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An ultra-high-vacuum system has been constructed to facilitate atomic-beam deposition
of gallium on cryogenically cooled substrates, including optical fibre tips. Alongside
this, a fibre-optic pump-probe diagnostic system, based on semiconductor lasers, has
been developed to perform in-situ measurements of the linear and transient nonlinear
optical properties of gallium nanostructures, both during and after deposition. This
unique combination of deposition and optical diagnostic techniques has provided a new
means of studying the growth and optical characteristics of gallium nanostructures
under highly controlled conditions.

The linear and nonlinear optical properties of a new material structure, namely
gallium/glass interfaces prepared by ultrafast pulsed laser deposition (UPLD), have
been studied for the first time. The reflectivity characteristics of these high-quality
interfaces were measured under varying conditions of temperature and light intensity at
810 nm: At temperatures several degrees below gallium’s melting point Ty, excitation
intensities of just a few kW. cm’ were seen to induce reflectivity changes of more than
30%. Experiments performed with a nanosecond optical parametric oscillator have
illustrated that UPLD gallium/silica interfaces show a nonlinear response to opt1ca1
excitation in the 440-680 nm wavelength range: Fluences of less than 10 mJ. cm were
seen to induce reflectivity changes of up to 35%, even at temperatures 15° below T

It has been found that low power (17 uW average) laser illumination of cryogenically
cooled substrates during atomic-beam deposition of gallium leads to the formation of
uniformly sized gallium nanoparticles. This phenomenon is believed to be the result of
a non-thermal light-assisted particle self-assembly process.

Gallium nanoparticles have been seen to show a strongly temperature-dependent
nonlinear response to low 1ntenS1ty, infrared (1550 nm) optical excitation: 1 ps pulses
with peak intensities in the kW. cm” range induced reversible reflectivity changes with
a magnitude of as much as several percent (in the vicinity of the phase transition
temperatures) and a typical relaxation time of ~0.5 us.

These various experiments have illustrated that the modification of gallium’s
transitional properties, brought about by confinement, facilitates the achievement of a
large optical nonlinearity via light-induced structural transformations in the metal. The
studies of UPLD interfaces have shown that bulk gallium’s nonlinearity is
exceptionally broadband, that its response time can be as short as a few picoseconds,
and that its relaxation time is typically in the nano- to microsecond range. Furthermore,
the data collected have enabled the development and quantitative testing of theories to
describe the thermal and non-thermal metallization mechanisms underlying the
nonlinearity. The nanoparticles’ nonlinear response shares certain characteristics with
that of the bulk interfaces but the experimental data suggest that, in contrast to the bulk

nonlinearity, it is not derived from a structural transition involving gallium’s ¢ phase.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Introduction

The first observation of a nonlinear optical effect was reported in 1926 by Vavilov and
Lewshin !. They found that the absorption of uranium-doped glass decreased with
increasing light intensity - demonstrating for the first time that light could change the
optical properties of a medium through which it was passing. In 1950, still more than
ten years before the invention of the laser, Vavilov introduced the concept of ‘nonlinear
optics’ when he wrote: “An absorbing 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 the 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,

Since the emergence of the laser in the early sixties, the quest for materials with larger
and faster nonlinearities has been pursued vigorously and there have been some great
successes in finding and engineering such materials 3. Nevertheless, devices based on
these materials generally rely on optical resonators and extended interaction lengths to
achieve nonlinear effects of the requisite magnitude. This will not be possible in the
nanoscale photonic devices which are likely to be required in the near future if current
trends continue. Highly integrated nanoscale electronic devices are now commonplace

(e.g. computer processors), and in recent years the mass production of micron-scale
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optical devices has also become viable 3 These MEMS’s (Micro-Electro-Mechanical
Systems) are typically based on arrays of passive elements (mirrors, lenses, etc.) and
their functionality is derived from their electro-mechanical nature. Efforts to further
miniaturise these devices (i.e. to replace micro- with nano-) will continue, but if an
extensive range of nanoscale photonic devices is to be realised, materials with
exceptionally large nonlinearities will be required. It will be necessary to control one
beam of light with another in a nanoscale layer, or in a single nanoparticle of material.
In addition, according to Gibbs 6 such devices should operate at room temperature with
switching energies of less than a femtojoule and switching times of less than one
picosecond (although millisecond response times may be acceptable for some
applications). The question is, is it (even in principle) possible to substantially change
the intensity or phase of a signal beam by causing it to interact with a pump beam in

such a small volume of material?

Consider a nonlinear material in which the complex refractive index for the signal wave
is N =n+iK, and An and Ak denote changes to the real and imaginary parts of that
index, induced by the pump beam. To achieve a strong induced phase-retardation effect
on transmission through a layer of material with thickness L, one should satisfy the
condition An L=A/2, where A is the signal wavelength. Similarly, to significantly
change the signal intensity, one should fulfil the condition that A L =1 (where ¢ is
the medium’s absorption coefficient), or in terms of the complex refractive index,

Ax L= A/4r . For reflective effects the requirements are more complex, but in general,
if a strong transmissive nonlinearity is achieved, the reflective effect will also be
strong. By rearranging this last condition, for a transmissive effect on probe intensity,

one can obtain the following expression for L:

A A1 K

L= Y A | R |

4nAK i L K )\ AK

The components of this expression indicate that in order to achieve interaction lengths
in the nanometre range, one requires materials with high values of k, in which the

pump-induced change Ak can achieve a magnitude equal to a significant fraction of k.
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For example, at a wavelength of 1550 nm, an interaction length of just 46 nm could be

achieved in a medium where k= 8 and Ax = k /3.

Conventionally, optical nonlinearities arise as result of nonlinear components in the
restoring force acting on electrons displaced by interaction with a light-wave’s electric
field. The optical properties of metals, prime examples of materials with large k values,
are determined primarily by the response of free electrons. Consequently, they were not
expected to show any significant optical nonlinearity in bulk form because this
restoring force does not exist for ideally ‘free’ electrons. Nevertheless, electronic
nonlinearities resulting from multipole interactions, the dependence of electron mass
and relaxation time on energy, and spin-flipping 7 have been seen in metals, but these

are very small effects and therefore of little use for practical applications.

However, in recent years a novel means of achieving optical nonlinearities has
emerged, a means that relies on the interaction between a material’s optical electrons
and its crystal lattice. The technique is fundamentally very simple: If optical excitation
induces a transition between phases of a material with markedly different optical
properties, and if the original phase (and associated properties) are recovered on

removal of the excitation, the medium’s response can be considered nonlinear.

Given the general perception that metallic elements all have very similar optical
properties (i.e. they are highly reflective) and that these properties are essentially
independent of phase, this concept may not seem applicable to metals. There are,
however, exceptions to this ‘rule’ — gallium being one of the most notable. It is a
remarkably polymorphic material given its elemental nature: At least nine different
phases have been identified 8 with properties ranging from those of the semi-metallic
o-phase (the stable bulk solid form) 10 through to those of the liquid and amorphous
solid phases, which are, to all intents and purposes, free-electron metals .12
Consequently, a significant change in optical properties is associated with some of the

transitions between these phases. Gallium also has the added advantage that its

solid-liquid transition occurs at the easily accessible temperature of 29.8°C.

The requirement that any light-induced changes are reversible is potentially more

problematic than it sounds. Phase changes in bulk materials are typically sharp, first
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order transitions and are often hysteretic. So for example, if optical excitation initiates a
transition by heating a material, removing the excitation and reversing the temperature
increase may not reverse the transition. However, placing materials in confining
geometries can convert the abrupt transformations between phases into dynamic
equilibria 13 Consequently, when a confined solid is brought to the verge of what, in
bulk, would be a first order phase transition, its sensitivity to external stimulation is
dramatically increased, leading to an enhancement of any optical nonlinearities.
Moreover, the nonlinearity will be reversible because the structural transition in the

confined material is continuous and reversible.

Indeed, this is exactly what happens in gallium. Nanoparticles of the metal exist in a
temperature-dependent mixture of phases 14 and the one-dimensional confinement of
bulk gallium (i.e. the formation of an interface with another medium such as vacuum or
glass) leads via surface melting 15 to a softening of the solid-liquid transition in the

material close to the interface.

The study of laser-induced phase transitions first generated considerable interest in the
1970’s following the discovery of the laser annealing process for semiconductors 16
wherein crystalline defects in a material are repaired by using short pulse laser
irradiation to induce structural changes. Thermal transitions induced by nano- and
picosecond laser pulses were subsequently studied in detail 1719 nterest in this subject
area was renewed following the introduction of femtosecond lasers in the mid-1980’s.
Pulses lasting less than 100 fs made it possible to deposit energy in a material on a time
scale much shorter than the electron-lattice equilibration time (typically a few
picoseconds), and so to create the conditions necessary for electronically driven
ultrafast structural changes. Such transitions have since been studied in various
semiconductors and metals 2%, In recent years, the study of laser-induced phase
transitions has begun to attract considerable attention once more, for several reasons.
Firstly, the development of sub-picosecond x-ray sources % has facilitated a range of
new ‘laser pump, x-ray diffraction probe’ experiments in physics, chemistry and
biology wherein atomic re-arrangement following laser excitation can be directly
measured with sub-nanometre resolution *°>*. Secondly, within the rapidly growing

field of nanoparticle research, it has been found that laser-induced transformations can
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be employed to manipulate the morphology and phase composition of particles 3540,

Finally, because phase transitions are often accompanied by abrupt changes in optical,
electrical and magnetic properties, there is growing interest in the potential switching
applications of light-induced structural transformations 41-48,

It was first reported in 1997 that a large optical nonlinearity could be achieved at very
low light intensities (a few kW.cm™) as the result of a light-induced transition in bulk
gallium interfaced with glass and brought to a temperature near its melting point Y 1t
was subsequently demonstrated that this phenomenon could form the basis of
cross-wavelength optical switching devices 59 and could be used to passively Q-switch
fibre lasers °'. These early experiments demonstrated the potential of gallium as a
material for nonlinear optics. They were the foundation of a successful international
patent application 32 and they initiated a program of research dedicated to exploring
gallium’s nonlinear optical properties and the physical processes behind them. Chapters

2 and 3 of this thesis will describe a range of experiments performed as a part of that

program.

As noted above, nanoscience is a rapidly growing area of research — a fact evidenced
by the United States’ recent implementation of a ‘National Nanotechnology

Initiative’ > °* and by the growing number of journals and conferences dedicated to the
subject (See, for example, References 55-59). Within this field, the preparation of
monodisperse metallic nanoparticles is a challenge that has received considerable
attention in recent years due to their extensive range of potential applications 6069,
Numerous laser-based techniques, relying on thermally-induced evaporation and
fragmentation or non-thermal light-induced desorption, have been developed to tailor
the shape and size of nanoparticles after the growth/deposition process 37397073,
Recently, Wenzel et al. have demonstrated that size-selective laser-induced evaporation
can be used to control the growth of silver nanoparticles during deposition 7*_ Chapters

4 and 5 of this thesis will describe work relating to the formation and optical study of

gallium nanoparticles.
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1.2 Thesis plan
This thesis is divided into six chapters:

This first chapter is an introduction to the subject areas that have been investigated,

with a brief outline of the subsequent chapters.

Chapters 2 and 3 describe studies wherein bulk gallium/glass interfaces were
subjected to various regimes of optical excitation. The results of these experiments
have facilitated the development of a theory to describe the thermal and non-thermal

microscopic mechanisms underlying the nonlinear optical properties of such interfaces.

Chapter 4 describes a novel light-assisted self-assembly technique for preparing
gallium nanoparticles. The procedure achieves control over nanoparticle growth
through non-thermal processes and has enabled the fabrication of particles directly on
the ends of optical fibres, in such a way that their optical properties can be probed both

during and after growth.

Chapter 5 details experiments which demonstrate that a light-induced structural
transformation can be the source of a large optical nonlinearity in gallium

nanoparticles, as it is in bulk gallium films.

Chapter 6 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 Department of Physics and Astronomy at the University of
Southampton, UK. It is, unless otherwise indicated, the original work of the author. In
particular, the data shown in Figure 2.8 were collected by S. Dhanjal and

P. Petropoulos, and were presented in their theses submitted for the degree of Doctor of

Philosophy ™ 7
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Chapter 2

Non-thermal light-induced metallization and associated optical

nonlinearity in gallium films

2.1  Synopsis

Gallium mirrors prepared on silica by ultrafast pulsed laser deposition show a fully
reversible light-induced reflectivity increase. This effect cannot be fully accounted for
by thermal phenomena and so a non-thermal mechanism for light-induced metallization

of gallium at the interface is proposed.

