550 nm 

probe signals at the pump modulation frequency. The rejected pump light was 

blocked by a wavelength-division multiplexer and a cut-oE Glter in the 

fibre-optic arrangement outside the vacuum chamber. Inside the chamber, the 

transmitted light was collected by a detector situated on top of the integrating 

sphere (see Figure 2.3 in Section 2.3). The light integrated by the cavity passed 

through a semiconductor filter that prevented the majority of transmitted pump 

light from reaching the detector. However it was found that leakage from the 

pump was still present in the detected signal, so a computer controlled optical 

shutter was placed in the probe path (outside the chamber), so that the genuine 

transmitted signal level could be determined by comparing the levels recorded 

in the presence and absence of the probe beam. 

64 



Chapter 2: Controlling light with light via structural transformations in gallium 
nanoparticle Sims 

Square wave @ 234Hz 
2.8mW peak 

JUIJI 
980nm 

Diode pump 
lasers 

Chopper 

CW 0.48mW 

V 1550nm 
probe Shutter 

WDM 

50:50 
splitter 

Photodetector 
Cutoff 
f i l ter" 

liili 

UHV deposition 
chamber 

Lock-in amplifier 1 
y 

r 
; Lock-in amplifier 2 ' 

' v V 

Photodetector 

Figure 2.7; Optical setup for pump-probe experiments on gallium nanoparticles' 
films The induced change caused by a pump laser is measured on transmission 
and reflection with the help of two lock-in amplifiers. The pump signal is al-
most completely prevented from reaching the detectors by GaAs filters, however 
an additional computer controlled chopper was included to solve pump leakage 
problems on the transmission detector. 

Using this setup, pump-induced changes in the refliection and transmission of the 

nanoparticle film were recorded as a function of temperature at a range of pump 

power levels. Any changes induced by the presence of the continuous probe 

beam were ignored because this study was only concerned with the existence 

and characteristic features of an effect, rather than in its absolute magnitude. 

A representative data set is shown in Figure 2.8. The main features of these 

graphs are the positive peaks detected in the increasing temperature sections of 

both the reflection and transmission signals. It has been shown previously that 

such peaks in the reflective response of gallium (bulk or nanoparticle) are 

associated with transitions between phases having different optical 

properties [47]. For example, a transition between the stable bulk solid phase 

a-gallium and liquid gallium would generate a positive peak in the pump-probe 

signal because liquid gallium is considerably more metallic than 

a-gallium [48, 49]. In the confined geometry of a nanoparticle however, the 

metastable phases (3-, 7-, <5-, and e-gallium, which have optical properties 

between those of the liquid and the a-phases [49], exist in preference to the 

a-form [50]. The detected peaks must relate to transitions between some of 

these phases and ultimately (at high temperature) the liquid state. 
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Figure 2.8: Magnitude of pump-induced changes (980 nm pump peak power = 
1.4 mW) in (a) the reflection and (b) the transmission of probe light (1550 nm 
cw probe power = 0.48 mW) by a gallium nanoparticle film as a function of 
temperature. The red curves show the response for the heating part of the cycle, 
while the blue curves illustrate the cooling part. 
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The presence of two peaks indicates that two structural phase transitions occur, 

but there are two scenarios in which this is possible. In the first, the 

nanoparticles undergo a sequential transition from one solid phase to another 

and then from that phase to the liquid, whereas in the second two solid phases 

coexist at low temperatures and undergo separate parallel transitions to the 

liquid state at di&rent temperatures. 

The height, position, and width of the peaks shown in Figure 2.8 are functions 

of pump power. This power dependence was analyzed to try to identify the 

phages involved. The results of this study are shown in Figure 2.9. As the 

heights of the transmission and reGection peaks remain in constant proportion 

across the range of pump powers used, the corresponding results were scaled for 

presentation so that a single trend line could be drawn. 

The height of the peaks increases with power, but the increase is more rapid at 

low powers. This is consistent with the idea that transitions begin at the 

particles' surface and propagate inwards to a depth determined by the 

temperature and the level of external excitation (see Section 1.4 of Chapter 1). 

In fact, the optical properties of gallium nanoparticles are essentially 

determined by the nature of the material within a few nanometers of the 

surface. Indeed, as was discussed in Section 1.3 of Chapter 1, effective-medium 

modeling of a gallium nanoparticle film on silica [36] indicates that a liquid 

layer just 5 nm thick on the surface of 50 nm solid particles produces 75 % of 

the maximum possible change in the reflectivity and transmission of the film. 

This model also predicts dependences of induced re&ectivity and transmission 

change on surface layer thickness (see Figure 1.6) similar to the experimental 

plot of induced change against pump power shown in Figure 2.9(a). Assuming 

that a structural transition occurs in a volume of gallium directly proportional 

to the pump power applied, this similarity can be expected, as the thickness of 

the surface layer is (for thicknesses up to 70 % of the particle radius) almost 

directly proportional to pump power (see inset to Figure 1.6). 

Figure 2.9(b) shows how the peak positions (which correspond to the phase 

transition temperatures) depend linearly on pump power. Extrapolating to 

zero-pump the positions Tj = 229 K and Tg = 244 K are obtained. A similar 

plot of peak position against probe power reveals that the probe-induced 
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Figure 2.9: Characteristics of the reflection and transmission response peaks: 
Dependence on pump intensity of (a) the maximum pump-induced changes, i.e., 
the height of peak 1 (note that the transmission data is scaled to allow the fitting 
of a single trend-line); (b) the positions of peaks 1 and 2, and (c) the width of 
peak 1 (full-width half-maximum). 
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positional shift is ~ 3 K, so in the absence of any laser radiation, the transitions 

would occur at = 232 K and = 247 K. Furthermore, in nanoparticles, the 

transition temperature is known to be a function of particle size; The melting 

point decreases with particle size, because smaller particles have a higher 

proportion of loosely bound surface atoms, according (for spherical particles) to 

the Gibbs-Thompsou equation: 

Where d is the particle diameter, cr is the surface tension of the solid, I, is the 

latent heat of fusion, is the bulk melting temperature, and fo is the molar 

volume of the solid. The constant A; is experimentally found to be 600 

for /3-gallium nanoparticles in an opal matrix [51] and the available data [52] 

indicate that the other crystalline phases should have similar values. Thus, in 

gallium nanoparticles with a diameter of 50 nm this eEect will suppress melting 

points by 12 K. This means that the transitions observed would occur in bulk 

gallium at = 244 K and 7^' = 259 K. 

The melting points of gallium's phases are T]) = 257K, = 254 K, 7^ = 245 K 

and {Ty = 238 K [52]. As these values are very close together, it is diEcult to 

associate the response peaks with specific transitions, but one may reasonably 

conclude that the second peak is associated with the melting of /i-gallium. 

Further evidence to strength this claim comes from studies of gallium micro-

and nanoparticles that have found /9-gallium to be the most stable solid form of 

the metal after the bulk a- phase [50, 52]. The 2K difference between 7]) 

and 7^' could be attributed to an instrumental discrepancy between the 

measured temperature and the actual fibre-tip temperature or to an error in the 

assumed particle diameter. 

With this in mind, if a 2K downward correction is applied to T{', it falls roughly 

halfway between and T-y. However, it should be noted that if the first peak 

corresponds to a solid-solid transition there is no reason why its (bulk 

equivalent) position should match any of the known melting points. The fact 

that the 'y-phase is the next most stable after /^-gallium (with e-gallium being 

the least stable of the four crystalline structures available [50, 52]), suggests 

that it is the most likely to constitute the low-temperature phase of the 
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nanoparticles. However, in the sequential solid-solid-liquid scenario this would 

imply that peak 1 is associated with a forbidden ^y-to-/? transition (a free-energy 

analysis indicates that the only allowed sequence of solid-solid transitions 

[52]). There is of course the possibility that given the close 

energetic spacing of the phases (e.g., the difference between the J and /) forms is 

only 0.3meV/atom), that all of these transitions are present but not resolved as 

individual peaks in the current experiment. This is in fact the most likely 

situation: In Chapter 3 it will be shown that by studying a single gallium 

particle, the resolution can be improved to allow peaks corresponding to other 

transitions to be observed. 

Finally, the peak width W depends linearly on pump power as shown 

in Figure 2.9(c) (the effect of the probe is negligible). The transmission and 

reflection peaks both have a /ero-excitation width Wb of ^ 3.3 K. This width is 

determined by a combination of the peak width for a single 'average' particle 

and the range of transition temperatures presented by particles of different 

sizes. Experiments described in Chapter 3 show that in the low-power limit, the 

peak width for a single particle is a small fraction of a degree, and so it may be 

concluded that the 3 K width seen here is predominantly a rejection of the 

particles' size distribution. 

2.5 Light-induced high frequency reflectivity changes 

in galUum nanoparticle films 

In a separate experiment, the high-frequency response characteristics of another 

gallium nanoparticle film were studied. These measurements were conducted 

only in reflection because of the limited bandwidth of the transmission detector. 

A 1550 nm distributed-feedback (DFB) laser and an electrooptic modulator 

were used to generate 100 ns pump pulses with a peak power of 6 mW at a 

frequency of 1 MHz. A 1310 nm diode laser (-^ 0.5 mW cw) was used as the 

probe source. 

The temperature dependence of the magnitude of the pump-induced reBectivity 

change (upper part of Figure 2.10) was somewhat different from that detected 

at lower frequencies. However, two peaks corresponding to two phase transitions 

are still present. More importantly, at this higher modulation frequency, the 
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Figure 2.10: Red trace: Temperature dependence of the magnitude of the change 
induced in the reflectivity of a gallium nanoparticle film by 1550 nm, 100 ns pump 
pulses with a peak power of 6mW and repetition rate of 1 MHz (1310//m cw 
probe power < 0.5 mW). Black trace: The corresponding temporal phase shift 
between the pump and reflected probe modulations. Note that the temperature 
scale has been adjusted (on the basis of average pump power) to compensate for 
additional pump induced heating of the film in this experiment as compared to 
those conducted using the 234 Hz chopped pump laser. 

temporal phase data obtained from the lock-in amplifier (lower part of 

Figure 2.10) provides some insight into the dynamics of the excitation-induced 

transitions in the nanoparticles. These temporal phase data are related to the 

retardation between pump and probe modulations (see Appendix A). 

The fact that there is a large phase shift associated with peak 2 but almost 

none associated with peak 1 indicates that the dynamics of the corresponding 

structural transitions are different. From entropic arguments [53] it follows that 

a solid-to-liquid (i.e., order-to-disorder) transition should occur faster than 

liquid-to-solid (disorder-to-order) and solid-to-solid (order-to-order) transitions. 

The increase in pump-probe retardation indicated by the phase shift at peak 2 

can then be assumed to relate to the time taken for the liquid to recrystallize 

following withdrawal of the optical excitation. This asymmetry in the dynamics 

of the melting and freezing processes has been observed previously in silicon and 

is understood to result from the fact that the speed of the melting process is 

only collision hmited while that of the freezing process is entropy limited [53]. 

In contrast, the absence of a significant phase shift around peak 1 indicates that 

both the forward and reverse transition times are small compared to the period 
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of the excitation cycle (1 Ats). This lends support to the hypothesis that it 

corresponds to a transition between two of gallium's crystalline forms, because 

as previously described one may reasonably expect that the response and 

relaxation dynamics of such a transition (a solid-to-solid transformation in both 

directions with only a small entropic difference between the states) would be 

similar to each other and faster than those of a liquid-to-solid transition. 

Thus, the results of this high-frequency experiment support the idea that the 

transitions in gallium nanoparticle films occur as a sequential transition from 

one solid phase to another and then from that phase to the liquid. 

2.6 Second-Harmonic generation in gallium nanopar-

ticle films 

The study of gallium nanoparticles' optical properties described in the previous 

sections waa centered around optical nonlinearities based on phase change 

mechanisms. However, an alternative way to probe the properties of a material 

is to study their conventional nonlinear optical properties. In this Section, the 

use of second harmonic generation to study the optical characteristics of gallium 

nanoparticle films is discussed. 

