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Foreword

Glasses containing embedded metallic nanoparticles (metal—glass nanocomposites)
exhibit peculiar linear and nonlinear optical properties, mainly due to the surface
plasmon resonances (SPRs) of the metallic inclusions. The nanoparticles’ shapes
predominantly and characteristically determine the spectral positions and polari-
zation dependence of the SPRs in the visible and near infrared. The focus of this brief
is on the interaction of intense ultra-short (femtosecond) laser pulses with silver
nanoparticles embedded in soda-lime glass, and the resulting nanostructural modi-
fications. In particular, and in order to provide a comprehensive physical picture of
the processes leading to the laser-induced persistent shape transformation of the
nanoparticles, series of experimental results investigating the dependences of the
nanoparticles’ laser-assisted shape modifications on laser pulse intensity, excitation
wavelength, and temperature are considered. The resulting local optical dichroism
allows fabrication of flexibly polarizing optical (sub-) microstructures with well-
specified optical properties. The recently achieved considerable progress toward
fabrication of an all-optical data storage and readout technique based on metal—glass
nanocomposites is also discussed.



Preface

From medieval stained glass windows toward all-optical computer chips, an
understanding of the interaction of light with a complex dielectric medium has
been a key to designing and tailoring the optical properties of photonic devices.

For many centuries, the presence of metal nanoparticles has been evident
because of the unusual colour effects associated with them. The red and yellow
colours of many medieval church windows originated from silver, gold, and
copper nanoparticles embedded in the window glass. The first evidence of using
gold nanoparticles in antiquity dates back to the fourth century AD (the Lycurgus
Cup). The physics of the processes remained a mystery until Michael Faraday, the
well-known nineteenth century physicist, discovered that this effect is due to a new
type of optical absorption in metal particles with dimensions substantially less than
the wavelength of light.

Metal particles with sizes of the order of one to several hundreds of nanometres
are the subject of intensive research efforts across the world. This is due to the
fascinating differences in the optical properties they exhibit compared to bulk
metals. When a metal particle is smaller than the wavelength of light, the light
reflected from it is replaced by light scattering, which is particularly strong at the
resonance frequencies of collective electron excitations in the particle. These
oscillations are known as the particle’s plasmons or surface plasmon resonances
(SPRs). For noble and alkali metals, where the conduction electrons are suffi-
ciently free-electron-like, the collective excitations show themselves as pro-
nounced resonance effects in optical scattering and absorption spectra.

Glasses containing embedded metallic nanoparticles exhibit very promising
linear and nonlinear optical properties, mainly due to the SPRs of the nanoparti-
cles. The focus of this brief will be on the interaction of intense ultra-short laser
pulses with glass nanocomposites comprising silver nanoparticles embedded in
soda-lime glass, and nanostructural modifications in metal-glass nanocomposites
induced by such laser pulses. In order to provide a comprehensive physical picture
of the processes leading to laser-induced persistent shape transformation of the
nanoparticles, series of experimental results investigating the dependences of
laser-assisted shape modifications of nanoparticles with laser pulse intensity,
excitation wavelength, and temperature are considered. In addition, the resulting
local optical dichroism allows production of very flexibly polarizing optical (sub-)
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viii Preface

microstructures with well-specified optical properties. The achieved considerable
progress towards technological application of this technique, in particular for long-
term optical data storage, will also be discussed. It is argued that the latter could be
utilized for multi-bit encoding in spot sizes down to the diffraction limit, where the
information can be read out very fast by wavelength- and polarization-sensitive
detection of the transmitted light. The storage capacity of the proposed technique
is comparable with that of Blu-ray disks.
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Chapter 1
Introduction

Glasses and other dielectrics containing metallic nanoparticles are very promising
materials for applications in optoelectronics due to their unique linear and non-
linear optical properties. These properties are dominated by the strong surface
plasmon resonance (SPR) of the metal nanoparticles. The SPR occurs when the
electron and light waves couple with each other at a metal-dielectric interface.
These are regarded as the collective oscillation of the nanoparticle (NP) electrons.
The spectral position of the SPR in the compound materials can be designed within
a wide spectral range, from visible to near-infrared, by choice of the electronic
properties of the metal and the dielectric matrix [1, 2], or by manipulation of size
[1, 3], shape [3, 4], and spatial distribution [5] of the metal clusters. This makes the
composite materials attractive for some applications in the field of photonics [6, 7].
One of the main issues in this context is to structure the optical properties of such
materials on a micro- or even sub-micron scale. This aspect, in fact, occupies many
researchers within the scientific community. The scientific interest comprises the
study of optical sub-wavelength structures such as plasmonic waveguides based on
metal nanoparticles [8, 9], as well as larger (micrometer) scale optical structures;
for the latter nanocomposite materials are very appropriate for production of a
number of standard and advanced optical elements such as: gratings, segmented
filters and polarizers.

Recently, it was shown that laser-induced techniques represent a very powerful
and flexible tool for (local) structuring of the optical properties of metal-doped
composite materials [10—18]. Particularly, it was discovered that initially spherical
silver nanoparticles embedded in soda-lime glass experience a persisting trans-
formation of their shape when irradiated with intense ultra-short (femtosecond)
laser pulses operating near to their SPR band [14—18]. The results can be macro-
scopically observed as optical dichroism—polarization dependent colour changes.

Our intention here is to provide a comprehensive overview of the various
physical processes responsible for permanent nanostructural alterations in glass
with embedded silver nanoparticles upon irradiation with intense, ultra-short laser
pulses. The studies reported here were aiming to understand the details of the
mechanism of NP shape transformation, and to apply this knowledge to achieve
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2 1 Introduction

optimized optical parameters such as polarization contrast or broadening of the
tuning range of dichroism or optical storage of information in nanocomposites.
The latter is a necessary prerequisite to exploit the full range of potential appli-
cations of this novel technology.