The technique used to prepare high-quality gallium mirrors is outlined in Section 2.3.
In Section 2.4, experiments performed on these gallium/glass interfaces, using a
reflectometer based on a Ti:sapphire laser, and the results thereof, are described. An
analysis of the results is presented in the following section. It illustrates the problems
with a thermal explanation for the observations, and demonstrates that a model based
on non-thermal light-induced metallization of gallium can successfully reproduce the
experimental results. Further evidence in support of a non-thermal metallization
process, derived from a study of the induced reflectivity change’s nanosecond

dynamics, is presented in Section 2.6.
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2.2 Introduction

In recent years it has been found that gallium, confined at an interface with glass and
brought to a temperature just below its melting point (29.8°C), shows a dramatic
response to low-power optical excitation: Intensities of just a few kW.cm™ are seen to
increase the interface’s reflectivity by up to 30%. Indeed, potential applications of this
remarkable phenomenon to all-optical cross-wavelength switching and laser

Q-switching have already been demonstrated '~

This work was performed using gallium/glass interfaces prepared either by squeezing
molten gallium against a glass slide or by dipping a freshly cleaved optical fibre into a
bead of the liquid metal. Whilst these techniques are both very quick and very simple,
they are unsatisfactory for a number of reasons. These include the unpredictable quality
and inhomogeneous structure of the interface, a high chance of contamination or
oxidation, rapid degradation and, looking towards commercial applications,
incompatibility with mass production techniques. A controlled, reproducible gallium
deposition process would be preferable. Attempts have been made to deposit gallium
on silica using electron-beam evaporation and RF sputtering, but in both cases the films

produced were not in the normal crystalline o-phase, as required for the observation of

the nonlinearity.

It has been found however, that high quality, thin o-gallium films can be prepared on
glass by so-called ‘ultrafast pulsed laser deposition’ or UPLD (See Section 2.3). There
are some subtle differences between the optical properties of UPLD interfaces and
those of samples prepared by other means but they have, by virtue of their excellent
quality and long-term stability, enabled the collection of accurate, reproducible data on
the temperature and intensity dependencies of gallium/glass interface reflectivity
(Section 2.4). It has thus been possible, for the first time, to quantitatively compare
experimental results with microscopic models for the mechanisms underlying gallium’s

nonlinear optical response (Section 2.5).
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2.3  Ultrafast pulsed laser deposition of gallium films

Pulsed laser deposition (PLD) has been employed for many years in the preparation of
thin films *. However, when this process is applied in its conventional form, the
deposition of particles/droplets on the film can be a major problem, particularly in
relation to its optical quality. This section describes an adaptation of the PLD process
that has allowed for the formation of high-quality, uniform, droplet-free gallium films

on glass substrates.

In conventional PLD, high-energy excimer or solid-state lasers, which typically
produce ~10 ns, 1 J pulses at rates of 10-100 Hz, are used to ablate material from a
target. Under such conditions, the film that develops on a nearby substrate does so in a
discontinuous manner (each laser pulse sends a short burst of material towards the
substrate) and, as noted above, it can be spoilt by the deposition of particles and
droplets. In recent years however, a modified version of the PLD process has been
developed which overcomes these problems. Ultrafast PLD (UPLD), as it is known,
achieves this by using low-energy (uJ-mlJ) picosecond laser pulses and repetition rates
of several tens of megahertz 56 The reduced pulse energies mean that the number of
atoms evaporated per pulse is reduced by several orders of magnitude and it becomes
impossible for droplets to be ejected from the target. In order to maintain a sensible
deposition rate, the frequency of pulses is increased and a combination of pulse
intensity and duration is selected (according the thermodynamic properties of the
target) that optimises ablation. A secondary consequence of the high repetition rate is
that the fastest atoms evaporated by one pulse catch up with the slower atoms produced

by the previous pulse. As a result, the film grows continuously rather than in bursts.

A supply of UPLD gallium/glass interfaces was made available through a collaborative
arrangement with one of the research groups that pioneered the development of the
UPLD process at the Australian National University in Canberra. Samples were
prepared in Australia and studied, at both the University of Southampton (UK) and in
Canberra. As part of this collaboration, Prof. N. 1. Zheludev travelled from

Southampton to Canberra to take part in the deposition and characterisation of
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interfaces, and Dr. A. V. Rode made the reverse journey on two occasions to participate

in sample characterisation experiments.

At the UPLD facility in Canberra, in a chamber evacuated to ~2.7 X 10 mbar, 1-2 pm
thick films were deposited over a period of several hours from 6N purity gallium
targets onto flat, 1 mm thick glass substrates held approximately 10 cm from the target
and cooled to ~170 K. A Q-switched mode-locked Nd:YAG laser (A = 1.064 um),
producing 60 ps pulses at 76 MHz and giving an intensity of ~10" W.cm™ at the target,
was used to evaporate the gallium. The emission spectrum of the plume of ablated
material, in the range from 220 to 400 nm, was found to be rich in lines of atomic and
singly ionised gallium. This process deposited gallium in an amorphous form, but after
melting it re-solidified in the o phase. The samples produced were of uniformly high
optical quality and have shown no degradation despite repeated heating and cooling
across gallium’s melting point over a period that now exceeds two years. This
exceptional structural stability, which is considerably better than that of the ‘squeezed
gallium’ and ‘dipped fibre’ interfaces described above, is attributed to the presence of a
transitional region formed by the penetration of energetic gallium ions into the glass
during deposition (See Figure 2.3). Optical measurements (See Sections 2.4 and 2.5)
indicate that ions are implanted to a depth of ~3 nm, much deeper than would be
expected for a thermal evaporation process. Numerical modelling performed in
Canberra, using the well-known Monte Carlo simulation program TRIM (TRansport of
Tons in Matter) developed by Ziegler et al. 7, showed that this required ions to have
rather high kinetic energies, ~600 eV. However, an ion acceleration mechanism has
been proposed that may give some ions energies of up to 1 keV during the laser

ablation process °, thus providing an explanation for the transitional region’s origins.

2.4  Gallium/glass interface reflectivity measurements

A reflectometer based on a Ti:sapphire laser (See Figure 2.1) was assembled to

investigate how the near-normal-incidence reflectivity of gallium/glass interfaces
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output was treated as though it were continuous, i.e. time-averaged parameters were
measured and used in calculations. This assumption was made following preliminary
pump-probe reflectivity measurements (See Section 3.6), in which the interface showed
no response to individual pulses (or to be more precise, no response that could be
resolved in the time between one pump pulse and the next), even at the maximum

available laser power.

The beam from the laser was circularly polarised (to negate the effects of o-gallium’s
birefringence) and mechanically chopped at ~200 Hz to facilitate the use of a lock-in
detection system. A pellicle directed a fraction of the beam to a reference
photodetector, so that the signal reflected from the sample could be normalised against
any variations in laser output. The main beam was focused, through the glass substrate,
to a spot of ~20 um diameter on the gallium/glass interface. (The FWHM beam
diameter was measured prior to installing the gallium/glass sample by scanning a
pinhole across the beam at the intended sample position and monitoring the transmitted
light intensity). A variable attenuator was used to control the intensity of light incident
on the sample. A computer was used to perform temperature-control and data-
acquisition operations. Calibration experiments indicated that the reflectometer was

accurate to +2%.

At low intensities (< 220 W.cm™), reflectivity varies with temperature across gallium’s
melting point as shown by curves i and i* in Figure 2.2a. Note the continuous change in
the interface’s reflectivity with increasing temperature just below the melting point.
This behaviour is markedly different from that of interfaces formed simply by pressing
gallium into contact with glass, where the change in reflectivity associated with melting
is much more abrupt . The smooth transition shown in Figure 2.2a indicates a
pronounced ‘surface melting’ effect, whereby the gallium at the interface exists in a
phase different from the o phase. This interfacial layer does not form because the
interface is hotter than the bulk (although its thickness is a function of temperature) but
9-11

because it is energetically preferable for it to do so ” . We can immediately draw the

conclusions that this phase is more reflective (more metallic) than o-gallium, and that
the surface energy of the ‘metallic-gallium’/glass interface is lower than that of an

a-gallium/glass interface. Overcooling of liguid gallium causes a reflectivity hysteresis
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with a width of ~3°C, which is stable against repeated melting and solidification. This

confirms the high purity of the gallium film.

85
(@)

~
o
1

(o)}
[

Interface reflectivity, %

55

(b)

10

Induced reflectivity change, %

0 PesemmaTmS '

16 20 24 28 32

Temperature, °c

Figure 2.2: (a) Gallium/glass interface reflectivity as a function of
increasing temperature for incident intensities of i: 220, ii: 320,
iii: 950, iv: 2230, v: 3180 W.cm™, and i*: as a function of decreasing
temperature at 220 W.cm®. (b) Magnitude of the light-induced
reflectivity change for intensities of vi: 320, vii: 950, vii: 2230,
ix: 3180 W.cm™.

Curves ii-v show how the rising temperature part of this hysteresis changes with
increasing intensity. The reflectivity change becomes less abrupt (i.e. the melting
transition is softened) with increasing intensity but the temperature at which bulk

melting of the gallium film occurs (the bend point at ~30°C) remains constant at all

excitation levels.
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Figure 2.2b shows the magnitude of the light-induced reflectivity change in the rising
temperature parts of the hysteresis curves, calculated as the difference between curves
ii-v and curve i as a percentage of the reflectivity level shown in curve i. This indicates
that a considerable reflectivity change, ~30%, can be achieved with modest excitation

intensities of just a few kW.cm™

2.5  Non-thermal light-induced metallization of gallium

The collection of reliable data on the temperature and intensity dependencies of
gallium/glass interface reflectivity made it possible to develop and assess theoretical
models to describe the functionality of the structure. The data were analysed in
conjunction with, amongst others, Prof. V. L. Emelyanov, a visiting fellow from
Moscow State University (Russia) whose expertise lies in the theory of light-matter
interactions, and V. A. Fedotov, a postgraduate at Southampton University, who
performed numerical simulations of the samples’ thermal and (proposed) non-thermal
response to laser excitation. The first part of this analysis demonstrates that the
behaviour of the interfaces’ reflectivity is related to the ‘metallization’ of c-gallium but
that this cannot be accounted for purely in terms of thermal phenomena. A non-thermal
model is subsequently developed which can reproduce the experimentally observed

dependencies of interface reflectivity on temperature and light intensity.

Given the fact that gallium is subject to surface melting, it is reasonable to conclude
that a gallium/glass interface’s optical properties change on illumination because laser

excitation increases the thickness of a highly reflective surface-wetting layer between

the glass and the low-reflectivity o-gallium bulk (See Figure 2.3).

The high-reflectivity phase involved may be liquid or amorphous gallium, both of
which have approximately free-electron, metallic properties 12.13 1t could also be one

of gallium’s numerous metastable solid phases, all of which are more ‘metallic’ than
the o phase 4 Whatever the metallic phase is, the thickness of the metallic layer, and

thus the sample’s reflectivity, increase with applied light intensity.
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this analysis, for a 1 um thick gallium film on a thermostat at 26°C, subjected to a laser
beam with an average intensity of 1115 W.cm? (2230 W.cm™ chopped with a 50%

duty cycle), are presented in Figure 2.5.
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Figure 2.5: Sample cross-sections showing structure on the left, and on the
right: (a) lines of constant laser-induced temperature increase (in
thousandths of °C); (b) direction of heat flow. These temperature and heat-
flow maps were calculated and prepared by V. A. Fedotov and are shown
here for illustrative purposes.
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The thermal properties of a-gallium are, like its optical properties, anisotropic. These
calculations took account of that fact and assumed, in keeping with the crystal
orientation described above, a thermal conductivity of 15.9 W.m™'K™ perpendicular to
the interface and 64.55 W.m K™ in the plane of the interface (an average of the
principal coefficients 40.8 and 88.3 W.m'K™) %,

Figure 2.5a shows that under the conditions specified above, laser heating could
increase the temperature at the focal point by ~4.8° — just enough to reach the melting
point. However, in reality this increase is likely to be smaller because the calculations
assume a relatively low value, 0.8 W.m K™, for the thermal conductivity of glass and
they ignore both radiative heat losses and losses from the sides of the sample.
Nevertheless, this analysis does not completely eliminate the possibility that laser-
induced thermal melting of bulk gallium could explain the experimental results

described in Section 2.4.