For this experiment, gallium nanoparticles were grown to an average diameter 

of ^ 80 nm at the end of an optical hbre using the light-assisted deposition 

technique described previously (see Section 2.3). The nanoparticles were then 

optically excited using a 250 fs pulsed laser with a wavelength of 1064 nm and a 

repetition rate of 50 MHz. The transmitted second harmonic signal from the 

nanoparticles was measured through a cut-off filter using a 

photo-multiplier (see Figure 2.11). In order to reduce problems caused by 

Suctuations in pump laser power, it was modulated with a chopper, and a 

beamsplitter was used to direct part of the beam to a Potassium Titanium 

Oxide Phosphate (KTi0P04), or KTP crystal. A lock-in amphher was used to 

record the second-harmonic signal generated by the crystal thus providing a 

normalization level to enable Guctuations in laser power to be accounted for in 

the second harmonic signal from the nanoparticles. 
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Figure 2.11: Optical setup for probing gallium nanoparticle films via second-
harmonic generation. ,A 1064 nm femtosecond pulsed pump laser excites the 
nanoparticle film and the generated second-harmonic is detected in transmission 
by a photomultipher. A beamsplitter directs part of the pump beam to a KTP 
crystal which generates a transmitted second-harmonic that is used to to monitor 
power fluctuations in the pump laser and improve the signal-to-noise ratio in the 
experiment. 
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Figure 2.12: Temperature scans showing the second harmonic signal at a wave-
length of 532 nm, collected in transmission through the nanoparticle film during 
heating (red curve) and cooling (blue curve). The black curves show the scaled 
second harmonic signal of gallium nanoparticles embedded in a SiOx matrix as 
reported in [40]. 
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Figure 2.12 shows the detected second-harmonic signal as a function of 

nanoparticle Sim temperature. The signal clearly increases with increasing 

temperature. The ratio between the high- and low-temperature signal levels 

is = 1.5. This should be compared with the undetectable change in 

linear transmission of the him at the second harmonic wavelength: A 532 nm cw 

beam was coupled into the Gbre and the power adjusted to a level that 

produced the same number of low temperature counts as detected in the second 

harmonic generation experiment. A temperature scan was then performed, but 

it was found that any changes in the linear transmission signal were below the 

noise level of the experiment. The second harmonic generation properties of a 

gallium nanoparticle 61m are clearly more sensitive to the phase of the particles 

than the linear transmission properties. 

The ratio between the high- and low-temperature levels reported here is 

consistent with previous reports of second harmonic generation in gallium 

nanoparticles embedded in a SiOx matrix [40]. However, the present study 

reveals a much wider hysteresis; The nanoparticles remain in the higher energy 

state even as the sample is cooled down to the low temperature starting point of 

the scan (80 K). In order to convert the nanoparticles to the ground state the 

pump laser must be switched off so that the nanoparticles are further cooled. 

When the laser is turned back on the low-temperature signal is recovered and 

subsequent scans reproduce this behaviour. This gives a lower limit for the 

width of the hysteresis of 150 K, as compared to the previously reported value 

of 95 K. The wider hysteresis in the present experiments could be related to 

the fact that the gallium nanoparticles are more densely packed and are only 

supported on a silica substrate in vacuum, with only a limited contact area with 

the hbre substrate, whereas the results reported previously relate to 

nanoparticles fully embedded in a silica matrix. 

The second harmonic generation process is a second-order process and so the 

dependence of the second harmonic signal on incident intensity should be 

quadratic [54]. This is indeed the case: the second harmonic signal for the 

nanoparticle 61m clearly shows a quadratic dependence on the intensity of the 

incident light, both at low (T = 80 K) and high (T = 300 K) 

temperatures (see Figure 2.13) . 
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Figure 2.13; Square root of the transmitted second harmonic signal as function 
of optical power of the exciting beam, measured at temperatures of T = 80 K 
and T = 300 K. The lines show fits of linear functions to the experimental data, 
indicating the expected quadratic dependence of the second harmonic generation 
signal on the incident optical intensity. 

As discussed in Section 2.4, solid gallium nanoparticles are most likely to be 

found in the (3 phase. This has a monoclinic crystallographic structure and 

belongs to a centrosymmetric point-symmetry group. For such structures the 

second-order nonlinear susceptibility vanishes, so any change in second harmonic 

signal associated with the phase transition to the liquid state (which is isotropic 

and therefore also has a zero second-order nonlinear susceptibility) is entirely 

due to interface effects resulting from changes in the dielectric coefficient and 

possibly shape changes. One can try to compare the experimental results with 

theory by considering changes in the dielectric properties as the particles change 

from the /?-gallium phase to the hquid state. Mie scattering theory has been 

successfully applied to predict the reflection and transmission properties of a 

sparsely distributed film of spherical metallic nanoparticles [40, 55]. However, in 

the present experiment the nanoparticles are densely packed and, as will be 

discussed in the next section, in order to properly assess the local , 

field-enhancement factors a modified theory must be applied [41, 56]. Important 

parameters in this model are the ratio between the mean particle separation 

and the diameter of the particles, and obviously the dielectric properties of the 

nanoparticles and of the substrate on which they are deposited. 

The field enhancement factor, g(w) - Eioc(w)/Ee^(w), relating the externally 

applied electric field to the local field £'ioc('^) & fundamental role 
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in the calculation of the expected second harmonic signal. The intensity of the 

second harmonic signal is related to the incident intensity 7^ 

by /2w 9^(w)g(2w)7^. 

Hence, at a constant intensity the change in the second harmonic signal as the 

medium undergoes a solid-to-liquid phase transition is: 

(liq) / y(sol) _ 9liq(^)9Uq(^^) Am) / r( 

By applying the modified Yamaguchi model [41] to calculate the local field 

enhancement factors for gallium nanoparticles (80 nm wide, 30 nm high, 

and 95 imi separation) on a silica substrate in vacuum, a theoretical prediction 

for the ratio can be obtained. Taking the high-energy phage to be 

liquid gallium ((.(1064 nm) = -84.94 + 68.02i) and the low-energy phase to have 

properties between the a and the liquid phases (e(1064nm) = —36.96 + 38.30%) 

one obtains = 1.72. This should be compared with the experimental 

value of 1.5 and with the corresponding theoretical ratio for the linear 

transmission of only = 1.17. The increase in second harmonic signal 

is thus found theoretically to be significantly larger than the increase in the 

transmission of the nanoparticle film, in agreement with the experimental 

observations. Although this seems to indicate that second harmonic generation 

would be ideally suited to the study of the optical properties of gallium 

nanoparticles and even to potential applications, in practice the problems 

associated with higher intensity beams and with higher noise levels, mean that 

the pump-probe setup discussed in Section 2.4 is still the most viable way to 

conduct these studies. 

2.7 Summary and conclusions 

An optical system was developed to study the properties of gallium 

nanoparticles grown on the end of an optical fibre by light-assisted deposition. 

The data obtained in both transmission and reflection show that light-induced 

surface-driven structural transitions can be used to reversibly control the optical 

properties of metallic nanoparticles and thereby provide a paradigm for 

controlling light with light. 
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In particular, it was demonstrated that gallium nauoparticles exhibit reBective 

and transmissive transition-based nonlinear responses to low-power 

near-infrared excitation modulated at frequencies up to 1 MHz. It was also 

shown that using a femtosecond pulsed laser, second harmonic generation in the 

nanoparticle 61m was possible and a larger contrast between the optical 

properties of the low and high temperature phases was obtained as compared to 

linear transmission at the same wavelength. 

The results indicate that the particles pass through at least two of gallium's 

metastable crystalline phases and the liquid phase as their temperature is cycled 

across the range from 80 to 300 K. The observed excitation-induced increases in 

the transmission and reflectivity of a gallium nanoparticle 61m are consistent 

with an effective medium model for the optical properties of closely packed 

nanoparticle 61ms, and the characteristics of the nonlinear response peaks are 

functions of the particles' size distribution. 

The response dynamics imply that the kinetics of solid-solid transitions are 

faster and more symmetrical than those of the solid-liquid transition, where the 

recrystallization time is much longer than the melting time. 

The low energy required to achieve this kind of transition based nonlinearity in 

nanoparticles suggests that they could be used as active elements in 

nanophotonic devices operating at extremely low power levels. For example, 

they may be incorporated into particle-chain waveguides [64], used as scattering 

centers in photonic-bandgap or plasmon-polariton waveguides, employed as 

optical circuit elements [65], placed in optical nanoapertures (see Chapter 3), or 

act as all-optical memory elements (see Chapter 4). 
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Chapter 3 

Light-induced structural 

transformations in a single gallium 

nanoparticle 

3.1 Synopsis 

In a single gallium nanoparticle self-assembled from an atomic beam in a 

nanoaperture at the end of a tapered optical Bbre, reversible light-induced 

reSectivity changes stimulated by optical excitation at nanowatt power levels 

were observed. These are associated with a sequence of transformations between 

a number of structural forms with different optical properties. It was also found 

that the large overcooling present when the particle is excited with a modulated 

cw pump beam is dramatically reduced when using a nanosecond pulsed laser. 

The ability to control the optical properties of a single nanoparticle using 

structural transformations provides a new mechanism for photonic functionality 

on the nanoscale. 

In Section 3.3 the process of growing a single nanoparticle at the end of a 

tapered optical fibre is described. The results of studies of the optical response 

of the single nanoparticle to modulated cw excitation are presented 

in Section 3.4. Finally Section 3.5 describes what happens when this cw 

excitation is replaced by a nanosecond pulsed pump. 
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3.2 Introduction 

In the previous chapter it was shown that a him of gallium uanoparticles could 

be used to control light with light at the nanoscale using low powers. The 

demand for this type of functionality is high as it is expected to play a very 

signiGcant role in the development of a wide range of nanophotonic devices. So, 

understanding well the phase transitions behind this type of optical nonlinearity 

is of crucial importance. 

However, there is a significant obstacle to achieving this clearer view of phase 

transitions in a film of nanoparticles. In nanoparticles, phase transition 

temperatures and optical absorption cross-sections depend strongly on particle 

size. If the entire film was made of identical nanoparticles, then there would be 

no di@culty. Unfortunately, even when the light-assisted deposition process 

described in Section 2.3 is used, there is still a significant inhomogeneous 

broadening due to the nanoparticles' size distribution. This increases the width 

of the signal peaks associated with the transitions and this not only makes it 

more diEcult to identify the exact details of the process, but may even hide 

certain transitions. 

With such techniques as confocal microscopy, optical tweezers, and scanning 

near-field imaging, it is now possible to detect photoluminescence and Raman 

spectra and perform sophisticated transient spectroscopic measurements on 

single nanoparticles [1-4]. This essentially removes the inhomogeneous 

broadening characteristic of nanoparticle Elm spectroscopy. Studying transitions 

in a single nanoparticle, as opposed to a nanoparticle him, should lead to 

advantages similar to those obtained in the optical spectroscopy of single 

particles. 

From a more practical point of view it would also be a lot more useful (for 

example in terms of miniaturization potential) if one could control an individual 

nanoparticle, instead of an entire Him of particles. Single particles could then be 

integrated with other nanostructures and used as individual functional elements. 

In this Chapter experimental evidence is presented, indicating a sequence of 

transformations involving several different structural forms in a single gallium 

nanoparticle. The results are consistent with the fact that phase transitions in 

nanovolumes of material are achieved through continuous and reversible 
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surface-driven coexistences of different forms [5, 6] and demonstrate that such 

transformations can be stimulated and controlled by extremely low power 

optical excitation. It has been possible to induce and monitor transitions 

between phases that diEer in free energy by only a fraction of a meV per atom 

and it haa been found that the nanoparticle's response to optical excitation 

settles within a few tens of microseconds. It has also been observed that while a 

nanoparticle probed with low intensity modulated cw laser light overcools by 

more than 90 K before it returns to the low-temperature phase, when the 

nanoparticle is excited with a higher intensity nanosecond pulsed laser this 

substantial overcooling can be reduced to less than 5 K. 

3.3 Single nanoparticle growth 

As described in Chapter 2, using optical fibres as substrates for the growth and 

monitoring of the optical properties of nanoparticle films is an extremely 

successfully technique. Therefore, to study the properties of a single 

nanoparticle, a similar setup was employed. The main change from the previous 

work was the replacement of the standard telecommunications fibre with a 

tapered optical fibre normally used in scanning-near field optical 

microscopy (SNOM). SNOM makes optical imaging systems with resolutions 

better than the traditional digraction limit possible, by utilizing a nanoscale 

opening at the end of a metal-coated tapered optical fibre [7]. Commercially 

available fibres can have apertures smaller than 100 nrn, presenting an ideal site 

to grow a single nanoparticle and monitor its optical properties. In the 

experiments described below gold-coated silica single-mode fibres tapered to 

apertures ranging from 30 to 100 nm produced by Jasco Corporation were 

used (see Figure 3.1). 

As in the case of a particle film, growing the nanoparticle on the end of a fibre 

allows for the precise coupling to the nanoparticle of optical excitations to 

stimulate phase transformations, and also for the collection of the probe signal 

refiected by the nanoparticle, to monitor its state. However, it should be noted 

that care must be taken when choosing the power level of the lasers. The 

throughput of a tapered fibre is normally around 1000 to 10000 times smaller 

than that of a standard fibre, making the signal available for detection much 
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Figure 3.1: Scanning electron microscope images of the Jasco Corporation scan-
ning near field optical microscopy optical fibre probes used in the study of a single 
gallium nanoparticle. The nanoscale aperture where the nanoparticle is formed 
can be seen in (c). 

smaller for a given laser power. In addition, the available power is concentrated 

in a much smaller area thus increasing the energy per unit area incident on the 

gallium, and making it possible to eject any gallium deposited in the aperture 

by applying too much power. Furthermore the SNOM tips themselves have a 

damage threshold of only a few mW [8]. All of this means that the detection of 

simple 'linear' reflectivity changes in the end of the SNOM tip is extremely 

difficult and is only possible during the process of deposition. However, as the 

next section will describe, the nonlinear induced reflectivity change signal is 

strong enough, even at very low powers, to be used as the probing mechanism. 