For the sake of conciseness, we do not provide a comprehensive review of the
optical properties of nanocomposites with metal particles, which can be found
elsewhere [1, 2, 19], but restrict the discussion in Chap. 2 to the most important
properties needed for easy comprehension of this review. Chapter 3 will then
provide an overview of the possible processes initiated by interaction of ultra-short
laser pulses with metal nanoparticles. Taking into account experimental results, as
well as numerical temperature modeling and semi-quantitative descriptions of
electron and ion emission into the glass matrix, we arrive at a model for the
permanent structural change, which facilitates a self-consistent description of all
experimental observations. Chapters 4, 5 and 6 cover the influence of various
parameters such as irradiated number of laser pulses, laser pulse intensity, exci-
tation wavelength and temperature on the achieved dichroism in the nanocom-
posite—mainly governed by the change in the NPs’ aspect ratio. Based on the
conclusions drawn from these studies we will present a simple technique for the
fabrication of polarizing optical micro-structures with unprecedented properties,
and make the first steps towards fabrication of high-capacity media for optical
storage of information. These are presented in Chap. 7.
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Chapter 2
Optical Properties of Nanocomposites
Containing Metal Nanoparticles

Interaction of light with nanocomposites reveals novel optical phenomena
indicating unrivalled optical properties of these materials. The linear and non-
linear optical response of metal nanoparticles is specified by oscillations of the
surface electrons in the Coulomb potential formed by the positively charged ionic
core. This type of excitation is called the Surface Plasmon (SP). In 1908 Mie [1]
proposed a solution of Maxwell’s equations for spherical particles interacting with
plane electromagnetic waves, which explains the origin of surface plasmon reso-
nance (SPR) in the extinction spectra and colouration of metal colloids.

During the last century optical properties of nanoparticles have extensively
been studied and metal-dielectric nanocomposites have found various applications
in different fields of science and technology [2—-6]. Since the optical properties of
metal nanoparticles are governed by SPR, they are strongly dependent on the
nanoparticles’ size, shape, concentration and spatial distribution as well as on the
properties of the surrounding matrix. Control over these parameters enables such
metal-dielectric nanocomposites to become promising media for development of
novel non-linear materials, nanodevices and optical elements.

In this section the SPR and main optical properties of metal nanoparticles
embedded in a dielectric medium will be considered. A comprehensive review of
the optical properties of nanostructured random media can be found in Refs. [7, 8].

2.1 Surface Plasmon Resonance of Isolated Metal
Nanoparticles

Exposure of a metal nanoparticle to an electric field results in a shift of the free
conduction electrons with respect to the particle’s metal ion-lattice. The resulting
surface charges of opposite sign on the opposite surface elements of the particles
(see Fig. 2.1) produce a restoring local field within the nanoparticle, which rises
with the increasing shift of the electron gas relative to the ionic background. The
coherently shifted electrons of the metal particle together with the restoring field

A. Stalmashonak et al., Ultra-Short Pulsed Laser Engineered 5
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6 2 Optical Properties of Nanocomposites Containing Metal Nanoparticles

Fig. 2.1 Plasmon
oscillations in metal spheres
induced by an
electromagnetic wave

e-cloud

consequently represent an oscillator, whose behavior is defined by the electron
density and the geometry of the particle. Throughout this text the nanoparticles’
resonances are called surface plasmons on metal nanoparticles.

An exact analytical, theoretical description of SPs of spherical metal nano-
particles is part of Mie’s theory for scattering and absorption of light by spheres
[7, 9]. According to the theory, different eigenmodes of the spherical particles are
dipolar or multipolar in character. For particles that are small compared to the
local variations of the involved electromagnetic fields, the quasi-static approxi-
mation is valid [7]. It assumes the exciting field to be homogeneous and not
retarded over the particle’s volume. Under these assumptions, the results of
electrostatics can be applied by using the corresponding frequency dependent
dielectric function. In this case, the polarizability o and induced dipole moment
p of a metal sphere embedded in dielectric are given as [10]:

B g(w) — &,
af4nR3m, (2.1)
B(w) = agoEy(w) = 4neoR® H) = g ( (2.2)

gi(w) + 2¢,

where R is the radius of the nanoparticle, E, the electric field strength of the
incident electromagnetic wave, g, the electric permittivity of vacuum, and &(w)
and ¢, are the relative complex electric permittivity of the metal and host matrix
respectively.

The absorption cross-section of a spherical metal inclusion placed in a trans-
parent dielectric matrix, where the imaginary part of the relative complex electric
permittivity approaches zero (Im[e,]—0), is then given as:

/!
o(w) = 12nR? ng/Z i (a;) 3
¢ [e(0) + 26 + ()

(2.3)

where ¢/(w) and &/ (w)are the real and imaginary parts of the electric permittivity
of the metal, which in turn can be described by the Drude-Sommerfeld formula:

2

(@) =a+1-—2 24)
8,60 —8b+ —m .



2.1 Surface Plasmon Resonance of Isolated Metal Nanoparticles 7

Here, 7 is the damping constant of the electron oscillations and ¢, is the
complex electric permittivity associated with interband transitions of the core
electrons in the atom. The free electron plasma frequency is given by:

[Ne?
=4 — 2.5
wP mso’ ( )

where N is the density of the free electrons and m is the effective mass of an
electron.

As can be seen from Eqs. 2.1-2.3, the well-known Mie resonance occurs at the
SP frequency wgp under the following conditions:

[e(@) + 261]” + &' (0)* — Minimum. (2.6)

If the imaginary part of the metal electric permittivity is small in comparison
with &(w), or has small frequency dependence, then Eq. 2.6 can be written as:

e(wsp) = —2¢,. (2.7)

Thus, if the condition represented in Eq. 2.7 is fulfilled, the dipole moment and
local electric field in the vicinity of the nanosphere grow resonantly and can
achieve magnitudes enhanced by many orders, overcoming the field of the incident
wave. This phenomenon is responsible for the SP enhanced non-linearities in
metal colloids.