However, an explanation based on thermal melting does have some serious difficulties:
At the same time as giving a value for the laser-induced temperature increase, the
numerical model indicates that the temperature difference across the gallium film is
only ~0.5°C. Thus, if the laser were simply heating the gallium, it would melt the whole
thickness of the film and, on scanning the thermostat temperature from 16 to 32°C and
back, one would expect to see the low-intensity reflectivity hysteresis (curves i and i*
in Figure 2.2a) simply shifted down the temperature axis by an amount equal to the
laser-induced temperature increase, A7. So with increasing incident intensity, and thus
increasing AT, the observed melting and solidification temperatures would become
lower and lower. Instead, we see that the melting temperature remains constant at any
level of optical excitation, while the reflectivity’s dependence on temperature becomes
less steep with increasing intensity. In light of the fact that thermal effects cannot
account fully for the experimental results, a non-thermal mechanism for the

metallization of o-gallium can be considered.

This model (illustrated schematically in Figure 2.6) relies on the unique structure of
o-gallium in which molecular and metallic properties coexist 1 _ some bonds are

covalent, forming Ga, dimers ! and leading to an optical absorption band extending
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from ~0.68 eV (1820 nm) to ~4 eV (310 nm) **, and the remaining bonds are metallic.
The model assumes that the absorption of light leads to highly localised excitation of
gallium dimers from the bonding (b) to the anti-bonding (a) state, which in turn

destabilises the surrounding crystalline cell.

Excited a’state,
Lifetime =1

Crystalline cell undergoes
transformation to metallic phase.
Transition rate = ym

Absorption of light
excites dimers from
the bonding to the
anti-bonding state

Metastable ‘m’state

Cell returns to the o-
gallium ground state
structure.
o~-gallium, Transition rate = vy
Ground b’state

Figure 2.6: Schematic of the three-level, non-thermal light-induced
metallization model.

The cell subsequently undergoes a transition to a new metastable ‘metallic’
configuration (the ‘m’ state), thus creating a microscopic inclusion of this metastable

phase (which may be crystalline or disordered) in the ¢-gallium bulk.

Using the standard equations for populations in a multi-level system it is possible to
calculate the relative number density of crystal cells in the m-state, sustained by the

presence of light:

Imip
M L 22)

2+t l+y, 1+ L
Vb

where 7 is the number density of cells, ¥, and ¥ are, respectively, transition rates from
the excited (a) to the metastable (m) state, and from the metastable to the ground (b)

state, and 71is the lifetime of the excited state. I" is defined as follows:
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(I-R)Ia

hvn

= (2.3)

where R and ¢ are the oétical reflection and absorption coefficients of a-gallium
respectively and 7 and v are the intensity and the frequency of the laser light. Since the
metallic state is metastable when T < T,,, the equilibrium number density of metallized
cells can achieve a high value even at relatively low optical excitation levels. The
presence of metallic-phase inclusions in the o-gallium shifts the delicate energy
balance at the interface, leading to an increase in the thickness of the metallic layer. By
minimising the free energy of the surface layer, an equation for its equilibrium

thickness can be obtained:

d=d0+Am4}u%/m&ﬂﬁh—Tﬂ (2.4)

n

Comparing this expression to formula 2.1, one can see that the factor u is replaced with
the intensity dependent p,(1-n,, /n). From here, the interface’s reflectivity can be
calculated using standard thin film formulae. Figure 2.7 shows that a good fit to the

experimental reflectivity data is obtained for a wide range of light intensities and

temperatures using this non-thermal light-induced metallization model.

The following parameters were used in these calculations: Number density of
a~gallium crystal cells, n = 6.5 X 10* cm; reflectivity of an a-gallium/glass interface,
R = 0.6; absorption coefficient, ot =4 X 10° em™; lifetime of the excited state, 7= 10% s
(typical for direct-gap semiconductors); transition rate from the excited to the
metastable state, 7, =3.3 X 10105 (typical for metals); A = 18.4 nm and yyp = 16.5
(consistent with the exponential temperature dependence of surface layer thickness
found by Fritsch et al. !, as mentioned above). The only free parameter in these

calculations is then the lifetime of the metastable state, y,"!. A value of 5 X 10% s was

selected such that a curve of the correct form could be fitted to a plot of p against

incident light intensity (inset to Figure 2.7).
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Figure 2.7: Magnitude of the light-induced reflectivity change for
peak intensities of 320, 950 and 2230 W.cm™ (solid lines, as shown
in figure 2.2), with fittings (dashed lines) derived by V. A. Fedotov
from the non-thermal light-induced metallization model and shown
here for illustrative purposes. Inset is the intensity dependence of
the fitting parameter .

2.6  Nanosecond dynamics of light-induced metallization

As part of the investigations into o-gallium metallization, experimental data on the
nanosecond dynamics of the process were collected by P. Petropoulos and S. Dhanjal.
An analysis of their results, carried out by, amongst others, Prof. V. 1. Emel’yanov, Dr.
D. J. Richardson, V. A. Fedotov and the author, provides further evidence in support of

a non-thermal mechanism for o-gallium metallization.

These experiments utilized gallium/silica interfaces formed by dipping the cleaved end
of an optical fibre into a small bead of molten gallium sitting on a thermostatic plate.
As discussed in Section 2.1, this process is problematic but it can yield high quality
interfaces. They have an advantage over other types of interface in that they are
inherently coupled to the optical system used to probe their properties. Furthermore,

they provide a sample structure in which the dimensions of the light-matter interaction
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region are well defined: The size of the ‘laser-spot’ on the interface is simply the fibre’s

core arca.

Interfaces were formed at the ends of single-mode optical fibres with mode radii of

~4 um, and studied using a pump-probe technique: The reflectivity of the interface was
monitored continuously using a low power beam from a diode laser operating at a
wavelength of 1550 nm. Transient changes in the reflectivity were initiated by pump
pulses generated using a combination of diode laser (with a wavelength of 1536 nm),

erbium—~doped fibre amplifier and acousto-optic modulator.

The dynamics of the reflectivity change induced at the gallium/glass interface by

100 ns pump pulses of varying peak power, at a thermostat temperature of 24°C, are
shown in Figure 2.8a. The magnitude of this pump-induced reflectivity change is
presented as a function of temperature for various pump power levels in Figure 2.8b.
(Note the similarity to Figure 2.2b.) Figure 2.8c illustrates the fact that after termination
of a pump pulse the reflectivity recovers to its original level in a time that, importantly,

depends strongly on the thermostat temperature and on the peak power of the pulse.
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achieve melting at the interface was calculated as a function of pulse duration and

thermostat temperature (See Figure 2.9).
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Figure 2.9: Duration and peak power of the optical excitation pulse required
to achieve gallium’s melting temperature (29.8°C) at the interface for
different thermostat temperatures. This chart was derived by V. A. Fedotov
from a numerical simulation of the samples’ thermal and optical properties
and is shown here for illustrative purposes.

These calculations did not account for the thermal conductivity of the optical fibre.
Consequently, the pulse duration and peak power requirements for a given thermostat
temperature are likely to have been underestimated. Nevertheless, Figure 2.9
demonstrates that laser-induced thermal melting is, once again, inadequate as an
explanation for the experimental observations. For example, the calculations indicate
that with a background temperature of 24°C and pulses lasting up to 100 ns, no
reflectivity change should be seen at powers below 16 mW. However, Figure 2.8a

shows that reflectivity changes are seen under such conditions, even with 6 mW pump

pulses.

The recovery time data shown in Figure 2.8¢ also rule out a non-melting thermal

explanation (wherein reflectivity is a function of temperature but no phase change
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occurs). If such a mechanism were active, the reflectivity would relax with temperature
after termination of a pump pulse, in a time that would be independent of the
thermostat temperature and the pump power. However, the data indicate that relaxation

time is temperature-dependent.

Therefore, a non-thermal metallization mechanism appears to be required once more.
However, in this case the interface’s response to individual optical pulses must be
considered, rather than its steady-state response to quasi-continuous excitation. The
energy difference between a-gallium and the metal’s metastable metallic phases is of
the order 1.3 x 10° J.atom™ (Ref. 23). So, to completely transform the light-matter
interaction volume (approximately 7 Aol =19 x 10" m®, where ris the radius of the
fibre’s core and o is gallium’s skin depth at a wavelength of 1550 nm, ~38 nm),
which contains ~10"" atoms, a total energy of ~1.3 nJ is needed. Comparing this energy
with the pulse energies used in the experiment (up to several nJ) indicates that non-
thermal metallization is possible. As described in Section 2.5, optical excitation leads to
the formation of metallic-phase inclusions in the a-gallium bulk. Reflectivity then
increases with inclusion density or, if there is time during the pulse for a well-defined

layer to form at the interface, with metallic layer thickness.

When the excitation is withdrawn, the metallic phase becomes unstable and
recrystallizes back to the o-phase. The associated relaxation time is a function of the
o-phase’s growth velocity, v, (i.e. of the rate at which energy is released due to
solidification) and the rate of thermal diffusion. In the present case, the former is
dominant because the characteristic thermal diffusion time is shorter than the
recrystallization time. The growth velocity is a function of temperature:

v, =F(-T/T, ), where F depends on the crystallization mechanism 226 One would
therefore expect longer relaxation times for higher light intensities (i.e. greater degrees
of metallization) and temperatures closer to gallium’s melting point. This is exactly

what Figure 2.8c shows.
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2.7  Summary and conclusions

A reflectometer was developed to study the optical response of gallium/glass interfaces
to quasi-cw laser excitation at a wavelength of 810 nm, across a range of temperatures
encompassing the metal’s melting point. The quality and long-term stability of
interfaces prepared by UPLD meant that reproducible data on the intensity and
temperature dependencies of gallium’s reflectivity hysteresis could be obtained. These
data demonstrate that gallium/glass interfaces show a fully reversible light-induced
reflectivity increase in response to optical pulses (lasting at least 10 ns) and quasi-cw
optical excitation. In conjunction with numerical simulations of the interfaces’ thermal
and optical properties, the results illustrate that an explanation for this behaviour based
on laser-induced heating is unsatisfactory, although a thermal contribution to the effect
cannot be ruled out. Consequently, a model based on the non-thermal light-induced
metallization of gallium has been proposed, and it has been shown that this model

produces a reasonably good facsimile of the experimental results.

The non-thermal light-induced transition in gallium is different from those observed in
semiconductors 2" 33and various metals ***. To achieve non-thermal effects in these
materials high-intensity femtosecond optical excitation is required. The results of such
excitation are de-localised and the phase transition occurs through plasma-induced
instability in the crystalline structure, typically on a sub-picosecond time scale. In
gallium, the molecular character of the o-gallium structure leads to highly localised

excitation of the dimers, resulting in a local transformation of the structure.

The experimental data are not sufficient to discern the nature of the metallic phase, i.e.
whether it is solid or liquid, crystalline or amorphous. Transitions between different
solid phases are certainly possible, as evidenced by the recent observation of a non-
thermal light-induced transition between crystalline phases of vanadium dioxide 37
using simultaneous femtosecond optical and x-ray measurements 3 Indeed, it has been
suggested that even the simple melting of o-gallium is actually a continuous transition
through several of the metal’s crystalline phases 3 Thus, the metallic phase could well

be any (or perhaps a mixture) of gallium’s liquid, amorphous and crystalline phases.

The model described in Section 2.5 could be improved, in particular by (a) taking more
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accurate account of changes in the sample’s reflectivity with intensity, which should

give a better fit at higher intensities, (b) considering multiphoton absorption, and (c)

allowing for the fact that the various transition rates may depend on temperature, and

that the relaxation rates ¥, and ¥, for a given atom may depend on the state of

neighbouring atoms >°. More accurate reflectivity data, particularly at temperatures

close to the melting point, would allow the various modelling parameters to be

evaluated more precisely. However, the question remains as to whether the hypothesis

of excitation localisation at the gallium dimers, which is crucial to the non-thermal

model, is correct.
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Chapter 3

Thermal mechanisms for broadband, low-threshold reflectivity

switching in gallium films

3.1  Synopsis

A laser-heating-induced structural phase transition in a nanoscale layer of gallium at an
interface with silica can drive reversible changes in the optical properties of the
interface across a very broad spectral range. Femtosecond pump-probe measurements
reveal that gallium’s nonlinear response to short-pulse excitation has a component with

a response time of just a few picoseconds.