The SNOM fibre tip was attached to a liquid nitrogen cryostat coldfinger 

at 80 K inside a vacuum chamber evacuated to 10~® mbar. To grow a single 

nanoparticle, a gallium atomic beam with a mass flux of / = 0.3nm/min was 

directed at the end of the fibre for between 30 and 60 min (see Figure 3.2). 

During deposition the other end of the fibre was connected to the optical setup 

shown in Figure 3.5. The details of this system are described in Section 3.4, but 

in short it allows for the measurement of the linear reflectivity of the flbre tip as 

well as the detection of any reflectivity changes induced by a pump laser. 

During deposition, the accumulation of gallium in the nanoaperture was 

indicated by changes in both signals as shown in Figure 3.3 for a 30 min 

deposition on a flbre with a 30 nm aperture. 
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Figure 3.2: Schematic of the deposition configuration for the formation of a gal-
lium nanoparticle on a SNOM fibre tip. 
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Figure 3.3: Reflectivity (a) and Induced Reflectivity Change (b) as a function 
of time for a thirty minute deposition of gallium at a rate of ~ 0.3nm/min on 
a SNOM tip cooled to 80 K under a 10"® mbar vacuum. 
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Figure 3.4: Scanning electron microscope images of the aperture at the tip of 
a SNOM fibre before (a) and after (b) growth of a galUum nanoparticle. In this 
case, the nanoparticle has a diameter of ~ 80 nm. 

Scanning electron microscope images of the fibre tip before and after deposition 

clearly show that a nanoparticle is formed in the aperture (see Figure 3.4). In 

this particular case, the nanoparticle has a diameter of ~ 80 nm. 

3.4 Optical properties of a single gallium nanopar-

ticle undergoing structural transformations 

To study the optical properties of single gallium nanoparticles, an extremely 

sensitive pump-probe setup was used (see Figure 3.5). A cw diode laser 

operating at 1310 nm was used as a probe and another at 1550 nm, typically 

modulated at / = 2.3 kEz, was used as the pump. The reflected probe signal 

was monitored using an InGaAs photodetector. A wavelength-division 

multiplexer (WDM) and band-pass filter prevented reflected pump light from 

reaching the photodetector. 

Structural transformations were observed by monitoring pump-beam induced 

changes in the reflectivity of individual nanoparticles as a function of 

temperature between 80 and 300 K. The temperature was varied at a rate 

of 2 K/min. The results presented in this section were obtained for a 

nanoparticle grown at the end of a SNOM fibre with a 100 nm aperture using 

pump and probe powers of ~ 30 and ~ 20 nW respectively at the nanoaperture. 

Using an oscilloscope, it was observed in real time that with each pump pulse 



Chapter 3: Light-induced structural transformations in a single gallium 
nanoparticle 

Diode 
lasers 

1550nm • 
pump Chopper 

1310nm 
probe 

Cryostat 

Nanoparticle 
at the end 

WDM 

Temp, 
sensor 

of SNOM tip 

Cutoff 
fi lter I Resistive 

heater 

UHV deposition 
chamber 

splitter 

Lock-in amplifier 

Photodetector 

Figure 3.5: Fibre-optic arrangement for reflective pump-probe measurements with 
on a single gallium nanoparticle. 

the nanoparticle reflectivity changed in response to the pulse and recovered 

after the pulse in a reversible fashion (see Figure 3.6). 

The magnitude of this modulation was recorded as a function of temperature 

using a lock-in amplifier referenced to the pump modulation frequency / . This 

method doesn't record any reflectivity change induced by the cw probe beam, 

but this may be ignored as the study is concerned only with the existence of an 

effect rather than with its absolute magnitude. With increasing temperature, 

several narrow peaks in the induced reflectivity change signal are observed at 

temperatures between 200 and 250 K (see Figure 3.7(a)). No features are 

observed outside the temperature range shown. The positive and negative peaks 

correspond to pump-induced increases and decreases respectively in the 

nanoparticle's reflectivity. When the heating cycle is repeated, the peaks appear 

at the same positions, but their relative heights can vary. 

Substantial changes in the optical properties of a single nanoparticle may occur 

when it undergoes a transition between two phases or geometrical forms. Such 

changes are typically much more dramatic than temperature-dependent 

variations occurring within a single phase and the peaks observed in the 

pump-induced reflectivity change signal are characteristic of such transitions. 
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Figure 3.6: Induced change on the reflectivity of a single gallium nanoparticle (b) 
by a modulated pump (a) for T = 235 K. 
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Figure 3.7: Pump-induced reflectivity change for a single gallium nanoparticle 
as a function of (a) increasing and (b) decreasing temperature. The cw probe 
power at the 100 nm aperture was ~ 20 nW, while the peak pump power was ~ 
30 nW. Note that the plotted temperature is that recorded by the coldfinger and is 
therefore somewhat lower than the actual temperature of the gallium nanoparticle 
due to localized laser heating. 
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Indeed, this type of asymmetric peaked optical response has been observed 

previously at gallium/dielectric interfaces [9] and in gallium nanoparticle 

Sims (see Chapter 2), though these experiments did not resolve the 6ne detail of 

sequential transitions through several structural forms. As described 

in Chapter 1, the differences between the electronic density of states of gallium's 

various phases [10] lead to significant differences between their dielectric 

coeEcients. A phase change in a gallium nanoparticle thus affects its optical 

absorption cross-section [11] and in the present case will change the reflectivity 

of the nanoaperture. The fact that in confined solids phase transformations take 

the form of a dynamic phase coexistence extending across a certain temperature 

interval (aa opposed to an abrupt transition at a speciSc temperature) [5, 6], 

with the surface (where atoms have less nearest neighbours than internal atoms) 

acting as a boundary at which transformations start [12, 13], has also been 

explained previously (see Section 1.4 of Chapter 1). At temperatures within or 

just below the transitional range, the phase equilibrium can be inBuenced by 

external excitations [14]. 

In the current experiment, absorption of periodically modulated pump light 

leads to a periodic excitation of gallium's electronic structure and a periodic 

modulation of its temperature (at the pump modulation frequency / ) , which 

affects the phase equilibrium in the nanoparticle and therefore its reflectivity. 

As explained in Chapter 1, this process can be further analyzed by considering a 

nanoparticle (at a fixed temperature) consisting of a core in one phase covered 

by a thin shell of a different phase [6]. The thickness of the shell layer will 

increase with the level of external excitation and the optical properties of the 

particle will change continuously from those of the core phase to those of the 

surface phase. If the excitation level is reduced before the transformation to the 

new phase is complete, the changes will be reversed, that is the skin layer will 

shrink to an appropriate equilibrium position and the reSectivity will return to 

its original level. However, if the core is fully consumed by the surface phase the 

particle becomes stable against a return to the original phase, because this 

would require the creation of a nucleation center and any applied excitation 

ceases to induce any significant change in the particle's optical properties, until 

the temperature approaches the next phase transition point. 

The pump-induced reflectivity change signal observed during the cooling of the 

nanoparticle (see Figure 3.7(b)) is very different from that observed during 
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heating. It is smaller, always positive and shows abrupt step changes (instead of 

sharp peaks) in the signal. The temperatures at which this steps occur are also 

digerent from those of any of the peaks. These temperature diEerences and the 

continuously low signal level are results of overcooling: With decreasing 

temperature the nanoparticle remains in a given phase until its temperature is 

somewhat lower than the equilibrium transition temperature, and in these 

conditions pump excitation produces very little signal. When the overcooled 

particle transforms abruptly into a lower energy form, the pump-induced probe 

modulation remains small because this change happens at a temperature far 

below the increasing-temperature signal peak for that phase. If the last peak, 7, 

and the last step, v4, are associated with transitions into and out of the highest 

temperature phase, and the first peak, V, and first step, C, are in turn 

associated with transitions into and out of the lowest temperature phase, this 

implies the presence of overcooling of 45 and 90 K respectively. 

While five peaks are identified in the heating part of the curve (see 

Figure 3.7(a)), there are only four features in the cooling part of the 

temperature cycle (see Figure 3.7(b)): Three distinct steps {A, B, and C) and a 

gradient change D (which is more clearly seen in the inset on an 

enlarged y-axis). This may be because features are harder to resolve at the 

reduced signal level recorded during cooling (e.g., with heating, peaks 7 and 77 

are very closely spaced - their cooling counterparts may overlap), or perhaps 

because the sequence of transitions undertaken by the particle with decreasing 

temperature is not simply the reverse of the increasing temperature sequence. 

Such nonreciprocity in the sequence could result from the fact that the 

transition mechanisms for heating and cooling are very different: With 

increasing temperature transitions are continuous and surface-driven, but with 

decreasing temperature they occur more abruptly following the formation of a 

nucleation center within the particle. However, it is possible that the reason for 

the presence of one less feature in the cooling curve may be that one of the 

peaks in the heating curve is associated with a shape (rather than phase) 

change in the particle. If that is indeed the case, the reverse change may not be 

observable when the nanoparticle is cooled. Another difference between the 

heating and cooling curves is that the pump-induced refiectivity change is 

always positive with decreasing temperature, while switching between positive 

and negative with increasing temperature. This may result from the 
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Figure 3.8: Phase diagram for (bulk) gallium after Bosio [15] showing the se-
quence of phase transitions expected in a gallium nanoparticle undergoing adi-
abatic heating from 180 to 300 K. The dotted line indicates that the ^ phase 
transforms directly to liquid as the a phase is not found in nanostructures. 

nonreciprocity mentioned above, or may be an indication that there are two 

components to the response of the nanoparticle: One that gives a small positive 

background signal with a magnitude that depends on the phase of the metal but 

not on temperature, and another that produces a larger positive/negative 

component in the vicinity of the transition points. 

Using gallium's phase diagram (introduced in Section 1.6.3 of Chapter 1 and 

shown again in Figure 3.8) and the available information on the relative 

stability of its crystalline forms, one may attempt to assign specihc phase 

transitions to the peaks in Figure 3.7(a). One may reasonably assume that 

peak 7 is associated with a transition from a solid state to the liquid. An X-ray 

diffraction study of gallium nanoparticles found that a-gallium, the stable solid 

state of bulk gallium, is completely absent in small particles [16]. This being the 

case, it then follows from Defrain's analysis of the free energies of gallium's 

metastable phases [17] that the only possible sequence of phase transformations 

in gallium nanostructures is e 5 (3 liquid (with 7, e, and P all 

crystalline phases). This progression is in agreement with the established phase 

diagram for gallium shown in Figure 3.8: The pressure inside a particle may be 
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estimated using the Laplace-Young equation: 

Where p is the surface tension (0.7 for liquid gallium), d ~ 100nm is the 

particle diameter, and h ^ f t = 18 nm is its height, giving P = 0.1 GPa. The 

sequence is then obtained moving up in temperature at this pressure as 

indicated by the arrow in Figure 3.8. 

According to this sequence, peak 1 in Figure .3.7(a) (at Tj = 248 K) would 

correspond to a transition from the monoclinic /)—gallium phase to the liquid. 

The bulk melting point of /3-gallium is 257K [17], but as explained 

in Chapter 2 transition temperatures are reduced in nanoparticles [18]. 

If one assumes, in accordance with the above sequence and with its strong 

presence in gallium nanoparticle X-ray spectra [16], that the "y phase is the 

ground state, that is, the lowest temperature phase, then one is left with three 

phase transitions remaining (7 —> e > 5 -—» /̂ ) and four peaks (II, I I I , IV and 

y ), suggesting that one of the peaks is associated with something other than a 

phase change. A shape change, for example, may give such a response. Peak 71/ 

di&rs from the others in a number of ways and is therefore the most likely 

candidate to be associated with a shape change: It is the smallest peak and the 

only one that crosses the zero level on the low temperature side of the peak. 

Furthermore, and perhaps more importantly, the change in the retardation 

between pump and probe modulations associated with peak IV is at least an 

order of magnitude larger than for any other peak. 

If peak / y relates to a shape change, then peak y can be associated with 

the 7 e gallium transition, peak III with e S and peak II with 6 —̂  /9. 

Unfortunately, the absence of any data on the dielectric constants of gallium's 

metastable crystalline phases, makes it impossible to obtain more information 

on the phase transition sequence from the signs or relative magnitudes of the 

peaks in Figure 3.7(a). 

The light-induced reAectivity changes described above are observed at very low 

levels of optical excitation. Figure 3.9 shows the power dependence of the height 

of peak y . Notice how the signal saturates at pump powers higher than 
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Figure 3.9: Dependence on pump power at the nanoparticle of the pump-induced 
change, meaaured aa the height of peak y of Figure 3.7 (probe power = 20 nW). 