Equation 2.7 requires the real part of the dielectric function of metals to be
negative. This is indeed the case for noble metals in the visible spectral region (as
an example see Fig. 2.2 for Ag). For a silver nanoparticle surrounded by a
dielectric environment with g, = 2.25, the resonance condition is observed to
occur at around 400 nm (Fig. 2.3). This results in the observation of bright colours
both in transmitted and reflected light from such a medium.

Fig. 2.2 Extinction spectra
of glass containing spherical
silver, gold and copper
nanoparticles

Extinction

400 500 600 700 800
Wavelength [nm]
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Using Eq. 2.7 and by substituting the real part of the metal electric permittivity
from Eq. 2.4, the position of the SP resonance can be expressed as follows:

2 @ 2
Dsp = Re[ey] + 1+ 26, v (28)

Core electrons have a significant influence on the SP and define the position of
the SPR in the extinction spectra (Fig. 2.2) for different noble metals. For instance,
silver nanoparticles embedded in glass matrix exhibit a SP band at about 415 nm.
In turn, SP for Au and Cu nanoparticles is shifted in the red spectral range and
peaked at 528 and 570 nm, respectively. The broad absorption bands below
500 nm for both Au- and Cu-containing nanocomposite glasses are associated with
interband transitions, namely from the d- to s-shell, of the core electrons in the
metal atoms. However, for silver the interband resonance is peaked at 310 nm
(4 eV), far away from the SP resonance [11].

On the other hand, Eq. 2.8 qualitatively describes a dependence of the SP
resonance on the dielectric properties of the host matrix, which the metal nano-
particles are incorporated in. An increase of dielectric constant (refractive index)
evokes a shift of absorption maximum towards longer wavelengths [7, 12, 13]
(as would be expected from Fig. 2.3). Figure 2.4 represents the spectral positions
of SPRs of silver nanoparticles embedded in vacuum (¢, = 1) and glass
(&, = 2.25). It is clearly seen that the SP resonance maxima are more red-shifted
for nanocomposites having a matrix with higher dielectric constant.

Figure 2.4 also shows that the position of the SPR depends on the size of
metallic nanoparticles. In fact, its position remains quasi-constant for nanoparticles
with radii smaller than 10—15 nm, while the band’s half-width for these clusters
differs by a factor of 4. This is often described as an intrinsic size effect [7, 14, 15].
If the particle size is below the dimension of the mean free path of the electrons in
the metal (& 10—15 nm) [16], the electron scattering at the particle surface mainly
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Fig. 2.4 Extinction spectra of spherical silver nanoparticles in a vacuum and b glass as a
function of particle size

increases the imaginary part of the dielectric function. For the smaller particles
(>1 nm) the spill-out of electrons from the particle surface should be taken into
account, which results in an inhomogeneous dielectric function. As a result of this
effect, very broad plasmon bands are observed for small nanoparticles (not
included in Fig. 2.4).

The SPR shifts towards longer wavelengths with a simultaneous increase in the
band half-width for nanospheres with radii larger than 15 nm (Fig. 2.4). This effect
for the larger particle is referred to as an extrinsic size effect [7, 14, 17-19]. In this
case, higher-order (such as quadrupolar) oscillations of conduction electrons
become important.

From the size dependence of the SP, it is quite obvious that metal nanoparticles
with non-spherical shape will show several SP resonances in their spectra. For
instance, ellipsoidal particles with axes a # b # ¢ own three SP modes corre-
sponding to polarizabilities along the principal axes given as:

4n gi(w) — &

() = 3¢ Csh + (&i(w) + en)Ly’

(2.9)

where L; is the geometrical depolarization factor for each axis (XL, = 1).
Moreover, an increase in the axis length leads to the minimization of the depo-
larization factor. For a spherical particle L, = L, = L. = 1/3.

Thus, if the propagation direction and polarization of the electromagnetic wave
do not coincide with the axes of the ellipsoid, the extinction spectra can demon-
strate three separate SP bands corresponding to the oscillations of the free elec-
trons along these axes [7]. For spheroids one has: a # b = ¢, and the spectra
exhibit rwo SP resonances. However, if the incident light is polarized parallel to
one of the axes, only one single SP band corresponding to the appropriate axis is
observed (Fig. 2.5). The band lying at higher wavelengths is referred to as the long
axis, while the small axis demonstrates resonance at shorter wavelengths compared
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Fig. 2.5 Calculated using the Mie theory for spheroids [22], polarized extinction spectra are
shown for a prolate and b oblate silver spheroids with different aspect ratios, which are embedded
in glass. The volume of the spheroids is equal to the volume of a nanosphere with radius of
15 nm. Dashed curves polarization of the light is parallel to the long axis; solid lines parallel to
the short axis. The insets schematically show the shape of the spheroids

to the single resonance of a nanosphere of the same volume. The spectral sepa-
ration of the two surface plasmon bands of the ellipsoidal nanoparticle strongly
depends on its aspect ratio [20, 21], which is defined as the ratio of the long to the
short axes. At the same time, it is clearly seen that for prolate and oblate spheroids
having the same aspect ratio, the positions of SP resonances are different. Namely,
the spectral separation between SP bands is higher for the nanoparticles having a
zeppelin-like shape.

For many years now, the dichroic property of elongated metallic nanoparticles
has been used for manufacture of broad-band high-contrast polarizers [22]. This
became possible because the position of the SP resonance can be designed within a
broad spectral range by an appropriate choice of aspect ratio between the axes of
the nanoparticles. This aspect will be discussed in more detail in the next sections.

