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A broadband optical reflectometer with built-in thermal sample control was developed to
study the linear properties of planar silica-gallium interfaces in the continuous range from
450 nm to 1650 nm with increasing and decreasing temperature in the range 12 °C to 36

%C, across the solid to melt phase transition.

An optical setup using an Argon Ion laser capable of operating at different wavelengths
(488, 496, 501, 514 nm), with computer aided data acquisition system was developed to
study the light-induced reflectivity change in single beam and pump-probe configurations
at silica-gallium interfaces, close to the melting temperature of gallium. It allowed for
single beam, and transient measurements with a resolution of up to 20 ns, with excitation
levels up to 3 kW/cm?.

An all-fibre pump-probe setup using diode lasers at 1.3 pm (signal) and 1.55 pm
(control) was developed to study cross-wavelength all-optical switching at a silica-gallium
interface. It allowed for intensity modulation measurements with 100 ns resolution and
wide range of control powers up to 90 mW.

Continuous linear reflectivity measurements in the wavelength range from 450 nm to
1650 nm were performed for a range of temperatures across the melting transition of
gallium at a silica interface prepared by Ultrafast Pulsed Laser Deposition, and a silica-
gallium contact interface. A considerable broadband reflectivity increase on melting was
seen, across the whole spectral range examined. Strong pre-melting behaviour was
observed at the Ultrafast Pulsed Laser Deposited (UPLD) silica-gallium interface
attributed to the presence of a transitional layer formed by energetic gallium atoms
penetrating into the silica substrate during deposition. The results on reflectivity were
compared with values derived from the anisotropic model of gallium optical properties
based on published data for gallium single crystals.
~ Cross-wavelength all-optical signal switching between 1.3 pm and 1.55 pm was
achieved for the first time at a silica-gallium interface prepared at the tip of an optical
fibre. Cross-wavelength modulation of up to 40% and ps/ns switching times at only a few
tens of mW of control laser power were observed.

The light-induced low-reflectivity state at a silica-gallium interface was studied in detail
for the first time with cw and pulsed laser excitation. The low-reflectivity state was
reversible and occurred within a very narrow temperature interval of 0.4 °C below melting,
requiring light intensity of 7 kW/cm® at cw excitation.

A light-induced reflectivity increase at a silica-gallium interface prewously reported n
the infrared part of the spectrum was studied at the blue-green spectral range us1ng cwW
excitation for the first time. A 15% increase of reflectivity at 514 nm for 3 kW/cm® was
seen, with hysteresis behaviour around the melting point of T, = 29.8 °C.

Transient pump-probe reflectivity measurements revealed the dynamics of a silica-
gallium interface reflectivity change in the visible part of the spectrum for the first time.
Reflectivity rise times of a few ps were observed and the accumulative nature of the
reflectivity change with pump energy was seen. Recovery times of 1.2 ps just below
melting were recorded for pump pulse duration of 0.4 ps. Thermal and non-thermal
mechanisms of the reflectivity change have been identified and related to the properties of
the interface.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Introduction

Recent scientific research has been concentrating on optical switching mechanisms and
devices to bridge the gap between the electronic and optical circuits that the present
telecommunication technology is based on. The research has been directed towards
elemental materials or compound structures that can exhibit a large nonlinearity with a fast

response to broadband optical excitation of low power.

A number of different materials have been investigated for any signs of a nonlinearity that
could be of use in optical switching. Organic materials have been observed to show\large
cubic optical nonﬁnearities, fast response times, and a structural diversity that can only be
impeded by synthesization methods [1]. However, unlike inorganic materials they tend to
have poor physico-chemical stability and low mechanical strength, and often low laser
damage threshold. The opticalu nonlinear character in organic materials arises from
electron delocalisation along the molecular chains, allowing for electron motion across
long distances on the chain. Various other much slower optical nonlinearities have been
observed in liquid crystals. Extensive research in the nonlinear optical properties of
semiconductors has shown that large cubic optical nonlinearities can be generated in
semiconductors by inducing resonant near-bandgap excitation [2], [3], [4]. Excitonic
nonlinearities in direct bandgap semiconductors are an attractive way of obtaining fast
nonlinearities and ultrafast all-optical switching in this regime has been demonstrated.
This however can be affected by high linear absorption that can prove problematic in

many practical applications, and moreover engaging near-bandgap nonlinearities often
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requires low temperature making integration difficult. Nevertheless, remarkable progress
using multi-quantum well structures has been achieved, and Q-switched mode locked
multi-quantum well elements are now available commercially. An alternative way of
generating a nonlinear optical response in a semiconductor is to use optical excitation in
the transparency region, below one half of the bandgap. The value of the nonlinear

response is smaller but is still sufficient for nonlinear switching applications [5].

The progress in searching for materials that show strong and fast optical nonlinearity has
to be considered with respect to practical optoelectronic devices. The ideal characteristics
of an all-optical data-processing device have been outlined by H. M. Gibbs in [2], as: “the
device should be small, i.e. of characteristic dimension of a micrometer ... the holding
power should be less than 1 mW and the switching energy should be less that 1 fJ” Gibbs
said that the device “ ...should be fast (< 1 ps), so that high-speed operations can be
accomplished”, but admitted that “response times as slow as 1 ms are acceptable for some
parallel-processing applications”. Gibbs required that the device “should be operable at
room temperature” and “it should be integrable to permit a large number of
interconnections”, Summarising this set of requirements Gibbs concluded, “clearly, none
of the demonstrated devices is a good approximation to the ideal device”. The present
nonlinear optical switching devices are still somewhat away from Gibbs’s requirement,
and research into new concepts of obtaining fast and large optical nonlinearities is still

extensive.

Recently metals have attracted attention, and several elemental metallic materials have
been considered for applications in which light-matter interaction is required, due to the
inherent high cubic nonlinear character. For example, the cubic optical nonlinearty of
gold [6], nickel [7] and indium [8] has been observed to reach high values. However, the
light penetration depth in metals and the effective nonlinear interaction length is of the
order of a few nanometers making their nonlinear response very weak to be used in any

practical applications.

A novel concept of generating an optical nonlinearity in a material has been proposed, that
relies on the interaction between optiéal wavelengths and the crystalline lattice of a

material [9]. Light can be used to stimulate a structural phase transition, into a new phase
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of considerably different optical properties from the original phase, thereby manifesting an
optical nonlinearity. If the initial phase is recovered, when the optical excitation is
withdrawn, then this nonlinearity is reversible and can be potentially a useful process.

However, in most cases the structural phase transition of a material is a first order
transition. When a critical temperature is reached, there is a sudden change in the
crystalline structure. If this process is reversed then a hysteresis is seen, as for example in
the case of bulk melting where the melting temperature can be noticeably higher than the
solidification temperature. If such a phase transition is stimulated by light in a bulk
material, the original phase will not be recovered when the excitation is withdrawn. The
nonlinearity associated with the transition will not be reversible and so would not be

suitable for controlling light with light in applications such as data processing.

The sharp phase transitions of bulk materials are characterized by the brecise coexistence
of different phases. However this becomes a dynamic coexistence of structural forms if the
material is placed in a restrictive geometry. Confinement can alter the process of a phase
transition in some systems. When a confined solid is brought to the verge of, what
otherwise would be, a first order structural phase transition in the bulk, it can become
significantly more sensitive to external stimulation, offering an enhanced nonlinearity.
Moreover the transition could become continuous and reversible. Confinement, therefore,

provides a means of achieving a reversible optical nonlinearity.

The simplest form of confinement is the formation of an interface with another material.
Thus, this novel concept of generating a strong optical nonlinearity via a light-induced
structural phase transition is a combination of two ideas, confinement and bringing the

material to the verge of a structural phase transition [9].

First results of generating a strong optical nonlinearity in metals close to their structural
phase transition have been reported for indium [8]. Recent results have suggested that
gallium when confined at an interface with silica is a structure that exhibits a fast, fully
reversible nonlinear behaviour close to the melting transition of gallium. This behaviour
has been attributed to a light-assisted surface metallization [10], [11]. The material has a

complicated phase diagram with a number of stable and metastable phases, and an easily
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accessible structural phase transition, see Chapter 2. Its stable crystalline phase is

considered a molecular metal [12], comprising of metallic and covalent bonding.

Such surface-assisted light-induced metallization of a silica-gallium interface has been
observed in the visible [13] and the near-infrared parts of the spectrum [11]. Using the
nonlinearity of a silica-gallium interface a practical optical switch [14], cross-wavelength
all-optical switching [15] have been demonstrated, along with Q-switching of a fibre laser

at different wavelengths [16], [17].

In this thesis, the aim is to investigate nonlinear phenomena by studying the light-induced
reflectivity change of gallium confined at a silica interface, and examine the bandwidth of
the broadband optical properties of the interface. Results are presented, from
measurements in the visible and infrared parts of the spectrum, suggesting that the
nonlinear optical behaviour of the interface extends from 400 nm to at least 1800 nm,
exhibiting therefore a huge bandwidth and covering all the telecommunication bands used
currently. This makes the silica-gallium interface a very useful structure offering potential

for true integrated applications.
1.2 Thesis Plan

This thesis consists of 5 chapters.

Chapter 1 is an introduction to the subject covered in this thesis, and a brief outline of the

thesis chapters.

Chapter 2 is a literature review of the properties of gallium. The polymorphic character of
gallium is examined. The crystallographic structure of the stable gallium phase and the
main structural modifications and metastable phases are discussed. The melting transition
of gallium crystals is presented with respect to premelting and surface phenomena and the

properties of the liquid phase of gallium are reviewed.

Chapter 3 is an investigation of all-optical switching at a silica-gallium interface. The
strong nonlinear behaviour of a silica-gallium interface is used to demonstrate cross-

wavelength modulation between signals at 1.3 wm and 1.55 um. The nonlinear optical
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behaviour of gallium confined at an interface with silica is associated with a light-induced
structural phase transition. A theory explaining the mechanism behind the optical response
is discussed. An additional light-induced effect at a silica-gallium interface was discovered
and is presented and examined. The reflectivity of a silica-gallium interface was reduced
in a reversible manner when the interface was excited by a few milliwatts of laser power.
The effect was observed to take place at temperatures just below the melting temperature
of gallium. It is argued that this behaviour can be associated with some form of light-
induced structuring at the silica-gallium interface and some potential mechanisms are

discussed.

Chapter 4 is an investigation of the broadband optical properties of gallium at an interface
with silica across the melting transition. The optical properties of vacuum and silica-
gallium interfaces are examined for the solid and liquid phases of gallium, using
previously published data. The linear reflectivity of a silica-gallium interface is estimated
using Fresnel formulae and existing data for the solid and liquid phases of gallium. The
reflectivity of a contact interface between silica and gallium in which gallium has low
affinity to silica, and an interface prepared by the Ultrafast Pulsed Laser Deposition
process is measured, across the melting transition of gallium as a function of wavelength.
A considerable increase in interface reflectivity across the whole spectral range examined
was observed. The measured reflectivity values are compared with calculated values and
some conclusions are made. The light-induced reflectivity change of the Ultrafast Pulsed
Laser Deposited silica-gallium interface is examined in the blue-green spectral region. A
considerable increase was seen, at temperatures just below the melting temperature of
gallium under cw excitation. In addition, the transient dynamics of the light-induced
reflectivity change is examined, for the first time, using pulsed excitation. Two types of
reflectivity response, depending on the properties of the interface are documented. The
mechanisms behind these two behaviours are identified as a light-induced non-thermal,

and a predominantly thermal one.

Chapter 5 is a summary of the topics covered in this thesis and the results presented.
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Chapter 2

A Review of the Properties of Polymorphic Gallium

2.1 Synopsis

In this chapter a literature review of the properties of gallium is presented. The
polymorphic character of the material is discussed and the properties of the stable

crystalline form and the main structural modifications are presented.

The melting transition of gallium crystals and the properties of the liquid phase are

examined.
2.2 History of research on gallium

Gallium was discovered in 1875 by Paul-Emile Lecoq de Boisbaudran who observed its
spectral lines, while examining materials separated from zinc-blende. It was the first
element to be isolated after the publication of the periodic table of elements by
Mendeleyev in 1869. Mendeleyev had anticipated its discovery a few years earlier, as an
element called “cka-aluminium” which was predicted to exist between aluminium and
indium in the periodic table. Gallium was firstly obtained as a free metal by electrolysis of
a solution of hydroxide in KOH, but it can be found in nature, though not occurring free,
and is usually extracted as a by-product from zinc-blende, iron pyrites, bauxite and

germanite, and can be supplied in ultra high purity (99.9999%).

Gallium was initially described as a tetragonal crystal structure. On a later publication the

crystal structure of the material was stated as orthorhombic with two of the lattice
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dimensions almost identical [1 and references therein]. Further measurements of the

structural properties and determination of the lattice parameters were produced in [2], [3].

The optical properties of gallium, in its stable crystalline and liquid phases have been
investigated by different researchers. The existing values of the optical properties can
differ though, as they were obtained for samples of different types (single crystal,
polycrystalline, thin gallium fims) or samples that had been treated in different ways
(polishing, chemical treatment) [4].

The optical properties of thin polycrystalline samples were examined in [5] in the visible
and near infrared regions of the spectrum. The optical properties at the ultra-violet range
were examined in [6], [7]. The optical properties of the different crystallographic
directions of the orthorhombic a-gallium crystal were examined in [8], [9], [10], [L1].

/

Nevertheless, these researchers have used different treatment procedures for their samples.

The first investigation of the optical properties across the melting transition of gallium was
reported in [12]. The optical constants of the liquid phase of the material were examined in
[13], [14]. The eclectronic properties of gallium across the melting transition were

examined in [15], and extensive changes were observed.
2.3 General properties and use

On appearance, a free gallium surface has a silvery-blue colour, due to a slow superficial
oxidisation occurring when in air, during which a protective film grows at the surface. The
metal when solid exhibits a conchoidal fracture similar to that of glass. Gallium exhibits a
very low, for a metal, melting point of about 30 °C. Along with mercury, caesium and
rubidium is one of the metals that can be found liquid at room temperature. Its low melting
point in addition with its high boiling point of 2204 °C, makes it the metal with the longest
useful liquid range of all the known elements. In the other end of its temperature range it
has a strong tendency to supercool, and it can remain a liquid at temperatures as low as 0

°C.

Chemically it 1s similar to aluminium, and reacts slowly with HCI along with other

mineral acids, to give the gallium ion, Ga’*. It can be attacked by halogens, and reacts

10
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with sodium and potassium hydroxide solutions to give a gallate and hydrogen gas. In
terms of toxicity, no known reactions are known to occur, and its toxicity is considered to
be of low order. In terms of electronic configuration, gallium is a broadband sp metal with

an s’p' outer valence shell configuration, and electronic configuration [Ar]3d'%4s*4p’.

The first significant use of gallium was in the spectroscopic analysis of uranium oxide.
Moreover, due to its thermal properties gallium has long been considered as a heat
exchange medium in nuclear reactors (although it has a high neutron cross-section) and in
high temperature engines. It has also been used as a liquid sealant in high vacuum

systems.

The application of gallium that has received the most attention is the production of
semiconducting compounds. For many years the elemental semiconductors, silicon and
germanium dominated this technology. However, in 1952, German researchers reported
the achievement of semiconducting properties in compounds between elements of the ITI
and V groups. Of these, the most important are the compounds of gallium with antimony,
arsenic, and phosphorous. Nowadays gallium arsenide (GaAs) is a commonly encountered
semiconductor compound, used in the production of several electronic parts, and even
more importantly in the production of lasers. Furthermore, magnesium gallate doped with

divalent impurities is finding use in commercial ultraviolet-activated powder phosphors.

Gallium is a group III element, which when adding nitrogen atoms to its structure can
become a semiconducting material that, if paired with the appropriate substrate materials,
can become a transistor for advanced applications. Gallium-nitride promises
improvements in a wide range of applications, from simple light bulbs that could,
potentially have a lifetime of up to ten years, to a blue laser that will quadruple the storage

capacity of the currently used compact discs.

The material when confined at an interface with silica exhibits strong nonlinear optical
properties that have been used to demonstrate practical optoelectronic applications, such
as all-optical switching [16], cross-wavelength all-optical switching [17] and g-switching
of fibre lasers at different wavelengths [18], [19]. The nonlinear optical properties of

gallium are examined in chapters 3 and 4.

11
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Apart from these high technology fields gallium has found use in the medical sciences. An
isotope of gallium, gallium-72, has been used, with promising results in the study of bone

cancer, as the cancerous portion of the bone absorbs a compound of this isotope.
2.4 Structure and metastable phases of gallium

Gallium shows a high degree of polymorphism, possessing a complicated phase diagram

with the main and metastable phases competing for the ground state of the material [20].

Up to now between four to nine phases have been identified [21] native at different
conditions of temperature and pressure, with different structural and physical properties.
The phase diagram in figure 2.1 below shows the stability regions of the main phases and

the metastable phases as a function of pressure and temperature.

12
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325

300[

278

Temperature, K

Pressure, GPa

FIGURE 2.1: Temperature as a function of pressure diagram for gallium,
showing the main modifications of the material and the equilibrium phase
boundaries. The inset shows the triple point between liquid and the two

modifications Ga(Il) and Ga(IIT). Taken from [29].
2.5 The a-gallium phase

The stable structural phase at normal conditions of pressure and temperature is the so-
called a-gallium phase. Single crystals of a-gallium can be grown from the melt in a
characteristic from, shown in figure 2.2 [4], illustrating the three crystallographic axes
[100]a, [010]b and [001]c. Here, four types of low-index facets can be seen: (100), (010),
(111) and (112). The (010) and (111) faces form large facets that cover most of the surface
of single crystals whereas the (100) and (112) form much smaller facets. The [001]

direction does not naturally form a facet on the single crystal grown from the melt.

13 .



Chapter 2: The Properties of Polymorphic Gallium

7 . [010}p

!
I

FIGURE 2.2: The characteristic form of a a-gallium crystal grown from the
melt, taken from [4]. The three main crystallographic directions [100], [010]

and [001] can be seen.

This phase is characterised by an orthorhombic symmetry of the Cmca space group, with a
unit cell containing eight gallium atoms [22]. Each atom is coordinated by one nearest
neighbour at 2.44 R, and six more in a shell with distances between 2.71 A and 2.79 A.
These six atoms are located in a plane that is about 1.9 R thick [23]. The structure is
loosely packed with directional bonding [15] and can be generally visualised as a stacking

of highly disordered hexagonal closely packed layers [1].

The dimensions of the lattice parameters of the unit cell are (Cmca space group notation):
[001] (a axis) 4.519 A, [010] (b axis) 7.658 A and [001] (c axis) 4.526 A. The morphology
of these planes, in relation to the crystallographic orientations is shown below in figure
2.3, taken from [22]. Note that in a number of publications the a-gallium phase is
described as an Abma space group. For an in-depth investigation on the properties of

space groups see the International Tables for X-Ray Crystallography.
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FIGURE 2.3: The crystal structure of a-gallium showing the distribution of

the gallium atoms in the hexagonal unit cells. Here b is the [010] direction, c 15
the [001] direction, whereas the [100] a direction (not shown here) is directed

perpendicular to the plane of the page. From [22].

An interesting feature of the a-gallium phase is the nearest-neighbour distance between
the atom pairs that is short for a normal metallic bond. This detail has long been
considered as a signature of a covalent character in a material. This possibility of the
covalent character of gallium was theoretically predicted by [24], based on band structure
and pseudopotential calculations, prompted by the short-distanced bond between the two

closest gallium atoms, which was considered to form a molecule-like structure.

The covalent character of the a-gallium structure was further discussed in [25], in terms of
the atomic and electronic properties of the material. An indication of covalency was found
in the electron density of the a-phase, which shows a well-structured character with a deep
and pronounced gap situated exactly at the Fermi level, see figure 2.10. These features
observed around the Fermi level, were suggested to arise from the overlap of the
electronic wave functions created due to their interaction along the buckled planes,

perpendicular to the direction of covalent bonds.

The electronic properties of the a-gallium phase have also been examined in terms of the

band structure of the material in [23]. Figure 2.4, below, shows the band structure of a-
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gallium as a function of energy and wavevector, for some high symmetry directions in the
Brillouin zone of a-gallium. In the inset, the Brillouin zone is shown with the high
symmetry points labelled. The horizontal line in the energy axis corresponds to the Fermi
energy of the a-gallium structure, which represents the transition from occupied states to

unoccupied states in the band structure of the material.

In the band structure of gallium a number of energy states occupy the different parts of the
Brillouin zone, with a complicated pattern above and below the Fermi energy level. Some
states can be seen to overlap and occupy the same energy levels around the Fermi level.
More interestingly, regions of the Brillouin zone can be seen in which energy bands run
approximately parallel and symmetrical about the Fermi level. This indicates that the
bands will be partly empty and partly filled a typical property of semimetals, like gallium.
Such bands are considered to occur in most polyvalent materials, and their existence has

been reported for aluminium, an isoelectronic material to gallium.

These types of bands, running roughly parallel to each other, play a specific role in
governing the optical properties of a material, by contributing to a narrow peak in the
optical absorption spectrum [26]. The presence of such bands allows for well defined
interband transitions, which involve the absorption of a photon by an electron occupying
an energy state below the Fermi level, inducing this way a transition to a state above the
Fermi level. The difference between the two energy states will be equal to the photon
energy absorbed. These transitions are more effective if the energy separation between the
two states remains roughly constant across a large region of wavevector values. In that
case there are a greater number of energy states that can be coupled to the energy of the

photon.

In gallium, such bands have been observed in the energy band structure and have been
associated directly with the covalent character of the material [25]. In figure 2.4 these
transitions are indicated by arrows, and represent the finite amount of energy needed to
remove an electron from the bonding state, between the two gallium atoms forming the

gallium dimer, to the antibonding state.
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FIGURE 2.4: Band structure of a-gallium along some high symmetry points

in the Brillouin zone, as taken from [20].

The energy band structure, shown in figure 2.4, has been associated with the absorption
properties of the material. Indeed, figure 2.5 below, shows the real part of the optical
conductivity of gallium, | = ¢,w/4r, where &, is the imaginary part of the complex
dielectric constants of gallium (see Chapter 4) and ® is the frequency in relation to energy
as discussed in [25]. The optical conductivity of an electronic system, describes the
absorptive response to an electromagnetic field as a function of the frequency of the field.
It is convenient to use the optical conductivity to represent the absorption, because the
power absorbed for a given amplitude of an electromagnetic field is simply a factor of the
optical conductivity and the square 6f the field amplitude, o1(®)E% with no additional

frequency dependent factor. As the frequency tends to zero the optical conductivity

becomes the same as the electrical conductivity.

In the case of a-gallium, the shape of the optical conductivity is shown in figure 2.5

below. There, an absorption band can be seen, spanning from approximately 0.8 eV to 4
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eV, with a peak in the optical conductivity at about 2.3 eV. The absorption band is directly
related to the electronic properties of the material, and more specifically to the presence of
parallel energy bands, illustrated in figure 2.4, which allow the absorption of photons with
photon energy between 0.8 eV to 4 eV to successfully couple their energies and induce an
electron transition from an occupied state below the Fermi energy to an unoccupied one
above the Fermi energy. This transition represents the bonding-antibonding transition
within the gallium dimer that initiates an optically induced phase transition, see Chapter 4.
In this transition the strongest band, at approximately 2.3 eV, gives rise to the peak in the
shape of the optical conductivity as shown in figure 2.5, below.

30 —,
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Optical Conductivity (a)), a. u.
_ o
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- | Energy, eV

FIGURE 2.5: The real part of the optical conductivity of a-gallium, showing
the absorption band and the peak at 2.3 eV, taken from [25].

With respect to the covalent character, the o-gallium phase can be described as a
“molecular metal” [25], with the Ga-Ga dimers (Ga,) forming the central molecular unit
and corresponding to the short atom distance. The structure consists of strongly buckled
planes, orthogonal to the [010] direction, with each gallium atom weakly bound to its six
nearest neighbours in the layer, and strongly bound (with the short interatomic distance) to

one atom in a plane either above it or below it.
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The different planes are connected though the dimers, which are orientated roughly along

the [010] direction, see figure 2.3 above.

2.6 The Ga(II) phase

Two modifications of the stable form of gallium are Ga(Il) and Ga(IlT) which exist at
higher pressures. The Ga(Il) phase exhibits a body centred cubic structure. The extensive
range of pressure over which Ga(Il) is stable, is a result of the body centred cubic structure
that this phase possesses [27].

In the literature, it can be found possessing six atoms per unit cell [25], or twelve atoms
per unit cell [28], [29]. The density of this phase, as calculated by X-ray data for a cell
containing twelve atoms was found to be 6.59 gem™ [29]. Figure 2.6, below, shows the

structure of Ga(Il) taken from [23].

FIGURE 2.6: The body-centred cubic structure of Ga(Il), one of the main
modifications of the solid crystalline a-gallium, showing the nearest neighbour

distribution. Taken from [23].
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2.7 The Ga(IIl) phase

Ga(IIT) has a face centred tetragonal structure, similar to that of indium. In [29] the density
of Ga(Ill) phase is estimated to be 6.57 gcm™. This phase can be produced in a metastable
manner by either compressing or cooling the liquid gallium phase. The similarity between
the Ga(III) structure and that of indium can be attributed to the tendency that the Group ITI
elements have to acquire the structure of the elements situated below them in the periodic
table, as the pressure increases [29], [30]. Figure 2.7 below, shows the structure of Ga(11D).
Ga(IIT) has been found to be mechanically unstable and it is transformed into a face

centred cubic structure [20].