The response of gallium/silica interfaces to 3 ns excitation pulses at a range of visible
wavelengths has been investigated. Details of this study and the results obtained are
presented in Section 3.4. The analysis described in Section 3.5 demonstrates that the
observations can be explained by the thermally-induced metallization of a layer of
gallium just a few nanometres thick. Pump-probe measurements, wherein pico- and
femtosecond pulses were used to study the dynamics of light-induced reflectivity

changes, are described in Section 3.6.
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3.2 Introduction

Chapter 2 described experiments that probed various aspects of gallium’s nonlinear
optical response to both quasi-continuous and long-pulse (duration >10 ns) laser
excitation regimes. Under such circumstances, the heat generated by the absorption of
light is efficiently removed from the light-matter interaction region by thermal
diffusion, and the metallization of o-gallium proceeds primarily through a non-thermal
mechanism. For shorter optical pulses, the process of thermal diffusion will be less
efficient, very little of the heat generated will dissipate during the pulse and it may
therefore be expected that laser-induced thermal phenomena will be the root cause of
any interfacial response. Investigations based on nanosecond (and shorter) pulses are
therefore required if the understanding of o-gallium metallization mechanisms is to be
improved. Such studies may also illustrate potential opportﬁnities (or limitations on)
the development of devices based on gallium mirrors (e.g. Q-switches ' and cross-

wavelength optical modulators *3).

This chapter deals primarily with a study of changes induced in the reflectivity of
galliumy/silica interfaces by 3 ns laser pulses generated by an optical parametric
oscillator (OPO). This laser system had the advantage of being wavelength-tuneable so,
for the first time, it was also possible to subject the gallium/silica structure to the same
regime of optical excitation at several different wavelengths. The results, in conjunction
with numerical modelling, show that the interfaces’ response to nanosecond pulses,
across a broad spectral range, can be explained by a thermally-induced structural

transition in a layer of gallium just a few nanometres thick.

Further evidence that thermal effects dominate the interfaces’ response to short optical
pulses is provided by a study, performed in collaboration with the Australian National
University in Canberra, using pico- and femtosecond laser pulses. Perhaps more
importantly, these measurements reveal the details of gallium’s ultrafast response
dynamics - indicating that that there is a component of the induced reflectivity change

which occurs on a picosecond time scale.
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34  Broadband, nanosecond pump-probe measurements

A study of gallium/silica interface response to nanosecond optical pulses, at a broad
range of wavelengths, was considered to be important to the development of a complete
understanding of the structure’s functionality, and of its potential applications.
However, the facilities required to perform such a study were not available in
Southampton. A collaboration was therefore entered into with Prof. R. J. Knize and Dr.
B. V. Zhdanov of the Laser and Optics Research Center at the United States Air Force
Academy in Colorado. With financial support from the EPSRC" and EOARDY, the
author was able to visit the Academy and make use of a Coherent Infinity-XPO optical
parametric oscillator system. The XPO is a single-crystal BaB,O4 (BBO) device
pumped by the third harmonic of an Infinity YAG laser. It has a computerised control
system and produces pulses lasting ~3 ns across a tuning range that extends from 420 to
2200 nm. Due to constraints of time, the experiments described below were performed

using only the ‘signal’ output range (420-709 nm).

Pump-probe measurements of light-induced changes in gallium/silica interface
reflectivity were performed at four different wavelengths within the XPO’s signal
range, using a pulse repetition rate of 50 Hz. To negate the effects of a-gallium’s
birefringence, the laser light was circularly polarized using a Fresnel rhomb. It then
passed through two pellicle beam-splitters, one of which sent a fraction of the beam to
a reference photodetector whilst the other split the beam into pump and probe
componenté. The pump beam was directed past a mechanical shutter, through a 3 mm
aperture and onto the gallium/silica interface at near-normal incidence. The probe beam
was maintained at an average power (measured with a pyroelectric power meter
immediately in front of the gallium mirror) of not more than 0.01 mW (fluence

< 0.03 mJ.cm™) using a variable neutral density filter. It was directed through a 1 mm
aperture to a point on the gallium/silica interface at the centre of the pump spot, at an
angle of approximately 9°. Probe pulses arrived at the interface approximately 2.2 ns
after the corresponding pump pulse. Reflected probe light was collected by a second

photodetector. A schematic of this experimental arrangement is shown in Figure 3.2.

f Engineering and Physical Sciences Research Council, UK.
" Buropean Office of Aerospace Research and Development, United States Air Force.
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Figure 3.2: Schematic of the experimental arrangement for pump-probe
reflectivity measurements at wavelengths between 440 and 680 nm
using nanosecond pulses from a optical parametric oscillator.

The reference detector served two functions. Firstly, it enabled the data acquisition
system to ignore pulses whose energy (before interaction with the sample) differed
from a pre-set value by more than 1%. This considerably reduced the noise arising from
the fact that the output energy of the OPO fluctuated from one pulse to the next.
Secondly, for pulses accepted by this filter, it provided a means of normalising the
reflected signal against small variations in laser output. Pump-induced reflectivity
change was calculated by comparing probe signals, averaged over ten acceptable
pulses, obtained first in the absence of pump light (i.e. with the shutter closed), and
then with the pump present (shutter open). To avoid any possibility of measurements
being affected by the movement of the shutter, the acquisition system paused for one

second each time the shutter changed position.

Pump-induced reflectivity change was measured as a function of pump fluence at a
constant temperature of 26°C (~4° below gallium’s melting point, T, = 29.8°C), at
wavelengths of 680, 600, 520 and 440 nm (See Figure 3.3a). At each wavelength, the
induced change increases with fluence, reaching a wavelength-dependent saturation
level at around 6 mJ.cm 2. The saturation levels are, in each case, approximately half of
the maximum possible reflectivity change, i.e. the difference between the solid and

liquid reflectivity levels. However, these reduced saturation levels are to be expected
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temperature to the phase transition temperature and then to effect a phase change.
Indeed, a fluence of 1 mJ.cm™ is certainly consistent, for a starting temperature of
26°C, with the energy required to heat and then begin to melt a nanoscale layer of a-

gallium. (The optical skin depth at visible wavelengths is ~17 nm.)

At the same four wavelengths, the magnitude of the induced reflectivity change was
measured as a function of increasing interface temperature at constant pump fluence.
Such data were recorded at high energy densities, above the saturation level, and at
much lower levels on the rising parts of the curves shown in Figure 3.3a. A

representative set of results is shown in Figure 3.4.
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Figure 3.4: Change induced in gallium/silica interface reflectivity by
3 ns pump pulses at 680 nm as a function of interface temperature at

different pump fluences.

At the lower pump fluence, the magnitude of the induced reflectivity change increases
with temperature until ~28°C (approximately 2° below T,,,). This is because the fraction
of the pump energy required to bring the gallium to its transition temperature decreases
as the thermostat temperature increases. Consequently, more energy can go into the
metallization transition itself. For the higher pump fluence, the pump pulses supply
more than enough energy to saturate the induced reflectivity change, even at

temperatures some 15° below T,,,. In both cases, the magnitude of the induced change

falls between 28°C and T,, (~30°C). This is a consequence of the surface melting effect
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mentioned in Section 2.4: As the thermostat temperature approaches T, the ‘ground-
state’ reflectivity of the interface increases (See curve i in Figure 2.2a). The maximum
change that can be achieved by laser excitation subsequently decreases. No pump-
induced reflectivity change is seen at temperatures above 30°C because the entire
gallium bulk is then in a high-reflectivity state (specifically the liquid state) regardless

of any laser excitation.

3.5  Thermally-induced metallization of o-gallium

It was established in Chapter 2 that the light-induced reflectivity increase observed at
gallium/glass interfaces is the result of optically-induced metallization of ¢-gallium.
However, the mechanisms of metallization that dominate under a regime of nanosecond
optical pulses are expected to be somewhat different from those underlying the
response to cw excitation. Indeed, as discussed in the previous section, certain features
of the response curves suggest that the induced reflectivity changes are primarily a
result of laser-induced heating. A numerical simulation of the experiment, outlined

below, demonstrates very clearly that this is indeed the case.

Thermal diffusion removes energy very effectively from the skin layer when the optical

excitation is continuous or in the form of long pulses because the characteristic thermal

diffusion length is much longer than the skin depth. For example, in the 100 ns, 1550
nm pulse experiments described in Section 2.6, the diffusion length /x7, ~850 nm,

where y = 7.3 x 10° m*s is the thermal diffusivity in the direction perpendicular to
the interface * (assuming a crystalline orientation as described in Section 2.5), and 1, is
the pulse duration. The skin depth at 1550 nm is ~38 nm. Under these circumstances,
metallization results from crystalline cells undergoing a non-thermal transition to a
metastable metallic state. With very short pump pulses (~picoseconds), there would be
negligible thermal diffusion during the pulse and the excitation energy would be
confined to the skin layer, leading to thermal melting of the metal. For the nanosecond

pulses used in the experiments described above, there will be a certain amount of
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thermal diffusion, but during the pulses it cannot be expected to completely dissipate
the pump energy absorbed within the skin layer. Consequently, a thermally-induced
structural transition is likely to be the dominant mechanism of metallization, and is
believed to proceed along the following lines: A pump pulse incident on the
gallium/silica interface penetrates the metal, with an exponentially decreasing intensity
profile, to a depth of several tens of nanometres. The absorption of laser radiation leads
to an increase in the gallium’s temperature and, if more energy is absorbed than is
required to reach a phase transition temperature, any excess energy contributes towards
the transition itself. So for a given thermostat temperature and pump fluence (below the
saturation level), the energy deposited in the first few nanometres of gallium will be
sufficient to achieve complete metallization. Further from the interface, there will still
be enough energy to bring the gallium to its transition temperature, but metallization
will be incomplete. The extent of metallization will decrease with increasing distance
from the interface up to the point where the energy absorbed is not enough to achieve
the transition temperature. The net result of this process, in terms of the reflectivity
seen by the probe beam, is essentially the same as that arising from the non-thermal
metallization process described in Section 2.5, i.e. the reflectivity of the interface
depends on the thickness of a metallic gallium ‘layer’ where that thickness is a function

of thermostat temperature and incident laser fluence.

To substantiate this thermal metallization model, a numerical simulation was performed
by V. A. Fedotov. It was based on the assumption that the metallic phase was liquid
gallium, i.e. the induced structural change was simply melting. This is not to say that
the metallic phase really is liquid gallium: As detailed in Section 2.7, the ‘melting’ of
o-gallium is probably more than a simple solid-to-liquid transition, given that several
crystalline phases, which are energetically close to the liquid and have very similar
properties, are known to exist. The liquid was chosen for the purposes of the following
calculations simply because data on its physical and optical properties is readily

available.

Optical absorption by electrons leads to heating of the crystalline lattice within the skin

layer through electron-phonon relaxation. The electron and lattice temperatures
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equilibrate rapidly because the pulse duration is much longer than the electron-phonon

energy relaxation time 7,.,5, which is given by the formula 5

hw
T, = e ~ | D§ 3.1
I 2mw Lk, TA P G-

where @y, = 8 % 10" s is the optical phonon frequency of gallium dimer vibrations, A
= (.4 is the dimensionless electron-phonon coupling constant for gallium > and typical
experimental values of 7= 300 K and w = 4.71 x 10" s™ are used. Since 7, >> T, s,
and the thermal diffusion length in the plane of the interface (~0.3 um) is much smaller
than the beam diameter (3 mm), the problem can be reduced to a one-dimensional
thermal conductivity problem in the direction perpendicular to the interface (See Figure

3.5). It can therefore be expressed in terms of the temperature distribution 7{(x,z):

oT (x,z) 0 (, 0T (x,1)
¢t —— | A —2 = Alx,1 3.2

P ax( ox (1) G-
where the heat source A(x,t) describes a supply of energy from the absorption of laser

radiation.

It was assumed that the reflectivity changed continuously during irradiation and that the
density p, heat capacity ¢, thermal conductivity A and dielectric properties of gallium
were functions of state (solid or molten). To apply the finite-difference integration
scheme, a set of nodes, separated by a minimum increment of 8 x 1071° m, was
introduced along the x-axis and a small volume of material was associated with each
node (Figure 3.5b). The time increment used was 3 X 10 s, as determined by von
Neumann stability analysis. The temperature at each node was constantly monitored
and if the gallium at a given node reached its melting point, T, it was maintained at
that temperature until the net heat accumulated equalled or exceeded the latent heat of
melting. After melting, the properties of the gallium at that node were changed from
those of solid gallium to those of the liquid. Nodes where the melting point was
reached, but where the heat supplied was not enough to achieve a complete transition,

were assumed to contain a two-phase mixture with properties between those of the
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Figure 3.7: Change induced in gallium/silica interface reflectivity by 3 ns
pump pulses at 680 nm as a function of interface temperature. Experimental
data (from figure 3.3b) are shown as points. Fittings derived by V. A. Fedotov
from a numerical simulation of the experiment are shown, for illustrative
purposes, as lines. The dashed lines were added by hand because, close to
Tm, the ‘ground state’ (pre-excitation) reflectivity of the interface changes
rapidly with temperature (as a result of surface melting) and the numerical
model can only qualitatively predict the drop in magnitude.