2.2 Optical Properties of Nanocomposites with a High
Fraction of Metal Nanoparticles

Increasing the volume fraction of metal nanoparticles in a medium leads to a
decrease in the average inter-particle distances. Thus, enhancement of the dipole
moment of spherical metal NPs by excitation near to their SP resonance results in
strong collective dipolar interactions between the nanoparticles, which in turn
affect the linear and non-linear optical properties of the nanocomposite material.
For the purpose of this work it is sufficient to describe these effects using the
approximation of the well-known Maxwell-Garnett effective medium theory. This
theory is widely applied to describe the optical properties of metal particles in
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dielectric matrices [8, 9, 23, 24]. The theory does not correctly take into account
the multipolar interactions between nanoparticles considered in other works [25,
26]. However, it describes quite well the position and shape of the SP resonance
and its dependence on the metal filling factor [8].

The effective dielectric constant ¢.4(w) of a composite material with spherical
metal inclusions having a filling factor f (volume of the silver inclusions per unit
volume of the composite material f = V44/V,nq1) is given by the expression:

(i) + 2e) + 2f (ei(@) — en)
e () = (&i(w) + 2en) — f(&i(@) — &)

where ¢;(w) and ¢, are the complex electric permittivities of the metal (given by
the Eq. 2.4) and the host matrix, respectively. Based on this description, the
complex index of refraction of a composite medium can be defined as

n(w) =n"+in" = /e (0). (2.11)

Hence, the absorption coefficient o and refractive index n’ of the medium with
dielectric constant ¢.4(w) can be expressed as

(2.10)

2
2=""Im eer (), (2.12)
c

n'(w) = Rey/ e (®), (2.13)

where c¢ is the light velocity. Using Eqs. 2.10-2.13, the absorption cross-section
and dispersion spectra (Fig. 2.6a, b) of glass containing spherical silver nano-
particles can be calculated as a function of the volume filling factor of the metal
clusters in the glass matrix, using: ¢, = 2.3, w, =92¢€V, y =0.5¢eV [27],
& = 4.2 [24].

The collective dipolar interactions between nanoparticles cause a broadening
and red-shift of the absorption band with increasing filling factor of the inclusions
in the glass matrix (Fig. 2.6a). The effective refractive index of the composite
glass also changes with growing filling factor (Fig. 2.6b)—at low content of silver
nanoparticles in glass (f = 0.001) the refractive index is identical to that of clear
glass (n' = 1.52), higher filling factors result in significant modifications of the
dispersion spectra. For f = 0.1, the refractive index varies between ~ 1.2 and 2.1
on different sides of the SP resonance. As shown in Fig. 2.6¢c, the reflectivity R—
given for normal incidence by:

n(w) — 1

K=o +1

(2.14)
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also changes upon increasing the volume filling factor. In particular, in the visible
range the main effect is an increase in reflectivity of the composite medium with an
increasing content of nanoparticles.

2.3 Preparation and Characterization of Glass Samples
Containing Silver Nanoparticles

The samples were prepared from soda-lime float glass (72.5 SiO,, 14.4 Na,0, 0.7
K50, 6.1 CaO, 4.0 MgO, 1.5 Al,O3, 0.1 Fe,03, 0.1 MnO, 0.4 SO; in wt %) by
Ag*—Na* ion exchange. For the ion exchange process the glass substrate is placed
in a mixed melt of AgNO; and KNOj3 at 400 °C [12, 28]. The thickness of the
glass substrate, time of the ion exchange process and weight concentration of
AgNOj in the melt determine the concentration and distribution of Ag™ ions in the
glass. Subsequent thermal annealing of the ion exchanged glass in an H, reduction
atmosphere, typically at 400-450 °C, results in the formation of spherical silver
NPs [12]. As could be expected, size and depth distribution of the Ag NPs in the
glass sample strongly depend on the temperature and duration of the Na—Ag ion
exchange as well as on the duration of the annealing. In our case, the spherical Ag
NPs of 3040 nm in mean diameter (Fig. 2.7a) are distributed in a thin surface
layer of approximately 6 um thickness (with total thickness of the glass plate being
1 mm).
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Fig. 2.7 a TEM image of typical spherical silver nanoparticles in nanocomposite glass. b SEM
image of the cross-section of a glass sample containing spherical silver nanoparticles (Ag
particles are reproduced as white spots). The gradient of the volume filling factor of Ag
nanoparticles is shown superimposed (the x-axis was adjusted to the length scale of the image)

The scanning electron microscopy (SEM) image of the cross-section of the
nanocomposite is shown in Fig. 2.7b, where silver particles are reproduced as
white spots. In order to obtain information on the depth distribution of silver NPs
in the glass, surface layers of various thicknesses were removed from the sample
by etching in 12 % HF acid for different retention times. After this procedure SEM
images were recorded for all etched surfaces [e.g., Fig. 2.8a, increasing etching
time from (i) to (iv)], as well as optical extinction spectra (see Fig. 2.8b). The area
fraction of silver derived from the SEM images was then converted to a volume fill
factor assuming a typical electron penetration depth of 500 nm. The result is given
as the superimposed curve in Fig. 2.7b, showing the highest silver content of
f = 0.028 directly below the glass surface. Within a few micrometers the fill factor
then strongly decreases with increasing distance from the surface.

Figure 2.8b depicts the corresponding extinction spectra with the same lettering
as in Fig. 2.8a. However, it should be noticed that the optical spectra integrate over
the whole particle-containing layer. Thus, for the original sample the absorption
around SP resonance is very high, discouraging any detailed analysis of the
spectral band shape. The same holds for extinction after the shortest etching time
[Fig. 2.8b, curve (i)]; however, at least one can estimate for this case an extinction
peak wavelength in the range of 420440 nm. Further etching of the sample results
in a fading of the extinction band caused by the decrease in thickness of the silver-
nanoparticle containing layer. Spectrum (i) indicates that the uppermost metal-rich
layers are responsible for the shift observed in the red wing of the SP band towards
longer wavelengths.
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Extinction

300 400 500 600 700 800
Wavelength [nm]

Fig. 2.8 a SEM images of etched samples showing Ag nanoparticles (volume fill factor: i 0.01,
ii 0.006, iii 0.004, iv 0.001). b Extinction spectra of samples with spherical silver nanoparticles
after different times of etching in 12 % HF acid. Labeling of the spectra is according to the SEM
images shown in (a). The samples with lower fill factor exhibit lower extinction

Etching the samples for longer times, so that one ends up at a residual filling
factor of less than 0.004, leads to an easily measurable extinction spectrum. The
corresponding evolution of the spectra with etching time is shown in more detail in
the inset of Fig. 2.8b. It is seen that a decrease of filling factor (by longer time of
etching) leads to a slight shift of the SP band maxima to shorter wavelengths. This
is compatible with the Maxwell-Garnett theory, which predicts a red-shift of the
SP band for the samples with higher filling factors [7, 8, 29].