FIGURE 2.7: The body centred structure of Ga(IIl) showing the arrangement
of the atoms in the unit cell. Taken from [20].
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2.8 The B-gallium phase

Another modification of gallium is the B-gallium phase. It can readily form on
supercooling of liquid gallium, and it also takes part in the transition from a-gallium to
liquid gallium [28]. This modiﬁcation of gallium has been observed to be metastable at all
temperatures and pressures. It has also been experimentally shown that B-gallium can be
produced in the crystal transition from amorphous gallium, as obtained by vapour
deposition on a cold substrate, when this is reheated up to the melting temperature of

gallium [31], [27].

This phase is characterised by a monoclinic crystal structure, see figure 2.8 below, with
two atoms in the unit cell, and a melting point of about -16.9 °C at atmospheric pressure.
The density of this phase is about 7% higher than that of the a-phase, which can explain
the affinity with which liquid can easily supercool into the B-phase [23]. Furthermore B-
gallium exhibits a radial distribution of the nearest neighbours similar to that of the liquid

[32].

FIGURE 2.8: The atomic arrangement of the monoclinic cell of B-gallium,

from [20].
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2.9 Relation between the main phases of gallium

As it was seen in the sections above, the main phases of gallium (a-gallium, (-gallium,
Ga(Il) and Ga(Ill)) exhibit structural similarities and differences. In a similar manner,
these phases exhibit similarities and differences in their electronic properties. Figure 2.9
below taken from [23], shows the energy of an atom within the crystal cell in relation to
the volume of the unit cell for the main modifications of the gallium structure. The three
modifications, B-gallium, Ga(II) and Ga(III), show a very similar behaviour in terms of
energy per unit-cell volume, whereas the a-gallium phase is shifted from the rest three
phases and illustrates the different electronic properties that this phase possesses. Also
shown is the fcc phase of gallium, whose energy vs volume relation seems to coincide

with that of the Ga(III), which would be expected since the Ga(Ill) transforms to the fcc

phase at higher pressures.
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FIGURE 2.9: Energy as a function of unit-cell volume diagram for the stable
phase and the main modifications of gallium. Taken from [23].

A more direct approach in examining the electronic properties of the main phases of

gallium can be made through the density of states (DOS), which represent the number of
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unoccupied electronic states as a function of energy. The DOS diagram for the a-phase
and the rest of the main gallium modifications is shown in figure 2.10 below, as taken
from [23]. From figure 2.10, some similarities and a clear difference in the DOS of the
main gallium phases can be seen. Indeed, as a general trend all the phases exhibit free

electron behaviour in their DOS, manifested by the increase of the DOS with increasing

energy.

In the case of o-gallium, the DOS spectrum shows the typical features of free electron
behaviour similar to that of the other phases, exhibited by the increasing DOS with
increasing energy. More importantly it shows a structured character with a deep and
pronounced pseudogap at the Fermi level. The latter was discussed in [24], where it was
suggested to be a manifestation of the covalent character of this gallium phase. This
feature of a-gallium reflects the energy band structure, shown in figure 2.4, where bands
of overlapping energy states exist close to the Fermi level. In a typical semiconductor,
with an energy band gap present on the band structure, the DOS spectrum would consist of
the valence and conduction bands separated by a gap representing the band gap at the
Fermi level. In o-gallium however, the band structure of the material does not show a
continuous band gap, but rather a number of overlapping states at the Fermi level. In this
case the gap at the Fermi level is replaced by a pseudogap and the DOS do not go to zero,
representing the nearly empty bonding states and nearly filled antibonding states of the

gallium dimer.

This distinct feature in the DOS of a-gallium is not present in the rest of the main
modifications. Indeed, in PB-gallium at the Fermi level there is a considerably less
pronounced drop of the DOS, possibly a remnant of the a-gallium pseudogap, whereas
Ga(Il) and Ga(IlI) show an even less étructured DOS with a clearer free electron
behaviour, indicating that the loss of the covalent properties exhibited by a-gallium and
the transition to gallium phases that exhibit metallic characteristics. Indeed, the covalent
character of the o-phase disappears across the transition a-Ga  p-Ga Ga(ll) Ga(Ill)

liquid gallium (not shown here) [28], with the latter exhibiting a free electron character.
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FIGURE 2.10: The density of states for the different phases of gallium. The
covalent character of the a-phase is clearly illustrated by the well structured
feature at the Fermi energy. Taken from [23].

2.10 More metastable phases

In addition to the main modifications of gallium, more phases have been reported in
atmospheric pressure, which are mainly distinguished by their melting points and are
known as y, 8 and € with melting points, respectively: -19.4 °C, -28.6 °C and -35.6 °C. The
structure of the y and 8 phases is shown in figures 2.11, 2.12 taken from [33]. The y phase
is an orthorhombic crystalline structure with forty atoms in the unit cell, whereas the &

phase is a thombohedral structure with its unit cell containing six atoms.
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FIGURE 2.11: Atomic arrangement of the structure of y-gallium, taken from
[33].

Moreover, in [21] the existence of two more metastable phases has been reported. The &-
gallium phase appears through the transformation of the y-phase below -70 °C. Another
metastable phase can be obtained known as n-phase, below -130 %C, and at the expense of

the £ phase

FIGURE 2.12: The structure of the 8 phase of gallium, taken from [33].
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Apart from these main modifications a non-crystalline state of amorphous gallium, which
exhibits metallic properties [34] has also been reported. This metastable phase can be
produced when gallium is deposited by condensation onto substrates, which are cooled

down to liquid helium temperatures.
2.11 Conclusions

In the above sections the general properties of the material were reviewed. The
polymorphic character of gallium was examined, and the properties of the various known
phases were presented. The stable crystalline form of gallium, the o-gallium phase was
identified, which has a partial covalent character. The main modifications of gallium were
identified as the B-gallium phase, Ga(Il) and Ga(IIl) and their properties were presented.

A number of other gallium phases were discussed.
2.12 Phase transitions and melting in general

In this section the general features of phase transitions and associated phenomena such as
premelting are examined as a guide for further study. The melting transition of gallium is

then discussed.

In a phase transition a system is transformed from one state into another, with different
initial and final properties. The transition occurs because the involved systems, going into
a state of thermodynamic equilibrium, will tend to minimize their free energy. The best
known examples of such a procedure are the melting of ice into water at its melting
temperature, the evaporation of water, the superconducting to normal transition, the
ferromagnetic transition at the Curie point. During a phase transition changes in the
specific heat, latent heat, elastic constants, electrical properties, thermal conductivity and
density take place, as well as volume and compressibility changes. Phase transitions can
be divided into two main types, first-order transitions and higher order transitions (such as
second-order). The difference in the properties of these two cases of transitions can be
investigated using thermodynamic arguments in a macroscopic analysis. The distinction
between the aforementioned cases was mainly made by Ehrenfest whereby if the n-th
derivative of the Gibbs function is discontinuous and all other lower derivatives are not,

the transition is of the n-th order [35]. If we consider a finite system of uniform
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constituents then such a system can be described in terms of its thermodynamical
properties. Namely, by defining the thermodynamic potential as a function of pressure and

temperature, such as:

u=p(@,T) 2.1)

If such a system has two phases there will exist a point in which the specific Gibbs
functions for the two phases will be equal, with the Gibbs function for each phase 1s:

G=pnN 2.2)

Where u is the already defined thermodynamic potential, and N is the number of
molecules. At the equilibrium point of the two phases during the phase transition, from the
above is easy to see that the thermodynamic potentials will be equal. By differentiating we
get the first derivatives (see [35] for the full derivation via the Clausius-Clapeyron

equation)

a%T and 5%P 2.3)

According to the Ehrenfest classification mentioned above, a first-order transition of a
system can be defined as a transition for which the first derivatives, (2.3), have different
values for the two phases of the system. Therefore the derivatives in (2.3) will be
discontinuous at the point of the phase transition, and there will be a discontinuous change
in the volume and in the internal energy. In this case, there is total separation of the two
phases, initial and final, involved in the process. Transitions of a higher order, such as
second-order phase transitions, can be defined using the same Ehrenfest classification, for
which the second derivatives of the thermodynamic potential will be discontinuous but the
internal energy will be continuous. The crystal to liquid melting transition shows features
of both a first order and a higher order transition, with premelting effects that take place
close to the crystal melting temperature [36]. The loss of long-range order in the

crystalline system makes melting an order-disorder transition.
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2.13 Surface Phenomena and Premelting effects

The existence of a free surface on a crystal modifies its properties through the way that the
material interacts with its environment. Crystal surfaces exhibit properties that are
structure sensitive and vary considerably according to the configuration of the surface at
the atomic scale. The atomic and electronic properties of a crystal surface can differ
significantly from those of the bulk. At the surface, atoms are not necessarily arranged in
the same way as the atoms of the bulk, a property of the surface called reconstruction.
Furthermore relaxation effects tend to alter the lattice distances at the top few atomic

layers of the surface.

Moreover, a free surface, for any kind of crystal, constitutes a reservoir of an unwanted
amount of energy. The atoms situated in the topmost layers of such a free surface are
missing their nearest neighbours that gives rise to a charge redistribution. In such a case
the crystal reduces the excess amount of energy by means of reconstruction processes
taking place at the surface [4]. Furthermore the local stress is increased as compared to
that of the bulk, due to the expansion of the outer lattice planes. This results in the easy
generation of dislocation defects at the surface, since the energy of a dislocation will be

much less in the surface than in the bulk crystal [37].

The surface is thus seen as a favoured site for the generation of dislocations. When the
crystal is below its thermodynamic melting point, any defects (dislocations) that are
created near the surface will be drawn closer to it. As the crystal moves closer to its
melting temperature these defects will act as a liquid layer and initiate melting (premelting
effects). However if such a layer was thick enough it would act to eliminate the effect of
the surface and would suppress the possibility of a surface-initiated melting. In such a case
the crystal would melt from the inside. In general melting of a solid can usually commence
at its surface. However the presence of impurities, oxides, etc at a crystal surface, affects
the melting transition by promoting or suppressing such a surface-initiated melting

transition.

At the surfaces of most of the crystals, at temperatures well below their thermodynamic

melting point, a microscopically thin liquid-like films appears [38], [39]. This
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phenomenon of the appearance of this thin liquid-like phase of the material on the surface
is a wetting phenomenon, or transition, which leads to interesting phenomena taking place,
such as surface-initiated melting, roughening and freezing [38]. The basis for such self-
wetting phenomena is that the emerging surface has: a lower total free energy, so as to

balance the energies of the thin film and the interface [20], [40].

The thickness of this layer is dependent on the temperature of the crystal T, and in most
cases it grows critically as it approaches the melting temperature, Tr, [4], [38], [39]
extending infinitely into the bulk at the melting point. This case is identified as surface-
initiated melting. However, in other cases the thickness assumes a finite value at the
melting temperature indicating the case of a blocked or incomplete melting. Finally, in
some cases no such liquid film can appear at melting, and the surface maintains its crystal

form throughout the melting transition [38].

In the case of surface melting, and when the thickness of this layer extends only a few
monolayers inside the bulk, the atoms are still subjected to the influence of bulk forces [4].
For this reason this layer is usually referred to as a quasi-liquid layer because it is not the
true liquid phase of the material, since the bulk solid under the layer induces a short
crystalline order [39], [4]. The properties of it are intermediate between those of the solid
and the liquid. Moreover such a layer is in thermal equilibrium with the underlying solid,
and infinitesimally close to the bulk melting temperature the layer penetrates deeply into

the bulk. At that point the solid, liquid and vapour phases of the material coexist [4].

The presence and growth of such a layer 1s highly dependent on the surface geometry and
orientation of a material. Namely, materials whose crystal faces show an open packing
character can exhibit premelting effects. In contrast with close-packed faces that will not
melt until the melting point has been reached [41]. Furthermore, the crystal orientation at

the surface may increase or decrease the appearance of the number of such layers [41], [4].

The thickness of such a layer has been predicted to diverge logarithmically or according to
a power-law dependence, with respect to the proximity of the crystal temperature to its
melting point, (T, — T). These two regimes apply depending on whether the forces,

between such a layer and the bulk, are of short or long-range order respectively [41].

29



Chapter 2: The Properties of Polymorphic Gallium

Namely, by calculating the free energy of such a surface layer, by means of mean-field
theory [4 and references therein], the thickness of the layer, /, is given by equation (2.4)

for short-range order, and equation (2.5) for long-range order.

z=£h{ 2477, } 2.4)
2 Tm—T mf
%
_| owr,
(e

Figure 2.13, below, shows the growth of such a layer as determined by the two equations
mentioned above. The increase in thickness follows a logarithmic growth for temperatures

Tm—T > 0.5 K defined by equation 2.4, and a power-law growth for temperatures T, — T
< 0.2 K defined by equation 2.5.
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FIGURE 2.13: Layer thickness, /, plotted as a function of sample temperature.
Taken from [4] for illustrative purposes only.

In both cases Ly, Ay, and &, are the latent heat of melting per unit volume, the free energy
of the solid-vapour i;lterface, and the correlation length of the order parameter, and W is
the Hamaker constant of the material. Studies have suggested that in gallium the Hamaker
constant has a negative value, a typical case when in a material the liquid phase is denser
than the solid phase. A similar case has been observed with Bi and Ge, two materials
showing a full metallic character on melting compared with their covalent solid phases
[42], [38]. The physical meaning of a negative Hamaker constant is non-melting or in
another case incomplete melting [38]. Incomplete melting has been observed in the case of

some facets of an a-gallium crystal grown from the melt.

2.14 The melting transition of gallium

The melting of gallium was investigated by [43], using the differential thermal analysis

method. This technique involves heating the material, at a controlled rate, up to its melting
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temperature and comparing the emission or absorption of heat with respect to a control
material. This type of measurement technique has proved a precision technique for
studying phase transitions. The results showed for gallium single crystals, with slow
heating rates, that melting didn’t occur at a well-specified melting point, as was expected.
The transition extended over a range of temperatures, having three distinct stages that
required different amounts of energy. The melting stages observed were attributed to the
process of collapse of different portions of the crystalline structure well below the melting
temperature. Moreover this type of multi-stage melting has also been considered as an
indication of surface effects taking place. This behaviour was only observed in single
crystal samples, and not in polycrystalline ones. Rapid recrystallisation of the samples
altered the transition. The melting transition of gallium crystals was also investigated in
[44] using the same differential thermal analysis method. In this case, melting of single
crystals of gallium was observed to take place in four stages compared with the three
observed by [43]. Finally the optical properties of gallium across the melting transition
were investigated by [12]. Results showed that extensive changes take place in the
structural and optical properties of the material on melting. The changes in the optical
properties of gallium across melting as a function of wavelength are examined in detail in

Chapter 4.

In another publication the existence of a thin liquid-like surface layer was observed, that
when thick enough can make the melting of the gallium crystal incomplete [45]. When a
certain finite thickness is reached then melting proceeds as a typical first-order transition.
This corroborates the observations discussed earlier on the surface phenomena during the

melting transition.
2.15 Melting of various gallium surfaces

Different gallium surfaces exhibit various melting behaviours. Indeed, in a typical o-
gallium crystal, as shown in figure 2.2, a number of low index facets can be observed
namely (010), (111), and (112) [4]. Another facet that can be found on a gallium crystal is
the (100) that doesn’t form naturally in the crystal but has to be prepared. Research has
shown that the (100) and (010) surfaces exhibit a remarkable stability up to the melting
point [46], [20], [4]. Further research has shown that the (112) surface of gallium readily
exhibits precursory effects well below the melting temperature. The (112) surface is
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formed in a typical single crystal of gallium, and has the lowest packing density of dimers,
with 2.5 dimers/nm® [47]. Moreover the free energy of this surface is the highest,
compared with different crystallographic directions [4]. This facet is a very good
candidate when it comes to the disordering of the surface atoms and the formation and
growth of a quasi-liquid layer. Indeed, this surface has been observed to be covered by a

quasi-liquid layer that grows in thickness with increasing temperatures [4].

The growth of this layer begins with a logarithmic character, see Equation (2.4), and
switches to a power-law dependence, see Equation (2.5), for temperatures very close to the

melting point. Similar results were observed in a (110) Pb surface [39].

The (010) surface exhibits a negative Hamaker constant value and shows extensive
thermal stability up to the melting point. This indicates that there are no surface induced
effects, such as surface melting. This face is the main stable surface in a gallium crystal
having the highest packing density of about 9.8 dimers/nm?, and can appear spontaneously
at the crystal. In [20], [23] it has been reported that the (010) surface is covered by a few
monolayers of Ga(Ill), see figure 2.14. This is due to surface reconstruction, in an effort

by the a-gallium crystal to remove the unsaturated surface dangling bonds.
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FIGURE 2.14: Charge density in the self-wetting arrangement of Ga(lll)
grown on the (010) surface of a-gallium. Taken from [20].

In this case of self-wetting of the gallium surface by Ga(IIl), shown in figure 2.14, the
total surface energy of the layer is much less than that of a free gallium surface, making it
energetically favourable [20]. Furthermore, Ga(lll) is known to rhelt, at about 100K higher
than o-gallium. This case has been observed in gallium (010) surfaces, covered by the
Ga(IIT) layers of finite thickness, where at Tr, the crystal seems to melt from the inside
[20], [23], [46].

Another free surface of a o-gallium crystal that has been investigated for its melting
properties is the (100) surface. This facet does not appear naturally in the o-gallium
crystal, grown from the melt, but has to be prepared by cutting the crystal [20]. This face
has the next lowest dimer packing density, after the (112) surface, with 5.8 dimers/nm’
[4]. This surface, like the (010) face, shows no precursory effects as the crystal
temperature is increased up to the melting point, suggesting a self-wetting effect similar to

the (010) surface, since these two facets have similar packing densities [20].
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2.16 Liquid gallium

In general, metals exhibit a decrease in their coordination number, with the mean
interatomic distance increasing on melting. This increase accounts for the typical decrease
in the density of liquid metals [47]. Gallium, however, on melting moves from a low-
symmetry crystalline phase to a loose close packing liquid phase and is one of the few
known substances, along with Sb, Bi, and water, which show a contraction in volume in
liquid. On melting the majority of the covalent bonds of the gallium structure break
resulting in tighter packing of the atoms, which in tum explains the difference in the
density of the two states. Namely the liquid exhibits a density of about 3.2% higher than
that of the crystalline phase [30], in contrast to most other metals that, on average, show a
2 to 6% increase in volume on melting [15]. This contraction on melting has the further

result of lowering the binding energy of gallium [15].

The collapse of the majority of the gallium covalent bonds has a clear effect on the
covalent character and is reflected on the DOS diagram of the liquid phase. On melting,
these covalent features are all completely lost and the liquid phase of gallium exhibits an
almost free electron behaviour. This change in the electronic properties in the transition
from the a-phase to the liquid indicates the change in the local atomic order on melting,
and therefore reflects the short-range order loss [30]. Figure 2.15, below shows the density
of states for the stable solid phase (a-gallium), one of its modifications (B-gallium) and
the liquid state, as taken from [48]. The loss of the covalent character in the liquid phase
can be seen, with the vast majority of the structuring found in the a-gallium DOS, missing
in liquid gallium. However, some structuring in the case of the liquid DOS is still present,
for the reasons discussed in the next paragraph. Also some limited similarity between the
density of states of the B-gallium phase and liquid gallium can be seen. Both show
increasing density of states with increasing energy. Also, compared with a-gallium, both
have lost the pseudogap at the Fermi level. The difference between these two phases is
that the B-gallium phase retains more features in its DOS spectrum, which reflect a greater
number of residual properties of the a-gallium phase, in contrast with liquid gallium,

which shows much less features on its DOS.
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FIGURE 2.15: The density of states for a, B, and liquid gallium, taken from
[48].

Moreover, research has shown an asymmetry in the structure factor of liquid gallium [49].
Such a feature could indicate the existence in the liquid phase of a covalent character,
similar but not as extensive as that of the crystalline phase [47]. More specifically the
investigation of the structure factor of liquid gallium has revealed a similarity to liquid Si
and Ge. These group-IV elements show partially covalent characteristics. No such feature
has been seen in Al, In, and Tl, isoelectronic metals to gallium, but which show no
covalent character in their stable crystalline phases [30]. Such findings suggest a covalent
character in the liquid phase of gallium, similar to that of its stable crystalline phase. This
covalent character is manifested with the existence of a certain amount of very short-lived
Ga, dimers [48], representing the remnants of the covalent bonds in the a-phase [30]. The
concentration of these short-lived molecules depends on the temperature, increasing with’

lower liquid temperatures (closer to the solid temperatures).
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Another interesting feature of the liquid state of gallium is surface layering. Theory
predicts the existence of packed atomic layers in the surface of liquid metals [50], in
contrast with the surface of non-metallic elements which show no such layenng [49Regan
1]. The interface of a liquid with its vapour is the subject of continuous disturbances,
which are active on the molecular level. The disturbances are in the form of random
fluctuations at the surface of the liquid, which produce capillary waves [51]. The surface
tension of the liquid surface influences the appearance of these capillary waves, with the

metals having high surface tension, such as gallium, exhibiting smaller fluctuations [49].

X-ray reflectivity measurements have confirmed the theoretical predictions of layering on
a liquid metal surface, showing that the upper-most atoms close to the surface of the liquid
are stratified in packed atomic layers, parallel to the surface, in liquid Hg and liquid
gallium [49]. Results showed that liquid gallium exhibits a surface-induced layering with
spacing similar to the atomic dimensions of crystalline gallium, extending a few atomic
layers into the bulk of the liquid. The interlayer spacing was found to be about 10% less
than the near neighbour distance in the bulk of the liquid.

Further experiments have shown the existence of an oxide layer in the surface of liquid
gallium [52]. The presence of the oxide layer has been proposed to be a direct result of the
limited existence of gallium ions at the outmost surface of the liquid. These ions are
produced by the unsaturated dimers mentioned above, similar to those present at the
surface of crystalline gallium. The ions react with the oxygen ions present at the surface
creating the oxide layer, consisting of alternating layers of gallium and oxygen ions. These
layers create an oscillatory profile, which account for the atomic layering observed in the

X-ray experiments.

Finally, liquid gallium shows interesting features when in contact with a hard wall. In
general when a liquid is in contact with a solid wall there seems to be a layering of the
atoms closest to the solid wall-liquid boundary. In liquid gallium this has been observed in
the case of contact with the (111) surface of a diamond [53]. Figure 2.16, shows this
arrangement at the interface with a hard wall, here liquid galllum is shown to

preferentially wet the interface with a diamond (111) surface.
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FIGURE 2.16: The preferential orientation of the gallium dimers when the
liquid is in contact with a hard wall. This figure shows planes of dimers in an

increasingly disordered fashion moving away from the wall. Taken from [53].

In this preferential arrangement, the liquid assumes an a-gallium like structure, extending
for a few layers into the bulk liquid. This layering is a result of liquid gallium trying to
imitate the morphology of the diamond structure, and to minimize the energy of the
interface. When solidified this arrangement is sustained, as it 1s energetically favourable

for the material.

Another case of preferential arrangement has been reported, with the gallium dimers being
in parallel with the underlying structure. Rows of gallium (and indium) atoms were

observed, in the so-called parallel dimer model, on the (001) surface of silicon [54].
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2.18 Summary of Chapter 2

In this chapter a literature review of the properties of gallium was presented. The material
possesses a complicated polymorphic character with a number of stable and metastable
phases existing at different conditions of pressure and temperature. The main phases of
gallium were identified and their properties were discussed.

The stable crystalline phase is the a-gallium phase, which has a partial covalent character.
Its crystalline structure comprises metallic and molecular bonding in which some bonds
form dimers and the rest are metallic. The other main structural modifications are the (-

gallium phase, Ga(IT) and Ga(III). A number of more metastable phases also exits.

The melting transition of gallium was presented, and the melting of different surfaces
present on a gallium crystal was discussed. On melting gallium loses its covalent character
and it becomes a free electron metal. The liquid phase of gallium exhibits a weak covalent
character Wifh the existence of very short-lived gallium dimers, imitating the crystalline

phase of the material.

The covalent bonding gives rise to a very broad absorption band that offers unique
opportunities for light-matter interaction by stimulating structural transitions with light.
The substantial difference in the electronic properties between the various gallium phases,
make it a potentially interesting and unique material for inducing nonlinear phenomena

through light-induced structural transitions.
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Chapter 3

All-Optical Switching at a Silica-Gallium interface

3.1 Synopsis

A silica-gallium interface prepared at the tip of an optical fibre, exhibits a strong nonlinear
behaviour, associated with a light-induced structural phase transition. This transition
involves the stable crystalline phase, a-gallium, converting into a more metallic phase of
higher reflectivity. The nonlinear character exhibits broadband spectral response. Using

the nonlinearity of the interface cross-wavelength modulation between signals at 1.3um

and 1.55um was achieved.

An additional effect was also observed. The reflectivity of a silica-gallium interface,
formed on an optical flat or at the tip of a cleaved optical fibre, can be reduced in a
reversible fashion when the interface is excited by a few milliwatts of laser power. This
phenomenon has been observed to occur at interface temperatures just below gallium’s
melting point. The effect can be attributed to some form of light-induced structuring at the

interface of gallium with silica.
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3.2 Introduction

Nowadays, the quest for materials that can be useful in photonic and optoelectronic
applications, such as all-optical switching, optical processing etc, has concentrated on
materials that can exhibit a large optical nonlinearity in a reversible manner with low
excitation power. Recent research has shown that gallium belongs to this group of
materials. When confined at a glass interface it is a very intriguing structure and
potentially useful for optoelectronic applications due to its enhanced nonlinear optical

properties.