200 nW, and can be observed with as little as 10 nW. These low levels can be 

used because the differences AG between the free energies of some of the 

metastable phases involved are very small: For example, 

= 0.3meV/atom and = 1.7meV/atom [17]. Thus, the 

absorption of a pump quantum with an energy of 1 eV should be suEcient to 

convert about 3300 atoms from the S phase to the /3 phase, and 

about 600 atoms from the 7 phase to the <5 phase. Finally, it should also be 

noted that the light-induced transitions are likely to be driven primarily by 

thermal excitation (i.e. laser induced heating) but there may also be a 

contribution from a temperature-independent, nonthermal mechanism whereby 

the phase change is caused by band-structure collapse and lattice instability 

resulting from electronic excitation [14]. 

3.5 Reduction of overcooling under nanosecond 

excitation 

In the last section it was shown that the pump-induced reflectivity change 

signal observed during the heating of the nanoparticle (see Figure 3.7(a)) is very 

different from the signal observed during cooling (see Figure 3.7(b)). In 

particular, the cooling signal is smaller, always positive and shows abrupt step 

changes at temperatures different from those of any of the sharp peaks present 

in the heating curve. These results illustrated that under the conditions 

used (1550 nm cw pump excitation modulated at 2.5 kHz) the particle is subject 

to overcooling of between 45 and 90 K. 
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Figure 3.10: Pump-induced reflectivity change for a single gallium nanoparticle 
excited with 3 ns pulses at a repetition rate of 30 kHz and with a peak power 
of 0.1 mW at the nanoaperture as a function of increasing (red line) and decreas-
ing (blue line) temperature. 

Figure 3.10 shows the pump-induced reflectivity change signal obtained when 

the modulated cw beam is replaced with one at the same wavelength but 

giving 3 ns pulses at a repetition rate of 30 kHz with a peak power of 0.1 mW at 

the nanoaperture (i.e. an average power of the same order as previously). 

Under this regime of pulsed excitation, the response of the particles is 

dramatically changed. With increasing temperature, peaks I 

and V (of Figure 3.7) are still clearly visible (now labeled / ' and V), however 

the intermediate peaks are replaced by smoother, broader features. Most 

importantly, with pulsed excitation the response patterns in both directions of 

temperature are very similar: With increasing and decreasing temperature, the 

same major peaks are seen with over cooling of only ~ 2 K for peak / ' and ^ 5 K 

for peak V . Note that the peak positions are shifted by around 65 K as 

compared to the modulated cw regime because of greater laser-induced heating 

by the short pulses: Thermodynamic calculations confirm that the energy 

absorbed by the particle cannot dissipate during the pulse and therefore rapidly 

increases its temperature. 

It has already been explained that in nanoparticles, transitions from lower to 

higher energy states occur through a dynamic coexistence of structural forms 

over a certain temperature range, and that while transitions are reversible 

within the temperature range, the particle becomes stable against a return to 

the old phase once it is fully converted to the new phase, because this would 
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Figure 3.11: Using light to control the hysteresis properties of two level nanopar-
ticles. Solid Hne: schematic of the hysteresis in the optical properties of gallium 
nanoparticles under modulated cw excitation. The T^ — Tq hysteresis results from 
the extensive overcooling of the high energy phase that is normally required before 
a transition to the low energy phase occurs. Dashed line: The use of nanosecond 
pulsed excitation considerably narrows the hysteresis to T2 — Tq. 

involve the creation of a nucleation center. Thus, a transition from a high to a 

low energy phase normally only occurs after a certain amount of overcooling 

creating a hysteresis in the nanoparticle's optical properties as seen with the 

modulated cw pump (see Figure 3.7). 

However, the results for nanosecond pulsed pump excitation presented 

in Figure 3.10 show that overcooling is practically eliminated under these 

conditions and the signal structure in both directions of the temperature scan is 

very similar. This near-total disappearance of overcooling may result from the 

fact that a short, intense pulse can provide the energy required for a slightly 

overcooled nanoparticle to overcome the potential barrier between the phases 

and transform from a higher temperature phase to a lower temperature phase. 

A similar effect is observed in the 'explosive crystallization' of thin metal films, 

where a localized energy input stimulates an abrupt transition from an 

overcooled liquid state to the solid state [19]. 

This ability to use short, intense optical excitation pulses to greatly reduce the 

overcooling in nanoparticles (see Figure 3.11) may be of great importance for 

future applications. For example, as Chapter 4 will explain, the presence of 

overcooling leads to a form of optical bistabihty that enables gallium 

nanoparticles to act as memory elements. In this type of memory, the different 
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structural states represent diEerent logical memory states and microsecond 

optical pulses can be used to write information to the nanoparticles, that is, to 

switch them from a low energy state to a higher one. Reading the memory state 

is also achieved optically by probing the reflective properties of the nanoparticle, 

but to erase information one needs to substantially cool the particles. However, 

the results presented here demonstrate that short, high intensity, low energy 

light pulses may significantly reduce the extent of overcooling in gallium 

nanoparticles and may thus be used to convert a particle from a higher state to 

a lower state. This means that all memory functions, i.e. reading, writing and 

erasing, might be performed optically at a fixed temperature. 

3.6 Summary and conclusions 

Systems have been developed to grow and study the properties of individual 

gallium nanoparticles was developed. The single nanoparticles are formed by 

atomic beam deposition at the nanoaperture of a tapered gold-coated optical 

6bre. Reversible light-induced transformations in a single gallium nanoparticle 

have been investigated for the first time. It has been found that the energy 

required to excite these transitions is very low and that the extent of 

overcooling shown by the particle depends on the type of excitation being used. 

The ability to use such low power optical signals to control the optical 

properties of a single nanoparticle is an important step forward in developing 

nanoscale photonic functionality. 

The results indicate that with increasing temperature a gallium nanoparticle 

goes through the following sequence of phase 

transitions: ^ c —̂  5 —> p —liquid. These have sharp peaks in the induced 

reflectivity change signal associated with them. Evidence also indicates that one 

of the peaks could be related to a shape change in the nanoparticle. Transitions 

have been observed using incident pump powers of as little as 10 nW. 

Significant overcooling of up to 90 K is observed when the pai tides are excited 

with a modulated cw pump, but under nanosecond pulsed excitation at the 

same wavelength this overcooling is all but eliminated. 

The low energy requirements for the observation of optically induced phase 

transitions in nanoparticles, accompanied by changes in the rejection and 
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transmission properties, the phase stabihty on overcooling, and the abiUty to 

optically control this overcooling, suggest that nanoparticles can provide a way 

to create key logical and memory elements for nanophotonic devices operating 

at extremely low power levels. 
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Chapter 4 

Nanoparticles as all-optical memory 

elements 

4.1 Synopsis 

Nanoparticles undergoing light-induced transformations between two structural 

phases with different optical properties show a bistability that can be used to 

create a resonator-free optical memory element, operating at very low power 

levels. Furthermore, polymorphic systems exhibiting more than one phase 

transition make memory elements with logic bases higher than two possible. 

In Section 4.3 the general concept of using phase changes in nanoparticles to 

create nanoscale memory elements is introduced. Section 4.4 shows how this 

type of memory functionality was demonstrated experimentally using a film of 

gallium nanoparticles and presents a method for differentially accessing the logic 

state of the memory using a modulated optical probe beam. Section 4.5 then 

describes the results of experiments that show how a single gallium nanoparticle 

can be used as a quaternary-logical optical memory element by encoding the 

information in the different structural phases with optical pulses of very low 

energy. 

4.2 Introduction 

In a society driven by information, the need for smaller devices with larger 

storage capacity and quicker write and access times compared to existing 

technologies continues to grow quickly. Many different solutions to the problem 
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of data storage have been proposed over the years. Moving on from the initial 

use of punch cards, magnetic tape started to be employed to store data 

around 1950 [1]. The next big step forward occurred in 1957 with the 

introduction of IBM's 305 RAMAC system which included the Erst magnetic 

disk [2]. Magnetic disks have moved a long way from this initial 5 MB disk, 

which had a recording density of about 2 Kb/in^. Today's commercially 

available hard disks already have more than 500 GB capacity, with densities in 

the order of O.lTb/in^, and perpendicular recording technologies promise even 

higher densities [3]. Other technologies not baaed on magnetic recording also 

play an important role in the data storage market. Flash memories, for 

example, store information in an array of floating gate transistors, each storing 

one bit of information. They were 6rst described in 1984 [4] and, aa they don't 

suffer from the mechanical limitations of hard disks, are a candidate for their 

replacement in a range of applications. Storage capacities of about 64 GB in a 

single chip have recently been demonstrated by Samsung, using a bit cell with a 

size of about 40 nm [5]. Another recent development in terms of alternative 

technologies has been the development of holographic storage products, with 

disks capacities of up to 300 GB already commercially available [6]. 

The idea of achieving binary or even higher bage logics in optical resonators wag 

proposed and studied extensively in the 1980's, in optically bi- and multistable 

conGgurations, where optical nonlinearities were employed together with 

feedback to lock devices into stable states [7]. However, in all these solutions 

their minimum spatial size was limited to around one optical wavelength. In 

contrast, phase change memories [8-10], which store information in the phase of 

a material, are not subject to this constraint. This makes them strong 

candidates for addressing challenges in the size and power consumption of 

electronic memories [11]. In such materials, for example those used in 

today's DVD/DVR disks, data recording is achieved by switching between 

amorphous and crystalline phases. Blu-ray DVD/DVR disks have a data 

storage density of 0.015 Tb/in^ and a record of 0.23Tb/in^ has recently been 

achieved in hard disks employing perpendicular recording technology [3]. With 

interest in phase-change materials intensii^ing a density as high as 3.3 Tb/in 

was recently reported in a binary phase-change material addressed by means of 

a heated atomic force tip [lO]. 

The use of nanoparticles for data storage is particularly promising. Not only do 
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they provide intrinsic mechanisms of phase meta-stability, they also require a 

very small amount of energy per logic state to write, and o&r outstanding 

information storage density. As shown in Chapters 2 and 3, experiments on 

reversible light-induced structural transformations in gallium nanoparticles, in 

particular the observation of solid-to-solid light-induced phase transitions in a 

single gallium nanoparticle, illustrated that a nanoparticle with a diameter of a 

few tens of nanometers exhibits equilibrium coexistences between a number of 

solid and disordered structural phases with different dielectric properties. These 

can be controlled by optical excitation in a reversible and reproducible fashion. 

The energy required to exercise such control is only a few picojoules, which is 

extremely promising for low-energy photonic devices. 

This Chapter describes the experimental demonstration of bistable memory 

functionality in gallium nanoparticle Alms, achieved by engaging 

transformations between structural phases with different dielectric properties. 

The state of the nanoparticles is read by a weak optical probe beam and it is 

shown that a single optical pulse can irreversibly switch nanoparticles from a 

low reflectivity phase into a high reGectivity phase, thus providing memory 

write functionality. 

The first experimental demonstration of all-optical four-level memory 

functionality, in a single 80 nm nanoparticle grown at the end of a scanning 

nearfield optical microscope probe is also presented. The switching between the 

nanoparticle's four different structural states is achieved by excitation with 

single laser pulses, while the reading is performed by detecting changes in the 

nanoparticle's reflectivity with a pump-probe arrangement. 

4.3 Phase-change memory functionality in nanopar-

ticles 

In Chapters 2 and 3 it was shown that nanoparticles can exist in a number of 

diSerent structural phases. It was also explained that with these phases having 

digerent dielectric properties, a structural transformation is accompanied by a 

change in the optical properties of the nanoparticle. Furthermore, the fact that 

in nanoparticles phase transformations occur through a dynamic coexistence of 

the phases involved, and that the balance of this coexistence can be controlled 
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Figure 4.1; Binary memory functionality in a nanoparticle. Core-shell struc-
tures II and III are transitional mixed phase states occurring in the reversible 
excitation induced transition range between levels Qo and Qi. If the excitation 
exceeds the upper level Qi for full transformation from state I into state IV, 
the particle remains in this upper phase even when the excitation is withdrawn. 
Information can be coded in the phases of the particle, for example by labeling 
the low level as logic state '0' and the upper level as logic state '1'. 

by external stimulation to effectively achieve an optical nonhnearity were 

explained. This behavior is presented schematically in Figure 4.1 for a 

nanoparticle undergoing a phase transition from a low energy phase to a higher 

energy phase. 

Consider a particle in the low energy phase (stage I). If one keeps the 

background temperature of the particle constant and increases the level of 

external excitation, this will initially convert the nanoparticle from stage I, 

through II and III. If the excitation is withdrawn before stage IV is achieved, 

the nanoparticle will return to its initial state, I. That is, if the excitation 

energy is in the range between Qoand Qi, reversible changes occur in the state 

of the particle as described in detail in the previous chapters. 

When the excitation level exceeds Qi the reversibility breaks and upon 

withdrawal of the excitation, the particle will remain in the fully converted 

state IV until substantial overcooling is applied to the system. This type of 

hysteresis means that the nanoparticle can be seen as a bistable object, and this 

resonator free optical bistability can be exploited to obtain a binary optical 

memory element, wherein the two phases represent different logic levels, '0' and 

' I ' . 
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Figure 4.2: Operational scheme for nanoparticle memory functionality. Informa-
tion can be written to a nanoparticle in the low reflectivity state '0', at a fixed 
temperature Tset inside the hysteresis loop (a), by exciting it with an appropri-
ate switching pulse as shown in (b). The memory can be erased by cooling the 
nanoparticle to convert it from state '1' (c) back to state '0' as shown in (d). 