It should be mentioned here that for the study of the basic physical processes of
nanoparticle shape transformation, etched samples with a maximum Ag filling
factor of 107> were used, where the NPs are, to good approximation, understood as
non-interacting (isolated) nanoparticles. However, the experiments related to the
maximization of polarization contrast were performed on samples with consider-
ably higher filling factor (f ~ 0.01).
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Chapter 3

Interaction of Ultra-Short Laser Pulses
with Metal Nanoparticles Incorporated
in Dielectric Media

This chapter is dedicated to the general understanding of laser pulse interaction
with metal nanoparticles. The aim is to collect all physical processes, which may
occur when the laser pulse starts to interact with nanoparticles, as well as all later
events and mechanisms, which are triggered by this interaction.

Depending on the laser parameters (e.g., weak and strong excitation regimes)
and nanoparticle properties, several physical phenomena may occur. Recent
investigations of laser pulse interaction with metal nanoparticles are mostly con-
centrated on the SP dynamics and the energy exchange (relaxation) mechanisms
arising as a result of the interaction (see Refs. [1-6] for a review). These studies
employ weak laser pulses to excite the nanoparticles, thereby ensuring only weak
electronic perturbations occur. In this low perturbation regime, the changes
induced in the SP bands of the nanoparticles are transient and totally reversible.
For strong excitation as used in this work, however, the energy absorbed by the
nanoparticle becomes very high, which creates large perturbations for the nano-
particle electrons leading to persistent (irreversible) changes to the nanoparticle. In
this regime the processes related to the heating and cooling of nanoparticles—e.g.,
electron—electron (e—e), electron—phonon (e—p) scattering, etc.,—have to be
modified. At the same time, this strong excitation can open up additional channels
for the energy relaxation in the form of e.g., hot electron and ion emissions (see for
example Refs. [7-10]). Although it is currently impossible to account for all the
complicated many-body interactions among electrons, phonons, ions etc., some
theoretical estimation will be presented.

3.1 Energy Relaxation Following the Excitation
of the Nanoparticle: Weak Perturbation Regime

The absorption of a femtosecond (fs) laser pulse produces a coherent collective
oscillation of the nanoparticle electrons (Fig. 3.1a). During this quasi-instanta-
neous process, the phase memory is conserved between the electromagnetic field
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Fig. 3.1 Laser excitation and the subsequent electron dynamics. a The electronic distribution is
at an equilibrium temperature T,,. Absorption of a laser pulse energy density with photon energy
of hwp creates a non-thermal electronic distribution represented by the rectangles. b The
electrons thermalize to a hot Fermi distribution (T, > T,,) through electron—electron scatterings
within several hundred femtoseconds. ¢ Electrons cool down by sharing their energy with the
lattice through electron—phonon coupling processes, reaching a temperature which is equal to the
lattice temperature T, = Tj > T,,. DOS stands for the electron density of states

and the electronic states, and the density of excited states depends on the spectral
shape of the laser pulse. The corresponding electron distribution is non-thermal
[11-13] and lasts for a few femtoseconds [1, 2]. Electrons having energies between
Er — how and Eg are excited above the Fermi energy with final energies between
Er and Eg + ho. This is depicted in Fig. 3.1a where the excitation is sketched
with rectangular-shaped boxes, whose dimensions are determined by the energy of
the exciting laser pulse hw as the length of the box and the absorbed energy
density as the width.

The next step of the energy relaxation corresponds to thermalization of the
electrons. The occupied electronic states tend to a Fermi—Dirac distribution with a
well-defined temperature, which depends on the laser pulse intensity. The phase
coherence is lost and the collective modes have decayed into quasi-particle pairs.
Figure 3.1b shows the equilibrated thermal Fermi distribution following the e—e
scattering processes. The excited electrons possess high energies above the Fermi
level, and the resulting temperature of the electronic system is much higher than
the equilibrium temperature before the laser excitation.

Several time-resolved photoemission experiments, performed in noble metal
films, have shown that the temporal scale of this thermalization process is a few
hundred femtoseconds [12, 14—17]. For small particles, with diameters less than a
few tens of nanometers, the scattering time of the electrons at the particle surface
is also around a few hundred femtoseconds. Voisin et al. [18] reported an internal
electron thermalization time of &350 fs for 12 nm radius Ag nanoparticles in a
BaO-P,05 matrix, which is comparable to the one determined in Ag films [5].

The time needed for the internal thermalization decreases for smaller nano-
particles, for example, it is around 150 fs for 2 nm radius Ag nanoparticles
embedded in an Al,O5; matrix. For the internal electron thermalization of colloidal
Au nanoparticles of 9 and 48 nm in radius, decay lifetimes of 500 and 450 fs
respectively were found [2]. The size dependence of the thermalization time is in



3.1 Energy Relaxation Following the Excitation of the Nanoparticle 19

good agreement with a simple model which phenomenologically introduces sur-
face induced reduction of the Coulomb interaction screening due to the spill-out
and d-electron wave function localization effects [18, 19].