Indeed, the reflectivity of a silica-gallium interface has been reported to be modified by as
much as 30% by just a few milliwatts of incident light intensity [1]. Moreover, a change of
several degrees can be induced on the polarisation state of the light reflected of a silica-
gallium interface [2], when the material is kept close to its melting temperature, T, = 29.8
°C. The galllum nonlinearity was attributed to a light-induced, reversible and fast
structural phase transition. The transition involves the stable structural phase of gallium
converting into a new more metallic phase of considerably higher reflectivity. During this
transition, gallium’s electronic and optical properties undergo changes (see Chapter 2) that
make the interface properties sensitive to broadband optical excitation, spanning from 480
nm to 1800 nm [3]. The gallium nonlinearity was used to demonstrate q-switching of fibre

lasers at different wavelengths [4], [5].

In another application, the silica-gallium interface nonlinearity was used to demonstrate an
all-optical fiberised switch, in which the light intensity of pump beam was used to
modulate the light intensity of a probe beam [1]. However, this all-optical switch was
demonstrated using a frequency degenerate optical nonlinearity, where the pump and
probe wavelengths were both at 1.55 um. As already mentioned above, on the verge of the
structural phase transition, the gallium nonlinearity has been observed to be extremely
broadband. This offers unique opportunities for light-by-light control between
wavelengths in the 480 — 1800 nm band. Therefore, it was decided to investigate cross-
wavelength all-optical switching at a silica-gallium interface. In this chapter, all-optical

switching between signals at 1.3 ym and 1.55 um is demonstrated. The results indicate
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that the silica-gallium interface is able to perform sub-microsecond switching. Modulation

of the reflected intensity by as much as 45% was observed.

During the investigation of the cross-wavelength all-optical switch, another optical
behaviour was also observed. This behaviour is an additional light-induced effect, which
takes place within a narrow temperature interval, typically less than 1°C, just below Ty,. In
this region the typical reversible light-induced reflectivity increase, encountered in the
experiments above, is replaced by an abrupt reversible, light-induced decrease in

reflectivity (see section 3.6).

The results, presented herein, from both investigations offer a unique opportunity for
extremely useful optoelectronic and photonic applications. Namely, the all-optical switch
is compatible with lasers of different wavelengths, and is fully customisable with existing
fibre optics technology. Moreover, switching between signals of different wavelengths is
extremely useful for applications such as optical routing, and optical data processing in the
field of integrated optics. At the same time, the additional effect of interface reflectivity
suppression can be used for power limiting applications in all-optical data processing

systems.
3.3 Cross-Wavelength All-optical Switching at a Silica-Gallium Interface

The work presented in this section was undertaken in collaboration with S. Dhanjal and P.

Petropoulos, under the supervision of Professors D. J. Richardson and N. I. Zheludev.

In this experiment the switching properties of the silica-gallium interface, were
investigated close to the melting temperature of gallium, Ty, using a pump-probe setup.
The reflectivity of the interface was examined using pump pulses of different intensities,

for various interface temperatures up to the melting point of gallium.

The silica-gallium interface (mirror) was formed at the tip of standard, single mode,
telecommunications silica fibre that was cleaved and immersed into a small bead of
gallium of 5N purity. The gallium bead was initially maintained in the molten phase and
was forced to solidify as soon as the fibre tip was satisfactorily immersed. Thermal control

of the silica~gallium interface was provided by the miniature thermoelectric heat pump
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(Peltier element) and a fast digital temperature controller, with nominal precision of 0.01
OC. The temperature of the gallium bead was monitored constantly by a thermistor situated

on the ceramic plate of the peltier element.

In the pump-probe experiment, the pump was an amplified, directly modulated, distributed
feedback diode lasér, operating at the wavelength of Ac = 1.550 pm, with 1 MHz available
bandwidth. The probe was a cw diode laser, operating at the wavelength of Ag= 1.3 um.
The pump and probe were coupled on and off the silica-gallium interface using a
wavelength division multiplexer (WDM). The peak power of the pump puises could be
varied between 0 and 90 mW, while the power of the continuous wave probe beam was 60

pW at the gallium mirror.

On reflection, the pump wavelength was filtered out using about 10 m of erbium doped
fibre (EDF), which transmits the probe but absorbs the pump. The interface reflectivity
was monitored by detecting the probe beam at the switch output with a 125 MHz InGaAs

deteétor. The outline of the optical setup used in this experiment is shown in figure 3.1

WDM
Pump —>
ll/‘ |
polarisation |
controller :
Probe N OS Oy
—> Pump Monitor

?

Erbium Doped
Fibre, 10m

Signal Detector
Fiberized mirror

FIGURE 3.1: the experimental setup used to demonstrate all-optical

switching at a silica-gallium interface.

The silica-gallium interface is anisotropic, as was shown in Chapter 2, due to the

preferential orientation of gallium at the interface. See Chapter 4, for a calculation of the
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silica-gallium interface reflectivity according to the specific crystallographic direction
present at the interface. In this experiment, to ensure that the initial reflectivity levels
corresponded to the a-gallium reflectivity, the light from the probe laser was linearly
polarized, and was adjusted using a polarization controller to obtain the minimum value of
silica-gallium reflectivity. In addition, the polarisation of the probe was adjusted to give

maximum reflectivity change.

In the experiment, the intensity modulation of the pump beam induces a change in the
reflectivity of the silica-gallium interface, causing a modulation of the probe intensity,
corresponding to the cross-talk between the two channels. Here, the probe reflectivity was
altered using pump pulses of 100 ns duration, at 10 kHz repetition rate. Figure 3.2, below,
shows the response of the silica-gallium interface for pump pulses of 83 mW peak power,

100 ns, as a function of sample temperature.
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FIGURE 3.2: The change in the intensity of the reflected probe intensity by

the 83 mW peak power, 100 ns pump pulses, for increasing temperature.
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The results show that as the temperature of the interface, T, is increased towards the
melting point, Tr, the induced nonlinear response rises steadily up, and reaches a level of
about 45%. The maximum pump-induced probe reflectivity change occurs about 4 °C
below the melting point, and it then falls rapidly. The induced probe change becomes

undetectable above the melting temperature.

The modification of the behaviour of the probe reflectivity was observed to be fully
reversible. The results show that the reflectivity recovery time depends on the gallium
temperature and increases with the temperature approaching the melting point of bulk

gallium, see figure 3.3.
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FIGURE 3.3: The relaxation time of the reflected probe intensity shown as a
function of T — T,
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Figure 3.4, below, shows the dynamic response of the interface reflectivity when the
silica-gallium interface is excited by a pump pulse of 100 ns duration. The dashed box in
figure 3.4 below represents the duration of the pump pulse in relation to the transient

response of the interface reflectivity, and is shown as an illustration only.
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FIGURE 3.4: The modulation of the probe intensity when excited by the pump
pulse. Here the dashed box represents the duration of a 100 ns pulse and is

presented as an 1llustration only.

In figure 3.5, the dependence of the induced change with pump power is plotted, for a
number of temperatures. The results indicate that a change of up to 45% was observed in
the reflected probe intensity induced by the pump beam for power of only a few tens of

mW.
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FIGURE 3.5: The pump induced probe reflectivity change as a function of various

pump powers.

3.4 Conclusion

In conclusion, a mirror formed at the gallium-silica interface allows for sub-microsecond
cross-wavelength switching with a percentage change in the modulation of the reflected

light intensity of up to 45%. The gallium nonlinearity allows optical switching between

pump and probe wavelengths at 1.55 ym and 1.3 pm.
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3.5 Discussion

The gallium nonlinearity is associated with a light-induced, surface-assisted, structural
phase transition which takes place at the interface of gallium with silica, and involves the
common form of gallium (a-gallium) being transformed into a new more metallic phase,
of higher reflectivity. When the light excitation is increased the density of the new phase
increases and therefore reflectivity increases. When the excitation is withdrawn, the
reflectivity returns to its original o-gallium state. The mechanism behind the effect,
involves a fast, light-induced, transition to a new metastable phase, which becomes stable

1n the presence of light.

This transition is made possible by the unique crystalline structure of a-gallium,
comprising metallic and molecular bonding, in which some of the bonds form Ga-Ga
dimer units and the rest are metallic [6], [7], for a complete overview of the a-gallium
properties see Chapter 2 and all the references therein. The presence of the covalent bonds
results in a broad optical absorption band from 0.8 to 4 eV [7]. The pump wavelength used
in the experiments, A = 1.55 pum, falls into this band.

The exact nature of the light-induced phase is not known, but it is most likely to be one of
the matenal’s existing metastable phases, such as B-gallium, Ga(Il)- and Ga(IIl), see
Chapter 2. These phases exhibit metallic characteristics, similar to those of the liquid state
and are involved in the continuous transition from the solid crystalline a-phase to the

liquid (a-gallium  B-gallium  Ga(I) Ga(Ill) liquid) [8].

The transition is assisted by the presence of the silica interface, which transforms the first
order structural phase transition into a continuous phase transition [9]. Furthermore, a-
gallium exhibits precursory effects at the surface and self-wetting behaviour at normal
conditions [10]. A thin layer of liquid gallium will cover the surface of an o-gallium
crystal without any optical excitation, see Chapter 2. The presence of such a layer will
affect the balance of the interface forces, making the interface susceptable to premelting
phenomena. Under increasing optical stimulation the thickness of such a covering layer

will increase, and therefore the interface reflectivity will increase. As the thickness of this
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layer depends on the temperature of the interface, the light-induced effect will increase

with increasing temperature as the melting point is approached.

During the light-induced transition, optical excitation is highly localized and stimulates a
bonding-antibonding transition in a-gallium. The covalent bonding of the crystalline
structure becomes unstable initiating a phase transition from o-gallium to a metastable
phase with essentially free electron characteristics, assisted by the presence of the
interface. The thickness of the new phase increases with increasing optical excitation,
increasing the interface reflectivity. The effect saturates and rolls-off as the thickness
reaches the optical skin depth of gallium, about 25nm. When the excitation is withdrawn,
the metastable layer re-crystallizes back to the a-gallium phase. The crystallization front

moves towards the silica-gallium interface.

3.6 The Light-Induced Low Reflectivity State in a Planar Gallium

Interface

In this section an additional light-induced effect observed at a silica-gallium interface is
examined. Some of the measurements reported herein, were assisted by V. A. Fedotov, a

postgraduate student working under the supervision of Prof. Zheludev.

In this experiment the light-induced reflectivity suppression (also referred to as reflectivity
decrease) of a planar gallium-interface (mirror) was investigated, by measuring the
dependence of the interface reflectivity with incident light intensity, for a range of
temperatures starting well below the melting temperature of gallium (T, = 29.8 0C) and

reaching a few degrees above Tp,.

A thin gallium film, of 1 — 2um thickness, was prepared by direct deposition of high
purity gallium on the ceramic surface of a miniature Thermoelectric Heat Pump (Peltier
element), by Ultrafast Pulsed Laser Deposition (UPLD), under vacuum (~2 x 10 Torr),
using a q-switched, mode-locked Nd:YAG laser at 1064nm with 60ps pulse duration. The
substrate temperature during deposition was about —100 °C, to ensure gallium will be
deposited in the correct crystalline form. After deposition the gallium-deposited ceramic

surface of the Peltier element, was covered with a silica glass. The gallium mirror was
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formed when the two surfaces were fused together by heating the gallium film just above
its melting temperature. The Peltier element was then used to provide the thermal control
of the silica-gallium interface with a nominal precision of 0.02 OC. The measurement of
temperature was done using a thermistor placed at the ceramic plate of the Peltier element

as shown in figure 3.7 below.

The planar silica-gallium interface was manufactured at the facilities of the Laser Physics
Centre, The Australian National University, Canberra Australia, by A. V. Rode and B.
Luther-Davies. The samples were prepared during the visit to the Australian National
University by Professor N. L. Zheludev, as part of a collaboration project sponsored by the
Royal Society and the Australian Academy of Sciences. The properties of such an

interface are covered in Chapter 4.

A cw argon ion laser (Spectra Physics, Model 2060-10S) operating at a wavelength of
514nm, with beam direction stabilization, was used to measure the reflectivity of the
planar silica-gallium interface. The light from the laser was focused onto the gallium film,
through the glass substrate, at normal incidence to a spot of 12um diameter.
Measurements were taken using both linearly and circularly polarized light. In the second
case, the circularly polarised light ensures that any problems due to the anisotropic
character of the silica-gallium interface [11] are avoided. The setup used in this part of the

experiment is shown below in figure 3.7, whereas the sample is shown in figure 3.6.
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FIGURE 3.6: The experimental setup used to investigate the reflectivity

suppression in the planar gallium mirror.
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FIGURE 3.7: Detail of the planar mirror, showing the Peltier element, silica-

gallium interface and the incident light.
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The typical temperature dependence of the silica-gallium interface reflectivity, under
conditions in which the reflectivity suppression effect has been observed to take place, is
shown in figure 3.8. The starting point of the reﬂectivity—température curve, far below the
melting point of gallium, corresponds to the reflectivity level of the interface between o-

gallium, the stable crystalline form of gallium at normal pressure, and silica.

The interface reflectivity can be seen to increase with light intensity and sample
temperature, the typical nonlinear behaviour of the planar silica-gallium interface (see
introduction). Then, within a narrow temperature interval just below Ty, the interface

reflectivity decreases rapidly for increasing sample temperature.
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FIGURE 3.8: Dependence of interface reflectivity for two incident intensities.
shows reflectivity at 1IKW/ecm?,  shows the effect at 7K W/cm® both for

increasing temperature, whereas the solid line represents reflectivity with

decreasing temperature.
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Figure 3.8, above, shows a typical reflectivity drop of 25% (in absolute units) at a pump
power of 8mW, (7kW/cm®). When the interface reaches gallium’s melting point,
reflectivity jumps up to ~87%, indicating that the gallium film, at the interface, is now in
the liquid phase. The temperature width, within which the reflectivity suppression is
observed, increases from about 107 °C at 500W/cm? to about 0.4 °C at 7kW/cm?.

Figure 3.9, below, shows the dependence of the temperature width (AT), and reflectivity
drop (AR) with intensity. The reflectivity drop exhibits threshold behaviour and develops
for light intensities exceeding about 500W/cm”. The low reflectivity state was studied with

modulated light, of 200Hz frequency, and was found to be reproducible from pulse to

pulse across the temperature and intensity range.
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FIGURE 3.9: The light-induced reflectivity suppression as observed in the

planar gallium mirror. AT ( ) is the temperature width of the envelope in

which the low-reflectivity state develops, whereas AR () 1s a measure of the

reflectivity decrease from figure 3.3.
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3.7 Conclusion

A light-induced reflectivity decrease was observed in a planar silica-gallium interface. It is
reversible and reproducible, and requires low excitation power. It occurs within a narrow
temperature interval, below the melting point of gallium. The low reflectivity state
exhibits a threshold behaviour with incident light intensity, and shows an increase of the
reflectivity drop (AR) and the temperature envelope (AT) with increasing incident light
intensity. A reflectivity drop of 25% was observed with 8mW of light excitation. The
width of the temperature envelope increased from 107 °C at 0.5kW/cm™ to 0.4 °C at
7kW/cm™. Saturation is exhibited for higher intensities.

The state of low reflectivity was observed for most of the planar silica-gallium imnterfaces,
prepared with the technique described above. However, it was impossible to observe it in
samples where a thin gallium film was deposited directly on both the ceramic surface of
the Peltier element and the silica flat. This indicates that the interface conditions, between

silica and gallium, are important for the observation of the effect.

3.8 The Light-Induced Reflectivity Suppression in a Fiberised Gallium

Interface

Fibrerized silica-gallium interfaces have been examined previously by [1] for their
nonlinear behaviour. Evidence of the existence of such reflectivity decrease was
mentioned therein but no further investigation was performed. Moreover, the effect was
also mentioned in [12]. The results presented herein were originally obtained by S.
Dhanjal and P. Petropoulos, under the supervision of Professors D. J. Richardson and N. L
Zheludev. At that time, the identity of the effect was unknown and the results remained
unpublished.

In this experiment, the light-induced reflectivity decrease in a fiberized silica-gallium
interface was examined by looking at the transient response of reflectivity at different
interface temperatures, up to the melting temperature of gallium, T, using a pump-probe

technique.
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The interface was prepared by immersing the tip of a freshly cleaved, single mode, optical
fibre into a small bead of gallium that was kept above its melting temperature, similar to
section 3.3. The interface temperature was controlled by a miniature Peltier element,

similar to the one used in the planar mirrors, with a nominal accuracy of 0.01 °C.

The all-fibre optical setup used to examine the low reflectivity state'in a fibrerised silica-

gallium mirror is shown in figure 3.10, whereas figure 3.11 shows the sample.

Polarisation control Circulator Pump Filter
Probe
_’ :A‘ :‘-
g E Signal Detector
AOM . : i T
sue D snennat E
Pump > Pump monitor

Fiberized mirror

FIGURE 3.10: Schematic of the pump-probe experiment used to investigate the

light-induced reflectivity decrease in a fiberised silica-gallium interface.
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Gallium mirror

Ceramic plate of the Peltier element

FIGURE 3.11: Detail of the silica-gallium interface, showing the silica fibre

immersed in the gallium bead.

An amplified external-cavity diode laser, acting as the pump laser, stimulated the
interface. The peak power of the pump pulses at the silica-gallium interface ranged from 0
to 8mW, at a wavelength of 1.536 pm. The pump was modulated at a frequency of S00Hz.
At the same time the interface reflectivity was monitored by a 60 uW cw distributed
feedback diode laser at a wavelength of 1.550 um (probe). The two wavelengths were
combined using a fibre coupler, used also to monitor the pump pulses. An optical
circulator coupled the pump and probe signals to the silica-gallium mirror. On reflection
from the interface, the pump was removed using a filter. Figures 3.12 to 3.14, below, show

the reflectivity of the fiberised silica-gallium interface at the probe wavelength (1.550
pm),
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modulated by the pump (1.536 pum). In all the inserted frames, , the upper trace shows the
reflected probe, the lower trace is the pump signal, the amplitudes of the two traces are in
arbitrary units and not in scale, 2ms/div time base. The frames shown here were originally
recorded by S. Dhanjal and P. Petropoulos and are presented here as an illustration of the
dynamic properties of the light induced low reflectivity state, in a fiberised silica-gallium

mnterface.

In figure 3.12, frames 1 and 2 taken at temperatures of 15.0 °C and 23.0 °C respectively,
show the previously reported regime of the reversible light-induced reflectivity increase at
a silica-gallium interface [1]. The increase of the interface reflectivity is in phase with the

modulated pump, and the effect is more pronounced at higher temperatures.

FIGURE 3.12: Reflected probe intensity at 15.0 °C (frame 1) and at 23.0 °c

(frame 2) showing the light-induced reflectivity increase.

Frame 3, taken at 28.1°C shows the initial stages of the reflectivity suppression effect: an
immediate increase of the interface reflectivity in phase with the pump pulse, followed by
a rapid but relatively small decrease from the peak level to an intermediate level. In frame
4, recorded at 28.5 °C, this dynamic behaviour continues but it now shows stronger

features than in figure 3.12.
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FIGURE 3.13: Interface reflectivity at 28.1 °C (frame 3) and at 28.5 °c

(frame 4), showing the initial stages of the light-induced reflectivity

suppression.

Frame 5, taken at T=28.9°C shows the, fully developed, light-induced low reflectivity
state. In contrast with the previous frames the interface reflectivity can be seen to start in a
decreasing immediately after the pump pulse arrives at the interface. It then drops sharply
to a new level below the original initial reflectivity. When the pump pulse ends, the
interface reflectivity starts recovering, very sharply towards the initial level, before the
arrival of the pump pulse. The effect is then repeated as soon as the next pump pulse
arrives at the interface and initiates the reflectivity suppression cycle again. Finally, in
frame 6, the light-induced probe reflectivity modulation disappears above the melting
temperature of the gallium film. The low reflectivity state is fully developed in a few
hundred microseconds (~200 ps as seen on frame 5), and recovers to the initial level

within a few microseconds time, figure 3.13.
3.9 Conclusion

The light-induced reflectivity decrease was observed in a fiberised silica-gallium interface.
The effect is similar to that observed in a planar silica-gallium interface. It occurs just

below the melting temperature of gallium and disappears on melting.

The reflectivity decrease is reversible and reproducible. It fully develops within a few

hundred microseconds, and requires very low excitation levels.
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FIGURE 3.14: Frame 5, the fully developed low reflectivity state at 28.9 °c
showing out-of-phase modulation with respect to the pump pulses. Frame 6,

the light-induced modulation has disappeared, above the melting point.

3.10 Discussion

The reflectivity suppression in the narrow temperature interval below the melting point is
likely to result from a kind of light-induced structuring at the silica-gallium interface. The
interface conditions affect the observation of the reflectivity decrease. This correlates with
the fact that planar interfaces prepared by depositing gallium directly on the cover silica
glass by the UPLD process do not show the low reflectivity state. The properties of this
interface are governed by a transitional layer, about 3nm thick, of gallium ions that have
penetrated into the silica substrate during the UPLD process [13]. Such interface is
structurally rigid, preventing the formation of any kind of light-induced structuring.

Several potential candidate mechanisms may be responsible for this reflectivity
suppression effect observed in a silica-gallium interface, however the exact mechanism is
not known. The most likely mechanisms behind the effect, were established after lengthy
discussions, especially with Professor V.I. Emely’anov of the Moscow State University
during his visit to the University of Southampton, who established the initial direction of
thinking.
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One possible explanation of the observed reflectivity decrease is light-induced surface
patterning, produced by preferential melting under illumination, forming a steady-state
melt-pattern grating at the interface, with period equal to the incident light’s wavelength.
Bé6sch and Lemons [14] made the initial observations of a cw laser beam inducing melt
patterns in a thin film of silicon. The molten-solid pattern was produced using an argon
ion laser at 514nm, and a Nd:YAG at 1.064 um, both focused down to spot sizes between
50 and 300um in diameter. Laser-induced melt patterns in polycrystalline and amorphous
silicon films, with solid lamellae of silicon coexisting with the melt, appearing and
disappearing dynamically were observed by [14]. In another case using light from a CO,
laser at 10.6 um, an ordered melt pattern comprising of alternate strips of molten and solid
silicon was observed, having a periodicity equal to the incident light’s wavelength was
observed [15]. The observation of periodic structures is a light-induced self-organization
process. It is associated with a periodic power distribution resulting from interference
between the coherent incident beam and the surface scattered beam [16]. Under these
conditions the optical absorption of the interface is increased which can reduce the

reflectivity substantially [15].

In the silica-gallium interfaces examined here, a similar light-induced grating structure
with period equal to the incident light’s wavelength may be formed, by preferential
melting of the gallium film under illumination, reducing the reflectivity of the interface.
However, the low reflectivity state, in the planar gallium mirror, was observed with
circularly polarised light at normal incidence. The distribution of power in the molten-
solid grating is polarization sensitive [17]. Circularly polarized light prevents the creation
of the ordered pattern. Under these conditions [16] reported the creation of disordered
patterns. Figure 3.15 shows a cross section of the silica-gallium interface with the molten-

solid forming under illumination.

Another possible mechanism for the observed low reflectivity state, resulting from the
same electrodynamic process that creates the melt patterns is surface rippling [17]. Surface
rippling has been observed when a laser beam heats the surface of thin metal films [18]. It
is considered a disadvantage of the laser treatment of metals, by creating unwanted surface

roughening. Figure 3.16, shows the ripple effect at the silica-gallium interface.
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NP NG

A =incident light wavelength

FIGURE 3.16: Light-induced surface patterning at the silica-gallium interface,
appearing as a molten-solid grating. The period of the grating structure, A, is of
the order of the incident light wavelength.

silica

.-gallium

FIGURE 3.17: Cross section of the surface ripple :effect, showing the molten

depression area under the laser beam, and the adjacent roughened areas.
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During surface melting, the surface of the thin film is subjected to a temperature gradient
running radially outwards out from the spot area. At the centre of the laser spot the surface
tension is at its lowest whereas away from the spot area increases with distance. This
surface tension differential can result in a depression of the film under the beam and the
subsequent rise in another part, creating a roughened surface. Rippled grating patterns

were reported by [16] for pulsed laser illumination at normal incidence

The creation of a stratified planar structure at the interface of silica with gallium may also
explain the observed reflectivity decrease. Such a structure could result from the formation
of a quasi-liquid layer, separated from the a-gallium bulk by an a-gallium layer
containing metallic inclusions. The appearance of such layering is predicted to happen at
the surfaces of most metals, and has been observed in a free gallium surface (Chapter 2
and references therein). It has been shown that for a particular dielectric coefficient of the

layers, the reflectivity of such a three-layer structure can be greatly reduced.
Finally, another mechanism of the reported low reflectivity state can be light-induced

roughening of the silica-gallium interface. Roughening of solids near the melting point is

known to appear even in the absence of any light excitation [19].
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FIGURE 3.17: Light-induced roughening of a silica-gallium interface,

showing clustering defects and relief pattern formation.