Reading the memory is performed simply by monitoring the nanoparticle's 

optical properties, for example by measuring its reflectivity (see Figure 4.2). 

Then, beginning in the ground state, '0', a '1' can be written to the memory by 

using an optical pulse with a total energy larger than Qi to fully convert the 

particle to the higher state. The memory can be erased, that is returned to 

state '0', by cooling the nanoparticle temperature to a point below the 

hysteresis loop and the entire cycle can be repeated as needed . 

If the nanoparticle can exist in more that two diflferent structural phases, these 

extra phases can be used to increase the memory capacity. Once more, the 

phases with diff'erent optical properties are simply associated with successive 

logic levels. In Figure 4.3 this is schematically presented for a nanoparticle with 
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Figure 4.3: Quaternary memory functionality in a nanoparticle. This simplified 
generic diagram illustrates how high-logic memory can be obtained by employing 
four different phases, each representing a unique logical state. The different logic 
states can be accessed using external excitations of various energies. The mixed 
phase states that occur between different phases are not shown. 

four different phases. The different phases can be accessed by using optical 

pulses with different total energies and the logical state can still be read by 

monitoring the optical properties of the particle. Thus, such a particle 

constitutes an optical quaternary logical element. One should note that in 

addition to the increased storage capacity of a quaternary logical element, a 

higher logic memory element also permits entirely new algorithms in 

computation where complex number arithmetic is considerably simplified and 

error accumulation reduced [12]. 

Gallium nanoparticles exhibit all the properties necessary to achieve this type of 

memory functionality and are therefore ideal candidates for the experimental 

demonstration of the concepts described above. 

4.4 Binary memory in a gallium nanoparticle film 

The type of binary memory functionality described in the previous section has 

been demonstrated using a film of gallium nanoparticles deposited on the end of 

an optical fibre. 

A film of nanoparticles was grown, using the light assisted atomic beam 

deposition technique described in detail in Section 2.3, on the end of an optical 
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Figure 4.4: Experimental setup used to demonstrate the optical memory func-
tionality of a film of gallium nanoparticles self-assembled on the end of an optical 
fibre. Laser A delivers on-demand single pulses, used for switching the nanopar-
ticle to the higher energy state. The low power continuous wave laser B is used 
to monitor the nanoparticle logical state by measuring its reflectivity. 

fibre attached to a liquid nitrogen cooled cryostat, such that the temperature of 

the film could be varied in the range from 80 to 300 K. 

In order to demonstrate the memory functionality, two lasers were used as 

shown in the optical setup presented in Figure 4.4. The first laser, a 1 mW cw 

diode laser operating at a wavelength of 1310 nm, probed the state of the 

nanoparticles by monitoring the reflectivity of the film. The second, a 1550 nm 

pulsed diode laser, optically excited and switched the nanoparticles with on 

demand single optical pulses. 

Initially, the reflectivity of the film was recorded in the absence of any pulsed 

optical excitation as function of temperature from 80 to 300 K (solid diamonds 

in Figure 4.5(a)). The corresponding reflectivity curve for a temperature scan in 

the reverse direction was then recorded - shown as open triangles in the same 

graph. These curves illustrate the thermal hysteresis of the optical reflectivity of 

the gallium nanoparticle film. At the starting temperature of T = 80 K, the film 

is initially in the low reflectivity state, which is labeled as logic state '0'. With 

increasing temperature, the reflectivity increases rapidly in the temperature 

domain of the phase transition (Ti < T < Tg). As the temperature is increased 

even further (T > Tg), the fllm enters the high reflectivity state, labeled as 

logic ' r . The film remains in this state even as the ambient temperature is 
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decreased to the initial 80 K starting temperature. In order to switch the 61m 

back into the '0' logic low reAectivity state, the probe laser must be switched 

off. This allows the effective film temperature to drop below Tq. When the 

probe laser is switched on again, the 61m of nanoparticles has recovered to the 

original '0' level. As discussed in Section 2.4, following the phase diagram of 

gallium [13], state '0' can be identiGed with the gallium phase, while state '1' 

is associated with liquid gallium. 

Thus, a nanoparticle 61m displaying a temperature hysteresis between two 

phases can act as a bistable element encoding two logic levels. In order to demon-

strate useful optical memory functionality in a gallium nanoparticle film, one 

must be able to switch the 61m into the high re6ectivity (logic 'T) state at a 

6xed temperature. Experimentally, this 'writing' was achieved using a manually 

triggered 1550 nm pulsed laser. The sample temperature was 6rst increased from 

below to a temperature T^et ~ 170 K close to the phase transition. The sample 

was kept at this temperature, while a single optical pulse of peak power 13.1 mW 

and pulse duration 1 /iS was used to excite the system and switch the 61m from 

the logic '0' to the logic 'I'state. After exposure to this pulse, the 61m was indeed 

found to be locked into the high re6ectivity '1' state and remained there after 

the pulse (see Figure 4.5(b)). Thus, the gallium nanoparticles can be switched 

by a single optical pulse from the low reflectivity state '0' to the high reflectiv-

ity state '1' at a 6xed temperature below the lower transition temperature Ti, 

providing memory write functionality. 

The written state '1' is maintained until the nanoparticle 61m is substantially 

cooled to a point below To where the particles return to the logical '0' level. 

Such cooling thus provides memory erase functionality. At first glance, this 

procedure may appear to be a significant limitation, but a similar situation is 

found in the commercially widespread EPRDM technology [14). This type of 

memory is initially programmed with electric pulses, but can only be erased by 

exposure to strong ultra-violet light for a considerable period of time. 

In the gallium system, there is an alternative possibility: The entire switching 

cycle may be controlled optically by setting the background temperature below 

the hysteresis loop and using the heating eEect of the probe laser to obtain an 

effective set point within the loop (see Figure 4.6). In this case the '1' state can 
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Figure 4.5: (a) Optical bistability in gallium nanoparticle films: The arrows show 
the hysteresis cycle followed during a complete temperature scan from below To 
to above T2 and back again. At low temperatures the film is in the low reflec-
tivity '0' state. Between Ti and Tg, there is a dynamic coexistence of structural 
forms in the gallium nanoparticle film. Above T2 the film enters and remains in 
a high reflectivity '1' state. The film only returns to the low reflectivity '0' state 
after its temperature falls below the lower switching temperature Tq. (b) Demon-
stration of 'memory write' functionality: A single laser pulse is used to switch 
from the low reflectivity '0' state to the high reflectivity '1' state (pulse peak 
power = 13.1 mW, pulse width = Ifis). After the pulse, the fllm remains in the 
high reflectivity '1' state. 
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Figure 4.6: All-optical volatile memory functionality. These steps replace (a) and 
(d) in the full write-erase cycle shown in Figure 4.2: (a') The heating effect of the 
probe laser may be exploited to obtain an effective temperature point within the 
hysteresis loop, (d') The memory may then be erased by switching off the probe 
beam. In this scheme all information is lost when the power is switched off. 

be erased simply by turning off the probe laser. The write, read and erase cycle 

of the nanoparticle memory can then be repeated time and time again without 

adjusting the background temperature. In this arrangement however, 

the '1' state is only maintained for as long as the probe laser light is present, 

making it a volatile memory, that is a memory which loses all the information 

stored when the power is switched off. 

Finally, it should be noted that a third mechanism for recovering to the '0' logic 

state may exist. As described in Section 3.5, the extent of the hysteresis present 

can be reduced with short nanosecond pulses. This would constitute a very 

attractive way of optically switching to the lower level as there would be no 

need to act on the background temperature and the memory data would not be 

lost when the probe laser is switched off, thus creating an all-optical 

non-volatile memory element (see Figure 4.7). However, this has not yet been 

demonstrated experimentally and further research is needed to better 

understand the mechanisms involved. 

An important issue is the reflectivity difference between the two logic states, 

which may at a first glance seem too small for any reliable application. 

However, instead of detecting the absolute reflectivity of the film, one can use a 

more effective scheme to determine the state of the nanoparticle memory, as you 

can monitor the kind of induced reflectivity change described in Section 2.4 and 
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Figure 4.7: All-optical non-volatile memory. This step replaces (d) in the full 
write-erase cycle shown in Figure 4.2: Nanosecond pulsed excitation may be used 
to reduce the hysteresis shown by nanoparticles, thereby enabling information to 
be erased at a fixed temperature inside the hysteresis loop. 

compare differences between the levels. To experimentally verify this principle 

of operation the previous setup was adapted to include a pulsed diode laser, 

operating at an intensity such that the energy supplied during each period was 

insufficient to induce a complete phase transition to the high reflective state, and 

at a repetition rate that allowed enough time for the system to recover between 

pulses. Figure 4.8(a) shows the actual 100 yus width , 2.5 kHz repetition rate, 

3mW peak power pulses used as the interrogation signal in the experiment. 

The induced reflectivity changes resulting from this excitation are shown 

in Figures 4.8(b) and 4.8(c), for the low '0' and high '1' states respectively. The 

memory can be written and erased using the same processes described above, 

but by extracting the sign of the induced reflectivity change, one can distinctly 

and reliably read the memory without affecting its state. In the low reflectivity 

state, the change induced by the pulses is positive, while in the high reflectivity 

state it is negative. The signal-to-noise ratios for these measurements were 

found to be 48 and 7.8 for the low and high reflectivity states respectively. 

4.5 High-logic memory in a single nanoparticle 

The previous section explained how a film of nanoparticles could be used as a 

memory element with functionality based on nanoscale effects. In contrast to 

optically bistable memory elements that rely on cavity resonances and optical 

feedback (which thus have a lower size limit of roughly a wavelength), this type 
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Figure 4.8: DiEerential change of reHectivity between the bias level and the in-
duced change in the '0' and '1' level. As the pulses of the weak optical probe (peak 
power = 3mW , frequency = 2.5 kHz ) shown in (a) excite the nanoparticle film 
with an energy less than that of a full transition, the reAectivity of the low re-
Hectivity state '0' is positively shifted as shown in (b). In (c) the shift lor the 
high-reSectivity state '1' is seen to be negative. Switching between the two states 
is achieved with a single optical pulse of higher energy (peak power = 13.1 mW , 
pulse width = 1 //8).This type of measurement provides a more sensitive read-out 
of the nanoparticle memory state. 
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of memory functionality is based directly on diEerences in reSectivity between 

the structural phases and can in principle enable truly nanoscale memory 

elements. Nevertheless, in order to obtain such elements, one must be able to 

write and retrieve information to and from individual nanoparticles. This 

section describes the experimental demonstration of this type of single 

nanoparticle memory functionality. 

The gallium nanoparticle used in this experiment was grown on 

the 30 nm aperture at the tip of a gold coated tapered 6bre. The light-assisted 

deposition technique described in Section 3.3 was used to grow the 

nanoparticle (with a UHV pressure of 10"^ mbar and a deposition rate 

of 3nm/min for 30 minutes). The fibre was imaged with a SEM before and 

after the experiment and the images showed that a nanoparticle with a diameter 

of about 80 nm diameter was formed in the aperture (see Figure 3.4 

of Section 3.3). 

Having grown the nanoparticle in this position, the external Sbre-optical setup 

illustrated in Figure 4.9 was used for its excitation and monitoring. To read out 

the structural phase of the nanoparticle induced reSectivity changes were 

monitored using a pump-probe technique; A cw diode laser 

of 1310 nm wavelength probed the particle's reSectivity, while another diode 

laser of 1550 nm wavelength modulated at a frequency / = 2.5 kHz acted as the 

pump. The rejected probe signal was measured by a photodetector, while a 

wavelength-division multiplexer (WDM) combined with a band-pass filter 

blocked reflected pump light. As described in Section 3.4, this type of 

pump-probe technique provides a reliable way of monitoring transitions between 

phases: The modulated pump gives a small periodic increase in the temperature 

of the particle, so the modulated component of the reGected probe signal is 

proportional to the temperature derivative of the particle's reflectivity. The 

detection of this modulated component of the rejected probe signal with a 

lock-in amplifier offers a substantially higher signal-no-noise ratio in monitoring 

the structural phase of the nanoparticle, than a direct measurement of small 

changes in the reflectivity of the particle. 

As the temperature T is increased from 100 to 160 K, a sequence of narrow 

peaks in the induced reflectivity change is recorded, as shown in Figure 4.10(a). 
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Figure 4.9: Experimental setup used to demonstrate the quaternary optical mem-
ory functionality of a single gallium nanoparticle grown on the end of a tapered 
optical fibre. Laser A delivers on-demand single pulses, used for switching the 
nanoparticle into each of the four different phases corresponding to the four levels 
of a quaternary logic memory element. The low-power modulated pump laser B 
and continuous wave laser C are used to monitor the logical state via induced 
reversible changes in the nanoparticle's reflectivity. 