Another important mechanism in the electron dynamics, which is shown in
Fig. 3.1c, is the energy transfer to the lattice. The hot electrons cool externally by
electron—phonon (e—p) interactions until the temperatures of the electron gas and
the lattice are equilibrated. The resulting electronic temperature is lower than its
peak value, but higher than the equilibrium temperature. Since the e—p interactions
occur on a timescale comparable with the internal electron thermalization, the e—e
and e—p relaxation cannot be understood as separated processes occurring in
sequential order. This means that the non-thermal electrons of Fig. 3.1a already
interact with the phonons during the same time as they scatter with themselves to
achieve the Fermi distribution of Fig. 3.1b. This simultaneous e—p coupling is an
important channel of electron relaxation, heating the nanoparticle lattice.

There have been many attempts to define the timescale of this thermalization
process in different combinations of metals and matrices [20-27]. Normally one
can expect that the lattice heating needs more time than the heating of electrons,
and that the maximum lattice temperature cannot reach as high as the electron
temperatures since the electronic heat capacity is approximately two orders of
magnitude smaller than the lattice heat capacity. Hartland et al. showed that the
thermalization time depends on the laser intensity [8, 28]. In the next section we
shall consider the two-temperature model (2TM, also known as TTM in the lit-
erature), which describes the thermal situations of electrons and phonons and the
heat transfer between these two systems. This model will be extended to very high
electronic temperatures in order to account for the conditions of the strong exci-
tation regime.

The last step in the relaxation is the energy transfer to the dielectric matrix. This
transfer corresponds to the heat diffusion from the metal to the environment. It is
therefore sensitive to the thermal conductivity of the surrounding medium and, as
will be shown later, plays an important role in the mechanism of nanoparticle
shape transformation. Therefore, this process will also be considered in the next
sections.

3.2 Electron-Phonon Coupling and Electron Heat
Capacity of Silver Under Conditions of Strong
Electron—-Phonon Non-Equilibrium

Upon pulse interaction with the nanoparticle, the electrons heat up gradually to a
hot electronic distribution. During and after their heating, the electrons couple with
the nanoparticle lattice vibrations (the phonons) and heat up the nanoparticle. The
heat gained by the nanoparticle lattice can be found from the heat lost by the
electrons using the two-temperature model (2TM) [1, 29], where the heat flow
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between the two subsystems (electrons and lattice) is defined by two coupled
differential equations. 2TM is the commonly accepted theory to describe the
energy relaxation mechanisms between electrons and the lattice. The electronic
system is characterized by the electron temperature 7, and the phononic system by
a lattice temperature 7;. The electron—phonon (e-p) coupling factor G(T,) is
responsible for the energy transfer between the two subsystems. The heat equa-
tions describing the temporal evolution of T, and 7; are given as follows:

C.(T.) aaT; — _G(T.)(T, — T)) + S(1), (3.1)
CZ% — G(T,)(T, - T), (3.2)

where C,(T,) and C, are the electronic and lattice heat capacities, respectively; S(z)
in Eq. (3.1) is a source term describing the absorbed laser pulse energy per
nanoparticle, which can be given as:

Io-abx
S(t) = b
(="

- €Xp |:—4 In2 - (I/IFWHM)Z . (33)
NP

Here, I is the peak pulse intensity, g, is the absorption cross-section of a single
nanoparticle (=~ 3,000 nm? for a silver nanoparticle in a dielectric environment
with a refractive index of n = 1.52 [30]); Vyp is the nanoparticle volume, and
Trway determines the full width at half maximum (FWHM) of the temporal pulse
profile.

In order to yield a quantitative description of the kinetics of energy redistri-
bution in the irradiated target, it is crucial to use adequate, temperature dependent
thermo-physical properties of the target material. Looking at the 2TM equation for
the electron temperature (Eq. 3.1), this problem concerns the e—p coupling factor,
the electron heat capacity, and the heat conductivity. Due to the small heat
capacity of electrons in metals and the finite time needed for the e—p equilibration,
irradiation by a short laser pulse can transiently bring the target material to a state
of strong electron-lattice non-equilibrium. In this situation, the electron tempera-
ture can rise to some ten thousand Kelvins (comparable to the Fermi energy) while
the lattice still remains cold. At such high electron temperatures, the thermo-
physical properties of the material can be affected by the thermal excitation of the
lower band electrons. This in turn can be very sensitive to the details of the
spectrum of electron excitations specific for each metal. Indeed, it has been shown
for Au that in the range of electron temperatures typically realized in fs laser
material processing applications, thermal excitation of d-band electrons—located
around 2 eV below the Fermi level—can lead to a significant increase (up to an
order of magnitude) of the e—p coupling factor. This leads to positive deviations of
the electron heat capacity from the commonly used linear dependence on the
electron temperature [31, 32]. These deviations clearly have to be regarded for a
quantitative description of material response to a strong ultra-fast laser excitation
for a given material. However, for the heat capacity of the nanoparticle lattice (C))
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the room temperature values remain under the same conditions and are still rea-
sonable approximations—as C; does not change much as the temperature increa-
ses. For the case of silver, it is known that the change in C; upon a lattice
temperature increase of 1,500 K is less than 20 % compared with its room tem-
perature value of 3.5 x 10° Jm =3 K ! [33].

For the electron heat capacity the commonly used linear relationship
CAT,) = yT., with y = n*k3g(er) /3, (g(er): electron density of states (DOS) at
the Fermi level) is no longer valid due to the very high electron temperatures
reached in the strong perturbation regime. Instead, C, should include the full
spectrum of the electron DOS by taking the derivative of the total electron energy
density with respect to the electron temperature [34], as given by the expression

ey = [ LERT oy (3.4
oT,

where g(¢) is the electron DOS at the energy level ¢, i the chemical potential at T,

and f(e, p, T,) is the respective Fermi distribution function.

Here, the e—p coupling is expected to be no longer a constant (typical G values
used for silver range from 3 x 10'® to0 3.5 x 10" Wm—3 K! [1, 35, 36].),
instead showing considerable temperature dependence for strong excitation. The
reason for this is that high electronic temperatures should trigger thermal excita-
tion of the d-band electrons located below the Fermi level, leading to dramatic
changes in the rate of the e—p energy exchange. Therefore, the correct treatment of
the G factor in the strong perturbation regime requires the consideration of the full
spectrum of the electron DOS (as was done for C, above). The resulting expression
for the temperature dependent e—p coupling factor can be given by [37]

6(r,) = e’ /OC #0(-3) & (35)

g(er)

where A denotes the electron—phonon coupling constant, and the value of /1<w2> is
22.5 for silver.