The exact mechanisms underpinning such light-induced roughening are being investigated
and relief formation along with clustering of defects, figure 3.17 above, and nanoscale
phase separation on the surface are being considered. If such nanoscale quasi-periodic
disturbance of the surface layer occurs, its effective dielectric permittivity will have a
resonance depending on the bulk plasma frequency of the metal, and on the shape and
characteristic size of the nanoscale modulation [19]. If the conditions are correct, this may

lead to a decrease in reflectivity [20].

Finally, intense light scattering can be responsible for the reflectivity decrease. Such
scattering is known to occur when the dielectric parameters of the material show
pronounced spatial-temporal fluctuations, with a characteristic correlation length equal to
the wavelength. This mechanism relies on the hypothesis that such fluctuations at a silica-

gallium interface may take place near the melting point and are stimulated by light.
3.11 Summary of Chapter 3

A silica-gallium interface exhibits a strong nonlinear behaviour close to the melting

temperature of gallium, Ty, = 29.8 °C. The silica-gallium interface was prepared at the tip
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of an optical fibre. The nonlinearity manifests itself as a fast light-induced structural phase
transition. The transition involves the stable o-gallium phase converting into a metallic

phase of considerably higher reflectivity.

Using this nonlinearity of the silica-gallium interface switching properties were
investigated. All-optical switching, at wavelengths of 1.3 um and 1.55 um was
demonstrated. Sub-microsecond switching times, and signal modulation up to 45% were
observed. The all-optical switching was demonstrated with a compact, fully fiberized

setup, readily customizable with existing telecommunications technology.

A potential problem associated with this type of structure can be the low contrast of the
modulated signal. This can be solved with the fabrication of a Fabry-Perot resonator
cavity, in which the mirrors are constructed by gallium. By adjusting the temperature of
the mirrors close to the melting temperature of gallium the intensity of light within the
cavity can be multiplied many times. Moreover, the polarisation dependence of the silica-
gallium interface can be a limiting factor on the performance. Recent research has
demonstrated that the use of gallium nanoparticles offers solutions to this problem, see

Chapter 5.

Using this nonlinearity there is tremendous potential for the development of a wide range
of truly practical nonlinear optical devices, compatible with existing waveguide
technology, and especially all-optical switches for fully optical data processing, in the

field of integrated optics.

An additional light-induced effect, at the silica-gallium interface was also observed and
investigated namely, a light-induced low reflectivity state. The reflectivity decrease was
observed in silica-gallium interfaces, prepared on an optical flat, or at the tip of an optical
fibre. The effect is reversible, and has been observed with cw and pulsed excitation. It
occurs within a narrow temperature interval just below the melting temperature of gallium

(Tm=29.8°C). It requires very low excitation levels.

The reflectivity decrease exhibits threshold behaviour under cw excitation. The magnitude

of the reflectivity drop, and the width of the temperature interval increase with increasing
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incident light intensity. Saturation occurs at higher intensities. The effect has also been
observed with pulsed excitation. It is dynamically light-induced and exhibits microsecond

response times.

The low reflectivity state is possibly due to light-induced structuring of the silica-gallium
interface. Potential mechanisms, such as formation of a molten-solid grating and surface
rippling, stratified structure, light-induced roughening and surface scattering have been

considered. However, the exact mechanism behind the observed effect is unknown.
Such dynamic, reversible light-induced reflectivity suppression can be of interest as a

potential power-limiting device in integrated optoelectronic applications. It can be fully

integrated with current fibre optics technology and with integrated optics devices.
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Chapter 4

Broadband Optical properties of an Ultrafast Pulsed Laser
Deposited Silica-Gallium Interface - Optical Switching in the
Blue-Green Spectral Region

4.1 Synopsis

The broadband optical properties of gallium were examined across the melting transition.
The linear reflectivity of a silica-gallium interface on transition from solid to liquid was
examined over a broad wavelength range. The results show a considerable broadband

interface reflectivity increase on melting.

The linear reflectivity change on transition from the solid to the liquid gallium phase of a
silica-gallium interface, prepared by Ultrafast Pulsed Laser Deposition (UPLD), was
investigated over a broad wavelength range. A substantial broadband reflectivity increase

was observed on melting.

The light-induced reflectivity change of the UPLD prepared silica-gallium interface was
studied, in the blue-green spectral region. A considerable interface reflectivity increase is
seen at fluences of about 1 mJ/cm®. The effect peaks at temperatures just below the
gallium melting point, Ty, = 29.8 °C. The interface reflectivity was studied using pulsed

excitation. The reflectivity recovery times were observed to increase critically.
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4.2 Overview of the Linear Optical Properties of Gallium

The linear optical properties of gallium are reviewed here, in relation to the spectral
characteristics of the silica-gallium interface. The linear reflectivity is calculated across

the melting transition for a very broad wavelength range.

The optical properties of the solid and liquid phases of gallium have been investigated in
the past by various researchers [1]-[8]. However, so far in the above references only the
properties of air-gallium and vacuum-gallium surfaces have been examined. These
interfaces are very susceptible to surface oxidization and degradation that can alter the

observed optical properties.

The work presented herein concentrates on the optical properties of the interface between
silica and gallium. Confinement can change the properties of bulk gallium significantly,
by modifying its surface energy inducing premelting effects that can influence the melting
transition. As a result of the change in the surface energy and interface chemistry, the
interfacing dielectric can considerably change the optical and nonlinear optical
characteristics of gallium at the interface. It can also be expected that the crystallographic

alignment at the interface can be different from a free gallium surface (see Chapter 2).

The optical properties of such an interface can be predicted using simple Fresnel formulae
and data from vacuum-gallium interface experiments. Comparing the calculated values
with values obtained experimentally can give an insight on the effect the dielectric
interface has on the properties of the material. Nevertheless, a considerable departure

between the calculated and experimental values has been seen.

In this section, data from the published works above are presented. Gallium is a
polymorphic material, possessing a number of metastable phases. Under normal
conditions its stable crystalline phase is the a-gallium phase. The data for the solid, a-
phase, of gallium were obtained from [4] in the form of the complex dielectric constants of
gallium monocrystals in the spectral range corresponding to the 0.3 €V to 3.5 eV energy
range. Figure 4.1 below, shows the real and imaginary parts of the dielectric constants, €

and &, respectively, for light with its electric field vector oscillating along the three
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crystallographic directions present in the a-gallium crystal, taken from [4]. See Chapter 2

for the structure of a-gallium and the definition of the axial notations.

This graph was transformed into tables containing values for the real and imaginary parts
for the three crystallographic directions, with respect to wavelength. These values were
fitted with polynomial functions in the spectral range from 450 nm to 1650 nm. The
polynomial functions are given in Appendix A.

80
40 |

2

FIGURE 4.1: The real and imaginary parts, &; and &, respectively, of the -
complex dielectric constants pf o-gallium for light polarised along the three
crystallographic directions defined as a [100], b [010] and c [001] as taken
from [4].

74



Chapter 4: Broadband Optical Properties ...

In the case of liquid gallium, values for the real and imaginary parts of the complex
refractive index were obtained from [8], who investigated the optical constants of liquid
gallium with respect to wavelength. The values for the optical constants of liquid gallium
were fitted with polynomial functions in the range from 450 nm to 1650 nm. The
polynomial functions are given in Appendix B. Figure 4.2 below shows the experimental
values of the optical constants of liquid gallium, represented by , as taken from [§]

compared with the values obtained from the fitting of the polynomial functions.
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FIGURE 4.2: The values for the optical constants of liquid gallium, as a
function of wavelength. The line shows the values obtained from the

polynomial functions fitting, whereas “ > show the data taken from [8].

From these values the real and imaginary parts of the complex dielectric constant of liquid
gallium, €, and &, respectively, were calculated using equations (4.1) and (4.2) below.
Figure 4.3, shows the complex dielectric constants of liquid gallium as a function of

energy.

£ =n’—«’ 4.1)
€ = -2nx 4.2)
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FIGURE 4.3: The real and imaginary parts, €; and €; respectively, of the
complex dielectric constants of liquid gallium, as a function of energy.

Calculated from equations (4.1) and (4.2) above.

The values for the dielectric properties of a-gallium, obtained from the polynomial
fittings, were used to calculate the real and imaginary parts of the complex refractive
index, n and k respectively, for the three crystallographic directions of an «-gallium

crystal. Figures 4.4, 4.5 and 4.6 below show the calculated values qf the optical constants.
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FIGURE 4.4: The calculated optical constants for light polarised along the
[100] crystallographic direction.
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FIGURE 4.5: The calculated optical constants for light polarised along the
[010] crystallographic direction.
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FIGURE 4.6: The calculated optical constants for light polarised along the
[001] crystallographic direction.

Using the calculated values for the optical constants of o-gallium (figures 4.4, 4.5 and
4.6), and liquid gallium (figure 4.3) it was possible to predict the spectral characteristics of
the reflectivity of a silica-gallium interface for the solid and liquid phases of gallium,
using equation (4.3) below. In the solid phase reflectivity was calculated assuming light

with electric field vector polarized along the three crystal directions.

_(n—ng ) v K
R gy e 4
GLASS

Figure 4.7 below, shows the calculated reflectivity of a silica-gallium interface for the
three crystal directions of a-gallium, and liquid gallium, as a function of wavelength. Note
the similarity of the a and ¢ axes. Indeed, in Chapter 2, it is mentioned that these two axes

are very similar crystallographically.
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FIGURE 4.7: Calculated reflectivity of a silica-gallium interface for the solid
and liquid phases, as a function of wavelength. Note the discontinuities in the
reflectivity curves are due to the polynomial fittings and have no physical

meaning.

Figure 4.7 shows the extensive change in reflectivity that takes place across the melting
transition of gallium. Optical switching can be possible between the two reflective states

of the material, solid (low reflectivity) and liquid (high reflectivity).

More importantly the change takes place across a very wide spectral region. This
demonstrates the great potential across this wide wavelength band, spanning from visible
wavelengths up to the infrared part of the spectrum that a silica-gallium interface can offer

for optoelectronic applications.
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4.3 The Optical Properties of the Silica-Gallium Interface

In this section the optical properties of a silica-gallium interface were examined. The
interface was prepared by confining a small amount of molten gallium between two

2 area, refractive index

Corning cover glass slides (0.13 to 0.16 mm thickness, 22 mm
1.532 at 632 nm). The spectral characteristics of the interface were investigated in the 450

nm to 1650 nm region across the melting transition.

A reflectometer, based on a modified optical microscope fitted with an Ealing Electro-
Optics white light source, was used to obtain the broadband reflectivity measurements
with respect to interface temperature. Figure 4.8 below, shows the outline of the setup

used to examine the linear reflectivity of the silica-gallium interface.

From light source N

AN
/ > OSA

Microscope

objective

Bulk gallium mirror U

FET =] Thermoelectric

element

FIGURE 4.8: The outline of the setup used to examine the broadband

interface reflectivity of a silica-gallium interface

In this setup a 3 mm area of the silica-gallium interface was illuminated with white light at

normal incidence using a x10 microscope objective. To overcome the anisotropy of
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gallium at the interface with silica unpolarised light was used. The reflected light was
launched into a multimode optical fibre. Acquisition of the data was done using a ANDO
AQ-6315 Optical Spectrum Analyser (OSA) in the range from 450 nm to 1650 nm, with 2
nm resolution. Thermal control of the silica-gallium interface was provided by a
thermoelectric heat pump (Peltier element) in the range from 20 °C to 33 °C with an
accuracy of 0.1 °C. In a typical measurement the temperature of the silica-gallium
interface was kept constant while the OSA obtained the reflectivity of the interface across
the spectrum. Measurements were obtained this way for increasing and decreasing
interface temperature. The data were calibrated against the known reflectivity of a gold
mirror, to obtain. the absolute values of the silica-gallium interface reflectivity. A
considerable broadband increase was observed in the interface reflectivity upon melting

across the wavelength range examined.

FIGURE 4.9: The broadband reflectivity increase of a silica-gallium interface
with respect to temperature, for low intensity, unpolarised light. The graph

shows the heating cycle.
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No premelting phenomena were observed, within the temperature resolution used, and the
transition from solid to liquid reflectivity happened in an abrupt manner. Figures 4.9 and
4.10 show the observed linear reflectivity change on melting, across the broad wavelength

range.

FIGURE 4.10: The broadband reflectivity increase of a silica-gallium
interface with respect to temperature, for low intensity, unpolarised light. Here

the cooling cycle is shown.

4.4 The Optical Properties of a Silica-Gallium Interface Prepared by
Ultrafast Pulsed Laser Deposition

Silica-gallium interfaces in which gallium has a low affinity at the interface, have been
used to demonstrate the enhanced nonlinear optical properties of the material. However,
such contact interfaces prepared at the tip of an optical fibre, or by simply squeezing

gallium between cover glass slides, lack the reliability needed in demanding applications.
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Indeed, these interfaces show degradation after a few heating and cooling cycles, and are
susceptible to the ambient environmental conditions. It was decided to concentrate on
silica-gallium interfaces, in which gallium exhibits a high degree of stability due to the

presence of a transitional layer at the silica interface.

Early attempts to produce high quality, thin gallium films by means of evaporation
condensation in vacuum onto silica substrates, and by sputtering of gallium failed. The
films were deposited in a structural state that did not exhibit a phase transition at the
normal melting temperature. Broadband reflectivity measurements revealed that gallium

was deposited in a highly reflective form, with reflectivity similar to that of liquid gallium.

A new type of confined silica-gallium structure was developed using Ultrafast Pulsed
Laser Deposition (UPLD). The silica-gallium interface was manufactured at the facilities
of the Laser Physics Centre, The Australian National University, Canberra Australia, by
A. V. Rode and B. Luther-Davies. The samples were prepared during the visit to the
Australian National University by Professor N. I. Zheludev, as part of a collaboration

project sponsored by the Royal Society and the Australian Academy of Sciences.

Using this method, gallium films of about 1 — 2 pum thickness were manufactured by
gallium ablation under vacuum (~2 x 10" Torr) directly on a silica substrate using a g-
switched, mode-locked Nd:YAG laser at 1064 nm with 60 ps pulse duration. It was found
that the substrate required cooling to about —100 °C during deposition. This is a standard
technique in the deposition of non-scattering films 3], for metals with low-melting point
such as gallium. Using this method the thin gallium film was deposited in the correct

crystalline phase, a-phase, and showed the required phase transition.

The UPLD silica-gallium interface linear reflectivity was examined over a broad
wavelength range, from 450 nm to 1650 nm, for temperatures close and above the gallium
melting point similarly as above. The temperature of the gallium sample was controlled, in
the range of 14 °C to 32 °C, by a miniature Peltier element with a nominal accuracy of 0.1
OC. Figures 4.11 and 4.12 below present the linear reflectivity of the UPLD prepared
silica-gallium interface. The results show a considerable increase of the interface

reflectivity, on melting, across the whole spectral region examined.
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FIGURE 4.11: The broadband reflectivity increase of the UPLD prepared
silica-gallium interface with respect to increasing temperature, for low intensity,

unpolarised light. Strong premelting is observed.

In these measurements, strong premelting phenomena in the transition from solid to liquid
were observed see (figure 4.11) indicated by the gradual rise of reflectivity before the
melting temperature was reached. On cooling, solidification happens in an abrupt manner
and reflectivity returns to its original values. This type of interface has shown exceptional
structural stability, able to withstand numerous heating and cooling cycles. The stability is
thought to be due to the presence of a transitional layer, at the interface between silica and
gallium formed by energetic gallium ions penetrating into the silica substrate during
deposition. Optical measurements of the silica-gallium interface, at a wavelength of 810
nm, have suggested the presence of a thin wetting layer of a highly reflective metallic
phase forming between the silica and gallium. These results in combination with standard
thin-film formulae, assuming that the optical properties of this layer are the same as those
of free-electron gallium and that there is a sharp boundary between the metallic and a-
gallium phases, were used to estimate the thickness of this layer. The results have

indicated that a layer of 3 nm thickness is always present at the interface, contributing to
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the stability of the interface observed in the experiments. This thickness is much deeper
than would be expected from a thermal evaporation process. Using a Monte-Carlo
program it was found that the kinetic energies required were in the order of 600 eV.
However an ion acceleration mechanism has been proposed that allows the ions to have

kinetic energies of up to 1 keV during the deposition process [9 and references therein].

The results shown in figures 4.11 and 4.12 demonstrate the high optical quality of the

UPLD prepared interface, and the possibilities it offers for nonlinear optical research.

RELECTMTY, 3

. T
S

FIGURE 4.12: The broadband reflectivity increase of the UPLD prepared
silica-gallium interface with respect to decreasing temperature, for low

intensity, unpolarised light.

4.5 Review of the Optical Properties of a Silica-Gallium Interface

In previous sections the spectral response of the optical properties of gallium at an
interface with silica were calculated for the solid and liquid phases of gallium, using data

from previously published works. Moreover, the reflectivity of two types of silica-gallium
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interfaces was measured across the melting transition of gallium, as a function of
wavelength. In this section the results of the measurements of the spectral response of
reflectivity with temperature are compared with theoretical predictions derived from

previously measured data from [4].

Figure 4.13 below, shows a comparison between measured vacuum-gallium reflectivity
values taken from [4], and calculated vacuum-gallium reflectivity values obtained from
dielectric data using polynomial approximations. A good agreement between the measured
and calculated values can be seen. Using the same polynomial approximations the
reflectivity of a silica-gallium interface was calculated and is also shown in figure 4.13.
The interface reflectivity is presented for light polarised along the a-axis, [100]
crystallographic direction at the interface. The calculated reflectivity values for the other
two crystallographic directions, b [010] and ¢ [001] axes, show similar agreement when

compared with values taken from [4].
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FIGURE 4.13: Comparison of measured reflectivity values from [4], and
values obtained from polynomial approximations of dielectric data. Shown
from light polarised along the a-axis of gallium, [100] crystallographic

direction.
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Furthermore, interesting comparisons can be made between the measured reflectivity
values of the two silica-gallium interfaces examined. Both interfaces show melting at
approximately 30 °C, with the UPLD prepared interface exhibiting premelting beginning
from 22 °C. Solidification for the bulk gallium mirror is at about 24 °C showing
overcooling of 6 °C. In the case of the UPLD prepared interface solidification takes place
at 21 °C, showing overcooling of 9 OC. Figure 4.14, compares the spectral response of the
measured reflectivity values for the two interfaces, at solid and liquid temperatures, as

measured in figures 4.9, 4.10 (bulk gallium mirror) and 4.11, 4.12 (UPLD).
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FIGURE 4.14: Spectral response of the measured interface reflectivity of the

bulk gallium mirror and the UPLD prepared interface as a function of

wavelength.

From figure 4.14 a similar behaviour between the UPLD prepared interface and the bulk
gallium mirror, can be seen. In the case of solid reflectivity values, both UPLD and bulk
mirror show high reflectivity in the visible region which then drops off towards the
infrared (IR). Also reflectivity is very similar in the visible and the near-IR for the two
interfaces. In the case of liquid gallium the reflectivity of the two interfaces shows similar

response at the visible and up to the near-IR. Reflectivity of the UPLD prepared interface
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shows less variation than the bulk gallium mirror. Furthermore, in the liquid a flat spectral
response of reflectivity was expected (see figure 4.7). In fact, the measured liquid
reflectivity shows a spectral dependence possibly due to the presence of crystalline order

at the silica-gallium interface, even at liquid temperatures.

Indeed, this corroborates observations discussed in Chapter 2, and references therein,
suggesting surface layering of liquid gallium and the existence of short-lived gallium
dimer units in the liquid phase, representing remnants of the a-gallium covalent character.
Moreover, the preferential wetting of an interface by liquid gallium has been mentioned
earlier in thfs chapter [10], with layers of gallium dimer units orientated roughly
perpendicular to the interface, forming planes of dimers in an increasingly disordered
fashion moving away from the interface. These observations of the presence of the dimer
structure, give rise to weak covalent absorption, which can explain the spectral response of

the silica-gallium interface when gallium is in 1its liquid phase.

Moreover, the latter observation can be used to determine the -crystallographic
arrangement at the silica-gallium interface, and the spectral response of the measured solid
reflectivity. Assuming that the dimer units (b-axis [010] crystallographic direction) will be
roughly perpendicular to the interface, this allows for the two existing crystallographic
directions to occupy the plane parallel to the interface. Using the calculated reflectivity
values for the a [100] and ¢ [001] crystallographic directions from figure 4.7, the average
in-plane interface reflectivity can be calculated. Figure 4.15 compares the measured
reflectivity for the UPLD prepared interface, with the average calculated in-plane

reflectivity.

The spectral response of the solid reflectivity can be seen to agree with the calculated
values for reflectivity. However, the two sets of data show a discrepancy in the reflectivity
values reached. Indeed, the measured reflectivity exhibits higher values that the calculated
one. The difference in reflectivity values is possibly due to oxidization of the interface, or
calibration differences. An additional reason can be the existence of a different metastable
phase of gallium at the interface, such as B-gallium, Gall or Galll. In the liquid phase the

above-mentioned spectral response of the measured values can be clearly seen.
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In conclusion, the calculated and measured reflectivity across the melting transition and as
a function of wavelength, of a silica-gallium interface was examined, and the differences
and similarities were reviewed. A good agreement between the calculated and measured

values can be seen across the spectral region examined.

The measured reflectivity of two silica-gallium interfaces prepared by different procedures
were examined and compared. A good agreement between the reflectivity response of the
two interfaces can be seen. This indicates that the optical properties of a UPLD prepared
silica-gallium interface are similar to those of bulk gallium. Finally, the results suggest
that the optical properties of a silica-gallium interface can be reasonably estimated using

data from vacuum and air-gallium surfaces and Fresnel formulas.
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FIGURE 4.15: Comparison of the measured interface reflectivity of the UPLD

prepared interface, and the calculated average in-plane reflectivity.
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4.6 Light-Induced Reflectivity Increase at the Blue-Green Part of the

Spectrum

In this "experiment the nonlinear optical properties of the same UPLD prepared silica-
gallium interface are examined. The light-induced reflectivity increase was investigated at
the blue-green part of the spectrum. The' dependence of the interface reflectivity with
incident light was measured, at wavelengths of 488, 496, 501 and 514 nm, for a range of
temperatures starting well below the melting temperature of gallium (T, = 29.8 °C) and
reaching a few degrees above Tp, Some of the measurements reported herein were

obtained in collaboration with Mr V. A. Fedotov.

To examine the reflectivity of the UPLD silica-gallium interface in the blue-green region,
light from a Spectra Physics argon ion laser (Model 2060-10S) at 488, 496, 501 and 514
nm, in a single beam setup was used. The light was focused on the gallium film, through
the silica substrate, at near to normal incidence to a spot of approximately 50 um in
diameter. The temperature of the interface was controlled by a thermoelectric (Peltier)
element, as mentioned earlier, in the range between 14 °C to 32 °C with a nominal

accuracy of 0.1 °C.

To avoid any problems due to the anisotropic character of the silica-gallium interface, the
incident light was circularly polarised. The beam intensity was modulated at 200 Hz. The
experimental setup used to investigate the linear reflectivity of the silica-gallium interface

with respect to incident light intensity is shown in figure 4.16.
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FIGURE 4.16: The experimental setup used to investigate the linear reflectivity

for wavelengths in the blue-green spectral region.

In figure 4.17, the change of the silica-gallium interface reflectivity on melting, for low
intensity light, is shown for the different wavelengths used. The experimental data are
shown in comparison with the values for the change of reflectivity of the silica-gallium
interface calculated using values for the optical constants from figures 4.4, 4.5 and 4.6. In
figure 4.17, the calculated reflectivity values account for the presence of a transient
metallic layer, 3nm thick. A good agreement between our experimental and calculated

values, of the silica-gallium interface reflectivity change on melting, can be seen.
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FIGURE 4.17: Reflectivity change at the UPLD silica-gallium interface on
melting in the blue-green spectral region. The solid line represents the
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calculated value of the reflectivity change whereas the are the

experimental results.

The nonlinear response of the UPLD silica-gallium interface is shown in figure 4.18. Here,
the reflectivity of the silica-gallium interface, as a function of temperature, for different
light intensities at a wavelength of 514 nm is presented. Curves i to iv correspond to silica-
gallium interface reflectivity at incident light intensities of 100 W/ecm?, 500 W/cm?, 1.5
kW/cm® and 3 kW/cm?, curve v corresponds to decreasing temperature. Liquid gallium
reflectivity is reached at approximately 30 °C, with solidification occurring at 24 °C. The
results show a strong modification of the interface reflectivity as the light intensity is
increased, with respect to increasing temperature. Indeed, the reflectivity change can be
seen to become less abrupt with increasing intensity, however, the temperature at which
the liquid gallium reflectivity (~76 %) is reached, remains constant for all excitation levels

used in the experiment.
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FIGURE 4.18: Interface reflectivity at 514 nm with increasing temperature,
and for various light intensities (curves i-iv) across the melting point of

gallium. Curve v shows reflectivity with decreasing temperature.

Note the interesting behaviour, seen in curve v, of the interface reflectivity with
decreasing temperature, caused by the heat released when the gallium films recrystallises.
Recrystallisation from melt is an avalanche process which develops through the formation
of crystallisation seeds. As a result a substantial amount of energy is released in the form
of heat. In the absence of a heat sink this could lead to an abrupt increase in the
temperature of the sample. Such an effect is often used as experiment with various
substances to illustrate the thermodynamical peculiarities of first order melting. Simple
thermodynamic calculations can show that such heat release can cause an increase in
temperature of several tens of degrees. Indeed, in the case of gallium and if an adiabatic

process is considered, the temperature difference going from liquid to solid is

AT= 17, (4.4)
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Where L = 80 Jg'C™ is the latent heat of gallium, and C =0.371J g’ is the specific heat of
gallium, giving AT =~215 °C. However, in reality a much smaller temperature rise can be
expected due to the presence of a heat sink in the form of the thermoelectric element
(Peltier unit). Nevertheless, such a temperature increase is what is observed in fig. 4.18. It
is a transitional effect which confuses the thermal stabilisation circuitry, which can not

cope immediately and registers a rise in the temperature axis.