Each peak corresponds to a structural transformation between two phases of the 

nanoparticle, or equivalently between two logical states, with positive and 

negative peaks respectively corresponding to pump-induced increases and 

decreases in the nanoparticle's reflectivity. Starting from the base temperature 

of r = 100 K, the consecutive phases between the transition peaks are 

labeled '0', '1', '2' and '3' to represent the logical states of the memory element. 

Following the phase diagram of gallium [13], these states can tentatively be 

associated with the 7, e, /3 and liquid phases. As the nanoparticle is cooled back 

to T = 100 K, the nanoparticle remains in state '3' until the pump and probe 

lasers are switched off, allowing the effective nanoparticle temperature to 

decrease sufficiently for the system to relax back to the initial 'O'state. 

In order to demonstrate the optical memory functionality of a single gallium 

nanoparticle, the switching between different logical states must be performed 

in a controlled way. Furthermore, for the nanoparticle to function as a 

higher-order logical element it is essential to demonstrate the possibihty of 

switching the ground state into any targeted higher state by direct excitation. 

Experimentally this control was achieved by means of a third, manually 

triggered 1550 nm pulsed laser (laser A in Figure 4.9). While the pump 
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Figure 4.10: Quaternary memory functionality of a single gallium nanoparticle. 
A pump-probe technique is used to monitor the nanoparticle state, (a) Tempera-
ture dependence of the induced reflectivity change signal in the absence of writing 
pulses, (b) and (c) Temperature dependence of the induced reflectivity change 
signal with switching optical pulses of 1 /iS duration and energies 4.8 pJ and 1.5 pJ 
respectively applied at T = 120 K. In (a), the particle undergoes a series of tran-
sitions between four states with different optical properties, while in (b) and (c) 
the particle is directly switched from state 0 into states 3 and 1, without passing 
through intermediate stages (these writing operations are indicated by labels Pi 
and P2 in (a)). Finally, in (d) a 1.5 pJ pulse is applied at T = 135 K, to switch 
the nanoparticle from state 2 to state 3 (indicated by label P3). 
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laser (B) operated at an intensity such that the energy supplied was insufficient 

to induce a complete phase transition in the nanoparticle, the switching laser 

operated at higher powers, where complete transitions could be induced by a 

single optical pulse. Different nanoparticle states are then targeted by changing 

the total energy of the pulse. 

Starting with the nanoparticle in the ground state '0% the temperature was 

increased to 120 K, and a single optical pulse of energy 4.8 pJ (at the particle) 

and duration 1 /is was applied to the system. This pulse changes the 

nanoparticle state from level '0' to level '3' as illustrated by the lack of further 

transitions peaks observed when the ambient temperature was further increased 

to 160 K (see Figure 4.10(b)). This absence of peaks in the remaining part of the 

scan is explained by the fact that the energy deposited in the nanoparticle by 

the switching pulse was large enough to fully transform it directly from state '0' 

to state After exposure to the optical pulse, the nanoparticle remained in 

this higher state even as the ambient temperature was reduced to the starting 

point temperature 100 K , due to the hysteresis present in the system. 

In order to erase the nanoparticle memory, the temperature was reduced 

to 100 K and the lasers were switched off. The nanoparticle then returned to the 

ground state '0'. This fact was veriEed by an additional temperature scan that 

reproduced the graph shown in Figure 4.10(a). 

The nanoparticle can be set into one of the intermediate memory states ('1' 

or '2') simply by using an optical pulse with less total energy than for the '0' 

to '3' transformation. For example. Figure 4.10(c) shows the result of increasing 

the temperature as before to 120 K and then applying a single optical pulse of 

energy 1.5 pJ and duration 1 /is for the excitation of the nanoparticle. In this 

case the absence of peak 7 and the presence of all the remaining peaks shows 

that the nanoparticle was transformed from state '0' to state '1'. 

Finally, it is not necessary for the nanoparticle to begin in state '0'- switching 

between other states is also possible. Figure 4.10(d) shows precisely this for a 

transition between the states '2' and '3'. In this case the temperature was 

initially increased to 135 K, placing the nanoparticle in state '2% and at this 

point a 1.5 pJ pulse was applied. This time, the absence of peak III indicates 

that the particle was switched to state '3'. 
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In Section 4.4 it was explained that the entire write-erase cycle in nanoparticle 

Glms can be performed all-optically by keeping the cryostage temperature at a 

Gxed value below the lower limit of the hysteresis, and by using the heating 

effect of the probe laser to obtain an elective set point within the hysteresis 

loop. In this scheme the erasing operation is executed simply by switching oE 

the probe laser. The same technique can be applied to the single nanoparticle 

memory element, so that the writing, reading and erasing cycle of the 

nanoparticle memory can be repeated time and time again without any need to 

adjust the background temperature. However, for reasons of clarity, for this 

conceptual demonstration the results are presented in the temperature-erase 

format instead. 

Using this type of quaternary logic, the potential data density achievable in a 

hexagonal close-packed lattice of 80nm particles is about 0.2Tb/in^. Obviously 

this requires the development of a mechanism to read and write information 

from an to individual particles when they are packed together in a 61m. One 

such possibility is the use of a tapered fibre head, in analogy to the way 

information is written in today's hard disks using a magnetic head. Technical 

issues aside, this value can be compared with the data densities 

for Blu-ray DVDs, 0.015 Tb/in^, and with the recent record of 0.23Tb/in^ 

achieved in hard disks using perpendicular recording technology to go beyond 

the super-paramagnetic limit [3]. Additionally the energy required to write 

information to a nanoparticle, as little as 1.5 pJ, is at least an order of 

magnitude smaller than in today's state of the art devices [8]. Both of these 

values indicate that memory elements based on nanoparticles undergoing phase 

transitions certainly have the potential to compete with existing data storage 

technologies. However, the close spacing in terms of energy between the 

different phases involved probably mean that long term data storage capabilities 

will be far inferior than thoses of other phase change materials such as GST. In 

comparison to this type of materials, gallium also suffers of the obvious 

disavantage that in the nanoparticle form its phase transitions occur at very low 

temperatures. This means that although an excelent material for testing the 

proposed concepts, it is not suited for commercial applications. Research into 

materials that can form nanoparticles, have a range of phases available, and 

which transitions happen at more favorable temperatures, is, therefore, an 

important priority. 
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4.6 Summary and conclusions 

The idea of using naiioparticles undergoing light-induced structural 

transformations as optical memory elements has been introduced. Furthermore, 

it has been experimentally demonstrated that a 61m of gallium nanoparticles 

can act as a two level rewritable all-optical memory, and that a single gallium 

nanoparticle alone can act as an all-optical quaternary logical memory element. 

A nanoparticle presenting a number of different phases closely spaced in energy 

but with contrasting optical properties, in which phase changes can be optically 

excited, and which shows a signlGcant hysteresis in optical properties with 

temperature may be used aa a low power nanoscale all-optical memory element. 

Using a gallium nanoparticle Glm grown at the end of a standard 

telecommunications Abre it was experimentally shown that single optical pulses 

of 13.1 mW peak power and 1 /iS duration can write information to the 

nanoparticles by converting them from the 0 gallium phase to the liquid phase. 

It was also shown that despite the small reflectivity differences between the two 

phases, the contrast between them could be improved by using a modulated 

reading beam and looking at the induced change caused by this beam. Two 

operational schemes to erase the memory were experimentally demonstrated: 

One worked by directly reducing the particles' base temperature and the other 

by turning off the probe laser temporarily to achieve the necessary temperature 

reduction. It was also proposed that high intensity nanosecond pulses could be 

used to reduce the hysteresis present thereby facilitating another way to bring 

the particle back to the ground state. 

Finally, the experiment was moved one step further to the use of a single 

a 80 nm gallium nanoparticle for the demonstration of a four level nanoscale 

optical memory element. In this case, writing was achieved using single optical 

pulses with as little as l.SpJ of energy at the particle, and it was possible to 

switch from the low temperature state to any of the higher energy states by 

changing the energy of the pulse. Switching from intermediate phases was also 

demonstrated. Assuming that individual particles like this could be individually 

addressed when closely packed together, a storage density of about 0.2 Tb/in 

could be achieved, a value of the same order of recent records in labs developing 

hard disk technologies. 
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The results presented in this Chapter clearly show the potential for 

nanoparticles to provide memory functionality in future highly integrated 

nanophotonic devices, operating at very low power levels. 

4.7 References 

[1] L.D. Stevens Joumaf o/J?esearc/* aW 25(5): 663 

(1981). 

[2] T. Noyes, and W. E. Dickinson 7BM JoumaZ o/ /Zeamrc/i and 

Development 1(1): 72 (1957). 

[3] Reported by Tec/inoZogzea, see 

http://www.hitachigst.com/bdd/research/ (2005). 

[4] F. Masuoka, M. Asano, H. Iwahashi, T. Komuro, and S. Tanaka 

Deiizcea San Francisco, California (1984). 

[5] Reported by Samsung Electronics, see 

http://www.samsung.com/he/presscenter/pressrelease/ (2006). 

[6] Reported by /nP/i&se TecAnofogz&s, see 

bttp://www.inphase-technologies.com/news/ (2006). 

[7] H. Gibbs Op̂ zcaf 6/a^a6z/z(;/.' Academic Press, 

Orlando (1985). 

[8] M. H. R. Lankhorst, B. W. S. M. M. Ketelaars, and R. A. M. Wolters 

Nature Materials 4(4): 347 (2005). 

[9] G. A. Gibson, A. Chaiken, K. Nauka, C. C. Yang, R. Davidson, A. 

Holden, R. Bicknell, B. S. Yeh, J. Chen, H. Liao, S. Subramanian, D. 

Schut, J. Jasinski, and Z. Lilientai-Weber .AppZW 86(5): 

051902 (2005). 

[10] H. F. Hamann, M. O'Boyle, Y. C. Martin, M. Rooks, and K. 

Wickramasinghe TVafwre Ma^enak 5(5): 383 (2006). 

[11] AFanoekcfromcs and Zn/orma^zon Tec/inoZog?/ Wiley-VCH, Weinheim 

(2005). 

119 

http://www.hitachigst.com/bdd/research/
http://www.samsung.com/he/presscenter/pressrelease/
http://www.inphase-technologies.com/news/


(%haLjpter 4; Nanopartides as a^^-opticaJ memory ekmects 

[12] D. E. Knuth T/ie /l /t 0/ Computer Progmmmmg, VbZume g, 

Serninumerical Algorithms Addison-Wesley, Reading (1998). 

[13] A. Defrain Jouma/ De C/izmze f/ig/azgue De PA^azco-CAzmze Bw/ogzgue 

74(7-8): 851 (1977). 

[14] D. Frohman-Bentchkowsky 7EEE J. 5'oZW-6'̂ ak 6(5): 301 (1971) 

120 



Chapter 5 

Summary and future work 

5.1 Summary 

Two digerent types of nanoscale photonic functionahty based on novel 

implementations of light-induced structural transitions in nanoparticles have 

been proposed and demonstrated. It has been shown that depending on the 

excitation regimes to which the nanoparticles are subjected they can act as low 

power nanoscale optical switches or as optical memory elements. 

For the hrst time, optical switching has been observed simultaneously in 

reflection and transmission in a gallium nanoparticle film grown on the end of a 

standard single mode optical hbre by hght-assisted deposition (see Chapter 2). 

The switching is related to a sequence of light-induced structural transitions 

that allow for reversible control of the optical properties of the nanoparticles: 

As the temperature is cycled between 80 and 300 K the nanoparticles show 

reflective and transmissive transition-based nonlinear responses to low-power 

near-infrared excitation. At least two of gallium's metastable crystalline phases 

and the liquid phase are involved and the response can be observed at pump 

frequencies as high as 1 MHz. These measurements of the megahertz dynamics 

of light-by-light control in a particle him have also provided new insight into the 

kinetics of solid-solid and solid-liquid structural transformations in 

nanoparticles. They indicate that solid-solid transitions are faster and more 

symmetrical than the solid-liquid transition, in agreement with the fact that the 

recrystallization time is longer than the melting time. 

Furthermore, a femtosecond pulsed laser has been used for second harmonic 

generation in the nanoparticle film and it has been shown that the transmitted 
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nonlinear signal gives larger contrast between phases than the linear 

transmission at the same wavelength. The results of an e&ctive medium model 

for the optical properties of closely packed nanoparticle hlms are consistent with 

the observed excitation-induced increases in the transmission and reflection of 

the gallium nanoparticle Aim. 

A novel system to grow and study individual nanoparticles has been developed 

(see Chapter 3). An atomic beam has been used to grow single gallium 

nanoparticles in the nanoaperture at the tip of a tapered gold-coated optical 

hbre, and for the Erst time reversible light-induced reHectivity changes 

associated with a sequence of transformations between different structuial 

forms, stimulated by optical excitation with powers as low as 10 nW, have been 

observed in such particles. With increasing temperature, the gallium 

nanoparticle is believed to go through the following sequence of transitions 

between different structural forms: liquid, each transition 

having a sharp peak in the induced reflectivity change signal associated with it. 

An extra peak with diEerent characteristics may be evidence of a shape change 

in the particle. 