Taking into account the theory given above, it is possible to calculate the
dependence of the electron heat capacity and the e—p coupling factor on the
electronic temperature [21, 38]. The resulting temperature dependence of the
electronic heat capacity C, and the e—p coupling term G turns out to be important
when T, values of above ~5,000 K are achieved. The enhancement of the e—p
coupling at high electron temperatures implies a faster energy transfer from the hot
electrons to the lattice. A consequence of this temperature dependent e—p coupling
term is that the e—p relaxation times (t,_,,) Will increase with increasing electron
temperatures and hence the applied laser pulse energy [21, 28, 38]. Therefore, the
slightly different e—p relaxation results presented in the literature could be
explained by the temperature dependence of the e—p relaxation.
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3.3 Two-Temperature Model for the Strong Excitation
Regime

We are now going to solve the coupled heat equations (Egs. 3.1 and 3.2) for a
quantitative modeling of the energy relaxation dynamics occurring after the very
strong excitation of silver nanoparticles by femtosecond laser pulses. Figure 3.2a
depicts the results of 2TM calculations for the case of a single silver nanoparticle
excited by a 150 fs pulse with an intensity of 0.5 TW/cm? (above the threshold for
permanent nanoparticle shape modification [39]) and a central wavelength of
400 nm (how = 3.1 eV), close to the SPR. It is easily seen that upon absorbing the
laser pulse energy and already during the pulse, conduction electrons of the
nanoparticle gain very high temperatures (~ 10* K). Reaching the maximum 7,
and decaying within a few picoseconds, the hot electronic system heats the cold
silver lattice to a region of temperatures above the melting point of (bulk) silver.
The electronic and lattice temperatures meet at a value near 2,000 K at ~40 ps
after the pulse interaction. This suggests the plausibility of the melting of nano-
particles in such a short time frame. Plech et al., using a time-resolved X-ray
scattering technique, observed the melting of gold nanoparticles suspended in
water within 100 ps after a strong laser pulse excitation [40, 41]. However, it
should be noted here that these calculations do not take into account the energy
transfer to the matrix and losses due to possible electron emission processes from
the nanoparticle, which are additional cooling mechanisms of the electronic sea.
The details of these cooling processes will be considered below.

Figure 3.2b shows the dependence of electronic and lattice temperature maxima
on a wide range of applied energy densities. The weak regime (up to 7, values of
5,000 K) shows a rapid increase in electronic temperature owing to the very low
electronic heat capacity C, in this interval. However, these electrons do not heat up
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Fig. 3.2 a Time evolution of electronic and lattice temperatures of a silver nanoparticle
following the absorption of an intense fs laser pulse (around 20 mJ/cm? of energy density). The
dotted line at 1,235 K marks the melting temperature of bulk silver. b The dependence of
electronic (blue squares) and lattice (red circles) temperature maxima on a wide range of laser
energy densities
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the lattice efficiently due to the relatively low e—p coupling factor G. Further
increases in the energy density of the pulses cause higher 7, values, but the rise of
electronic temperature slows down due to the increasing C, value. The lattice
temperatures are observed to increase with a higher slope in this regime as a result
of the increasing efficiency of the G factor. If, for comparison, one uses the
standard linear values for C, (i.e., C,(T,) = yT,) at an energy density of 20 mJ/cm?
(used in the presented 2TM calculations) the 2TM would yield a rise in the
electronic temperature to more than 10° K, and the resulting 7} values would be
much higher than the Ag evaporation temperature.

3.4 Heat Transfer from the Nanoparticle to the Glass
Matrix

The above given 2TM describes only the heat transfer between the electrons and
the nanoparticle lattice. To get the complete “thermodynamical” picture of the
nanoparticle and the surrounding glass system, this 2TM has to be extended by the
heat transfer from the nanoparticle to the glass matrix. The excess energy of
the nanoparticle is released to the surrounding matrix via phonon couplings across
the nanoparticle-glass interface [42, 43]. Therefore, cooling of the nanoparticle
(and heating of the glass matrix) can be calculated considering energy flow from
the hot particle to the glass through a spherical shell of infinitesimal thickness.
Heat transfer from this first heated glass shell is then described by ordinary heat
conduction. Because of the large difference in thermal diffusivities of Ag
(123 nm*/ps) and glass (0.5 nm*/ps), any temperature gradient within the NP can
be neglected when calculating the transient temperatures in the surrounding glass
(Fig. 3.3).

Fig. 3.3 Temperature
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The temporal and spatial evolution of temperature within the glass can then be
calculated by the radial heat equation, where the rate of temperature change (07{(r,
1)/31) is proportional to the curvature of the temperature density (0°T(r, 1)/0r?)
through the thermal diffusivity (y) of the glass medium:

2
oT (r,1) _ 107 [T (r,1)] . (3.6)
ot r or?

The timescales for the particle cooling range from tens of picoseconds to
nanoseconds, depending on the laser excitation strength, the size of the nanopar-
ticle and the surrounding environment [44].

Figure 3.3 shows the radial temperature distribution in a NP-glass system
calculated numerically in the limit of the described ‘three-temperature model’
(3TM) for two different times after irradiation. After =50 ps, i.e., when within a
spherical NP with radius of 15 nm (red disk in Fig. 3.3) an equilibrated high
temperature of ~2,000 K has been established, the temperature of the surrounding
glass matrix is still equal to the room temperature (green line). It takes a few
nanoseconds to establish—by energy dissipation into the glass—a heat-affected
zone (light magenta circular ring) of the order of 5 nm around the NP (blue line).