3.6  Ultrafast dynamics of reflectivity switching in gallium

Since the introduction of femtosecond lasers in the mid-1980’s, the study of ultrafast,
laser-induced phase transitions has generated considerable interest. Motivated by
potential applications in materials processing, optical switching and optoelectronics,
numerous studies have been devoted to the dynamics of such transitions in a range of
(primarily semiconductor) materials %21 1t was considered that an understanding of
gallium’s ultrafast response dynamics would be important both in terms of fundamental
physics, where it may provide further insight into the nature of the response
mechanisms, and in relation to the development of practical switching applications b2

where the response dynamics will ultimately determine a device’s performance limits.

A femtosecond pump-probe reflectometer, shown schematically in Figure 3.8, was

therefore assembled. The low-power ‘probe’ arm of this device was essentially
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identical to the single-beam reflectometer shown in Figure 2.1 and described in
Section 2.4. A computer-controlled corner-cube delay-line was used to vary the relative
timing of the pump and probe pulses around the zero position, which was located by
maximising second harmonic generation in a thin (~200 wm) KTP crystal at the sample

position. Pump power was controlled using a variable attenuator.

Chopper Laser output
| |
Glan
Lens i
. A4 prism Probe /Pellicle
S ~
—— I \
—— Variable Y
Signal attenuator /] Pump
detector

Temperature-controlled

gallium/glass interface Monitor

detector

A

Delay-line

Figure 3.8: Schematic of the femtosecond pump-probe reflectometer, based
on a Ti:sapphire laser, designed to study the dynamics of reflectivity
switching at UPLD gallium/glass interfaces. The pump and probe were
chopped at different rates to facilitate sum-frequency lock-in detection.

The Ti:sapphire laser produced pulses of ~50 fs duration at a wavelength of 810 nm
with a repetition rate of ~87 MHz. Both the pump and probe were focused to ~20 pm
diameter spots and made to overlap on the gallium/glass interface. The probe fluence
was maintained at <4 pJ .cm™. The maximum pump fluence used was ~0.1 mJ cm™.
(Beam diameters were measured using the pinhole technique described in Section 2.4,

and fluences were calculated from measurements of average power at the sample

position.)

These experiments did not detect any ultrafast pump-induced reflectivity changes. It
was concluded that this may either have been because the energy of the pump pulses
was not sufficient to induce any change, or because the repetition rate of the laser was
too high (i.e. the probe beam saw a constant reflectivity level because there was no time

for induced changes to relax between one pump pulse and the next).
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In each case, a threshold pump fluence was found to be required for the observation of
an induced reflectivity change, and the magnitude of the induced change was seen to
saturate at a fluence of ~20 mJ.cm™ (Figure 3.9a). These measurements also
demonstrated that the reflectivity increase is a two-stage process (See Figure 3.9b):
There is an initial rapid increase, during the first 2-4 ps after excitation (only resolved
by the 150 fs pulses), followed by a slower increase over the next 300 — 500 ps. The
rate of change of reflectivity during the initial increase is proportional to the pump

fluence but is independent of the thermostat temperature.

Gallium’s response to pico- and femtosecond optical pulses may be compared with the
‘ultrafast melting’ processes studied in various semiconductors and metals 2 Such
comparison reveals that the threshold fluence for ultrafast melting of gallium is
particularly low - at least an order of magnitude smaller than the threshold in materials
such as silicon and gallium arsenide. This may be explained by the fact that in silicon,
for example, all of the inter-atomic bonds are covalent and its enthalpy of melting is
thus approximately nine times higher than that of ¢-gallium. Furthermore, the above-
bandgap absorption depth in silicon is around ten times larger than the absorption depth
in gallium, so more energy is required to melt the skin layer. The dynamics of gallium’s
response are broadly consistent with the ultrafast thermal melting process observed
(and numerically simulated) in gallium arsenide by Sokolowski-Tinten et al. 10,
Immediately following the excitation pulse, the gallium at the interface is strongly
overheated (i.e. the temperature of the solid exceeds the equilibrium melting
temperature). Melting occurs by nucleation of the liquid phase, beginning at the
interface and propagating into the solid 13 The initial velocity of the melt front is very
high (~hundreds of m.s™) — hence the sharp reflectivity increase during the first few
picoseconds after excitation. As latent heat is consumed, the extent of overheating is
greatly reduced and the velocity of the melt front (viz. the rate of change of reflectivity)

falls accordingly (to just a few tens of m.s™.

The relaxation dynamics of the induced reflectivity changes were recorded using a cw
probe beam from a He-Ne laser and a photodetector with ~10 ns resolution. The decay
times are in the microsecond range (See Figure 3.10), i.e. much longer than the

response times, and are strongly dependent on the thermostat temperature.
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wavelength dependencies of pump-induced reflectivity changes. The results suggested
that a thermally-induced structural transition, involving a thickness of no more than a
few tens of nanometres of gallium, was responsible for these changes, and a numerical

simulation of the experiment strongly supported this interpretation.

This study has demonstrated that gallium/silica interfaces are sensitive to low-fluence
nanosecond optical excitation at wavelengths throughout the visible spectrum. Given
that such interfaces are known to show an optical response at certain wavelengths up to
2.8 pm (See references 1, 22 and 23), it would not be unreasonable to expect that the
gallium/silica structure is continuously sensitive to all wavelengths in the range from
the visible to mid-infrared. Furthermore, it may be anticipated that given sub-
picosecond excitation pulses of sufficient energy, the ultrafast melting mechanism will
yield picosecond switching times throughout this wavelength range. Figure 3.11 shows
the switching contrast that might be expected from a gallium/silica mirror for

wavelengths from 440 to 2200 nm.
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Figure 3.11: Maximum change expected in the reflectivity of a
gallium/silica interface, as the result of laser-induced thermal
metallization (assuming the existence of a 4 nm metallic gallium layer
at the interface even in the absence of laser excitation).

In terms of applications, such a broadband response characteristic may give gallium-
based devices a significant advantage over competing technologies. For example, most

materials employed to passively Q-switch lasers operate at specific wavelengths or in
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relatively narrow spectral ranges 2426 1n contrast, it has already been shown ! that the

same gallium mirror can passively Q-switch fibre lasers at both 1030 and 1550 nm.

However, the gallium structure’s microsecond relaxation times are likely to limit its

range of potential applications to those, like Q-switching, that do not necessarily

require high repetition rates or sharp transitions in both directions.
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Chapter 4

Light-assisted self-assembly of gallium nanoparticles

4.1  Synopsis

It has been found that light can dramatically influence and regulate the nanoparticle
self-assembly process: Laser illumination of a substrate exposed to a beam of gallium
atoms results in the formation of gallium nanoparticles with a relatively narrow size
distribution. Very low light intensities, below the threshold for thermally-induced
evaporation, exert considerable control over particle formation through a combination

of non-thermal processes.

Section 4.3 describes the construction of a UHV gallium deposition system that was
built to enable the preparation and in-situ study of gallium interfaces. A series of
experiments to establish the conditions required for the light-assisted self-assembly of
gallium nanoparticles is documented in Section 4.4. The findings of these experiments
made possible the development of a theory to explain the mechanisms that enable

optical control of nanoparticle formation. This theory is outlined in Section 4.5.

4.2 Introduction

Given the extensive range of potential applications, in fields such as spectroscopy b2

7,8

microscopy °, data storage -3 energy transport 6 sensitive infrared detection ”*, and
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%10 the preparation of monodisperse metallic nanoparticles is a very

selective catalysis
important process. These applications rely on the fact that the properties of such
nanoparticles, both individual and collective, are very different from those of the
corresponding bulk metals. Their unique properties stem from the highly confining
nature of the nanoparticle geometry: The high surface-to-volume ratios lead to local
field-enhancement effects and can dramatically modify a material’s properties and its

phase diagram ',

The work reported in Chapters 2 and 3 demonstrates that the one-dimensional
confinement of gallium at an interface facilitates reversible light-induced structural
transitions in the metal, which lead to a substantial optical nonlinearity. The study of
gallium nanoparticles, in which the metal is confined in three dimensions, is a logical
progression of this work. Indeed, it may be anticipated that gallium nanoparticles will
show more pronounced, or perhaps new, nonlinear characteristics that could be

exploited in nanoscale photonic devices.

Self-assembly has been one of the main approaches to the preparation of spontaneously

1622, including particles of liquid gallium on silica

ordered and disordered nanoparticles
3 However, the problem with such fabrication procedures is that they tend to produce
particles with a broad range of diameters, thus obscuring the size-dependent properties
that are essential to many applications. Very small clusters (<20 atoms) of well-defined
size can be produced by mass-separation of charged clusters in the gas phase 24 and
larger structures can be synthesised with high size-uniformity using lithographic
techniques ». Several procedures for the manipulation of nanoparticle shape, size and
size distribution, based on evaporation, desorption and fragmentation processes induced

by high-power pulsed lasers, have also been reported 26-31

This chapter details a comparatively simple ‘light-assisted self-assembly’ process for
the production of gallium nanoparticles. By slowly depositing gallium on cryogenically
cooled silica substrates and simultaneously exposing the substrates to pulses from a
low-power diode laser, particles with a relatively narrow size distribution can be
fabricated. Very low light intensities, below the threshold for thermally-induced
evaporation, exert considerable control over nanoparticle formation through at least

one, and possibly a combination of two, non-thermal processes.
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4.3  UHV gallium deposition system

As discussed in Sections 2.2 and 2.3, the preparation of high-quality gallium interfaces
is by no means a trivial task. Whilst a certain number of UPLD gallium/silica interfaces
were available through collaboration with the Australian National University in
Canberra (See Section 2.3), this arrangement did not allow for the optical properties of
the interfaces to be studied during deposition or prior to removal from vacuum, nor
could it provide thin film or nanoparticle samples. It was therefore decided that a

dedicated gallium deposition facility would be built in Southampton.

To this end, a UHV chamber equipped with an atomic beam gallium source,
cryogenically-cooled substrate holder and, importantly, provision for the use of cleaved
optical fibre tips as substrates, was designed and constructed from scratch. This system,
pictured in Figure 4.1 and shown schematically in Figures 4.2 and 4.3, was based
around a turbomolecular pump and a small, fourteen-port ‘spherical square’ vacuum
chamber. Atomic beam deposition was chosen in preference to other sample
preparation techniques because it provides an ultimately clean and controllable means

of fabricating gallium interfaces.

It was determined that the gallium source would need to operate at a temperature of
approximately 1000°C to achieve a vapour pressure of about 5 x 10 mbar (Ref. 32). A
resistively heated oven was therefore constructed along the lines of a design developed
by Ross **: An open-topped crucible was manufactured from graphite (a material
known to be suitable for use with gallium 34) 50 as to be a ‘slide fit’ into a tantalum foil
tube. Two independent heating elements, made from molybdenum wire and twin-bore
alumina rods, were wrapped around this tube and held in place with a second tantalum
tube. Two chromel-alumel thermocouples were incorporated into this heater assembly,
one in contact with the mouth of the crucible and the other with the inner tantalum tube
at the base of the crucible. Radiation shields, comprising concentric tantalum tubes
spaced with carbon wool, completed the oven, which was housed in a water-cooled arm
of the vacuum system. This arm could be isolated from the rest of the system using a
gate valve, thus allowing for substrates and other components in the chamber to be

changed without exposing the gallium source to the atmosphere.
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» A photodetector to monitor light emerging from the fibre substrates.

e A silicon monoxide evaporator (a small alumina crucible with a built-in heating
element) so that, if required, protective coatings could be applied to gallium

films before their removal from vacuum.
e Mechanical shutters to block the gallium and silicon monoxide sources.

This system typically achieved pressures of ~10® mbar, rising to ~5 x 10 mbar when
the gallium source was in operation. By setting the crucible temperature to 985°C at the

base and 1000°C at the mouth (slightly higher at the mouth to prevent evaporated
material from condensing on the walls of the crucible), a gallium deposition rate of

~0.3 nm.min" (measured using a quartz crystal microbalance) was routinely obtained.