To illustrate the light-induced reflectivity change for increasing temperatures at a
wavelength of 514 nm, figure 4.19 is presented, below. It is shown as the difference
between reflectivity at the higher intensity levels (curves ii to iv) and the lowest intensity
level (curve 1). The maximum change is achieved a few degrees below the melting point of
gallium, Ty, while the effect disappears on melting. From this figure, it can be seen that a
reflectivity change of about 15 % can be induced at the silica-gallium interface, under

illumination of a laser beam of 3 kW/cm® intensity.

4.7 Conclusion

The nonlinear reflectivity of a UPLD prepared silica-gallium interface was investigated in
the blue-green spectral region. The light induced interface reflectivity change was
measured with respect to increasing and decreasing temperature, at wavelengths of 488,
496, 501 and 514 nm. Results show that reflectivity can be modified by as much as 15% at

a wavelength of 514 nm, close to the melting point of gallium.
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FIGURE 4.19: The magnitude of the light-induced reflectivity change with
increasing temperature as the difference between reflectivity at higher intensity

levels (curves ii to iv) and the lowest intensity level (curve 1).
4.8 Discussion

An obvious mechanism that could be used to explain the observed reflectivity behaviour,
shown in figures 4.18 and 4.19, is laser-induced melting in which the laser beam heats the
thin gallium film at the interface with silica, causing it melt. To understand the exact
nature of the mechanism behind the observed reflectivity increase, it was decided to
investigate the temperature change due to the presence of the laser beam heating the
‘interface. To do so, the temperature distribution and heat flow at the interface were
modelled, using a method based on Green’s function. The model was adapted to the
specific case of a silica-gallium interface, and all calculations were performed by V. A.
Fedotov under the supervision of Prof. Zheludev. The equations included here and the
relevant thermal calculation results can be found in [11]. Using these calculations the rise

in the local interface temperature was evaluated, in order to understand whether the
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observed reflectivity increase was a result of the presence of the laser beam at the

interface.

The three-dimensional heat conduction equation of the silica-gallium interface was
analytically solved for the steady state regime of laser illumination. Initially, the use of
numerical solvers based on the finite element method was found to be problematic. The
dimensions of the gallium film are considerably smaller than the dimensions of the silica
substrate, and at the same time the diameter of the laser spot is but a fraction of the sample
width. To overcome this difficulty, an axial symmetry of the sample was introduced,
approximated by a cylinder with a diameter equal to the typical width of the sample [11].
Such approximation does not affect the actual temperature distribution near the laser spot.
In addition, convection and radiative losses from the sides of the silica-gallium interface
were ignored, making the calculated values of the temperature increase to be an

overestimate of the actual values of temperature.

Using the axial symmetry in the cylindrical co-ordinate system, the heat conduction

equation is as follows:

2
Li[ pM} w0, OTEP) o (4.5)
p op op
where i is an index referring to the substructure, i.e. ceramic plate, gallium film and.silica

z

glass, and v, = A oy where A, and A, are the thermal conductivities in the axial, z,

and radial directions, o, of the cylinder element used to approximate the silica-gallium
structure. Next, the appropriate boundary conditions were introduced, considering that any
losses from the sides of the samples are neglected, and the laser energy absorbed by the
gallium film is confined in the optical skin depth, which is negligible compared to the

thickness of the film.
In the calculations the sample temperature was taken to be 26 °C as set by the thermal

element. The initial reflectivity of the silica-gallium interface was taken to be about 60%,

as suggested by the theoretical predictions and the measured values discussed earlier in
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this chapter. The calculations were performed for an incident light intensity of 3 KW/em?,
which was the highest intensity used in the experiment. Furthermore, gallium’s
characteristics and thermal properties were taken into account. As discussed in Chapter 2 a
specific orientation prevails at the interface with silica, the optical properties of which
were examined in the beginning of this chapter. The thermal properties of gallium are,
similar to the optical properties, dependent on the crystal orientation at the interface. In the
calculations the thermal conductivity of a-gallium, was taken as A, = 15.9 Wm''K!
perpendicular to the interface and as 64.6 Wm™ K in the plane of the interface, an average

of Ay =41 Wm'K!, A, = 88 Wm''K.

The results of the thermal calculations indicated that the local rise in the interface
temperature, under the laser spot, would be ~2 OC, above the set sample temperature
regulated by the thermoelectric element (see above). In practice the temperature rise
would be smaller since in the model the relatively low value of 0.8 Wm™'K™ was used for
the thermal conductivity of glass, and all radiative and convection losses have been
ignored. Such a temperature rise cannot explain the reflectivity behaviour observed in the
experiment. However, such a calculation does not firmly exclude the possibility of thermal
melting as the mechanism behind the reflectivity behaviour of the silica-gallium interface

observed in figures 4.18 and 4.19.

Nevertheless, such an explanation has some obvious problems. Namely, if the presence of
the laser beam at the silica-gallium interface would melt the whole gallium film, then the
low intensity reflectivity, illustrated by curve i in figure 4.18, would be shifted down
towards lower temperature values along the temperature axis. This downward shift would
be equal to the increase in temperature of the film caused by the laser heating the
interface. However, in the case of the reflectivity behaviour observed, instead of a
temperature shift, a modification of the reflectivity curve was seen, while most
importantly the melting temperature remained the same even at the higher incident light

intensities.
Therefore, the observed modification of the reflectivity curves, which happen across a

wide range of temperatures as shown in figure 4.18, and the observed reflectivity increase

at the silica-gallium interface cannot be explained by a thermal effect, and there should be
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another mechanism of most likely a non-thermal nature. Indeed, such a non-thermal
mechanism, involving metallic film formation through light excitation, has recently been
found to be an accurate model explaining the reflectivity behaviour of a silica-gallium
interface under cw excitation [9]. The measurements performed in the blue-green spectral
region in this experiment are consistent with the non-thermal mechanism proposed in [9].
According to that model, gallium will undergo a non-thermal, surface-assisted phase
transition when illuminated with light. During this transition, the reflectivity of the silica-
gallium interface depends on the presence of a thin wetting layer of a highly reflective
metallic phase that forms at the interface between the silica and gallium. In chapter 1, it
was shown that a thin layer of a metallic phase of gallium, known as Ga(IlI), forms readily

at a surface of a-gallium without any external stimulation.

The light-induced transition of the silica-gallium interface is made possible by the
crystalline structure of a-gallium. In chapter 1, the energy band structure of the material
was discussed, and the existence of distinct transitions within the band structure was
related to the presence of covalent bonding in the a-gallium structure. The covalent
bonding results in a broad absorption band which makes the silica-gallium interface
sensitive to external stimulation through light excitation at wavelengths spanning from

~310 nm to ~1820 nm.

The measurements of the, UPLD prepared, silica-gallium light-induced interface
reflectivity were within this range, at 514 nm, and close to the peak of the optical
absorption band. In this case, absorption of light is highly localised and leads to the
excitation of the Ga dimers, from the bonding to the antibonding state, reducing the
stability of the surrounding crystalline cell, which subsequently undergoes a transition to a
new phase of considerably different optical properties in the form of a microscopic
inclusion. The presence of the microscopic inclusions of the metallic phase shifts the
energy balance at the silica-gallium interface, and as a result leads in the creation of a

metallic layer.
As the incident light intensity increases, the thickness of the new metallic phase’s layer

increases accordingly. The new phase is stable under light illumination, and grows

epitaxially as a layer at the interface between silica and gallium, propagating towards the
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bulk c-gallium film. The increase in the interface reflectivity is a result of the increasing
thickness of the metastable phase. The exact identity of this phase is not yet clear, but it is
most likely to be one of the material’s existing metastable phases, such as B-gallium,
Ga(II) and Ga(IIl). These phases exhibit metallic characteristics as discussed in chapter 1,
similar to those of the liquid state and are involved in the continuous transition from the
solid crystalline a-phase to the liquid (c-gallium B-gallium Ga(Ill)  Ga(Il)
liquid) [12].

4.9 Dynamic Measurements of the Light-Induced Reflectivity Change at

a Silica-Gallium Interface

In this part of the experiment, the interface reflectivity of the silica-gallium interface was
studied using pulsed excitation. A pump-probe setup, with a modulated pump and a cw
laser as the probe source, was used. The reflectivity of the interface was examined using
pump pulses of different intensities, for various sample temperatures up to the melting

point of gallium.

The 514 nm line, from the Spectra Physics argon ion laser (Model 2060-10S), was used as
the pump to investigate the switching properties of the silica-gallium interface. The
reflectivity of the interface was monitored using a cw HeNe laser at 633 nm. An acousto-
optical modulator was used to alter the pump into pulses of duration, 1, 150 ns, 400 ns
and 1 ps, with a repetition rate of 100 Hz. In this experiment, the intensity modulation of
the pump beam induces a change in the reflectivity of the silica-gallium interface, causing

a modulation on the probe intensity.

Both the pump and probe beams were focused at the gallium film, through the silica
substrate, at spot diameters of about 50 pm and 35 pm, respectively. The polarisation of
the pump was circular. A digital oscilloscope was used to register and record the reflected
probe signal, detected by a fast photodiode. The overall bandwidth of the detection system
was 150 MHz. The pump-probe setup used is shown in figure 4.20.

99



Chapter 4: Broadband Optical Properties ...

Argon lon (pump) Wavelength
separating prism

HeNe (probe)

H

Fresnel Rhomb and

linear polariser
Acousto optical
______________ |] modulator
: .
t
. ' Function Vi
Digital «--- generator J
oscilloscope d-----
)
1
A 0
Signal
detector
Planar mirror
,  on pelfier
Temperature '
control 1
!
&--------

FIGURE 4.20: The pump-probe setup used to investigate the switching

properties of the silica-gallium interface between 514 nm (pump) and 633 nm

(probe).

The transient measurements show the behaviour of the silica-gallium reflectivity under
pulsed optical excitation, with pulse duration in the nanosecond/microsecond range, and
illustrate the typical response of the interface reflectivity, similar to that observed in
Chapter 3. Figure 4.21, below, shows the dynamics of the silica-gallium interface
reflectivity response, as measured for different pump pulse durations. The results indicate
that the interface reflectivity rises immediately after the start of the pump pulse (shown by
the dashed vertical line in figure 4.21). Furthermore, the relaxation of the interface

reflectivity after the pump pulse ends can be seen. Here the recovery time, T, is taken at
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the full width at half maximum of reflectivity, indicated by the arrow, when the pump
pulse is no longer present and the reflectivity starts to recover. The measurements

indicated that the recovery time is dependent on temperature, see figure 4.23 below.

Figure 4.22 shows the magnitude of the pump-induced, probe reflectivity change as a
function of sample temperature, for three pump pulse durations. The results show that the
maximum light-induced change occurs just below the melting point, at a temperature of

27.8 °C. Moreover, when the melting temperature is reached the effect disappears.
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FIGURE 4.21: The dynamics of the light-induced reflectivity change plotted for
three different pump pulse durations at T = 27.8 °C. Curves i, ii and iii correspond
to different pump pulse durations, 0.15 ps, 0.40 ps and 1.00 ps, while T indicates

the recovery time.
4.10 Conclusions

The transient dynamics of the silica-gallium interface were investigated using a pump-

probe setup. The results indicate that reflectivity rises immediately after the start of the
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pump pulse. The maximum light-induced change occurs just below the melting point, and

disappears above melting.
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FIGURE 4.22: The magnitude of the reflectivity change for the different pump

pulse durations, 0.15 ps, 0.40 ps and 1.00 ps, with increasing temperature.

4.11 Discussion

The transient measurements shown in figures 4.21 and 4.22 above, illustrate the typical
response of the silica-gallium interface reflectivity under pulsed laser excitation. The
results presented therein, can be explained by a nonthermal mechanism similar to that
introduced in the case of the cw measurements discussed earlier. This mechanism has been
used to successfully explain the dynamic behaviour of a silica-gallium interface under
pulsed laser excitation for pulse durations longer than 10 ns [13]. According to this
mechanism, the behaviour of the silica-gallium interface reflectivity is associated with a
fast light-induced, surface-assisted, structural phase transition, involving a transition to a
new metastable phase, which becomes stable in the presence of the pump pulse. This
transition is made possible by the sensitivity of the silica-gallium interface under

illumination, when close to the melting temperature of gallium. Recent work suggests that
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the metallic phase grows during the pulse duration, forming a well-defined metallic layer

at the interface [14].

The rapid increase of reflectivity, shown in figure 4.21 for the three different pulse
durations, is a result of the increased density of the metallic phase at the interface. When
the pump excitation is no longer present, the metallic phase becomes metastable and

begins to recrystallize back to the a-phase, with reflectivity recovering its initial value.

If the observed behaviour was temperature driven, due to the presence of the laser beam
heating the interface locally and involving no change in the structure of a-gallium,
reflectivity would relax as the temperature of the interface relaxed. In this case the
recovery time of the interface reflectivity would be independent of temperature, since the
heat conduction equation, equation (4.5), is not a function of temperature. In the
measurements presented here, the interface reflectivity recovers exhibiting temperature
dependent recovery times as shown in figure 4.23, below. As with previous case the
recovery time is measured when the pump pulse ends and reflectivity starts recovering to

its initial value, and is measured at roughly the full width at half maximum.

The reflectivity recovery time is a function of the velocity, v;, with which the o-
phase/metallic phase front moves towards the silica substrate. It also depends on the rate
of thermal diffusion, i.e. the rate at which the interface cools, and also on the thickness of
the metallized layer. In the case of the measurements presented here, the growth velocity
is the dominant factor, since the thermal diffusion time is much shorter than the

recrystallization time.

The growth velocity depends on the sample temperature: v, = g(1 — T/Tr,), where g is a
function of the recrystallisation mechanism and 7T;, is the bulk melting temperature [9].
From the transient reflectivity measurements corresponding to sample temperature of 27.8
0C, (figure 4.22) v; was found to be 4 x 10 ms™. The recovery time T =d / v, where d is
the thickness of the metallized layer, is expected to be longer for larger induced
reflectivity changes, i.e. thicker metallized layers and increase critically on approaching
Tm. All of these features have been observed in the experiment, in particular the recovery

time increases as ~ 1 / (T, — T), see figure 4.23 below.
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FIGURE 4.23: The recovery time, 7, of the pump-induced probe reflectivity

change presented as a function of 1/(T,,— T), for three pump pulse durations.

4.12 An Additional Dynamic Behaviour

The results presented in figures 4.21, 4.22 and 4.23 represent a typical response observed
at the silica-gallium interface. However, some areas of the UPLD silica-gallium interface
responded differently to optical excitation. Figure 4.24, below, shows the dynamics of the

reflectivity change in these areas.
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FIGURE 4.24: The dynamics of the reflectivity change associated with the
additional behaviour observed, plotted for three different pump pulse durations
at T =25.6 °C. Curves i, ii and iii correspond to different pump pulse durations,

0.15 ps, 0.40 ps and 1.00 ps, while 7 indicates the recovery time.

In these areas under pulsed excitation the reflectivity recovery times exhibit a much longer
component. The pump-induced, probe reflectivity change can be seen to disappear before
Tm, and the maximum light-induced change occurs at a temperature of 25.6 °C, see figure

4.25, below.
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FIGURE 4.25: The magnitude of the light-induced change associated with the
additional behaviour, plotted for three pump pulse durations used, 0.15 ps, 0.40

us and 1.00 ps, with increasing temperature.

However, a number of features similar to the previous case can still be seen. Namely, the
reflectivity starts to rise immediately after the pump pulse (dashed line) and the effect
accumulates with time. Figure 4.26 shows a direct comparison of the transient dynamics
of the reflectivity change, with 1, = 1 ps, for the two types of response for increasing

temperatures.

This type of interface reflectivity behaviour can be described as a predominantly thermal
effect. It can be attributed to the poor thermal properties at the areas exhibiting the
additional effect. As a result, the gallium film at the interface undergoes melting before the
bulk melting temperature is reached. Nevertheless, the non-thermal mechanics described
above, still play an important role. This is indicated by the immediate rise of the interface

reflectivity after the arrival of the pump pulse.
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Figure 4.26: Direct comparison of the transient dynamics of the pump-induced
probe reflectivity change, showing the non-thermal (left) and thermal effect
(right). Presented as a function of the sample temperature T, for pump pulse
duration t, = 1.00 us. Note the increasing difference in the reflectivity change

dynamics with respect to increasing temperature.

If the effect was a fully thermal one, then there would be a delay before the interface
reflectivity starts to rise, equal to the time needed to bring the local temperature above the
melting point. When the pump excitation is no longer present the interface reflectivity
starts to recover. The reflectivity relaxation times can be seen to increase as temperature

approaches the melting temperature, exhibiting, though, much longer recovery dynamics.

The results presented in figures 4.24 and 4.25 suggest that in these areas the growth
velocity is no longer the dominant factor in the recovery of interface reflectivity. Under
these conditions, both the recrystallisation dynamics and thermal diffusion rate are active

while reflectivity recovers. Indeed, due to the poor thermal quality of the interface at these
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points, thermal diffusion is unable to remove the heat accumulated locally and the film
temperature is maintained higher than the Peltier element temperature keeping reflectivity

at higher values and resulting in the long recovery times observed.

4.13 Summary of Chapter 4

In summary, the linear reflectivity of the Ultrafast Pulsed Laser Deposition prepared
silica-gallium interface was examined in the broadband spectral region, from 400 nm to
1650 nm. The results show a considerable increase of the interface reflectivity on melting

across the whole spectral region.

Moreover, the nonlinear optical properties of the same UPLD silica-gallium interface,
were investigated in the blue-green spectral region. Single beam, cw measurements, of the
interface reflectivity at wavelengths, A = 488, 496, 501 and 514 nm, and with different
incident light intensities, were performed. The results show that reflectivity can be
modified by as much as 15%, by incident light of 3 kW/cm? intensity at a wavelength of
514 nm, close to the melting point of gallium, Ty, = 29.8 °C. The transient dynamics of the
interface reflectivity under pulsed excitation, using a modulated pump at 514 nm and cw
probe at 633 nm were also investigated. Two types of reflectivity response, depending on
the silica-gallium interface properties, were observed. The mechanisms behind these
phenomena were identified as a non-thermal and a predominantly thermal one. In the case
of the non-thermal behaviour, the results indicate that reflectivity rises immediately after
the pump puise. In the range of pulse durations used the effect was observed to accumulate
with time. The maximum light-induced change occurs just below the melting point at 27.8
9C, and the effect disappears above melting. The predominantly thermal behaviour shows
much longer reflectivity recovery times, whereas the maximum light-induced effect occurs

earlier at 25.6 °C, and disappears before the melting temperature is reached.

The results presented in this chapter, indicate that the UPLD prepared silica-gallium
interface is very sensitive to low power excitation across a very broadband region of the
spectrum. Switching between any wavelengths. in the 400-1800 nm is possible, and offers

an opportunity for a broadband optoelectronics material.
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Chapter 5

Summary and Further Work

5.1 Summary

The light-induced reflectivity change of gallium confined at an interface with silica, close
to the melting transition of gallium, has been investigated. The behaviour can be attributed
to a surface assisted, reversible, light-induced structural phase transition. Using this

nonlinear behaviour the following effects were presented and discussed in the thesis:

* Cross-wavelength, all-optical switching between 1.3 and 1.55 pm was achieved for the
first time.

= The effect of reflectivity suppression at a silica-gallium interface, due to a light-
induced low-reflectivity state was studied in detail for the first time, with cw and
pulsed excitation.

» A light-induced reflectivity increase, previously reported at the infrared part of the
spectrum, was observed and studied in the blue-green part of the spectrum with cw
excitation for the first time.

* The dynamics of the light-induced reflectivity change at a silica-gallium interface were
studied in the visible part of the spectrum for the first time, revealing a thermal and

non-thermal behaviour.
The results presented in this thesis suggest that the nonlinear behaviour of a silica-gallium

interface is strong and it offers potential for the realisation of a number of practical

optoelectronics devices. The summary of the chapters follows below.
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5.2 Summary of Chapter 2

Chapter 2 was a literature review of the physical properties of gallium. The polymorphic
characteristics of gallium were presented and the stable crystalline form was identified.
The main structural modifications and metastable phases of the material were also
discussed. The melting of gallium crystals with the associated surface phenomena was

discussed. Finally, the properties of the liquid phase of the material were examined.

5.3 Summary of Chapter 3

In chapter 3 the strong nonlinear behaviour of the silica-gallium interface was used to
demonstrate an all-optical switch. Cross-wavelength modulation between signals at 1.3
um and 1.5 pm was achieved, with modulation of up to 40 % in reflected light intensity
and sub-microsecond switching times. It was argued that the nonlinear behaviour can be

attributed to a light-induced metallization of gallium at the interface with silica.

An additional light-induced effect was also examined in chapter 3. The reflectivity of a
silica-gallium interface was observed to be reduced in a reversible manner when the
interface was excited by a few milliwatts of laser power. This reflectivity drop was seen
with both cw and pulsed excitation. Under cw excitation the reflectivity decrease was
observed to exhibit threshold behaviour, with saturation occuring at higher light
intensities. With pulsed excitation the low reflectivity state was observed to be
dynamically light-induced with microsecond response times. This low reflectivity state
was attributed to a light-induced structuring at the interface. Some potential mechanisms

were presented and discussed.

The nonlinearity at a silica-gallium interface offers potential for the development of a
wide range of practical nonlinear optical devices. The dynamic, reversible light-induced
reflectivity suppression can be potentially used in power-limiting applications in

optoelectronic applications.
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5.4 Summary of Chapter 4

In chapter 4, the linear and nonlinear optical properties of gallium confined at the interface
with silica were examined across the melting transition. The reflectivity of a silica-gallium
interface over a broad wavelength range was estimated theoretically, for the solid and
liquid states, using Fresnel formulas and previously published data for the optical
properties of gallium single crystals. The linear reflectivity of two silica-gallium interfaces
with different degrees of confinement was measured across the melting transition of
gallium as a function of wavelength. A considerable increase in interface reflectivity
across the whole spectral range examined was observed. The measured values were

compared with the estimated reflectivity values.

The nonlinear optical properties of a silica-gallium interface prepared by Ultrafast Pulsed
Laser Deposition, in which gallium has a high degree of confinement, were investigated in
the blue-green spectral region. The light induced change of the interface reflectivity was
examined with single beam, cw, measurements at various wavelengths as a function of
intensity and temperature. Reflectivity was modified by as much as 15% at a wavelength

of 514 nm, close to the melting point of gallium, Tp, = 29.8 °C.

The light-induced reflectivity change of the UPLD prepared interface was examined with
pulsed excitation in the visible part of the spectrum for the first time. The transient
dynamics were investigated with a pump-probe setup. Two types of reflectivity response
were observed, which depended on the properties of the interface. The mechanisms behind
these phenomena were identified as a non-thermal and a predominantly thermal one. The
non-thermal behaviour was attributed to a reversible, light-induced, surface-assisted
metallization of the silica-gallium interface. The maximum effect was observed to occur
just below the melting point at 27.8 °C, and the effect disappeared above melting. In the
case of the predominantly thermal behaviour it was argued that the effect was due to the
poor local thermal quality of the interface. The maximum change of reflectivity was
observed to occur earlier at 25.6 °C, and the effect disappeared before the melting

temperature was reached.
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5.5 Further Work

By confining gallium at an interface with silica and bringing the material up to its melting
transition it was shown that the interface becomes sensitive to a broad wavelength range of
optical excitation. A strong nonlinear behaviour is developed, manifested as a surface-
assisted, reversible light-induced reflectivity change. If this enhanced nonlinearity is to be
used for practical applications where the size of the device is critical, the dimensions of
the underlying nonlinear structures have to be reduced. An approach to reducing the size

and increase the confinement of a material is nanostructuring.

Indeed in the case of gallium, nanoparticles are the ultimate confined geometry [1].
Confining gallium in the form of nanoparticles leads to modifications of gallium’s
properties and phase diagram, facilitating the reversibility of its phase transition
underpinning the optical nonlinearity and offering local field enhancement effects which

could improve the characteristics of gallium-based all-optical devices.

A technique for depositing gallium nanoparticles at the tip of optical fibres has been
developed, and initial results have suggested that the mechanism behind the nonlinearity
in gallium nanoparticles is similar but not the same as with the case of gallium films [1].
Research in ongoing and it is now being directed towards photonics of structural

transformations in single gallium nanoparticles.

However, despite the exciting results through the manifestation of a strong nonlinearity at
the silica-gallium interface, there are still questions regarding the microscopic properties
of the interface, and the way they govem the observed nonlinear response. The lack of a
clear understanding of the features of the silica-gallium interface at the atomic level, close
to the structural melting transition of gallium, opens a very wide area of research in the
structural characteristics. Using available materials characterisation techniques, such as X-
ray diffraction and neutron scattering, the exact crystal structure and phase at the silica
interface, as well as the grain size and the formation of defects and dislocations on
melting, can be investigated. As a result, it might be possible to engineer a silica-gallium
interface with tailored properties that could further enhance the ability of the interface to

manifest an even stronger nonlinear response.
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Appendix A

Polynomial Approximations and Reflectivity Values

A-1 Polynomial Approximations

The dielectric data for the o-gallium phase for light polarised along the three
crystallographic directions taken from [1], see Chapter 4 figure 1, were fitted with
polynomials. To account for the complex spectral response of the dielectric data in figure

1, the polynomial approximations were fitted to specific wavelength regions.