Furthermore, it has been discovered that the extent of the overcooling hysteresis 

displayed by nanoparticles can be controlled by varying the optical pumping 

regime. If a modulated cw pump is used to excite the gallium nanoparticles, 

they show overcooling of up to 90 K, but if subjected to high intensity, low 

power nanosecond pulses, the hysteresis width falls to less than 5K. 

The idea of using nanoparticles undergoing light-induced structural 

transformations as optical memory elements has been introduced and the hrst 

proof of concept demonstration of such all-optical nanoscale memory 

functionality has been performed (see Chapter 4). It has been experimentally 

shown that single 1 fis optical pulses of 13.1 rnW peak power can wiite 

information to a gallium nanoparticle film by converting the particles fiorn a 

lower energy phase (logic state 0) to a higher energy phase (logic state 1) with a 

different reBectivity. As the reflectivity difference between the two phases is 

small, an alternative high contrast method for 'reading' the state of the 

nanoparticle memory, based on measurements of reflectivity change induced by 

a modulated pump beam, has been developed. Both volatile and non-volatile 

modes of operation have been demonstrated: In the two alternative operation 
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schemes, the memory was erased either by directly reducing its base 

temperature or by turning oS the probe laser temporarily to achieve the 

necessary cooling. It has also been suggested that erasure could be achieved 

using nanosecond high intensity pulses to narrow the hysteresis and return the 

particles to the ground state. 

For the 6rst time, a four-level nanoscale optical memory element has been 

demonstrated using a single 80 nm gallium nanoparticle. Information is encoded 

by switching the particle between the diEerent phases with single optical pulses 

with energies as low as 1.5 pJ. By changing the total pulse energy different 

phases can be directly accessed from both ground and intermediate states. If a 

convenient way to access individual particles within a closely packed array is 

developed a storage density of about 0.2Tb/in^ could be achieved. 

The results presented in this thesis have helped to improve the understanding of 

nanoscale light-induced phase transitions, and have illustrated the potential of 

single nanoparticles for achieving low power nanoscale photonic functionality. 

5.2 Future work 

Numerous new research opportunities have opened up to the research group in 

Southampton with the recent acquisition of a scanning electron 

microscope (SEM). It has already been demonstrated that galhum nanoparticles 

can be grown, and subjected to the type of optical studies reported in this 

thesis inside the SEM chamber. 

The SEM will help to shed new light on the details of the nanoparticle growth 

process. By looking at nanoparticles in real time as atomic beam deposition is 

happening, one will be able to understand exactly how different types of laser 

excitation affect the formation of the nanostructures. This will lead to better 

control of the size distribution of the particles and may perhaps allow hlms with 

a much smaller average gallium nanoparticle radius to be obtained. Very small 

nanoparticles, called clusters, raise another set of interesting questions, as their 

si/e means that quantum effects become signiGcant and a number of unusual 

phenomena, such as quantum shell melting appear. In terms of the 

manufacturing process, another very interesting possibility is the use of the 

electron beam itself to control the growth of the particles or maybe even to 

create custom designed patterns of nanoparticles. 
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Another possibility is the use of electron backscatter digraction (EBSD). This 

very useful technique allows crystallographic information to be obtained from 

samples inside the SEM. It has already been tested, and successfully identiSed 

different domains in an aluminium/gallium sample, but the greatest promise of 

this technique may lie in its use for the analysis of nanoparticle films. Among 

other possibilities, this would allow information about the particles' structure to 

be obtained directly alongside the complementary information acquired by 

optical probing. 

In terms of the optical properties of the nanoparticles, a full analysis of their 

spectra in both transmission and reflection while they undergo phase transitions 

will soon be performed and the data obtained will allow more accurate 

numerical models to be developed. Very little information exists on the values 

of the dielectric constants for gallium's metastable phases and this study should 

change that. It should also give a better understanding of the shell model for 

nanoparticle phase transitions. 

With the demonstration of nanoparticle memory functionality presented in this 

thesis a new area of research has been opened up. A more detailed study of this 

type of functionality could prove crucial to the development of future 

nanophotonic devices. Particular attention should be paid to the understanding 

of how high intensity nanosecond pulses appear to the break the thermal 

hysteresis shown by the particles, thus allowing the memory to be erased using 

light pulses. Another interesting research avenue would be the study of ways to 

address individual particles within a closely packed array. 

Additionally, the work with single particles should be further developed. In 

particular, the low energies involved in the processes described in this thesis, 

mean that it may be possible to fully convert a nanoparticle with a diameter of 

a few nanometres into a new phase with the energy obtained by absorbing only 

a few or perhaps even just a single photon. This could make single-photon 

all-optical switching a reasonable possibility. 

Yet another path that should be carefully analyzed is the search for ways to 

integrate nanoparticles into other types of promising nanophotonics materials. 

For example, nanoparticles could be used to switch light signals inside a 

three-dimensional photonic band-gap optical router, to control the output of 

miniature semiconductor lasers, or as active elements inside hollow fibres. 
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Another interesting emerging research field is the area of active plasnionic de-

vices, i.e. devices capable of switching surface plasmon-polariton (SPP) signals. 

It has already been shown that the kind of nanoscale structural phase transitions 

described in this thesis can control SPP signals by reversibly altering the prop-

erties of a SPP waveguide (a metal/ dielectric interface). Ongoing experimental 

work in this Beld should yeild further developments. 

Finally, one should note that although gallium nanoparticles are an excellent 

'playground' in which to study and understand the physics involved in achieving 

nanoscale optical functionality through phase transformations, the low 

temperatures at which the transitions occur for pure gallium make them unlikely 

candidates for commercial applications. Thus, the search for materials that 

present a range of crystalline phases closely spaced in energy but with different 

optical properties and phase transitions that occur in nanoparticles closer to 

room temperature should be high in the research priorities. Applying the 

techniques discussed in this thesis to a material with such properties could lead 

to a wide range of commercially viable products based on nanoscale photonics. 
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Appendix A 

Obtaining relaxation time 

information from the phase data of 

a lock-in amplifier 

]jOcl&4n cinipliGers can lietect aiid acciirately mezKiiire sniallj\<: syrnals eveii 

when the noise is many thousands of times larger that the signal of interest. 

They work by extracting the component of the signal at a certain reference 

frequency and phase and are therefore extremely useful instruments when 

studying the response of systems excited with a periodic oscillation. This 

Appendix explains how the temporal phase data measured by a lock-in ampliGer 

can provide some insight into the dynamics of excitation-induced transitions in 

nanoparticles. 

It is useful to start by analyzing the simple case in which a square-wave signal 

of period T, is slightly altered so that the "on" part of the cycle is extended by a 

small amount of time AT (see Figure A.l). 

The Fourier series expansion of a function /(^) with period T is given by: 

OO 

Where 

/(() — IT + [Ofi cos(u;n^) + knSin(u;n()] 

2TX 

' Y 
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Time 

Figure A.l: Representation of a square-wave signal with period T and 'on'-cycle 
width of r / 2 + AT. 

2 
(In = m / / ( ^ ) COs{Wni)dt 

2 
k = 7̂  / / ( ( ) sin(wn^)d^ 

1 J to 

Thus, for the signal shown in Figure A.l: 

/ ( , ) ^ + 
oo y 

+ —(—l)"sin(u;nAT') cos(wn^) 4-

oo ^ 
+ —[1 - ( - 1 ) " cos(wnAT')] sin(wnt) 

n=l 

The lock-in ampliGes this signal and then multiplies it by the lock-in reference 

signal using a phase-sensitive detector or multiplier (PSD). In a two channel 

instrument there are two PSDs, working with a 7r/2 phase shift between them. 

That is, if the reference signal for channel X is taken to be sixi{Wreft + (^ref) then 

for the Y channel it would be sin(u;re/^ + = cos(wre/t 4- ^re/)- The 

reference phase gre/ can be chosen arbitrarily, but to simplify calculations here 

it will be taken to be 0. Thus, for each channel the signal after the PSD is given 

by: 
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These signals are then passed through low pass filters to remove any AC 

component. For the present case the signals after the filters will be: 

_ ^ [ 1 + COs(^reyAT)] 

The phase ^ recorded by the lock-in is related to the ratio of these signals: 

From this expression one obtains the following relationship between AT , the 

period T and the measured phase 

= - - r 
TT 

Note, that the minus sign in this expression appears because the phase 

difference measured by a lock-in amplifier in this way is negative. This 

expression shows that information about the temporal characteristics of the 

signal can indeed be obtained from the lock-in phase data. In the case of the 

light-induced phase transitions in nanoparticles reported in this thesis, the 

initial response to pump excitation is much faster than the recovery when the 

excitation is removed. Thus, the response of the system can be approximated 

by the signal shown in Figure A.2. 

It can be shown that for this signal shape, the above relation holds provided 

that AT is taken to be the width of the decay part of the signal at half the 

maximum voltage level. From the 6gure it should also be evident that this 

relation is only meaningful if AT is less than T/4, that is if the measured phase 
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Time 

Figure A.2: Approximation of nanoparticle response (b) to a square-wave exci-
tatioii signal with period T (a). The rising part of the response curve is much 
faster than the decay part, so the signal can be approximated by a square signal 
with an extra triangular decay section with a half maximum width equal to AT. 
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is less than 7r/4. Finally, it should be noted that this method doesn't allow lor 

exact relaxation times to be obtained (only their approximate magnitude) but it 

is nevertheless very useful, particularly when it comes to comparing the 

relaxation times of dijEerent transitions in the same sequence. 
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Sample List 

The table belows presents a list of all samples produced during the period of 

time in which the work described in this thesis was executed. Brief summaries 

of the experiments performed, the main properties and any important notes are 

given for each sample. Note that a sample described to be 'ok' showed similar 

measurement characteristics to typical results presented in this thesis. A list of 

abbreviations used is given at the end of this appendix. 

Date F Experiments performed and sample 

properties 

Notes 

1 2002/10/16 S Dep.: slow changes. TS: OP ok; no 

SF; LR ok 

Bad 6bre alignment 

2 2002/11/13 S Dep .- ok. T5'.' OP ok; LR ok; no LT; 

no SF 

3 2002/11/26 S Dep.; slow changes; very small 

increase in LR 

Too small hole in 

integration sphere makes 

alignment difficult: size 

increased. 

4 2002/11/28 S Dep..- ok. rg; OP ok; LR ok; LT 

noisy; no SF; NLR ok 

5 2002/12/06 S Dep.." ok; Tg; OP ok; LR noisy; SF 

noisy; NLR ok; 

6 2002/12/13 T Dep.: LT and LR down; SFR changed; 

rg." no repeatable changes in either 

signal 
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gAT Date F Experiments performed and sample 

properties 

Notes 

7 2003/01/21 T Dep.; LT jump; LR no chaage; Tg; 

SFT noisy but some sort of peaks in 

real slow scan; no NLR 

Too much power used 

8 2003/04/03 S Dep.; OP ok; LR noisy; LT changed 

Tg; LR noisy; LT jumps but noisy; 

SFT no signal 

Transmission detector 

moved into chamber 

9 2003/05/16 S Dep.: T signal saturates when shutter 

open: too much light from effusion cell 

T. detector temp, 

stabilized; power levels 

decreased. 

10 2003/05/28 S Dep.: Op ok; LR ok; TS: LR ok; LT 

change but no hyst. seen 

Changed holder to obtain 

better thermal contact. 

11 2003/06/02 S Dep.; OP ok; LR ok; Tg; LT bad; 

SFT changed but noise; 

LT changes as before even 

with no gallium; rest ok; 

abandoned SF exps and 

opted for NL type only aa 

noisy level too high. 

12 2003/06/05 S Tried to put drop of Se and see any 

changes in signals: no success; also 

tried spectral difference: not 

successful. 

13 2003/06/11 S Further Se experiments: not successful. 

14 2003/07/21 S Dep.: LR ok; OP ok; TS: LR; NLR 

and NLT initially noisy, then after 

adjustments NLR and NLT ok; 

First experiments with 

NL setup. Introduced 

mechanical shutter to 

reduce leakage in T. 

15 2003/07/28 S Dep.; LR ok; OP ok; TS; NLR; NLT 

ok; PD ok; HF ok; 

Extensive PD and HF 

study 

16 2003/09/05 PT Dep.; no change 

17 2003/09/09 PT Dep.; LT small change; 7,9; all signals 

noisy 

18 2003/09/12 P T Dep.; no change 

19 2003/09/17 S Dep.; no change Put more gallium in 

effusion cell 
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Date F Experiments performed and sample Notes 

20 2003/10/15 S Dep.; measurement settings error 

21 2003/10/16 S Dep.: LR ok; OP ok TS: LR;NLR and 

NLTok 

22 2003/10/24 PT Dep.; no signal changes; rg; no NL 

signals 

Detected laser problem 

23 2003/10/28 T Dep.: NLT and LR noisy; NLR 

decreasing; TS: NLR detected 

24 2003/10/31 T Dep.: NLR change; TS: NLR ok Tested cleamng gallium 

with high power and 

depositing again; works. 