4.4  Light-assisted nanoparticle formation - Experiments

A series of experiments was performed to establish the conditions required for the

formation of gallium nanoparticles on optical fibre substrates. In each case:

e the fibres used were single-mode (at both 1.31 and 1.55 um) silica fibres with

core and cladding diameters of 9 and 125 um respectively;

¢ the ‘in-vacuum’ ends of the fibres were cleaved and attached to the copper
substrate-holder on the end of the cold-finger, such that they pointed towards
the gallium source and protruded from the holder by as short a distance as

possible (See Figure 4.4);

e the chamber was evacuated and the fibres were exposed to the gallium source

for thirty minutes;

e the fibres were subsequently removed from the chamber and examined using

optical and atomic force microscopes.
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4.5  Light-assisted nanoparticle formation — Microscopic mechanisms

Having established the conditions required for the light-assisted self-assembly of
gallium nanoparticles, consideration could be given to the mechanisms underlying this

novel particle formation process.

Section 4.2 mentioned that several methods for manipulating the shape, size or size
distribution of nanoparticles using lasers have been reported. However, only one of
these involves actually controlling the growth of the particles >'. (The others employ
lasers to modify the characteristics of particles after they have been formed.) This
control, over the axial ratio of silver nanoparticles on quartz, was achieved through
laser-induced thermal evaporation of atoms from the particles’ surfaces, initiated by

nanosecond pulses with peak intensities in the MW.cm™ range.

In contrast, the mechanisms that control the growth of gallium nanoparticles must be
non-thermal because the temperature increase in the particles, resulting from absorption
of laser radiation, is too small for evaporation (thermal desorption) to be significant: By
approximating the gallium nanoparticles to cylinders and numerically solving their
thermal conductivity equation using the Green’s function technique *, V. A. Fedotov
calculated that the maximum laser-induced temperature increase for the experimental
conditions described above would be ~80 K (ignoring radiation losses and conduction
in the plane of the substrate). The rate of thermal desorption is proportional to
exp{-Eg/kpT}, where E, is the activation energy for atomic desorption *. Given that the
maximum value of kyT is more than two orders of magnitude smaller than the
activation energy for gallium (~2.7 eV) ¥, laser heating has little effect on the

evaporation rate.

The results of the experiments described in Section 4.4 therefore suggest that the
following sequence of events takes place during the formation of gallium nanoparticles

in a laser-illuminated area:

» Slow deposition of gallium on a cold silica substrate initially leads to the

creation of small clusters through surface diffusion and nucleation 1",
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¢ The conditions (substrate temperature, deposition rate, gallium/silica wetting
characteristics, etc.) are such that the clusters grow preferentially across the

17, 18, 39-41

surface , increasing their aspect ratio (diameter:height) and filling

factor (fraction of silica surface covered).

e As their volume and aspect ratio increase, those particles on the fibre’s core
interact more strongly with the laser radiation emanating from the core. The
direction of their growth is subsequently controlled by non-thermal, laser-

induced desorption .

To substantiate this theory, the optical absorption characteristics of the nanoparticles
were numerically simulated, again using the model of cylindrical nanoparticles (See
inset to Figure 4.9a), by V. A. Fedotov. Due to depolarization effects *® and collective

47,48

dipole-dipole interactions between the particles and the substrate , the absorption

cross-section of the nanoparticles ** depends on the dielectric properties of both the
substrate and the particle bulk material. It is also a function of the particles’ size, filling
factor and in particular, shape (i.e. aspect ratio). Absorption cross-sections were thus
calculated for ensembles of cylindrical gallium particles on silica (See Figure 4.9). The
phase of gallium in which the nanoparticles exist is not known but their dielectric
parameters must lie between those of semi-metallic a-gallium, the stable bulk phase
under normal conditions, and those of the amorphous solid phase, which is essentially a
free-electron metal. Cross-sections were therefore calculated for these two limiting

cases using dielectric coefficients for o-gallium from Kofman et al. %0 and for free-

electron gallium from Hunderi and Ryberg >'. (For a-gallium, the covalently bound
dimers were assumed to be perpendicular to the substrate, as described in Section 2.5,
although the results of these calculations were largely unaffected by changing the dimer

orientation.)

In both cases, the absorption cross-section at 1.55um increases rapidly with aspect
ratio. Consequently, infrared laser excitation will couple more strongly to particles with

larger aspect ratios, leading to an increased rate of atomic desorption from these

particles.
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Figure 4.9: (a) Calculated optical absorption cross-section o per unit volume V
at 1.55 um for cylindrical gallium particles on a silica substrate, plotted as a
function of aspect ratio D/h (see inset) for different filling factors g. The solid
and dashed lines correspond to the limiting cases of a- and free-electron
gallium respectively; (b) Calculated spectral dependencies of the optical
absorption cross-section o of cylindrical «-gallium particles on a silica
substrate. The different lines correspond to different aspect ratios for particles
of a fixed height. Calculations were performed by V. A. Fedotov, the results are
shown here for illustrative purposes.
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In addition to this dependence on particle shape, the rate of non-thermal atomic
desorption from metallic particles is known to be a function of particle size ** 52 This is
because it depends on the electromagnetic field at a particle’s surface, which in turm
depends on the interplay between the particle’s radius and the wavelength of the
incident radiation >. Other factors (themselves dependent on particle shape and size)
which can also affect the rate of desorption include the availability of desorption sites

42, 44,5436 and competition between desorption and other

on the surface of a particle
relaxation channels ***. Atoms are desorbed preferentially from low co-ordination
number sites on a surface (edges, steps and other defects) where the excitation can
overcome an atom’s binding energy. As such sites are depleted, the rate of desorption
falls dramatically. Furthermore, as a particle’s morphology evolves, the proportion of
the energy absorbed from a laser pulse that leads to desorption may change. For

example, if a particle is of a certain size or aspect ratio, the energy may be converted

more efficiently to heat and subsequently lost to the substrate by thermal conduction.

So, as the deposition of gallium proceeds in the presence of laser pulses and the small,
low-aspect-ratio clusters grow, competition between the rates of deposition and
desorption places constraints on their shape and size. A comparison of Figures 4.7¢ and
4.8b, wherein the particles are of roughly the same shape but different sizes, suggests
that a shape (aspect ratio) limit is reached even within a half-hour deposition period,

but that the particles can continue to increase in size for much longer.

One might ask what happens when deposition stops but laser excitation continues, and
the balance between desorption and deposition is disturbed. Reflectivity measurements
indicate that there is a small change in the optical properties of the nanoparticles during
the minutes immediately after the atomic beam source is shut off (See Section 5.4).
This suggests that desorption continues for a short time until the particles achieve a
shape and size for which the rate of desorption is negligible if not zero. The complete

process of desorption-controlled nanoparticle growth is summarised in Figure 4.10.
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The presence of covalently bound dimers and chains within gallium’s ¢ and 8

6 may make it particularly susceptible to non-thermal laser-

crystalline structures
induced desorption. (Under normal conditions the 3 phase is metastable, but evidence
suggests that it may be the preferred solid phase in nanoparticles '*.) The local stability
of the crystalline structure can be significantly reduced by optical excitation of the
covalent structures’” bonding-antibonding transition. (They have an exceptionally broad
absorption line *, encompassing the 1.55 um wavelength used in these experiments.)
This may be expected to decrease the activation energy for desorption. Moreover, the
presence of covalent structures could make gallium uniquely susceptible to another
growth-control mechanism - ‘laser-induced adsorption suppression’, whereby the
probability that new atoms (arriving from the atomic beam) will “stick’ to a particle is

reduced when the crystalline structure at the particle’s surface is in an optically excited

state.

4.6  Summary and conclusions

A UHV gallium deposition system has been designed and constructed to enable the
preparation and in-situ study of gallium interfaces. A series of deposition experiments
have established that under certain conditions, the formation of gallium nanoparticles
can be influenced by very low intensity light through non-thermal laser-induced

desorption and/or adsorption suppression during the growth process.

It is expected that by changing the deposition conditions (atomic beam flux, substrate
temperature, etc.) and laser excitation parameters (wavelength, power, etc.), the size,
shape and spatial distribution of the nanoparticles could be controlled. Such
experiments may provide some insight into the mechanisms of the growth-control
processes. However, to gain a full understanding a dedicated study based on direct
measurements of desorption rates and the kinetic energy distributions of desorbed

atoms would be required.
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If it does transpire that the light-assisted self-assembly process can produce gallium

particles according to pre-determined size or spatial distribution requirements, they

may find numerous and diverse applications (See Section 4.2), depending on their

electrical, optical (See Chapter 5) and physical properties. Moreover, assuming that

non-thermal laser-induced desorption is the main growth control mechanism, there is

no apparent reason why the process could not be applied to other metal or

semiconductor materials.
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Chapter 5

Optical nonlinearity resulting from a light-induced structural

transition in gallium nanoparticles

5.1  Synopsis

It has been found that gallium nanoparticles, prepared by light-assisted self-assembly,
show a nonlinear response to low-power infrared optical excitation. Reversible
reflectivity changes of several percent result from a light-induced structural
transformation in the metal. The evidence suggests that both thermal and non-thermal

excitation mechanisms contribute to the effect and that the ‘ground-state’ phase of the

nanoparticles is not o-gallium.

In Section 5.3, the techniques used to investigate the optical properties of nanoparticles,
both during and after the deposition process, are described. The results of these studies -
are presented in Sections 5.4 and 5.5. In light of these results, the potential mechanisms

of nanoparticle metallization are discussed in Section 5.6.

5.2 Introduction

The study of metallic nanoparticles has a considerable history in linear and nonlinear
optics !, with current emphasis on the study of ultrafast response dynamics, size- and

shape-dependent properties and collective optical effects 1%, As noted in Section 4.2,
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confinement can significantly modify a material’s properties and as such, given the
right materials, the nanoparticle geometry has the potential to enable the development
of nanoscale photonic devices ''. Gallium may be one such material: Chapters 2 and 3
describe how, when the metal is confined at an interface with silica and held at a
temperature close to its melting point, it responds dramatically to low-power optical
excitation. Intensities of just a few kW.cm™ can reversibly modulate the intensity and

2.
1 15’ a

phase of reflected light, by more than 30% and by several degrees respectively S

the result of a light-induced structural transition occurring in a layer of gallium just a
few tens of nanometres thick. It may be that the modification of properties brought

about by confining the metal in three dimensions rather than one (i.e. in nanoparticles
rather than at an interface) could significantly improve the characteristics of gallium-

based all-optical devices.

Experiments are described in this chapter that demonstrate for the first time that a light-
induced structural transformation is the source of a large, and strongly temperature-
dependent optical nonlinearity in gallium nanoparticles. The data indicate that the
transformation does not involve gallium’s o phase (the stable solid form of the bulk
metal) but nevertheless leads to reflectivity changes of several percent in response to
light intensities some four orders of magnitude smaller than those required for the

observation of an ultrafast electronic nonlinearity *. The induced changes are fully

reversible with a typical relaxation time of ~0.5 us.

5.3  Measurement techniques

Previous experience with gallium suggested that any nonlinear optical response
associated with light-induced metallization of gallium nanoparticles would be revealed
by reflective pump-probe measurements. It was also anticipated that the evolution of
the particles’ linear and nonlinear optical properties with time and temperature might
highlight the occurrence of significant changes in their morphology, reveal their phase

composition and provide some insight into the mechanisms of any metallization
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processes. Gallium nanoparticles, prepared directly on the ends of optical fibres using
the light-assisted self-assembly process detailed in Chapter 4, were therefore subjected
to such pump-probe measurements both during deposition, and in the temperature
range from 100 to 320 K after deposition (without breaking the vacuum or physically

disturbing the fibres in any way).

As described in Chapter 4, the growth of gallium nanoparticles was controlled by 1 us,
17 nJ pulses from a 1.55 um diode laser. By introducing a low power (0.8 mW at the
input to the chamber), 1.31 um cw diode laser alongside the pulsed laser (See

Figure 5.1), it was possible to continuously probe the reflectivity of the
fibre/nanoparticle interface. Reflectivity measurements were normalized against
variations in laser output (via the laser’s built-in monitor photodiode) and calibrated,
using the reflectivity of the cleaved fibre tip as a reference point (the reflectivity of a
silica/vacuum interface at 1.31 um is 3.3%), prior to each deposition. In light of the
considerable birefringence displayed by some of gallium’s bulk crystalline phases,

polarization controllers for both lasers were included in this fibre-optic reflectometer.