The polynomial approximations as a function of wavelength for the complex dielectric

properties of a-gallium, for the three crystallographic directions are given below.

A-1.1 Complex dielectric constants for light polarised along the a-axis,

[100] crystallographic direction.

Real part, &, in the range 450 nm to 618 nm
311.14 x° - 328.25 x> + 66.91 x + 2.018
Real part, €, in the range 618 nm to 1650 nm

-87 x* +356.55 x>~ 517.72 x>+ 319.03 x - 79.69
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Imaginary part, €, in the range 450 nn to 618 nm

-7877.1 x* + 13643.12 x> — 8709.22 x* + 2322.18 x -217.62
Imaginary part, €;, in the range 61§ nm to 669 nm

313.68 x* -1885.59 x° +451.82 x* -5503.3 x’ +3569.62 x* -1125.95 x + 134.81
Imaginary part, €,, in the range 670 nm to 1650 nm

151.24 x° — 856.54 x* +1860.32 x> -1995.88 x> +1027.25 x — 206.07

A-1.2 Complex dielectric constants for light polarised along the b-axis,

[010] crystallographic direction.

Real part, €, in the range 450 nm to 760 nm
4870.; x* - 11990.08 x* + 10893 x* - 4341.68 x + 636.53
Real part, €, in the range 761 nmto 1650 nm
-4.27 x> +4.59x% - 2722 x +9.76
Imaginary part, €;, in the range 450 nm to 760 nm
-47308.4 x5 + 144457.92 x4 — 174477.99 x3 +104110.49 x2 — 30659.13 x -3565.98
Imaginary part, €;, in the range 761 nm to 1650 nm

6.6 x3-20.27x2+37.93x-13.18
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A-1.3 Complex dielectric constants for light polarised along the c-axis,

[001] crystallographic direction.

Real part, €, in the range 450 nm to 706 nm

5952 x>+ 1104.13 x* - 678.54 x + 132.87
Real part, €, in the r;mge 706 nm to 1650 nm

18.69 x* - 119.04 x> + 261.24 x* - 226.65 x + 62.13
Imaginary part, €,, in the range 450 nm to 706 nm

-36842.67 x* + 112796.67 x* — 137122.04 x* + 82614.84 x* — 24608.84 x + 2896.5
Imaginary part, €, in the range 707 nm to 1650 nm
443.9 x6 — 3457.28 x5 + 11023.28 x4 — 18369.78 x3 + 16807.06 x2 -7954.9 x +1525.94

/
A-1.4 Polynomial Approximations for the Optical Constants of Liquid

Gallinm

The optical constants of the liquid phase of gallium were found in [2] and fitted with

polynomial approximations. The fitted polynomials are shown below.

Real part, n, of the complex refractive index of liquid gallium in the range 450 nm to 1650

nm

0.397x*+3.23x-0.66
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Imaginary part, x, of the complex refractive index of liquid gallium in the range 450 nm to
1650 nm

1.34 x> - 6.46 x*> + 14.944 x + 0.06

A-2 Reflectivity Values Table

Reflectivity values for light polarised along the a-axis, [100] crystallographic direction.

Wavelength el €2 K n R calculated R calculated

vacuum-ga  glass-ga
0.412 -4.372119 1.9293 2.139041 0.450973  0.729989  0.680383
0.449 -5.948904 2.165962  2.477887  0.437058  0.786932  0.738456
0.494 -7.522173  3.904786  2.828202  0.69033 0.74564  0.681384
0.549 -. -8.697217 7.322537 3.167532 1.155874  0.685071 0.60106
0.618 -8.5581 9.604704  3.272801 1.467353  0.650611 0.556736
0.706 -8.650798  12.65598  3.462718  1.827463  0.634232  0.533171
0.824 -8.955219  15.77277  3.680551  2.142718 0.634085  0.529625
0.988 -8.888587 20.00196  3.922793  2.549454  0.635622  0.528227
1.236 -6.083873  25.57065  4.022953  3.178094  0.622112  0.509155
1.648 -5.880102  21.79362  3.771806  2.889016  0.60628  0.492408
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Reflectivity values for light polarised along the b-axis, [010] crystallographic direction.

Wavelength

0.449
0.494
0.549
0.618
0.706
0.824
0.988
1.236
1.648

el

-4.231493
-5.385053
-5.455098
-5.936955
-8.672094
-11.94174
-16.77098
-24.93455
-41.74427

€2

3.144272
4.292413
5.935224
5.928996
5.817795

8.00402
10.87364
15.19741
23.81761

K

2.179828
2.477048
2.599656
2.676514
3.091512
3.627516
4287104
5.202665
6.700944

n

0.72122
0.866437
1.14154
1.107597
0.94093
1.103237
1.26818
1.460541
1.777183

0.626032
0.639711
0.597497
0.618257
0.717537
0.749015
0.784359
0.823617
0.864893

R calculated R calculated

vacuum-ga glass-ga

0.556485
0.561485
0.507138
0.530164
0.642007
0.674405
0.714454
0.761932
0.814428

Reflectivity values for light polarised along the c-axis, [001] crystallographic direction.

Wavelength

0.449
0.494
0.549
0.618
0.706
0.824
0.988
1.236
1.648

el

-3.526567
-5.128904
-5.898811
-5.876454
-4.919843
-5.237712
-3.789222
-0.069513

3.173118

g2

2.296392

3.70007
6.275014
8.049076

9.98553
12.76116
18.14776
20.30219
20.83822

1.966584
2.393027
2.693614
2.814464
2.832983
3.084797
3.341283
3.191538
2.992098
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n

0.583853
0.773094
1.164794
1.429948

1.76237
2.068395
2.715686
3.180629
3.482208

0.633721
0.651384
0.609846
0.586297

0.54974
0.562962
0.564977
0.540099
0.520404

R calculated R calculated

vacuum-ga glass-ga

0.576689
0.579368
0.520159
0.488014
0.442242
0.451478
0.447008
0.416049
0.392397



Appendix A: Polynomial Approximations and Reflectivity Values

Reflectivity values for liquid gallium.

Wavelength n K Reflectivity R calculated
vacuum-ga  glass-ga
0.45 0.873893  5.596958  0.8996604 0.86076245
0.5 1.05425 6.0825 0.8976872 0.85767121
0.55 1.236593  6.545793  0.896627 0.85591389
0.6 1.42092 6.98784 0.896076 0.85491619
0.65 1.607233  7.409648 0.8958043 0.85434864
0.7 1.79553 7.81222  0.8956781 0.85401792
0.75 1.985813  8.196563  0.8956191 0.85380929
0.8 2.17808 8.56368  0.8955818 0.85365484
0.85 2.372333 8914578  0.8955406 0.85351531
0.9 2.56857 9.25026  0.8954825 0.85336933
0.95 2.766793  9.571733  0.8954021 0.85320697
1 2.967 9.88 0.8952991 0.85302566
1.05 3.169193  10.17607 0.8951766 0.85282766
1.1 3.37337 10.46094  0.8950394 0.85261837
1.15 3.579533 10.73562  0.8948941 0.85240524
1.2 3.78768 11.00112  0.8947476 0.85219704
1.25 3.997813 11.25844  0.8946076 0.85200333
13 4.20993 11.50858  0.8944819 0.85183409
1.35 4.424033 11.75255  0.8943783 0.85169947
1.4 4.64012 11.99136  0.8943047 0.85160957
1.45 4.858193 12.22601  0.8942686 0.85157427
1.5 5.07825 12.4575  0.8942771 0.85160314
1.55 5.300293 12.68684  0.8943374 0.85170528
1.6 5.52432 1291504  0.8944557 0.85188927
1.65 5.750333 13.1431  0.8946382 0.85216304
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Abstract: The gallium/silica interface optical nonlinearity associated with a
light-induced structural phase transition from o-gallium to a more reflective,
more metallic phase shows an exceptionally broadband spectral response. It
allows 40% deep nanosecond/microsecond cross-wavelength intensity
modulation between signals at 1.3 and 1.55um.
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Recent discovery of a remarkably strong optical nonlinearity at a gallium-dielectric interface has
already resulted in the demonstration of a fully-fiberized all-optical gate based on a nonlinear gallium
mirror [1]. The mirror was manufactured on the tip of a single-mode fiber. In the gate the intensity
of the light in the signal channel was modulated by the intensity of light in the control channel, both
at wavelengths of about 1.55um. The gate performance was characterized with a continuously
modulated pump and modulation efficiency of about 30% with several hundred kilohertz bandwidth
has been achieved.

In this paper we report that a nonlinear gallium mirror can be used for controlling light with light
in pulse regime with sub-microsecond response time. We also demonstrate that the gallium/silica
interface nonlinearity shows an exceptionally broadband spectral response. This broadband
characteristic of the mirror has allowed us to demonstrate cross-wavelength all-optical gating
between signals at wavelengths of 1.3 and 1.55um. The gallium nonlinearity is associated with a
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light-induced structural phase transition in the common form of a-gallium in solid phase. It is
believed that in the nanosecond-microsecond regime of optical excitation, the mechanism of the
phase transition is predominantly non-thermal. Optical excitation is highly localized and destabilizes
covalent bonding within the crystalline structure of alpha-gallium thus provoking a surface assisted
transition to a more reflective, more metallic metastable phase. Such excitation of bonding-anti-
bonding transitions in @-gallium is associated-with a broad absorption band spanning from 0.8 to
4 eV [2]. This indicates that the effect may be induced by light in the visible and infrared parts of
the spectrum. The structural phase transition drives a considerable change in the electronic, and in
particular, in the optical properties of the material, also across a very broad spectral range.
Conventional o-gallium has a relatively low reflectivity, typical to a semi-metal, which increases
dramatically when the more metallic phase is induced at the interface by light stimulation. Aithough
the exact nature of the light-induced metastable phase is not known yet, our data shows that its
optical properties are very close to those of a free electron metal. Since on melting gallium acquires
nearly free electron metal characteristics, the reflectivity change associated with the light-induced
phase transition may be well illustrated by the change of gallium reflectivity on melting. Such
reflectivity change is presented on Fig.1, which shows that a considerable effect across visible and
infrared parts of the spectrum.

Fig. 1Reflectivity of a gallium-glass interface of unpolarized light as a function of temperature, near
the melting point, illustrating a strong change of reflectivity, overcooling and a reflectivity hysteresis.
A considerable reflectivity change is seen across visible and near infra-red parts of the spectrum.
Graphs a) and b) show the reflectivity change with increase and decrease of the temperature.

Therefore the gallium nonlinearity promises to be exceptionally broadband, allowing cross-
wavelength optical switching with the control and signal wavelengths to be virtually anywhere in
the visible and near-infrared parts of the spectrum down to at least 1.7pum. The broadband properties
of the liquefying gallium mirror nonlinearity have been recently demonstrated when two fiber laser,
operating at wavelengths of 1550 and 1030nm respectively have been Q-switched using the same
type of gallium mirror [3]. Here we demonstrate that gallium nonlinearity may be used for a cross-
wavelength intensity modulation.

The cross-wavelength characteristics of gallium nonlinearity response of liquefying gallium were
characterized in pump-probe experiments using the optical switch set-up shown in Fig.2. The
fiberised gallium mirror was formed by immersing a freshly cleaved end of a single-mode silica
optical fiber into a small bead of initially molten gallium of SN purity. The sample temperature was
controlled by a miniature Peltier heat pump to a precision of 0.01°C at temperatures around the
melting point of gallium (30°C). The control source A was an amplified, directly modulated DFB
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diode laser operating at A = 1.550m (1 MHZ linewidth.). The probe source B was a continuous-
wave diode laser operating at A= 1.3um. The pump and probe beams were coupled onto and off the
gallium mirror using a wavelength division multiplexer WDM. The fibre mode-field diameter was
~12 pm. The peak power of the pump pulses incident on the mirror could be varied between 0 and
90mW, while the power of the continuous wave probe beam was 60 LW at the mirror surface. The
probe beam was detected at the switch output with a 125 MHz 3 dB bandwidth InGaAs detector.
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Fig. 2The performance of the cross-wavelength all optical gate. The gate’s output contrast ratio is
presented as function of the gallium bead temperature, T, T = 30°C. The inset shows a schematic
of the fiberized gate. Input A is the control channel, Input B is the signal channel and PC isa
polarization controller.

We investigated the dynamic properties of the mirror at temperatures in the vicinity of the
melting point of gallium (~30°C) using control pulses of 100ns duration and 10kHz repetition rate.
The control pulse at A=1.55 pm induces the mirror reflectivity increase, this leads to a corresponding
increase of the output signal at A=1.3um. After the control beam excitation is withdrawn, the
induced reflectivity change rapidly returns to its original level (see inset on Fig.3). We observed that
the reflectivity recovery time depends on the gallium bead temperature and increases with the
temperature approaching the melting point of bulk gallium (see fig.3).
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Fig. 3 Gate switch-off time, 1, as a function of temperature, T. A typical gate response function with
a 100ns control pulse (dashed line) is presented in the inset for T-Tp, = -25°C.

As the temperature T is increased towards the melting point Ty, the inducéd nonlinear response
rises steadily up to a level of ~40% as shown in Fig.2. Here percentage of the probe beam output
intensity increase is presented. The pulse response on the control beam stimulation within this
ternperature region is highly stable and reproducible. At higher temperatures, just about 4°C below
the bulk melting point, the induced reflectivity falls rapidly. The induced modulation becomes
undetectable once the metal melts. On subsequent recooling the gate performance is fully restored.
In Fig.4 we plot the intensity dependence of the induced change in reflected probe power for a
number of temperatures in the proximity of the melting point. Once again the gallium bead was in
the solid phase. We observed up to ~40% changes in the reflected probe intensity induced by the
control beam powers of only a few tens of mW.
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Fig. 4 The signal contrast ratio as a function of the control beam peak power for various temperatures.

The huge optical nonlinearity in gallium relies on the coexistence of the molecular and metallic
properties of -Ga. ®-Ga is a structure which is built up from polyhedral fragments which can be
described as a ‘molecular metallic crystal’ where some of the bonds are strong covalent bonds, with
the rest being weaker metallic-type bonding [3,4]. Gallium is also one of only a few metals showing
the surface melting effect at normal conditions [5]. The following working model of the light-
induced structural phase transition corroborates well with our experimental data: light stimulates a
bonding-antibonding transition in a-Ga and the covalent bonding of the crystalline structure
becomes unstable provoking a phase transition from a-Ga to a metastable phase with essentially free
electron characteristics. As the system is very close to surface melting we interpret our results as the
silica interface assisting the creation of a metastable layer. The layer thickness critically depends on
the interface temperature and propagates with a high velocity appropriate to non-equilibrium
epitaxial growth. The layer thickness also increases with the level of light excitation because the
energy difference between 0-Ga and the metastable phase reduces; reflectivity of the interface
increases with layer thickness. The effect saturates and rolls-off as the thickness reaches the optical
skin depth. When the excitation is withdrawn, the metastable layer re-crystallizes back to the a-Ga
phase. The crystallization front moves towards the galliumy/silica interface. The recovery time
increases as gallium approaches the melting point as the velocity of the thermodynamic epitaxial
growth decreses as T,,-T.

In conclusion, we have demonstrated that a nonlinear mirror formed at the gallium-silica
interface allows for sub-microsecond cross-wavelength switching with up to 40% [40%] modulation
in reflected light intensity. This has been observed in a compact, fiberized switch. We consider this
nonlinearity to offer tremendous potential for the development of a wide range of truly practical
nonlinear optical devices compatible with existing waveguide technology.
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Femtosecond cubic optical nonlinearity of thin nickel films
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Transient pump—probe measurements of circular anisotropy in nickel films induced by 38-fs optical pulses
show an instantaneous response that is related to the optical orientation of the spins of free electrons.
Measurements in a sample of variable thickness, performed in both transmission and reflection, revealed
that the surface significantly influences the degenerate cubic optical nonlinearity of the nickel films to a depth
of approximately 4—5 nm into the bulk. © 1999 Optical Society of America

OCIS codes:

It was recently established that the cubic optical non-
linearity of metals associated with the optical orienta-
tion of spins is one of several mechanisms!~% that play
a very important role in the femtosecond optical re-
sponse of bulk metals,”~? in ferromagnetics in particu-
lar.’>~*® The study of spin-related nonlinearity is of
fundamental interest and practical importance, in par-
ticular for optical data storage. Here we report the
results of a study of thin, semitransparent films of
nickel of various thicknesses, using femtosecond time-
resolved polarimetry. For what is believed to be the
first time, we have combined transmission and reflec-
tion measurements and studied glass and air inter-
faces of nickel. We find that the ultrafast component
of light-induced circular dichroism is insensitive to the
optical anisotropy due to spontaneous magnetization of
the film.

We identify the importance of the surface contribu-
tion to the film nonlinearity and also observe that not
only the magnitude of the nonlinearity in nickel but
also its sign can be different, depending on the nature
of the interface. We also show that the nonlinearity is
very fast and put an upper limit of ~40 fs on its relax-
ation time.

The nonlinearity of semitransparent nickel films of
variable thickness was studied by use of an ultrafast
polarization-sensitive pump—probe polarimeter with a
Ti:sapphire laser with a central wavelength at A =
810 nm, an average power at the sample of ~50 mW,
a pulse duration of ~38 fs, and a repetition rate of
82 MHz. A circularly polarized pump pulse induced
circular birefringence and dichroism in the sample,
which was then probed by a weaker linearly polarized
pulse at the same wavelength. The probe propagated
at a small angle to the pump, and both the probe and
the pump were focused to a spot size of 130 um?2.
Using semitransparent nickel films deposited upon a
glass substrate, we performed experiments in four dif-
ferent configurations, two reflective and two transmis-
sive, from the air and glass substrate sides (see Figs. 1
and 2). In all cases the pump (dashed lines) was ini-
tially circularly polarized. The probe (solid lines) was
initially linearly polarized, and its polarization azi-
muth was monitored after interaction with the sample.
Our technique had an accuracy in measuring the
pump-induced probe polarization-azimuth rotation of
better than 107¢ rad and was based on continuous
modulation of the probe polarization and the pump in-

0146-9592/99/191373-03$15.00/0

190.7110, 190.4710, 190.4350, 160.3900, 320.2250, 320.7110.

tensity."* Unlike other techniques in which the cir-
cular birefringence—dichroism is calculated from the
data on reflectivity for different polarizations,’ our
technique is directly sensitive to the pump-induced
circular birefringence—dichroism in the sample. This
technique is practically insensitive to the background
change of the sample reflectivity and the transmission.
All these features make the technique particularly
suitable for studying spin dynamics, as has been
demonstrated in GaAs.™

Semitransparent nickel samples of variable thick-
ness were deposited by electron-beam evaporation of
99.98% pure nickel onto a glass substrate in a vacuum
with a growth rate of approximately 1.5 nm/min. The
substrates were glass microscope slides supplied by
Chance Propper, Ltd. Measurements of the reflectiv-
ity at the air—nickel interface as a function of the trans-
mission of the films (see Fig. 2) gave good agreement
with the values calculated for pure nickel [n = 2.50 +
14.41 (Ref. 17)], indicating high quality and purity of
the films. Our measurement of the natural polariza-
tion rotation of the sample owing to magneto-optical
Kerr and Faraday effects (on reflection and in trans-
mission) as a function of the incident polarization
orientation showed spontaneous magnetization in the
plane of the film and a slow variation of the magneti-
zation direction along the sample.

The pump-induced polarization-azimuth rotation ap-
peared on the background of the natural rotation owing
to transverse spontaneous magnetization of the nickel
sample. However, all our experiments showed that
the pump-induced component of the rotation does not
depend on the magnitude and the sign of the linear
underlying (natural) polarization rotation. Within
the available range of pump intensities, i.e., up to
16 GW/cm?, the rotation increased linearly with the
pump intensity. We also observed that with the 38-fs
pump and probe pulses the nonlinear response was
almost instantaneous (inset of Fig. 1). The rotation
direction was reversed with opposite handedness of
the pump, but its magnitude was unaffected. This
observation is consistent with a picture of the pump
inducing transient circular birefringence, which is a
perturbation to the linear birefringence—dichroism
induced by transverse spontaneous magnetization.
The pump-induced probe-azimuth rotation when the
pump was circularly polarized was at least a factor
of 30 larger than the probe-azimuth rotation with the

© 1999 Optical Society of America
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Fig. 1. Pump-induced probe polarization-azimuth rota-

tion at zero pump-probe delay observed in transmission
experiments for opposite directions of propagation (@ and
W) and the corresponding values of the optical nonlinearity
Ax™ in nickel, calculated from Eq. (1) (O and ). The in-
set shows the normalized pump-induced probe polarization
azimuth rotation as a function of the pump—probe delay
in transmission through the sample. In all cases the re-
sponse was instantaneous within the time resolution avail-
able, with 38-fs optical pulses.
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Fig. 2. Pump-induced probe polarization-azimuth rota-
tion at zero pump—probe delay on reflection as a function
of the transmission of the nickel film. Note that the di-
rection of the rotation at the nickel—air interface (A) is the
opposite of that at the glass—air interface (®). The left-
hand scale shows the corresponding effective nonlinearity
Ax® as calculated from Eq. (2) (A and <). The bottom
graph shows a plot of the reflectivity from the air—nickel
interface (M). The solid curve is calculated from a numeri-
cal model for a refractive index of n = 2.50 — 4.41.1

pump linearly polarized at 45° to the probe. For the
results reported below, the pump was always circularly
polarized.

In transmission experiments we found that the sign
of the pump-induced probe polarization is independent
of the direction of propagation through the sample
and depends only on the handedness of the pump

pulse. For a given pump intensity, the rotation tends
to increase with the sample thickness and is slightly
higher for propagation from the glass substrate into
the nickel film. Such a difference in rotation may be
anticipated, as the reflectivity of the two interfaces,
and therefore the intensities inside the nickel film, are
different. Presuming that the film is homogeneous,
we can calculate the nonlinearity of the nickel layer
from the following formula'®:

L
0T = + 5 Re{/\’xxyy :L Xxyyx][ Ip(z)dz
0

(D

Here O7T is the pump-induced probe polarization-
azimuth rotation in transmission through a sample of
length L and I,(z) is the intensity of the pump wave
in the sample. Equation (1) is valid when the optical
response is instantaneous, as was observed in our ex-
periments. Equation (1) also assumes a weak depen-
dence of the nonlinear susceptibilities and the complex
refractive index on frequency within the laser pulse
spectrum, which is the case in metals. Equation (1)
neglects multiple reflections, which is a reasonable as-
sumption for a highly absorbing sample. This formula
is suitable for propagation in both directions; however,
if the light enters the nickel film from the glass side,
ng = 1.50 should be assumed, but for the opposite
direction one has to use refractive index ny = 1. The
plus and minus signs refer to right- and left-hand
circular polarizations of the pump, respectively. Here
the nonlinearity has been introduced in standard
fashion by use of the nonlinear constitutive equation,
Pw) = xiu(w,0,0,-0)E,(0)Ey(w)E (o). The
coherent contribution to the nonlinear rotation, which
depends on the mutual phase between the pump and
the probe, was neglected in Eq. (1), as in our experi-
ments the coherent component was suppressed by use
of the technique described in Ref. 17.

The effective nonlinearity that was recovered from
the transmission experiment is presented in Fig. 1,
in which the following notation is used: Ay = Re
X [(Xxxyy — Xxyye)/n]. One can see that the non-
linearity is practically independent of the film thick-
ness, Ay ~ 2 X 10710 esu. Neglecting multiple
reflections and modeling the pump intensity as a
decaying exponential across the film lead to an error
of less than 15% in the estimate of the nonlinearity.
A small difference between the values of the non-
linearities derived from the data for the opposite
directions of preparations can be attributed to a
surface contribution that we discuss below. Our
transmission measurements suggest that the non-
linearity, Ax'™ = Re[(xxxyy — Xayy)/n], in nickel can
be approximated to be homogeneous within the range
of thicknesses measured in our experiment, with the
surface effects making only a small contribution.

The results of our measurements of the reflected
light suggest a very different picture for the non-
linearity that is responsible for the reflective effects:
AY® = In((Yaxyy ~ Xew)/AR[1 — (/n0)?]). For a



homogeneous nickel layer it would be expected that
the induced rotation sign would be independent of
which interface the light is reflected from. However,
this expectation was not confirmed experimentally
(see Fig. 2).

To our astonishment we observed the opposite sign of
rotation when the sample was turned over and illumi-
nated from the opposite side, for the same handedness
of the pump polarization with the same experimental
setup. We emphasize again that the pump-induced
polarization rotation is independent of the spontaneous
magnetization. If we again assume that the film was
homogeneous and calculate its nonlinearity by use of a
formula derived with this assumption,®

2 _
R_ 4 32 Ip . Im Xxxyy Xxyjéx , (2)
chgy 1+£ n[l—(l>}
no no

we find that the nonlinearity on opposite sides of the
film will have different signs (see Fig. 2). This result
shows that in nickel films the nonlinearity, Ay® =
Im((Xxayy — Xxyyx)/{n[l - (n/nO)z]})’ is very inhomoge-
neous and that the surface strongly affects the optical
properties of the medium. It is possible to estimate
the depths, &; and &9, to which the two surfaces influ-
ence the optical response of the material from our mea-
surements. As nonlinearities at different interfaces
have different signs, if &1 = &9 = £, the film thickness
at which the nonlinearity calculated from Eq. (2) starts
to decrease is approximately 2¢, when the layers with
opposite signs of nonlinearity start to overlap, giving
& = 4-5nm.