25 2003/11/04 T Dep.." ok; ^5; NLR no change 

26 2003/11/06 T Dep.; ok; Tg; NLR ok; PD ok 

27 2003/11/27 T Dep.: ok; Tg; NLR ok; PD ok; 

multiple peaks first seen; signals 

remain even after 5 weeks 

Extensive tests to 

optimize signal and 

reduce noise 

28 2004/01/07 T Dep.: ok; TS: NLR ok- multiple peaks 

again present; NLT still noisy 

Introduced shades in 

chamber windows to try 

improve T signals; new T 

detector 

29 2004/02/11 T Dep.: ok; TS: NLR ok- now confident 

with reproducibility ; no NLT; 

attempts at nanosecond excitation 

Extensive tests to 

measure nanosecond 

excitation 

30 2004/03/16 T Dep.: ok; TS: NLR ok; nanosecond 

signal ok 

31 2004/04/15 T Dep.: ok; TS: NLR ok; LR: noiay Extensive test to improve 

LR measurements: no 

success 

32 2004/04/26 T Dep.: ok; NLR ok; PD ok; Extensive 

characterization 

33 2004/07/13 SL Testing SHG setup outside chamber Gallium slabs from 

previous work; until 

stated Nd:YLF laser used 

as SH pump 
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Date F Experiments performed and sample 

properties 

Notes 

34 2004/07/20 S Dep.; ok; Tg; NLRok; SHGT signal 

detected 

Laser problems: stops 

mode-locking and power 

fluctuations; also leakage 

from pump 

35 2004/07/29 S Dep.: ok; TS: NLRok; SHGT noisy Cut leakage with extra 

filters; laser still 

Suctuating 

36 2004/08/19 S Dep.: ok: TS: NLR ok; SHGT outside 

chamber to try improving 

measurements: noisy 

Introduced SHG crystal 

to normalize power; also 

introduced isolator in 

laser path: helps stability 

37 2004/10/05 SL SHGT outside chamber: signal Anally 

stable 

38 2004/10/06 T Dep.: no signal change; TS: NLR 

noisy 

39 2004/10/07 T Dep.: noisy signal; TS: NLR noisy After extensive testing, 

realized fibre was broken 

near feedthrough: 

replaced 

40 2004/10/25 T Dep.; Ok; T& NLR ok; PD ok; LR 

noisy 

Extensive optimization 

attempt in preparation 

for time-resolved 

experiments 

41 2004/11/02 S SHG outside chamber: noisy First attempts at SHG 

from Ga in fibre 

42 2004/11/04 S Dep.: error-see note; TS: no NLR; 

OP: there but no change in temp. 

Pulsed laser only on 

half-way through 

deposition by mistake. 

43 2004/11/19 S Dep.; ok; NLR ok; SHG outside 

chamber detected; SHG PD initially 

1 ok, but too much power changed signal 

Extensive testing outside 

chamber to understand 

SHG detection 
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Date F Experiments performed and sample 

properties 

Notes 

44 2004/11/22 S Def.; slower change (lh30m); ITS'.' no 

NLR 

New holder to allow 

SHGT measurements in 

chamber introduced; 

45 2004/11/23 S Dep.; small chajige(lh40m); 

NLR 

Deposition temperature 

slightly higher than 

usual, so cleaned up 

cooling system 

46 2004/11/23 S Dep..' slower change but deposited Ih; 

Tg.' no NLR 

Extensive testing for 

problem; possible 

misalignment of new 

holder 

47 2004/11/26 S Dep.: very slow change;TS.- no NLR Tried better alignment, 

but it got worse 

48 2004/11/30 S Dep.; slow change; OP signal always 

negative; TS: no NLR; 

Replaced new holder with 

old sphere; still problems; 

realized temperature in 

effusion cell- higher by 

40K than usual 

49 2004/12/02 S Dep.: ok; TS: NLR ok; Reduced effusion cell 

temperature 

50 2004/12/04 S Dep.: faster;TS; no NLR Increased effusion cell 

temperature; so problems 

were from bad alignment 

of new holder and 

increased temperature in 

cell 

51 2004/12/03 S Dep.; ok; TS; LR ok; NLR OK:HF ok; NLR on scope: frequency 

from 200Hz up to 200kHz 

52 2004/12/11 T Dep.: ok; NLR noisy; 

33 2004/12/15 T Dep.: ok; NLR ok; Noise level 

characterization, testing 

with and without cell on 

54 2003/01/28 S Dep.: ok; NLR noisy ESusion cell rebuilt after 

1 heating element broke 
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gAT Date F Experiments performed and sample 

properties 

Notes 

55 2003/02/02 S Dep.: ok; LR noisy; TS: NLR ok; Fibre then transferred to 

new holder and Arst 

attempts at T in photon 

counter; chamber 

viewport broken 

06 2005/02/11 S Dep.: slow (3h); TS: no NLR New viewport; deposition 

now with new holder; 

adjusted effusion cell T to 

compensate for different 

holder 

57 2003/02/15 S Dep.." ok; f g ; NLR ok; very small 

change in LT at 660nm; SHG signal 

detected but laser stability mcikes it 

hard to do T scan. 

In this and following 

samples all SHG and LT 

measurements are 

performed by rotating 

sample mount by 90 

degrees and using photon 

counter; decided to hold 

SHG exp. until laser 

problems solved. 

58 2005/03/10 S Dep.: ok; TS: NLR ok First attempts at spectral 

measurements; but fibre 

damaged when moving to 

vertical 

59 2005/03/17 S Dep.: ok; TS: NLR measurement 

problems 

Problems traced to faulty 

cable 

60 2005/03/18 S Dep.." ok; Tg; LR ok; NLR initially 

noisy but then ok- see note; SM: not 

successful 

Noise improves by 

cleaning all fibre 

connections in system 

each day 

61 2005/04/07 S Dep.; ok; Tg; NLR initiaUy ok; SM: 

no change detected; and subsequent 

NLR tests also not showing changes 

Mirror placed in shutter 

to try SM without 

moving fibre. 
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62 2005/04/08 S D e p . o k ; NLR ok; extensive SM 

attempts but noise levels always too 

high; new attempts at SHG with laser 

slightly more stable, but still not good 

enough. 

A better spectrometer 

and a different 

experimental setup could 

have made this SM 

possible, but as the new 

SEM system was already 

being built it was decided 

to leave this work for a 

later time. 

63 2005/05/19 S Dep.: small LR change; TS: no NLR Chamber was cleaned and 

all gaskets changed 

64 2005/06/06 S Dep.: ok; NLR ok; Memory: 

switching seen when manually turning 

on lasers and cooling by removing all 

power; single pulse switching 

successful monitoring first NLR and 

then also LR; 

Film memory 

experiments 

65 2005/07/04 S Dep.." ok; 75'.- NLR ok; Afemon/.' 

single pulse NLR and LR switching ok; 

time resolved experiments attempted 

of rise and decay times: not successful 

66 2005/08/04 S Dep. ." ok; Tg; NLR ok; SHG 

difference between hot and cold 

observed; temp, cans not successful as 

lab temperature still drifting too much 

and laser changing. 

Returned to SHG 

attempts: this time with 

Fianium Fibre 

Supercontinuum 

Femtosecond Source 

SC1060-1 as a pump. 
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67 2003/09/26 H Dep.: ok; TS: NLT ok but transition 

at lower temperature than usual 

making it hard to use higher power; 

attempted to deposit on top to 

increase transition point but not 

successful 

The entire setup was 

moved into a new lab; 

lOGOnm fibre introduced 

to improve on pump 

propagation for SHG 

experiments. 

68 2005/09/27 H Dep.: effusion cell temperature 

increased to try and improve transition 

point: not successful; NLR still low 

Attempt to increase 

transition point by 

change eSusion cell 

temperature. 

69 2003/09/28 H Dep.; decreased cell temperature to 

improve transition point; not 

successful: transition still low. 

Attempt to decrease 

transition point by 

change effusion cell 

temperature. 

70 2005/10/10 H Dep.: ok ; TS: NLR ok; LR ok; 

sample moved to vertical position and 

signals lost: might have touched it 

Trimmed down holder to 

try and improve 

temperature in sample. 

71 2005/10/20 H Dep.: very small LR change; then on 

heating huge increaae: 50x, and drop 

at hot to 20x starting level; T<9.' NLR 

present but no change in temperature 

72 2005/10/26 H Dep.; same problems as sample 71, As a result: cleaned 

chamber and changed all 

gaskets. 

73 2005/10/29 H Dep.; ok; rg.NLRok;SHG: laser 

stability increased but changes with 

temperature aren?t reproducible 

Heating resistor broke so 

opened chamber after 

deposition to repair. 

74 2003/11/10 H Dep.: LR change higher than usual 

(final level 20%); r5';NLR no chemge; 

Improved power 

normalization; trimmed 

holder further to increase 

transmission to detector 

further. 
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75 2005/11/12 H Dep.: stopped when usual LR 

reached; Tg; NLR transition at lower 

T than usual: only occurs if left cold 

and with lasers off. 

Decreased effusion cell 

temperature by 20K 

76 2005/11/13 H Dep.: ok; TS: NLR ok; SHG signal 

change detected; SHG PD at hot and 

cold; noisy area appeared in signals 

between 170-220K 

Effusion cell temperature 

increased by lOK. 

Problems with laser 

instability if people enter 

and exit lab. 

77 2005/11/24 H Dep.; ok; Tg; NLR ok; SHG temp. 

scans successful; LT at 523nm shows 

no change; PD at hot and cold ok; 

New 6bre feedthrough in 

system as old 6bres 

seemed to be broken. 

78 2005/12/13 H Def..' large drop in LR on heating; 

79 2005/12/14 H Dep.; large drop in LR on heating; Cleaned everything emd 

changed all gaskets. 

80 2005/12/15 H Dep.; ok; Tg; NLR ok; SHG ok; 

simultaneous pump-probe NLR and 

SHG successful, but high noise. 

81 2005/12/16 H Dep.; ok; Tg; NLR ok; SHG ok; noise 

level measurements 

Problems with cooling 

system prevented some 

scans to be completed; 

82 2006/01/10 H Dep.; change in LR detected before 

shutter open; TS: NLR noisy 

Decided to clean 

chamber, replaced gaskets 

and service pumps 

83 2006/01/11 H Dep.; error in optical setup detected 

half-way through deposition 

84 2006/01/12 H Dep.; ok; Tg; NLR: ok; SHG ok; PD 

SHG ok; Sbre images taken in SEM 

New upgraded version of 

Fianium laser introduced 

with great improvement 

in stability. 

85 2006/01/18 SL EBSD trial measurements in SEM on 

bulk gallium: alpha phase identified at 

low temperature 

A EBSD system was on 

trial for 1 month on the 

SEM system. 
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86 2006/01/24 SL EBSD trial measurements in SEM on 

gallium alumiaium structure: 

distinguished between areaa with 

possible different phases and 

aluminium only regions 

87 2006/01/26 SL Deposited Ga on A1 in slab; EBSD 

patterns detected but and possible 

beta phase match but low signals from 

most areas 

88 2006/01/30 SL Gallium drop on fresh Al; SEM shows 

arms forming of Ga spreading through 

aluminium; mapping is extremely hard 

to obtain 

89 2006/03/07 T Dep.." Ok; TS.' NLR ok; PD to try to 

identify switching levels: not successful 

First attempts at single 

particle memory 

experiments 

90 2006/03/14 T Dep.; Ok; Tg; NLR ok; PD to try to 

identify switching: successful; single 

pulse switching between different 

phases; SEM images taken of Abre 

before and after deposition showing 

single particle in aperture 

91 2006/03/29 T Dep.; OK; Tg; NLR ok; single pulse 

switching ok; attempting erase with 

pulse: not successful 

92 2006/03/30 T Dep.; OK; TS; NLR ok; single pulse 

switching ok; erase with pulse not 

successful 

93 2006/04/01 T Dep.; OK; 75'; NLR ok; single pulse 

switching ok; PD of switching study; 

erase with pulse not successful 

94 2006/04/17 S Dep.: Ok; TS: NLR ok; tried to see 

hysteresis reduction in nanoparticle 

61m: not successful 
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SN: sample number 

F; 6bre type 

S: s tandard telecommunications optical fibre single mode at 1310 nrnand 1550 nrn 

T; gold-coated silica single-mode tapered Gbres produced by Jasco Corpora-

tion 

f T; tapered 6bre pulled from single-mode standard telecommunications 6bre 

single mode 6bre at 1060 nm 

microscope slab 

Dep.; deposition 

Temp.; temperature 

T: transmission 

R: reflection 

LT: linear transmission 

linear rejection 

jVIA; nonlinear reGection, i.e., induced reSectivity change measured in lock-m 

ampliGer 

ATIT.- nonlinear transmission, i.e., induced transmission change measured in 

lock-in ampliEer 
O f ; oscilloscope pulse, i.e., induced reSectivity change signal measured in 

oscilloscope. 

S'f; pump-probe sum frequency signaZ 

5'EG; second harmonic generation 

f D; power dependence measurements 

high-frequency measurements 

electron backscattered difraction 
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