1 us pulses @ 1 kHz,

Longwave-
1.55 um, 17 mW peak pass filter
J—— WDM et
Pump
l e — UHV
) T deposition
IDlode Po!atnzitlon A Shortwave- chamber
aslers controllers pass filter
Probe
OC\éV;; \;\?1 um, Er**-doped
: fibre
] Detector
' Digital
Reﬂe:’;e;:i ;;QS;{: o . = oscilloscope

Figure 5.1: Schematic of the diode-laser/fibre-optic arrangement for
light-assisted self-assembly of gallium nanoparticles and simultaneous
interrogation of their optical properties. The WDM (Wavelength-
Division Multiplexer) combines/splits signals at different wavelengths.
The filters protect each laser from damage by reflected light from the
other laser (built-in isolators protect them at their own wavelength).
The combination of shortwave-pass filter and erbium-doped fibre stops
reflected pump light from reaching the detector (Er** absorbs light at

1.55 um).
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Whilst controlling the growth of the nanoparticles, the pulsed laser also acted as a
‘pump’ - inducing changes in the particles’ optical properties that manifested
themselves as transient modulations of the reflected 1.31 wm signal intensity. This
signal was separated from reflected pump light using a wavelength-division
multiplexer, isolated further using optical filters (the ‘pump leakage’ signal generated
at the detector was below the probe noise level), and recorded in real time using a
digital storage oscilloscope. Data from the oscilloscope were collected alongside
information on deposition time, substrate temperature and the reflectivity of the fibre
tip by a purpose-written computer program. Details of the magnitude and relaxation
time of pump-induced reflectivity changes were later derived from the oscilloscope

traces (See Figure 5.2). The detection system had an overall bandwidth of 125 MHz.
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Figure 5.2: Typical oscilloscope trace showing pump-induced
reflectivity change. The timing of the pump pulse is indicated by the
dashed line. The magnitude (AR) and half-maximum relaxation time
(Al are measured as shown.

5.4  Changes in optical properties during deposition

S

The numerical modelling of nanoparticle cross-sections described in Section 4.5

illustrates the fact that the particles’ optical properties are highly dependent on their
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several microseconds. The relaxation time, measured at half-maximum, is a strong
function of the gallium layer’s mass-thickness: When the induced change first emerges,
about fifteen minutes into the deposition, the relaxation time is very short, beyond the
instrumental resolution. Then, as the magnitude of the induced change increases, its
relaxation time increases and assumes an almost constant value of ~0.5 ps. This
behaviour may indicate the occurrence of subtle changes in the form of the particles:
The shortest relaxation times are associated with particles whose size/shape is such that
they only just give a nonlinear optical response. At this relatively early stage in their
development, it may be that the particles’ optical response places their crystalline
structure under a certain amount of mechanical stress, which drives the relaxation
process to occur faster than it otherwise would. As the size of the particles’ increases
and their shape evolves, this stress factor diminishes and the relaxation times

increase 'S

Immediately after the end of deposition, when the gallium source is blocked but
substrate temperature is maintained and pump-probe measurements continue, there is a
very slight drop in the reflectivity of the fibre tip over a period of several minutes, after
which it achieves a constant level. Such behaviour is almost imperceptible after just
thirty minutes of deposition but is more clearly seen when a greater quantity of gallium

is deposited over a period of several hours (Figure 5.4).

Reflectivity, %

-20 0 20 40 60 80 100

Time after the end of deposition, minutes

Figure 5.4: Reflectivity of a fibre/nanoparticle interface as a
function of time after the end of a six-hour period of gallium
deposition (deposition rate ~0.1 nm.min™).
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This continued evolution of the reflectivity after termination of the atomic beam
supports the hypothesis (described in Section 4.5) that desorption continues after
deposition until the nanoparticles achieve a certain size or shape. This post-deposition
reflectivity decrease leads to a proportionate small increase in the magnitude of the

pump-induced reflectivity change. Relaxation times are unaffected.

5.5  Temperature-dependence of optical properties

After completion of the deposition process, the nanoparticles’ optical properties
continue to act as an indicator of changes in their morphology and phase composition.
Without breaking the vacuum, the particles’ temperature was scanned back and forth
across the range between 100 and 320 K in anticipation of the fact that data on the
temperature dependencies of the particles’ reflectivity and nonlinear response would

provide some insight into the microscopic mechanisms responsible for their behaviour.

The temperature was first increased from 100 K (the substrate temperature during
deposition) to 320 K. During this heating process the reflectivity of the fibre tip
increases erratically to a maximum at ~245 K then decreases slightly (See Figure 5.5a).
At the same time, the magnitude AR of the pump-induced reflectivity change increases
considerably, reaching a peak at ~170 K before falling to zero at ~200 K (Figure 5.5b).
The relaxation time At (Figure 5.5¢) also peaks at ~170 K, where it reaches ~16 us, and
then falls back to a fraction of a microsecond. The peaks in AR and At coincide with the
point at which reflectivity begins to increase most rapidly with temperature, and the AR

signal disappears as this rapid increase comes to an end.

The reflectivity changes are a consequence of both the nanoparticles’ melting (i.e. the
simple fact that liquid gallium is more reflective than the metal’s solid phases '”'®) and

the associated changes in their shape and surface filling-factor >,
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Figure 5.5: Temperature dependencies of (a) reflectivity, (b) induced
reflectivity change and (c) relaxation time of the induced change
during the first heating run after deposition.

After this ‘first melting’, a stable nanoparticle structure is formed and its properties
behave in a reproducible manner as the temperature is cycled across the range from 100
to 320 K. Such cycling reveals that the reflectivity, the light-induced reflectivity change

and its relaxation time all show hysteretic behaviour (see Figure 5.6).
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Figure 5.6: Typical temperature dependencies of (a) reflectivity,
(b) induced reflectivity change and (c) relaxation time of the induced
change for a complete temperature cycle after the first post-
deposition heating run.

The reflectivity hysteresis observed during these temperature cycles (Figure 5.6a) is
reminiscent of that seen around the solid-liquid transition point of bulk o-gallium at an
interface with silica !> 12, However, there are some marked differences: Firstly, bulk

o-gallium melts at 303 K and re-solidifies at ~300 K, giving a hysteresis with a width
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of just a few degrees. In contrast, Figure 5.6a shows that the nanoparticles display a
much wider hysteresis (~30 degrees) with smoother transitions at much lower
temperatures (~185 and 155 K). It is known that the confinement of a material can
suppress its melting and solidification temperatures (although not necessarily to the
same extent) **?7. However, calculations (based on references 24 and 25) indicate that
the melting point of gallium would only be suppressed by about 12 degrees in 50 nm
particles - not enough to account for the observed value. Another difference between
the properties of the nanoparticles and those of bulk o~gallium films is the height of the
hysteresis loop: There is a 40% change in reflectivity (at 1.31 um) when a bulk
o-gallium film melts but Figure 5.6a indicates that the reflectivity of the nanoparticles
changes by no more than ~7%. This discrepancy is too large to be accounted for simply
by the fact that the nanoparticle layer is very thin, and suggests that ¢-gallium is not the
ground-state (low-temperature) phase of the nanoparticles. Indeed, x-ray studies have
detected the presence of several different crystalline phases in gallium nanoparticles 3
A phase known as B-gallium was found to be the most abundant, and the metastable y
and § phases were also seen to be present. All of these phases have lower bulk melting
temperatures than o-gallium (B = 255 K, y = 241 K and § = 253 K) * and are more
metallic (i.e. have optical properties closer to those of liquid gallium) 18 Consequently,
they are better able to account for the low transition temperatures and shallow
hysteresis observed in the present study. The detailed form of the hysteresis curve is

determined by factors such as the following:

o The nanoparticles’ size distribution: Particles of different sizes will have

different transition temperatures.

o The fact that the first order phase transitions of bulk materials become dynamic
equilibria, more akin to second order transitions, in confined geometries 0.1
gallium’s case, the hysteretic behaviour characteristic of first order transitions is
still present but the abrupt structural transformations associated with such

transitions are replaced by continuous evolutionary changes.
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isotropic phases at all temperatures, or that if they are in an anisotropic phase at any

stage, the crystalline structure is oriented differently in different particles such that

collectively they are isotropic.

5.6  Mechanisms of nanoparticle metallization

The results presented in Sections 5.4 and 5.5 constitute the first observation of an
optical nonlinearity associated with a light-induced structural transformation in gallium
nanoparticles. The data collected have enabled the development of some ideas as to the

microscopic mechanisms underlying the phenomenon.

Light-induced heating of the nanoparticles is possibly the most obvious potential
explanation for their metallization. To make a simple assessment of this mechanism,

one can plot the reflectivity change that would result from a laser-induced temperature

increase AT.

Figure 5.8 demonstrates that this most basic model can reproduce many of the features
seen in the experimental data. The position and magnitude of these features depend on
the assumed value of AT, and best fits to the experimental peak magnitudes were
obtained by using values of 7.55 K and 3.85 K for the increasing and decreasing
temperature parts of the cycle respectively. The lower value of AT for decreasing
temperatures may be expected because when they are in the highly-reflective liquid

phase the particles absorb less of the incident energy.
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~0.5 ps) is independent of temperature and may be interpreted as the relaxation time of
the non-thermal effect. However, near the transition points the relaxation times
increase, indicating a more complex relaxation process. Similar behaviour is observed
in gallium films (See Section 2.6) where it relates to the motion of the boundary
between the metallic layer and the o phase. In nanoparticles it may relate to the motion
of the interface between the particles’ solid core and liquid shell. In Chapters 2 and 3 it
was shown that the formation of a liquid gallium layer just a few nanometres thick can
change the reflectivity of a bulk o-gallium/silica interface by several percent. It may be
assumed that a liquid shell of similar thickness would produce changes in the
reflectivity of solid nanoparticles comparable to those seen in the present experiment.
The observed relaxation times, of between 0.5 and 3 ps, would therefore imply
recrystalization velocities of around 1 mm.s'l, a value consistent with previous

experimental measurements 33,34,

5.7  Summary and conclusions

A fiberized pump-probe reflectometer has been developed, for use in conjunction with
the UHV deposition system described in Section 4.3, to study the optical properties of
gallium nanoparticles formed by light-assisted self-assembly on the ends of optical
fibres. The data, collected both during the deposition process and whilst varying the
nanoparticles’ temperature, have demonstrated for the first time that gallium
nanoparticles show an optical nonlinearity as the result of a light-induced structural

phase transition in the metal.

Like the nonlinearity observed at bulk galliumy/silica interfaces, the effect has a
hysteretic dependence on temperature and is enhanced near to the phase transition
points. However, in contrast to the bulk geometry, where c-gallium is the * ground-
state’ solid phase, the evidence suggests that in nanoparticles the o phase does not play

a part, its place being taken by one (or a mixture) of gallium’s other solid phases.
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If conditions can be found under which the nanoparticles’ nonlinear optical response is
optimised, and they can be prepared in such a way that their properties are stable over
extended periods of time (preferably at room temperature and pressure), they may find
numerous applications in nanoscale photonic devices. The fact that the particles are
inherently coupled to an optical waveguide (by virtue of the light-assisted self-
assembly process) may prove to be an advantage when it comes to developing such

applications, as might their lack of any (collective) polarization-dependent properties.
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Summary and future work

6.1 Summary

The nonlinear optical response of bulk o-gallium/glass interfaces, prepared by ultrafast
pulsed laser deposition, has been studied under pulsed and quasi-cw laser excitation
regimes at a range of wavelengths (See Chapters 2 and 3). Reflectivity changes of up to
35% are observed in response to continuous excitation intensities of just a few kW.cm™
or pulse energies of a few mJ .cm™*. Femtosecond pump-probe measurements have
demonstrated that the fastest component of the nonlinearity has a response time of

~4 ps. The nonlinearity is a consequence of light-induced, surface-assisted
metallization of a-gallium at the interface and the results of these experiments have
enabled the development of quantitative theories to describe the microscopic processes
underlying the effect. Two mechanisms contribute to the metallization of gallium, one
thermal and one non-thermal: For excitation pulses lasting less than a few nanoseconds,
thermal diffusion does not have enough time to remove heat from the skin layer during
the pulse. The temperature at the excitation point increases, inevitably leading to
thermal melting of the metal. For longer pulses and cw excitation, laser-induced
heating is insufficient to cause melting and metallization occurs through optical

excitation of the bonding-antibonding transition associated with gallium dimers in the

Ol structure.

A novel, light-assisted self-assembly technique for the preparation of gallium

nanoparticles has been developed (See Chapter 4). Particles with a relatively narrow
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size distribution can be formed by illuminating substrates with low intensity laser light
during deposition. Control over nanoparticle size and shape is achieved through a
combination of non-thermal light-induced processes. This technique has been
employed in a purpose-built UHV system to grow gallium nanoparticles directly on the
ends of optical fibres, so that their optical properties could be studied in-situ, both
during and after the deposition process. These studies have shown that, as in bulk
a-gallium films, a light-induced structural transformation can form the basis of a
significant optical nonlinearity in gallium nanoparticles (See Chapter 5). Reversible
reflectivity changes of several percent are induced by kW.cm™? light intensities. As in
bulk gallium films, the magnitude of this effect shows a temperature hysteresis and is
enhanced near the phase transition points. The experimental results suggest that both
thermal and non-thermal metallization processes contribute to the response, and that the

‘ground state’ solid phase of the particles is not c-gallium but rather one, or a mixture,

of the metal’s other crystalline phases.