We believe that the bulk optical nonlinearity in
nickel films has the same origin as the ultrafast com-
ponent of the polarization-sensitive optical response
that was recently observed in CoPts alloy films.® The
nonlinearity is related to the spin polarization of elec-
trons excited with a circularly polarized pump. This
nonlinearity was first discussed with relevance to met-
als in Ref. 7. Following the impulse of photoexcitation
with a circularly polarized pump, an electron-spin dis-
tribution is created with finite net spin polarization,
giving rise to circular birefringence—dichroism in the
sample. The net spin polarization decays through
electron—electron scattering processes. As the in-
duced birefringence—dichroism is instantaneous with-
in the pulse duration, this puts an upper limit on the
spin relaxation time of =40 fs. As the electron-
collision time in nickel is ~2 fs, our results show that
the spin-flipping occurs on average at least every
20 collisions. The spin relaxation time can be com-
pared with the electron-spin relaxation time that is
due to exchange interaction and spin-orbit coupling,
which was recently calculated to be a few femtosec-
onds for nickel.’® The spin relaxation time, which
governs the observed nonlinearity response time,
should be clearly distinguished from the much longer
electron-thermalization time, which was measured
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to be 280 = 30 fs in nickel,'® and also from the even-
longer spin-lattice relaxation time, which is a few
hundred picoseconds for nickel '

The dramatic change of the nonlinearity at the
interface from the bulk observed in our experiments,
and in particular the change of the sign of the pump-
induced rotation on reflection from the nickel—air and
the nickel-glass interfaces, is not completely under-
stood. It may be related to specific surface states
created by the presence of the interface or to interface
contamination—oxidation, or it may be related to the
local field effects owing to surface roughness. It is
also known that the spin relaxation processes at
the interface are considerably different from those in
the bulk.?
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The reflectivity of a gallium/silica interface formed on an optical flat or at the tip of a cleaved optical fiber

can be reduced in a reversible fashion when the interface is excited by a few milliwatts of laser power.
phenomenon occurs at temperatures just below gallium’s melting point.
attributed to light-induced structuring at the interface.

OCIS codes: 190.4350, 190.4720.

Interfaces between elemental gallium and silica have
recently attracted attention because of their unique
nonlinear optical properties, which can be observed
when gallium is on the verge of a structural phase
transition. The nonlinearity manifests itself as a
reversible light-induced reflectivity increase at tem-
peratures several degrees below bulk gallium’s melting
point, 7', = 29.6 °C. The potential applications of this
nonlinearity are in nonlinear mirrors for control of
light by light!? and laser @ switching in the infrared
part of the spectrum.®* In this Letter we report an
additional light-induced effect that takes place within
a narrow temperature interval, typically less than
1°C, just below T),. In this region the reversible
light-induced reflectivity increase is replaced by an
abrupt light-induced decrease in reflectivity, which is
also reversible.

In our samples a gallium film of ~1-um thickness
was deposited on the ceramic surface of a miniature
Peltier heat pump by ultrafast pulsed laser deposition
in a vacuum of 1076 Torr® The substrate tempera-
ture was ~-—100°C during deposition. Substrate
cooling was found to be essential to achieve the
correct crystalline phase of gallium (a phase). After
deposition, the gallium-covered surface of the Peltier
element was covered with a silica glass, and the
mirror was fused by heating of the sample to just
above gallium’s melting point. Samples prepared in
this way have nonlinear optical properties similar to
those reported in Ref. 1 for mirrors manufactured on
the tip of an optical fiber. The Peltier heat pump
was then used to control the gallium/silica interface
temperature to a nominal precision of 0.02°C. A
cw argon-ion laser operating at 514 nm, with beam-
direction stabilization, was used to measure the reflec-
tivity of the interface. The beam was focused onto the
sample at normal incidence, to a spot of 12-um diame-
ter. Experiments were performed with both linearly

0146-9592/00/211594-03$15.00/0
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© 2000 Optical Society of America

and circularly polarized light. The typical tem-
perature dependence of the gallium/silica interface
reflectivity, under conditions in which the darkening
effect takes place, is shown in Fig. 1. The starting
point of the reflectivity—temperature curve, far be-
low the melting point of gallium, corresponds to the
reflectivity level of the interface between crystalline
a-gallium, the ground state of gallium at normal
pressure, and silica. The value of the interface’s
reflectivity depends on the polarization state of the
laser as a result of the anisotropy of the gallium film.
The reflectivity increases with both light intensity
and sample temperature, as reported in Ref. 1. Then,
within a narrow temperature interval just below T,
the darkening effect takes place, and the reflectivity
decreases rapidly with increasing temperature. Fig-
ure 1 shows a typical reflectivity decrease of 25% at
a pump power of 8 mW (7 k€W/cm?). The reflectivity
decrease develops only for intensities exceeding a
threshold of ~500 W/em?2, as can be seen from the
inset of Fig. 1. When T, is reached, the reflectivity
jumps to ~87%, the reflectivity level of the molten
gallium/silica interface. The temperature width
of the darkened region increases from ~1072°C at
500 W/em? to ~0.4°C at 7 kW/cm? (see the inset of
Fig. 1). We studied the reproducibility of the effect
with square-wave-modulated light at 200 Hz and
found the process to be remarkably repeatable from
pulse to pulse across the whole range of temperatures.
The light-induced low-reflectivity state is a typical
feature shown by most of the samples prepared by
the technique described above. However, we failed to
see the darkening effect in samples in which gallium
was deposited by ultrafast pulsed laser deposition
directly on both the cover glass of the sample and
the ceramic surface of the Peltier heat pump. This
clearly indicates that the interface conditions are
important for observation of the effect.

© 2000 Optical Society of America
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Fig. 1. Reflectivity—temperature curve of the gallium/
silica interface, showing light-induced darkening at (A)
7 kW/cm? and (@) 1 kW/cm?; the solid curve shows the
dependence of reflectivity on decreasing temperature.
The inset shows (#) the dependence of AR, the magnitude
of the reflectivity drop, and (M) AT the temperature width
of the drop on light intensity.

We also saw a similar darkening effect with mirrors
prepared by immersion of the tip of a single-mode op-
tical fiber of 100-um? mode area into a bead of molten
gallium as described in Ref. 1. In this case the reflec-
tivity of the interface was monitored with a 60-uW
cw distributed-feedback diode laser at a wavelength
of 1550 um. The interface was simultaneously
stimulated by another, more powerful amplified ex-
ternal-cavity diode laser with power ranging from 0
to 8 mW, at a wavelength of 1.536 um. The pump
laser was modulated at a frequency of 500 Hz. A
sequence of oscilloscope frames showing the intensity
of the reflected probe beam in the time domain for
different mirror temperatures is presented in Fig. 2.
Frames 1 and 2, taken at 7' = 15.0°C and T = 23 °C,
respectively, show the previously reported regime of
reversible light-induced reflectivity increase.! The
effect is more pronounced at higher temperatures
(compare frames 1 and 2). Note that in frames 1
and 2 the increase of reflectivity is in phase with
the modulated pump intensity. Frame 3, taken at
28.1 °C shows the first sign of the darkening effect: A
sharp spike appears immediately after the pump is
switched on, which is followed by a rapid but relatively
small decrease of reflectivity from the peak level
achieved by the spike to a new, lower level. Frame
4, at T = 28.5°C, shows the dynamics even more
profoundly. Frame 5, taken at T = 28.9 °C, shows the
fully developed darkening effect. Note that in frame
5 reflectivity decreases in the presence of the pump.
Frame 6 shows that, above the melting temperature of
Ga, the light-induced modulation has disappeared. It
can be seen from Fig. 2 that the low-reflectivity level

~
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is fully developed in approximately a few hundred
microseconds (~200 us in frame 5) and recovers to the
initial level within a few microseconds.

In our opinion the specular-reflectivity suppression
in the narrow temperature interval below the melting
point is likely to result from light-induced structuring
of gallium at the interface with silica. This correlates
with the fact that rigid interfaces prepared directly on
the cover silica glass by pulsed laser deposition do not
show the effect, whereas looser interfaces do. There
are several potential candidate mechanisms that could
be responsible for the effect, as described below; how-
ever, as yet we are unable to present quantifiable evi-
dence for the prevalence of any of them.

The formation of a surface grating consisting of
alternating strips of molten and solid silicon was
reported to occur during laser melting of silicon films.®
Such a grating results from a light-induced self-
organization process. The grating is imposed by the
interference pattern of the incident and the scattered
surface waves, and its period is equal to the optical
wavelength. Such a grating leads to an increase
in the film’s absorption.” A similar light-induced
grating may be formed in gallium, thus reducing the
reflectivity of the interface. Such an interpretation
has difficulties, however, as the darkening effect in
our experiments was also observed with circularly po-
larized light at strictly normal incidence to the sample.
If the gallium layer at the interface were truly isotropic
in the interface plane, coherent grating formation
would be forbidden.®” It is not quite clear to what

shaia} a
Fig. 2. Reflectivity
at 1.550 um modulated by the presence of pump light at
1.536 um. In all frames the top oscilloscope trace shows
the reflected probe intensity (arbitrary units, AC coupling
mode, time base 2 ms/divigion), and the bottom trace
shows the pump intensity (not on the same scale as the
top trace).
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extent the pronounced anisotropy of the gallium film
is sufficient to overcome this restriction. Another
mechanism of the reported darkening effect could
be a light-induced roughening of the gallium-—glass
interface. Roughening of solids near the melting
point is known to appear even in the absence of any
light excitation.®® The possible mechanisms under-
pinning such light-induced roughening are now being
investigated, and we are considering not only relief
formation but also clustering of defects and nanoscale
phase separation on the surface. If a nanoscale
quasi-periodic disturbance of the surface layer occurs,
its effective dielectric permeability will have a reso-
nance that depends on the bulk plasma frequency of
the metal and on the shape and characteristic size
of the nanoscale modulation.®® If the conditions
are correct, this may lead to a decrease in reflectiv-
ity.)2  Another possible mechanism is the formation
of a stratified planar structure. Such a structure
could result from the formation of a quasi-liquid layer,
separated from the a-gallium bulk by an a-gallium
layer containing metallic inclusions. It has been
shown that, for a particular dielectric coefficient
of the layers, the reflectivity of such a three-layer
structure can be greatly reduced.’® Finally, intense
light scattering could be responsible for the specu-
lar-reflectivity decrease. Such scattering is known
to occur when the dielectric parameters of the mate-
rial show pronounced spatial-temporal fluctuations,
with a characteristic correlation length equal to the
wavelength. Therefore this mechanism relies on the
hypothesis that such fluctuations at a gallium/silica
interface may take place near the melting point and
are somehow stimulated by light.

In conclusion, we have reported a reversible,
dynamically light-induced decrease in the reflectivity
of a gallium/silica interface that occurs within a nar-
row temperature interval just below gallium’s melting
point. The magnitude of the reflectivity drop and its
temperature width increase with incident light power.
Possible applications of this darkening effect in power
limiting are being investigated.
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Abstract

We report on a study of the dynamics of a recently discovered light-induced, surface-assisted, structural phase
transition from a common orthorhombic phase of a-gallium to a highly reflective phase that occurs at temperatures just
below the metal’s bulk melting point (30°C). It is fully reversible with dynamics occurring on a nanosecond/microsecond
time scale and can be stimulated by very low-intensity radiation, typically ~1073 W/um? The two gallium phases
involved have significantly different optical properties and this difference gives rise to a gigantic optical nonlinearity,
1 ~ 1 esu, that offers tremendous new opportunities for controlling light with light. The microscopic model of the effect
is discussed. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Optical nonlinearity; Phase transition; Gallium

Recently, we have found that low intensity { ~ 5 kW/
cm?) optical excitation of a gallium/glass interface can
induce a considerable change in its reflectivity at temper-
atures just below gallium’s melting point, ~30°C. This
effect has allowed the demonstration of a resonator-less
all-optical switch operating at milliwatt power levels [1]
and has also been used to achieve Q-switching of erbium
and ytterbium fibre lasers [2]. We believe that the large
optical nonlinearity implied by this effect is due to an
optically induced non-thermal transition between phases
of gallium with significantly different optical properties.
In this paper we describe a model, supported by experi-
mental data, for the structural/electronic mechanisms
responsible for this huge nonlinearity.

Fig. 1 shows how the reflectivity of a gallium/glass
interface varies with temperature at a range of probe
intensity levels. At low intensity, where there is no nonlin-
ear effect, a significant and abrupt reflectivity change is

* Corresponding author. Fax: + 44-1703-593-910.
E-mail address: kfm@phys.soton.ac.uk (K. MacDonald)

seen at the melting and solidification points. Supercool-
ing is clearly observed, resulting in a well-defined hyster-
esis curve. On heating, a gradual reflectivity increase can
be seen just below the bulk melting point indicating the
presence of surface melting at the interface (gallium is one
of the few metals that show such an effect [3]). At higher
intensities, the hysteresis curve is modified, making the
melting transition far less abrupt. Considerable reflectiv-
ity changes ( >30%) can be induced by only a few mil-
liwatts of laser power and are fully reversible. We studied
the dynamics of the transition in pump-probe experi-
ments (inducing a reflectivity change with pump puises of
varying peak power and duration whilst monitoring the
reflectivity with a low-power probe beam). The results of
these studies are presented in Figs. 2 and 3.

We believe that the interface reflectivity changes be-
cause the pump light induces a structural phase
transition, converting a-gallium (the normal crystalline
form at room temperature and ambient pressure) to
a more metallic, more reflective phase. This new phase
may be liquid gallium, which is highly reflective, but it is
not formed by thermally induced melting of a-gallium
{the energy absorbed in the light-matter interaction

0022-2313/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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Fig. 1. Reflectivity (at 810 nm) of a gallium/glass interface, for-
med by ultrafast pulsed laser deposition, as a function of temper-
ature at a selection of probe intensity levels.

volume is not enough to raise the interface’s temperature
to gallium’s melting point). Thus, the mechanism respon-
sible for a-gallium metallization must be one that con-
fines the pump energy to the optical skin layer.

We propose that this mechanism involves a fast non-
thermal light-induced transition from «-gallium to
a phase which is only stable in the presence of light. On
withdrawal of the excitation the new phase recrystallizes
back to the a-phase. This process naturally restricts en-
ergy dissipation into the bulk, confining it to the optical
skin layer ( ~25nm). This metastable phase could be
liquid, quasi-liquid or one of several metastable crystal-
line gallium phases [4-6]. The reversible transition is
made possible by a-gallium’s unique structure, in which
molecular and metallic properties coexist: Some inter-
atomic bonds are covalent, forming well-defined Ga,
dimers (molecules), and the rest are metallic [5,7,8]. The
molecular character of this structure allows for the as-
sumption that absorption leads to highly localised excita-
tion of the dimers due to the localisation of electron-hole
pairs on the dimers and the local nature of the excitation
itself. Light absorption thus excites. a dimer from the
bonding to the antibonding state, reducing the stability
of the surrounding crystalline cell. «-gallium sub-
sequently undergoes a transition to a new configuration,
creating a microscopic inclusion of the new phase. The
efficiency of this process is enhanced at the interface by
the presence of seeds of the metallic phase [3,5].

The rapid increase in reflectivity which follows excita-
tion can be explained by high velocity propagation, at

~1 m/s, of the metallic phase into the bulk by non-
equilibrium epitaxial growth. Although this mechanism
explains the experimental observations, we do not ex-
clude the possibility that the reflectivity increase may be
due to an increase in the size of new phase inclusions.
Thermodynamical considerations show that the final
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Fig. 2. Magnitude of the change induced in the reflectivity of
a gallium/glass interface formed by immersing a cleaved op-
tical-fibre tip in a bead of molten gallium. (a) As a function of
time after excitation with 100 ns pump pulses of varying peak
power (interface temperature = 24°C); (b) As a function of tem-
perature, T, relative to the gallium’s melting temperature, T,
for different peak pump powers. Pump wavelength = 1536 nm,
probe wavelength = 1550 nm.

(stationary) thickness, d, of the new-phase layer depends
on (T% — T), where T# is the critical temperature of the
transition between photoexcited a-gallium and the me-
tallic phase, and on L., the specific energy difference
between these phases. We consider that L. falls with
increasing concentration of bonds broken by optical ex-
citation and thus with increasing light intensity. A de-
crease in L. leads to an increase in 4 and consequently
in reflectivity. Our calculations show that a 25 nm layer
of metastable phase on an «-gallium surface is sufficient
to achieve nearly full metallic reflectivity. Furthermore,
since d also depends on (T% — T), the light-induced effect
is expected to increase with temperature towards the
melting point. This is exactly what has been observed
(Fig. 2b). We believe that when the excitation is with-
drawn, the metallic phase becomes metastable and
recrystallizes back to the a-gallium phase via thermodyn-
amical growth. Correspondingly, the reflectivity is
restored to its initial value. The recovery time is critically
increased on approaching T#%. This model predicts
longer recovery times for larger induced reflectivity
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Fig. 3. Variation with temperature, T, relative to the gallium’s
melting temperature, T,,, of the time taken for the reflectivity of
a gallium/glass interface to recover following excitation with
pump pulses of different durations at a peak pump power of
70 mW. Interface formed by immersing a cleaved optical-fibre
tip in a bead of molten gallium, pump wavelength = 1536 nm,
probe wavelength = 1550 nm.

changes, i.e. thicker metallized layers, at a fixed temper-
ature, and a slowing of the response at fixed optical
excitation strength as the temperature is increased to-
wards a- gallium’s melting point. All of these features
have been seen in our experiments, in particular, the
recovery time increases as ~ 1/(Tw — T), and its de-
pendence on pulse duration is in excellent agreement
with the model (Fig. 3). We can thus conclude that T% is
in fact a-gallium’s melting temperature T'. This is not,
however, enough to conclude that the metastable phase is
a liquid. Indeed, it has been suggested [7] that a-gallium
melting is in fact a continuous transition through several
of the crystalline phases that are energetically very close
to each other and therefore, the metastable phase could
be one of these.

The light-induced transition in gallium is different
from those observed in semiconductors such as Si and
GaAs (see Ref. [9] for a review). To achieve non-thermal
effects in these materials high-intensity femtosecond
optical excitation is needed. Importantly, in silicon
and GaAs the result of optical excitation is highly de-
localised and the phase transition occurs through
plasma-induced instability in the acoustic phonon
modes, typically on a sub-picosecond time scale. In
gallium, localization of the excitation leads to local

transformation of the structure. This allows us to discuss
the transition in terms of the much slower nucleation and
epitaxial growth mechanisms. A similar approach has
been used to describe laser-induced amorphization of
semiconductors [10].

In conclusion, the cubic optical nonlinearity associated
with the transition is huge and it is of considerable
interest for applications requiring light-by-light control
at low power levels, and in particular for photonic
switching devices. For light intensities that vary on a time
scale slower than the nonlinearity’s response- time, the
nonlinearity can be presented in terms of the third-order
optical susceptibility, ™. The magnitude of this suscepti-
bility can be estimated from the difference between the
dielectric coefficient of a-gallium, &,, and that of meta-
stable gallium, e, (assumed to be close to that of liquid
gallium), as 3 ~ |e; — em|/(4nE?) ~ 1 esu (equivalent to
~ 1078 m3/V2 in SI), where |&; — &m| ~ 180 and E is the
electric field in gallium (calculated in esu) that corres-
ponds to an incident light intensity of 2 x 10™* W/um?.
This value of x*® should be compared to that of
10~ 1* esu for silica glass.

We would like to acknowledge the support of The
Royal Society, NATO, The Engineering and Physical
Sciences Research Council and Goodfellow Cambridge,
Ltd.
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Nanosecond dynamics of a gallium mirror’s light-induced reflectivity change

V. Albanis, S. Dhanjal, V. A. Fedotov, K. F. MacDonald, and N. L. Zheludev
Department of Physics and Astronomy, University of Southampton, Highfield, Southampton SO17 1BJ, United Kingdom

P. Petropoulos and D. J. Richardson
Oproelectronics Research Centre, University of Southampton, Highfield, Southampton SO17 1BJ, United Kingdom

V. 1. Emel’yanov
Department of Physics and International Laser Centre, Moscow State University, Moscow, Russia
(Received 2 October 2000; published 4 April 2001)

Transient pump-probe optical reflectivity measurements of the nano- to microsecond dynamics of a fully
reversible, light-induced, surface-assisted metallization of gallium interfaced with silica are reported. The
metallization leads to a considerable increase in the interface’s reflectivity when solid a-gallium is on the verge
of melting. The reflectivity change was found to be a cumulative effect that grows with light intensity and pulse
duration. The reflectivity relaxes back to that of a-gallium when the excitation is withdrawn in a time that
increases critically at gallium’s melting point. It is shown that thermal processes cannot account for the effect
and-so a mechanism based on a nonthermal light-induced structural phase transition is proposed.

DOI: 10.1103/PhysRevB.63.165207

The search for materials with large optical nonlinearities
or that show a marked response to low-power optical excita-
tion, as required for applications such as all-optical switch-
ing, has concentrated on media whose optical electrons ex-
hibit a highly anharmonic response; most notably
semiconductors, which exploit free excitonic and near-band-
gap effects, and organic materials with weakly bound elec-
trons. Here we report on a study of a novel type of reversible
optical response associated with a surface-assisted, light-
induced transition between structural phases with signifi-
cantly different optical properties. One can illustrate this type
of reversible response to optical stimulation by considering
an ice cube at a temperature just below the bulk melting
point. A skin of water develops on the ice because the energy
of a water/air interface is lower than that of one between ice
and air. This is known as premelting. The delicate balance
between water and ice may be shifted very easily, for ex-
ample by heating with light, thus inducing a change in the
water skin depth. Water and ice have similar optical proper-
ties but if they were different, such an excitation would lead
to a change in the sample’s reflectivity and transmission.
Recently we found that gallium confined at an interface with
silica exhibits this type of response via light-assisted surface
metallization.! This transformation engages only a few
atomic layers but leads to a very considerable change in op-
tical properties. In this paper we report on the transient dy-
namic characteristics of the response, measured with nano-
second time resolution at various excitation intensities and
interface temperatures, and we propose a microscopic
mechanism for the observed behavior.

We investigated galliumysilica interfaces formed by in-
serting a freshly cleaved single-mode optical fiber, with a
mode radius of ry=4 wm, into an initially molten bead (~1
mm diameter) of 6V purity gallium (see the inset to Fig. 1).
The gallium was then frozen to form a mirror at the end of
the fiber. The bead’s temperature was controlled to a nomi-
nal precision of 0.01 °C. We studied the interface’s response
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63 165207-1

PACS number(s): 78.66.—w, 42.65.—k

using pump-probe techniques: pump light, at 1536 nm, was
used to modify the interface’s reflectivity whilst it was being
contimiously measured with a much weaker probe beam, at
1550 nm. The pump and probe were generated by
distributed-feedback laser diodes with the pump radiation
subsequently amplified by an erbium-doped fiber amplifier
and modulated with an acousto-optic modulator. The overall
frequency bandwidth of the probe detection system was 125
MHz. Figure | shows the dependence of the interface’s re-
flectivity on temperature around gallium’s melting point in
both the ‘“‘ground” (no pump beam present) and ‘‘excited”’
regimes. In the absence of pump light a significant and
abrupt reflectivity change is seen at the melting and solidifi-
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FIG. 1. Interface reflectivity as a function of temperature T rela-
tive to gallium’s melting point T, as measured by the probe beam
in the absence of a pump beam {O) and in the presence of a 5-mW
cw pump beam (W). The inset shows a schematic of the gallium/
silica interface.

©2001 The American Physical Society



V. ALBANIS et al.

*»
L

»
L

n
L

Refl. increass, arb. units

<o
f

-0.09 -0.06 -003 0 0.03 0.06
Time'delay, us

Probe reflectivity increase (arb. units )

-0.25 025 0.7 125 .75 225
Time delay relative to rising edge of pump pulse, ps

£

Melting
point

Poak Reflactivity Increase (arb. units)

T-Tm. K

FIG. 2. (a) Dynamics of the reflectivity change after excitation
with 100-ns pump pulses (dashed line) of varying peak power, at a
temperature T=24°C. The inset shows dynamics near the rising
edge of the pump pulse with an enlarged tirme scale. (b) Amplitude
of the induced reflectivity change as a function of temperature T
relative to gallium’s melting temperature 7T, for a range of peak
pump powers.

cation points. Supercooling is clearly seen, resulting in a
well-defined hysteresis curve. On heating, a small reflectivity
increase can be seen just below the bulk melting point indi-
cating the presence of premelting at the interface. Applica-
tion of a cw pump beam modifies the hysteresis curve, mak-
ing the melting transition far less abrupt. Considerable
reflectivity changes (>30%) were induced by only a few
milliwatts of laser power and were fully reversible. We stud-
ied the reflectivity change’s dynamics by initiating it with
nanosecond pump pulses of varying peak power and dura-
tion. These transient measurements show the reflectivity’s
fast response to optical excitation. Recent measurements per-
formed with a femtosecond laser reveal that the intrinsic re-
sponse time can be just a few picoseconds.!” [see Fig. 2(a)].
Importantly, the reflectivity starts to increase immediately af-
ter commencement of the pump pulse [see the inset to Fig.
2(a)]. For the range of pump pulse parameters available in
our experiment the effect accumulates with time and in-
creases with laser power. The peak response for various ex-
citation levels is presented as a function of temperature in
Fig. 2(b). These data show that the effect is much more pro-
nounced at temperatures just below the melting point of gal-
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FIG. 3. Induced reflectivity change recovery time 7 as a function
of temperature T relative to gallium’s melting temperature T, for
different pump pulse durations at a peak pump power P=70 mW.
Inset; induced reflectivity change recovery time 7 as a function of
energy density for different temperatures of the gallium drop.

lium and disappears completely above the melting point. Im-
mediately after termination of the pump pulse the reflectivity
level begins to recover to the initial level. The effect is fully
repedtable and perfectly reproducible for at least 10° pulses.
The recovery time is relatively slow (ns to us) and, impor-
tantly, temperature dependent. Figure 3 presents induced re-
flectivity change recovery time as a function of temperature.
This graph shows the remarkably accurate proportionality of
the recovery time 7 to (T,,—T)~!, indicating a “‘critical’’
enhancement of the effect: the closer the sample temperature
is to the melting point, the longer the relaxation time. For a
given temperature the relaxation time steadily increases with
pump pulse energy density (see the inset to Fig. 3).

The laser-induced reflectivity change can be explained by
conversion of a-gallium (the normal crystalline form at room
temperature and pressure) to a new, more metallic, more re-
flective phase. This new phase could be molten (liquid) gal-
lium or a highly reflective crystalline phase. We begin by
assuming that such a conversion is the result of laser-induced
thermal melting. To evaluate the temperature change due to
laser heating we solved the three-dimensional heat propaga-
tion problem in the time domain using a method based on
Green’s function.? Our heat propagation model described the
experimental conditions very closely—accurately accounting
for the geometry of the experiment and the materials’ ther-
mal characteristics. The incident radiation is absorbed within
the optical skin depth, ¢!, which in gallium is only ~38
nm at a wavelength of .55 um. The reflectivity of the
a-gallium/silica interface was taken to be 60%. a-gallium
manifests considerable anisotropy in its thermal conductiv-
ity. It was established recently that gallium dimers in the
liquid phase tend to be oriented perpendicular to an
interface.? Therefore, we expect that after solidification this
orientation would prevail near the interface. This expectation
is supported by our measurements of interface reflectivity
levels for the solid phase. In the direction perpendicular to
the interface the thermal conductivity is A,
=15.9Wm ' K™! and in the plane of the interface it is an-
isotropic with principal coefficients A\, =41 Wm™! K™! and
A,=88Wm™ K™% All of these parameters were used in
our calculations. Using this model we were able to calculate,
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FIG. 4. Duration and peak power of the optical excitation pulse
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the interface temperature increase due to 100-ns excitation pulses of
14- and 6-mW peak power (7(=24.3°C).

for a given initial sample temperature, the optical power lev-
els and laser pulse durations at which the melting tempera-
ture is reached (see Fig. 4). Since we neglected the thermal
conductivity of the optical fiber, the values shown are upper
estimates of the temperature increase. The assumption that
thermal melting causes the reflectivity increase is clearly in
conflict with our experimental observations (Figs. 2 and 3).
For example, with an initial temperature of 24 °C we would
have seen no reflectivity change at powers below 14 mW
even with 100-ns pulses (the longest used in our experi-
ments) and at higher power levels the reflectivity would only
begin to change after a delay during which the interface is
heated to the melting temperature and the latent heat of melt-
ing is accumulated. In contrast, we see reflectivity changes at
intensities below 14 mW and we see in all cases that the
change starts as soon as the pump pulse starts. Therefore, the
laser-induced thermal melting mechanism does not explain
the reflectivity behavior observed experimentally.

Let us now suppose that another hypothetical nonmelting
mechanism exists wherein reflectivity depends on interface
temperature (which changes due to laser heating) but does
not involve a change in the phase of gallium. Reflectivity
would then relax as temperature relaxes. According to our
calculations, this would happen within approximately 60 ns
following a 100-ns pulse (see the inset to Fig. 4). Impor-
tantly, this relaxation time would be independent of the ther-
mostat temperature or laser power level. In contrast, our ex-
periments show that the relaxation time is a strong function
of the excitation level [see Fig. 2(a)] and background tem-
perature (see Fig. 3). This leads us to conclude that a
temperature-dependent mechanism that does not involve a
change in the structural phase of gallium at the interface is
also not possible. There must therefore be another mecha-
nism behind the reflectivity increase, whereby a-gallium is
converted into a different phase.

PHYSICAL REVIEW B 63 165207 _

Here we propose such a mechanism involving a nonther-
mal light-induced transition from a-gallium to a phase that
only becomes stable in the presence of light. This process
naturally restricts energy dissipation into the bulk, confining
it to the optical skin depth ™!, The light-matter interaction
is thus confined within a volume 7rja™!=1.9% 107" m?,
The equilibrium energy difference between a-gallium and
the metastable metallic phases is of the order 8.3
x 10~ 2eV/atom (1.3X 1072 J/atom) (Ref. 5) and so to
transform this volume, which contains 14.2X 10'® atoms, to
the metallic phase, a total energy of 2 nJ is needed. Compar-
ing this with the 5-10 nJ typically absorbed from the light
pulse in our experiments confirms that the energy balance
allows such a transition. The metastable phase could be
quasi-liquid or amorphous gallium, or one of several ‘‘me-
tallic’” crystalline phases of the metal, which is known for its
polymorphism.'s'l !

We believe that the light-induced transition is made pos-
sible by the unique structure of e-gallium in which molecu-
lar and metallic properties coexist—some interatomic bonds
are strong covalent bonds, forming well-defined Ga, dimers
(molecules), and the rest are metallic.>"!2 Absorption results
in highly localized excitation of the dimers from the bonding
to the antibonding state, reducing the stability of the sur-
rounding crystalline cell. a-gallium subsequently undergoes
a transition to a new configuration (crystalline or disordered),
creating a microscopic inclusion of the new phase without
achieving the melting temperature. The rapid increase in re-
flectivity, which follows excitation, is then a result of the
increased density of the metallic phase in the skin layer. It is
not quite clear yet whether, within the duration of the exci-
tation pulse, the metallic phase inclusions form a well-
defined metallic layer at the interface that grows during the
pulse. If this is the case, the increase in the velocity of the
a-gallium/metallic-gallium interface upon approaching the
melting point explains why the light-induced effect increases
with temperature towards the melting point as shown in Fig.
2(b). It should be noted that this scenario of light-induced
metallic film formation was recently found to be a very ac-
curate model for the behavior of a gallium/silica interface
subjected to cw excitation.'?

When the excitation is withdrawn, the metallic phase be-
comes metastable and recrystallizes back to the a phase.
Correspondingly, the reflectivity is restored to its initial
value. The reflectivity relaxation time is a function of the
growth velocity v, of the a-gallium phase (i.e., the rate at
which energy is released due to solidification) and the rate of
thermal diffusion. Under the conditions used in our experi-
ments, the former is dominant because the characteristic
thermal diffusion time is shorter than the recrystallization
time. The growth velocity depends on temperature: v,
=g(1—T/T,), where g is a function of the recrystallization
mechanism.'*"> The recovery time r=d/v, therefore in-
creases critically on approaching 7. One thus expects
longer recovery times for larger induced reflectivity changes,
i.e., thicker metallized layers, at a fixed temperature, and a
slowing of the response at fixed optical excitation strength as
the temperature is increased towards c-gallium’s melting
point. All of these features have been seen in our experi-
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ments, in particular, the recovery time increases as ~1/(7,
—T) (see Fig. 3). Our data are not, however, sufficient to
conclude that the metastable phase is liquid. Indeed, it has
been suggested that a-gallium melting is in fact a continuous
transition through several of the crystalline phases that are
energetically very close® and therefore, the metastable phase
could be one of these.

The light-induced transition in gallium is different from
those observed in semiconductors such as Si and GaAs (see
Ref. 16 for a review) and recently in AL'? To achieve non-
thermal effects in these materials high-intensity femtosecond
optical excitation is needed. In crystalline silicon, for in-
stance, all of the bonds are covalent and so its specific en-
thalpy of melting is 8-10 times higher than that of
a-gallium. Furthermore, the above-band-gap absorption
depth in Si is 20-70 times greater than in gallium. Impor-
tantly, in silicon and GaAs the result of optical excitation is

PHYSICAL REVIEW B 63 165207

highly delocalized and the phase transition occurs through
plasma-induced instability in the acoustic phonon modes,
typically on a subpicosecond time scale. In gallium localiza-
tion of the excitation is possibly an important factor, which
could lead to local transformation of the structure. This al-
lows us to discuss the transition in terms of the much slower
nucleation and growth mechanisms.

In conclusion, the observed response of gallium to low
power optical excitation is of considerable interest for appli-
cations requiring light-by-light control at low power levels,
and in particular for photonic switching devices. The recent
demonstration of gallium mirrors as effective Q-switching
elements in fiber lasers'® convincingly confirms this point.

We would like to acknowledge the support of The Royal
Society, NATO, The Engineering and Physical Sciences Re-
search Council, UK, and Goodfellow Cambridge, Ltd.
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Abstract

The dynamics of the light-induced, reflectivity switching at a silica—gallium interface prepared by ultrafast pulsed
laser deposition, is studied for the first time in the blue-green spectral region. A considerable interface reflectivity
increase is seen at fluencies of about 1 mJ/cm?. The effect peaks at temperatures just below the gallium melting point
(29.8 °C), while the reflectivity recovery times increase critically.

© 2002 Elsevier Science B.V. All rights reserved.

PACS: 42.65.—k; 78.20.—¢; 78.66.—w

The search for materials with large optical
nonlinearities, or ones that show a response to
low-power optical excitation, as required for ap-
plications such as all-optical switching, has con-
centrated on media whose optical electrons exhibit
a highly anharmonic response; most notably
semiconductors, which exploit free excitonic and
near-band-gap effects, and organic materials with
weakly bound electrons. Recently, gallium con-
fined at an interface with glass has attracted at-
tention because of its enhanced nonlinear optical
properties exhibited close to the melting tempera-
ture of gallium [1]. This nonlinear behaviour is
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broadband [2], and a number of applications, such
as control of light-by-light [3] and q-switching of
fibre lasers [4,5], have already been demonstrated.
In this publication, we present an experimental
study of the nonlinear optical response at a silica—
gallium interface prepared by ultrafast pulsed laser
deposition (UPLD) in the blue-green spectral re-
gion across the melting transition of gallium.
Previous optical measurements at UPLD prepared
interfaces were performed in the near-infrared at
810 nm using a quasi-cw [5] and mode-locked laser
[7]. The optical response to pulse excitation (with
pulse durations > 10 ns) was previously also
studied using fiberized silica—gallium interfaces,
Le., interfaces made by dipping an optical fiber
into molten gallium drop, at wavelengths of
1.5 pm [3] and 1.3/1.5 pm [8]. In this experimental
study, we performed cw single beam reflectivity
measurements in the wavelength range 488-514 nm

0030-4018/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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“at different incident light intensities as a function
of temperature. We also investigated the interface’s
reflectivity transient dynamics under pulsed exci-
tation, in the nanosecond-microsecond range with
respect to temperature, using a modulated pump
at 514 nm and cw probe at 633 nm. Our results
show that reflectivity can be modified by as much
as 15%, by incident light of 3 kW /cm” intensity at
a wavelength of 514 nm, close to the melting point
of gallium, T,, = 29.8 °C. Under pulsed excitation,
we observed two types of reflectivity response,
depending on the silica-gallium interface proper-
ties. The mechanisms behind these phenomena
were identified as a nonthermal and a predomi-
nantly thermal one.

Our measurements were performed on a silica-
gallium interface (gallium mirror), produced by
the UPLD method. A gallium film, of about
1-2 pm thickness, was deposited by gallium abla-
tion under vacuum (~2 x 10~¢ Torr) directly on a
silica substrate, which was cooled to about —100
°C during deposition, using a g-switched, mode-
locked Nd:YAG laser at 1064 nm with 60 ps pulse
duration. This process deposits amorphous gai-
lium which, as a result of melting and subsequent
solidification, is converted into the desired a-gal-
lium phase. We have found this type of interface to
be of exceptional structural stability, able to
withstand numerous heating and cooling cycles,
and exhibiting reproducible nonlinear optical
properties. This stability can be attributed to the
presence of a transitional layer, about 3 nm deep,
at the interface between silica and gallium, formed
by energetic gallium ions penetrating into the silica
substrate during deposition [6].

We started with a single-beam experiment to
examine the dependence of the mirror’s linear re-
flectivity with respect to interface temperature,
using light from an argon ion laser at wavelengths
of 488, 496, 501 and 514 nm. The beam intensity
was modulated at 200 Hz, and the light was fo-
cused at the gallium film, through the silica sub-
strate, at near to normal incidence, to a spot of
approximately 50 pm in diameter. The tempera-
ture of the gallium sample was controlled, in the
range of 14-32 °C, by a thermoelectric heat pump
(Peltier element) with a nominal accuracy of 0.1 °C.,
The optical properties of the gallium mirror are

polarization sensitive, due to the crystallographic
anisotropy of a-gallium [9]. To eliminate the de-
pendence of the interface reflectivity on crystal
orientation, the incident light was circularly po-
larised. In Fig. 1(a), the change of the UPLD sil-
ica—gallium interface reflectivity on melting, for
low light intensity, is shown for the different
wavelengths used. We compare our experimental
data with values calculated using data for the op-
tical constants of the solid and liquid phases. To
calculate the reflectivity of the silica-gallium in-
terface, at temperatures well below gallium’s
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Fig. 1. (a) Reflectivity change at the silica~gallium interface on
melting, as a function of wavelength. The solid line represents
calculated value of the reflectivity change whereas the “IW” is
our experimental results. (b) Reflectivity of the silica-gallium
interface as a function of sample temperature, for different light
intensities. Curves i-iv correspond to silica-gallium interface
reflectivity at incident light intensities of 100 W/cm?, 500 W/
cm?, 1.5 kWicm? and 3 kW/cm?, curve v corresponds to de-
creasing temperature for 100 kW/em? incident light intensity. In
the inset, the magnitude of the light-induced reflectivity change
is shown as the difference between reflectivity at higher intensity
levels (curves ii-iv) and the lowest intensity one (curve i).
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melting point, we used data for the anisotropic
dielectric function of an o-gallium crystal from
[10], and data from [11], to calculate the reflectivity
of the interface formed by liquid gallium. In Fig.
1(a), the calculated reflectivity values account for
the presence of a transient metallic layer, 3 nm
thick. A good agreement between our experimen-
tal and calculated values, of the silica—gallium in-
terface reflectivity change on melting, can be seen.
Our results illustrate the broadband nature of the
optical properties of the silica-gallium interface,
and the potential for optical switching in the blue-
green part of the spectrum.

Fig. 1(b) (curves i-iv) shows the interface re-
flectivity for 4 = 514 nm with increasing temper-
ature, and for various light intensities across the
melting point of gallium, 7, = 29.8 °C. Solidifi-
cation occurs at 24 °C, and the interface reflectivity
exhibits a hysterisis with approximately 6 °C
overcooling (curve v). Note that the peculiar be-
haviour observed with decreasing temperature
(curve v), is due to the sudden increase in sample
temperature, caused by the heat released during
the solidification of the gallium film, which the
thermal stabilisation circuitry is not able to cope
immediately. In the inset of Fig. 1(b), the light-
induced reflectivity change is shown for increasing
temperature. It can be observed that the maximum
change is achieved a few degrees below the melting
point of gallium, T;,, while the effect disappears on
melting.

One can possibly argue that the observed re-
flectivity behaviour is due to laser-induced melting
of the thin gallium film at the interface. However,
if this was the case, then the interface reflectivity
curve would be shifted down the temperature axis,
by an amount corresponding to the increase of
temperature by the laser induced heating of the
film. However, what we observed was a softening
of the hysterisis curve instead of a shift. To address
this question we modelled the temperature distri-
bution and heat flow at the interface and calcu-
lated the rise of the local temperature, due to the
presence of the laser beam. In our calculations we
took into account the anisotropic character of the
thermal conductivity of o-gallium at the interface,
having values of A, = 15.9 Wm™ K~' perpendic-
ular to the interface, and principal coefficients

along the plane of the interface 4, =41 Wm™
K™ and 4, =88 Wm™' K~'. We neglected con-
vention and radiative losses from the sides of the
sample. Our calculations show that the local rise in
interface temperature is ~2 °C for an incident light
intensity of 3 kW /cm® which can not explain the
observed softening of the hysterisis curve across a
much wider range of temperatures. Therefore,
there should be another mechanism behind the
increase in interface reflectivity, most likely of a
nonthermal nature.

Indeed, recently such a nonthermal mechanism
has been introduced in an attempt to explain the
observed reflectivity behaviour of the silica-galli-
um interface under cw [6] and pulse laser excitation
(for pulse durations > 10 ns) [8]. Our experimental
observations in the case of the cw measurements of
the interface reflectivity are clearly consistent with
the nonthermal mechanism proposed in [6]. Ac-
cording to this mechanism, gallium undergoes a
light-induced, nonthermal, surface-assisted phase
transition when illuminated with light. This tran-
sition is made possible by the unique crystalline
structure of a-gallium, comprising of metallic and
molecular bonding, in which some of the bonds
forming Ga, dimer units, and the rest being me-
tallic. The presence of the covalent bonding results
in an optical absorption band from ~310 to ~1820
nm. Our measurements were within this band, at
514 nm. Absorption of light leads to a highly lo-
calised excitation of the dimers, from the bonding
to the antibonding state, reducing the stability of
the surrounding crystalline ceil, which subse-
quently undergoes a transition to a new phase of
considerably different optical properties. The new
phase is stable in the presence of light, and grows
epitaxially as a layer at the interface between the
silica substrate and a-gallium [12]. The increase in
the interface’s reflectivity is then a result of the in-
creasing thickness of such a layer. The exact iden-
tity of this phase is not yet clear, but it is most likely
to be one of the material’s existing metastable
phases, such as B-gallium, Ga(ll) and Ga(IIl).
These phases exhibit metallic characteristics, simi-
lar to those of the liquid state and are involved in
the continuous transition from the solid crystalline
o-phase to the liquid (a-gallium— B-gallium —
Ga(ll) — Ga(III) — liquid) [13].



274 V. Albanis et al. | Optics Communications 214 (2002) 271-276

The transient dynamics of the optical response
were studied with a pump-probe technique, using a
modulated pump at 514 nm with a peak power of
168 mW, and a 0.3 mW cw He-Ne laser, at 633
nm, as the probe source. An acousto-optical
modulator, capable of producing 20 ns fronts, was
used to alter the pump into pulses of duration, 1,
150 ns, 400 ns and 1 ps, with a repetition rate of
100 Hz. Both the pump and probe beams were
focused at the gallium film, through the silica
substrate, at spot diameters of about 50 pm and
35 um, respectively. The polarisation of the pump
was circular. A digital oscilloscope was used to
register and record the reflected probe signal, de-
tected by a fast photodiode. The overall band-
width of the detection system was 150 MHz.

The transient measurements, in the main frame
of Fig. 2, illustrate the typical response of the sil-
ica~gallium UPLD interface’s reflectivity. Our re-
sults show that reflectivity rises immediately after
the start of the pump pulse (the dashed vertical
line). In the range of pulses used in the measure-
ments, the effect accumulates with time. In the
inset of Fig. 2, the pump-induced, probe reflec-
tivity change is shown with respect to the sample
temperature, for the three pump pulse durations.
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Fig. 2. The dynamics of the reflectivity change associated with
the nonthermal effect plotted for three different pump pulse
durations at 7 = 27.8 °C. The inset shows the magnitude of the
reflectivity change. Curves I, II and III correspond to different
pump pulse durations, 0.15, 0.40 and 1.00 ps, while 7 indicates
the recovery time.

From these data, the maximum light-induced
change can be seen to occur just below the melting
point, reaching a maximum at a temperature of
27.8 °C, before disappearing above melting. When
the pump pulse ends, the interface reflectivity
starts to recover back to its initial level, exhibiting
recovery times that depend on sample temperature
(Fig. 3). The rapid increase in the interface reflec-
tivity, which follows excitation, is then a result of
the increased density of the metallic phase in the
skin layer. When the excitation is withdrawn the
metallic phase becomes metastable and recrystal-
lizes back to the a-phase. Correspondingly, the
interface reflectivity recovers back to its initial le-
vel, If this was a temperature driven effect due to
local laser heating involving no change in the a-
gallium structure, reflectivity would relax as in-
terface temperature relaxes and the recovery time
would then be independent of the sample temper-
ature, Within the duration of the excitation pulse
the metallic phase inclusions form a well-defined
metallic layer at the interface that grows during the
pulse. The recovery time then depends on the ve-
locity, v, with which the a-phase/metallic phase
front moves towards the silica substrate, and the
rate of thermal diffusion. In this case the recrys-
tallization is the dominant factor, since the thermal
diffusion time is much shorter than the recrystal-
lisation time. The recrystallization velocity is a
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Fig. 3. The recovery time, 7, of the pump-induced probe re-
flectivity change presented as a function of 1/(T, —T), for
three pump pulse durations.
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function of the sample temperature: v, = g(1 — T/
Ty.), where g is a function of the recrystallisation
mechanism and Ty, is the bulk melting temperature
[8]. From the transient reflectivity measurements
corresponding to the sample temperature of
27.8 °C, (Fig. 2) we found v; to be 4 x 107* ms~!.
The recovery time t = d/v, (Where d is the thick-
ness of the metallized layer) is expected to be
longer for larger induced reflectivity changes, i.e.,
thicker metallized layers and increase critically on
approaching T,,. All of these features have been
observed in our experiment, in particular the re-
covery time increases as ~1/(T, — T), see Fig. 3.
The results presented in Figs. 1-3, represent a
typical respomse of the silica—gallium interface.
However, when scanning the surface of the sample
it was also possible to locate areas that responded
differently to optical excitation. Fig. 4 shows the
dynamics of the reflectivity change in the area of
different characteristics. The reflectivity recovery
times exhibit a much longer component compared
with the measurements presented in Fig. 2. The
pump-induced, probe reflectivity change can be
seen to disappear before Ty, and the maximum
light-induced change occurs at a temperature of
25.6 °C, see the inset in Fig. 4. However, a number
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Fig. -4. The dynamics of the reflectivity change associated with
the thermal effect plotted for three different pump pulse dura-
tions at T = 25.6 °C. The inset shows the magnitude of the
reflectivity change. Curves I, II and III correspond to different
pump pulse durations, 0.15, 0.40 and 1.00 us, while 7 indicates
the recovery time.

of features similar to the previous case can still be
seen. Namely, the reflectivity starts to rise imme-
diately after the arrival of the pump pulse (dashed
line) and the effect accumulates with time. Fig. 5
shows a direct comparison of the transient dy-
namics of the reflectivity change, with 7z, =1 ps,
for the two types of response. We consider the
second type of interface reflectivity behaviour as
due to a predominantly thermal effect, because of
the poor thermal quality of the interface at some
areas. As a result, the gallium film undergoes
melting before the melting temperature is reached
due to the heat accumulated locally, as indicated
by the inset in Fig. 4. Nevertheless, the nonthermal
mechanics described above, still play an important
role. This is indicated by the immediate rise of the
interface reflectivity after the arrival of the pump
pulse. If the effect was a fully thermal one, then
there would be ‘a delay before the interface reflec-
tivity starts to rise, equal to the time needed to
bring the local temperature above the melting
point. When the pump excitation is no longer
present the interface reflectivity starts to recover.
The reflectivity relaxation times can be seen to
increase as temperature approaches the mielting
temperature, exhibiting, though, much longer re-
covery dynamics. The results presented in Figs. 4
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Fig. 5. Direct comparison of the transient dynamics of the
pump-induced probe reflectivity change, showing the nonther-
mal (left) and thermal effect (right). Presented as a function of
the sample temperature 7, for pump pulse duration
7, = 1.00 ps. Note the increasing difference in the reflectivity
change dynamics with respect to increasing temperature.
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and 5 suggest that in these areas the growth ve-
locity is no longer the dominant factor in the re-
covery of interface reflectivity. Under these
conditions, both the recrystallization and thermal
diffusion are important for the recovery of reflec-
tivity. Indeed, due to the poor thermal quality of
the interface at these points, the heat released on
solidification is trapped in the gallium film. This
significantly decelerates recrystallization and
therefore results in longer recovery times.

In conclusion, we studied the nonlinear optical
properties of a silica~gallium interface, prepared
by UPLD, in the blue-green spectral region across
the melting transition of gallium. We performed
cw measurements of the optical properties, the
results of which show a substantial reflectivity in-
crease close to the melting temperature of gallium.
We also performed transient measurements of the
interface reflectivity under pulsed excitation. Two
types of reflectivity response were observed, a
nonthermal and a predominantly thermal. In the
case of the nonthermal response our results indi-
cate that the magnitude and recovery time of the
interface reflectivity increase critically with tem-
perature approaching the melting point of gallium.
The nonthermal response can be accounted by a
light-induced metallization of a-gallium at the in-
terface with silica. The thermal response is ex-
plained by laser-induced melting.
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