6.2 Future work

Following the success of the broadband nanosecond pump-probe experiments
preformed in collaboration with the US Air Force Academy, the research group in
Southampton has gained funding from the EPSRC to perform a comprehensive study of
the spectral characteristics and nanosecond dynamics of gallium’s nonlinearity. This
project will concentrate on gallium/semiconductor rather than gallium/glass interfaces

because they promise much larger contrast ratios between the high and low reflectivity

states.

Numerous avenues of investigation may be followed in relation to the light-assisted
self-assembly of gallium nanoparticles. A systematic study of the way in which the
various deposition and laser excitation parameters affect the resulting nanostructures
may provide some insight into the mechanisms through which control of particle

growth is achieved. Beyond this, the technique might be applied to different materials
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or implemented in different geometrical configurations. These approaches may, for
example, enable the formation of single particles or the preparation of nanoparticles

directly on the surfaces of optoelectronic components (e.g. the output surface of a diode

laser).

The optical nonlinearity of gallium nanoparticles is the subject of ongoing
investigations. The phenomenon will have to be investigated under various regimes of
optical excitation, across a broad range of temperatures, and perhaps at several different
wavelengths, if the phase composition and metallization processes are to be understood.
Having demonstrated that gallium nanoparticles formed by light-assisted self-assembly
show a nonlinear optical response, the research team in Southampton has also won
funding from the EPSRC to study this effect in single nanoparticles, and to develop the

theoretical understanding of nonlinearities resulting from light-induced structural

transitions in nanoparticles.
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Appendix A: Calculating metallic film thickness from reflectivity data

Where: A= (”1 ""2)2+(k1‘k2)2

(”1 +n2)2+(k1 +k2)2
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A computer program was composed to calculate values of d; (to the nearest 0.1 nm)

from experimental reflectivity data R..,, according to the following iterative algorithm:

d>=0

'

Calculate

R

Decrease
ds

IS R >=< Rexp ?
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Appendix B: Atomic force microscopy
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Figure B2: Schematic of pyramidal AFM tip interaction with a
spherical particle of radius R. Due to the shape and finite size of the
tip, the AFM “sees” a roughly hemispherical particle with radius Raew.

The extent to which dimensions are exaggerated can be estimated as follows:

From Figure B2: tan@ =—Ii, xX=r+y and  sin@=—
X y
So tanf = = R = R P
rry r+ 'r 1+
sinf sinf
Therefore R = tan 9(1 + ~—]—~]
r sinf

The studies of gallium nanostructures reported in Chapter 4 were performed using
Burleigh Vista non-contact silicon probes. These have pyramidal tips with a
height:base ratio of 1:1 and an end radius of ~0.1 nm, giving 6 a value of ~26.6°.
Particle diameters are subsequently overestimated by a factor of ~1.6. So, for example,
the 80 nm particles shown in Figure 4.7¢ actually have diameters of ~50 nm. In spite of
this instrumental problem, particle size distributions can still be determined accurately

and the images are an invaluable diagnostic tool.
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Reprints of the following articles are included in this appendix by permission of the

relevant copyright holders (See individual citations).
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N.B. Throughout this paper, ‘Si’ should be read as ‘silica’.

Light-induced metallization in laser-deposited gallium films.

K. F. MacDonald, V. A. Fedotov, R. W. Eason, N. I. Zheludev, A. V. Rode,
B. Luther-Davies, and V. 1. Emel'yanov, Journal of the Optical Society of
America B 18, 331-334 (2001). Copyright (2001) by the Optical Society of

America.

Light-induced structural transformations and optical nonlinearity in gallium
nano-films and self-assembled nanoparticles. (Invited)

K. F. MacDonald, V. A. Fedotov, G. Stevens, S. Pochon, V. 1. Emel’yanov,

W. S. Brocklesby and N. 1. Zheludev, in XVII International Conference on
Coherent and Nonlinear Optics, Technical digest (2001), paper WK2.

Optical switching with self-assembled gallium nanoparticles on the tip of an

optical fiber.
K. F. MacDonald, W. S. Brocklesby, V. A. Fedotov, S. Pochon, K. J. Ross,

G. Stevens and N. 1. Zheludev, in CLEO/Europe-EQEC Focus Meetings 2001,
Conference Digest (European Physical Society, 2001), p. 177.

Nanoscale light-induced phase transformation in alpha-gallium as the source

of a broadband optical nonlinearity.
K. F. MacDonald, V. A. Fedotov, N. 1. Zheludev, B. V. Zhdanov and R. J. Knize,

in Conference on Lasers and Electro-optics 2001, Technical digest (Optical
Society of America, Washington D. C., 2001), paper CTuP4. Copyright (2001)
by the Optical Society of America.

105



10.

11.

12.

Appendix C: Refereed publications

Gigantic broadband optical nonlinearity in gallium films deposited by
ultrafast laser ablation.

V. Albanis, V. A. Fedotov, K. F. MacDonald, V. I. Emel’yanov, N. I. Zheludev,
R.J. Knize, B. V. Zhdanov and A. V. Rode, in CLEO/Europe 2000, Technical
digest (IEEE, 2000), paper QTuE28. Copyright (2000) by the IEEE.

Gigantic optical nonlinearity in laser-deposited gallium films on the verge of
a structural phase transition. (Invited)

K. F. MacDonald, N. I. Zheludev, K. Puech, L. Lefort, D. C. Hanna, A. V. Rode,
B. Luther-Davies and V. 1. Emel’ yanov, in Quantum Electronics and Laser
Science 2000, Technical Digest (Optical Society of America, Washington D. C,,
2000), paper QThG3. Copyright (2000) by the Optical Society of America.

The light-induced structural phase transition in confining gallium and its
photonic applications.

V. Albanis, S. Dhanjal, K. F. MacDonald, P. Petropoulos, H. L. Offerhaus,

D. J. Richardson, A. V. Rode and N. 1. Zheludev, in Proceedings of the
International Conference on Luminescence 1999, Journal of Luminescence 87-

89, 646-648 (2000). Copyright (2000) by Elsevier Science.

Broadband optical switching in confined gallium at milliwatt power levels.
S. Dhanjal, K. F. MacDonald, P. Petropoulos, D. J. Richardson and

N. 1. Zheludev, in Conference on Lasers and Electro-optics 1999, Technical
digest (Optical Society of America, Washington D. C., 1999), paper CWF50.
Copyright (1999) by the Optical Society of America.

106



The following published papers were included in the bound thesis. These have not
been digitised due to copyright restrictions, but their doi or reference are provided.

MacDonald, K. F., Fedotov, V. A., Pochon, S., Ross, K. J., Stevens, G. C., Zheludev, N.
l., ... Emel’yanov, V. I. (2002). Optical control of gallium nanoparticle growth. Applied
Physics Letters, 80(9), 1643-1645. Available at: http://dx.doi.org/10.1063/1.1456260

MacDonald, K. F., Fedotov, V. A,, Zheludev, N. I., Zhdanov, B. V., & Knize, R. J. (2001).
Structural phase transition as a mechanism for broadband, low-threshold reflectivity
switching in gallium. Applied Physics Letters, 79(15), 2375-2377. Available at:
http://dx.doi.org/10.1063/1.1409335

Albanis, V., Dhanjal, S., Fedotov, V. A., MacDonald, K. F., Zheludev, N. I., Petropoulos,
P., ... Emel’yanov, V. I. (2001). Nanosecond dynamics of a gallium mirror’s light-
induced reflectivity change. Physical Review B, 63(16). Available at:
http://dx.doi.org/10.1103/physrevb.63.165207

Rode, A. V., Samoc, M., Luther-Davies, B., Gamaly, E. G., MacDonald, K. F., &
Zheludev, N. 1. (2001). Dynamics of light-induced reflectivity switching in gallium films
deposited on silica by pulsed laser ablation. Optics Letters, 26(7), 441. Available at:
http://dx.doi.org/10.1364/01.26.000441

MacDonald, K. F., Fedotov, V. A., Eason, R. W., Zheludev, N. |., Rode, A. V., Luther-
Davies, B., & Emel’yanov, V. I. (2001). Light-induced metallization in laser-deposited
gallium films. Journal of the Optical Society of America B, 18(3), 331. Available at:
http://dx.doi.org/10.1364/josab.18.000331

MacDonald, K.F., Fedotov, V.A., Stevens, G.C., Pochon, S., Emel'yanov, V.I.,
Brocklesby, W.S. and Zheludev, N.I. (2001) Light-induced structural transformations
and optical nonlinearity in gallium nano-films and self-assembled nanoparticles. At
ICONO 2001: XVII International Conference on Coherent and Nonlinear Optics ICONO
2001: XVII International Conference on Coherent and Nonlinear Optics, Belarus. 26
Jun - 01 Jul 2001.

MacDonald, K.F., Brocklesby, W.S., Fedotov, V.A., Pochon, S., Ross, K.J., Stevens, G.C.
and Zheludev, N.I. (2001) Optical switching with self-assembled gallium nanoparticles
on the tip of an optical fiber. At Conference on Lasers and Electro-Optics - Europe /
European Quantum Electronics Conference Conference on Lasers and Electro-Optics
- Europe / European Quantum Electronics Conference, Germany.

MacDonald, K.F., Fedotov, V.A., Zheludev, N.l., Zhdanov, B.V. and Knize, R.J. (2001)
Nanoscale light-induced phase transformation in alpha-gallium as the source of a
broadband optical nonlinearity. At Conference on Lasers and Electro-Optics '01


http://dx.doi.org/10.1063/1.1456260
http://dx.doi.org/10.1063/1.1409335
http://dx.doi.org/10.1103/physrevb.63.165207
http://dx.doi.org/10.1364/ol.26.000441
http://dx.doi.org/10.1364/josab.18.000331

Conference on Lasers and Electro-Optics '01, United States. 06 - 11 May 2001.
Available at: http://dx.doi.org/10.1109/cle0.2001.947720

Albanis, V., Fedotov, V. A., MacDonald, K. F., Emelyanov, V. |., Zheludev, N. I., Knize,
R.J,, ... Rode, A. V. (n.d.). Gigantic broadband optical nonlinearity in gallium films
deposited by ultrafast laser ablation. Conference Digest. 2000 International Quantum
Electronics Conference (Cat. No.OOTH8504). Available at:
http://dx.doi.org/10.1109/iqec.2000.907841

MacDonald, K.F., Zheludev, N.I., Puech, K., Lefort, L., Hanna, D.C., Rode, A.V., Luther-
Davies, B. and Emelyanov, V.l. (2000) Gigantic optical nonlinearity in laser-deposited
gallium films on the verge of a structural phase transition. At Quantum Electronics
and Laser Science 2000 Quantum Electronics and Laser Science 2000. 07 - 12 May
2000. Available from: https://eprints.soton.ac.uk/16963/1/14968.pdf

Albanis, V., Dhanjal, S., MacDonald, K., Petropoulos, P., Offerhaus, H. ., Richardson,
D. ., ... Zheludev, N. . (2000). The light-induced structural phase transition in confining
gallium and its photonic applications. Journal of Luminescence, 87-89, 646—648.
Available at: http://dx.doi.org/10.1016/s0022-2313(99)00340-3

Dhanjal, S., MacDonald, K. F., Petropoulos, P., Richardson, D. J., & Zheludev, N. I.
(n.d.). Broadband optical switching in confined gallium at milliwatt power levels.
Technical Digest. Summaries of Papers Presented at the Conference on Lasers and
Electro-Optics. Postconference Edition. CLEO ’99. Conference on Lasers and Electro-
Optics (IEEE Cat. No.99CH37013). Available at:
http://dx.doi.org/10.1109/cle0.1999.834194



http://dx.doi.org/10.1109/cleo.2001.947720
http://dx.doi.org/10.1109/iqec.2000.907841
https://eprints.soton.ac.uk/16963/
https://eprints.soton.ac.uk/16963/
https://eprints.soton.ac.uk/16963/1/14968.pdf
http://dx.doi.org/10.1016/s0022-2313(99)00340-3
http://dx.doi.org/10.1109/cleo.1999.834194