More details about the first ten nanoseconds of the time evolution of glass
temperatures at different distances away from the nanoparticle are given in
Fig. 3.4a. At a distance of 1 nm from the NP surface, the glass is heated up to
Tax = 1,050 K within approximately 1 ns after irradiation, then slowly cools
down again. With increasing distance of the shells, the maximum temperature
decreases. For instance, at a distance of 6 nm a peak value of T,,,, =~ 500 K is
reached only after = 10 ns. The further evolution of the heat dissipation is shown
by some characteristic radial temperature profiles in Fig. 3.4b; here the NP is
included, i.e., r = 0 denotes centre of the Ag nanoparticle. At 20 ns the temper-
atures of the nanoparticle and its nearest shells are around 450-500 K, while the
temperature at a distance of 150 nm is still equal to room temperature. After only
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Fig. 3.4 a Time evolution of glass temperatures in different shells away from the nanoparticle
calculated by 3TM. b Temperature distribution for longer times (more then 20 ns) after
irradiation calculated by 3TM
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80 ns, however, the total energy is nearly homogeneously distributed and the
temperature of the layer containing NPs is ~330 K. These calculations have been
done for a single metallic nanoparticle of 15 nm radius being surrounded by glass
and irradiated by pulses at 400 nm, with intensities of 0.5 TW/cm?. Remembering
that the samples used for fundamental investigations here had an Ag volume filling
factor of <107, which corresponds to an average glass sphere of 150 nm radius
around each Ag NP, it is reasonable to regard this model as a well-suited
description for our case.

Summarizing the above results one can conclude the following: (1) In the first
few ns after the laser pulse the temperature of the NPs is above 1,000 K, and the
matrix temperature in the nearest shell up to a distance of 3 nm from the NP can
reach or exceed the glass transition temperature [45]; this will cause softening of
the glass, which is needed for NP shape transformation [39]. (2) After ~80 ns the
system has come to a steady state within the focal volume; from then on heat
transfer into the rest of the sample has to be taken into account. It should be
mentioned here that this model neglects any glass heating by laser-driven electron
and ion emission (which can take place during strong excitation). However, such
contributions will only be present within the first few picoseconds after the laser
pulse, and will only affect a shell of a few nanometers around the NP [44]. Thus,
due to energy conservation the temperature evolution on the timescale of several
nanoseconds or slower discussed here should not be affected by this simplification.

3.5 Photoemission from Nanoparticles Incorporated
in Dielectric Media

In previous sections the thermo-physical processes due to the interaction of ultra-
short laser pulses with nanocomposites were discussed. Now we will proceed to
investigate the possible electro-physical processes such as photoemission of
electrons and ions from the nanoparticles, which can take place in the strong
excitation regime. We will not discuss here the general processes of non-linear
ionization that are observed in any kind of material at sufficiently high intensities
[46]. Instead, we will concentrate on the following question: how and whether the
electric field enhancement in the vicinity of metallic nanoparticles in combination
with the strong laser field and the achieved very high temperatures cause the
electrons and ions to be released into the glass matrix. Since these processes can
have a strong influence on the energy (re-) distribution among the nanoparticles
and surrounding dielectric, they are very important for our final understanding of
the laser-induced shape transformation of Ag nanoparticles.

In the past, the SP-assisted photoelectron emission from supported Ag nano-
particles has been extensively studied upon excitation with intense ultra-short laser
pulses [9, 47-53]. The electron work function of the silver clusters—defined as the
energy gap between the Fermi level and the energy of the free electron in



26 3 Interaction of Ultra-Short Laser Pulses with Metal Nanoparticles

vacuum—is about 4.3 eV [49, 52, 54]. Moreover, it was demonstrated that exci-
tation near to the SP resonance extremely enhances the two-photon photoemission
yield from the Ag nanoparticles [9].

In composite glass containing metal nanoparticles, the probability of SP
assisted photoemission can be strongly affected by the structure of the electron
energy manifold in the host matrix. In turn, an energy level scheme of the soda-
lime glass with embedded Ag nanoparticles can be represented as a dielectric-
metal junction (Fig. 3.5). The valence band maximum of the glass lies some
10.6 eV below the vacuum level. The lowest energy level of the conduction band
in the glass is placed at some 1.6-1.7 eV below the energy of the free electron in
vacuum. Thus, the energy gap between the Fermi level in the silver inclusion
(4.3 eV) and conduction band in the glass is about 2.7 eV and consequently any
radiation with photon energy >2.7 eV could evoke a tunnel transition of electrons
from the silver inclusion into the conduction band of the surrounding glass matrix,
even by single photon absorption.

Excitation of the Ag nanoparticles near to the SP resonance (~3 eV) by a fs
laser at 400 nm (3.1 eV) leads to a non-thermal distribution of the electrons in the
conduction band of the metal (Fig. 3.5, red dotted line). Since the maximal
electron energy in this case exceeds the bottom of the conduction band of the
matrix by 0.4 eV, electron injection into the conduction zone of the glass could be
possible. At the same time, upon two-photon plasma excitation, the electrons can
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Fig. 3.5 Energy level scheme of the electrons in a composite glass containing silver inclusions.
The red dotted line indicates a non-thermal distribution of the electrons in the Ag nanoparticle
caused by excitation of SP resonance. Green line distribution of the electrons after thermalization
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overcome the ionization energy level and, unimpeded, penetrate into the glass
matrix. In turn, the injection of electrons from metallic inclusions into the con-
duction band of the surrounding matrix is obviously the origin of an increased
conductivity of the composite glass containing Ag nanoparticles upon fs laser
irradiation near to the SP resonance [55].

Electrons being emitted during the laser pulse interaction will be driven by a
strong, oscillating electric field and therefore generate an anisotropic distribution
of emission directions, obviously given by the electric field oscillations (polari-
zation) of the laser pulse. The anticipated 100 fs pulses at A = 400 nm correspond
to 75 full oscillation cycles with mostly very high amplitudes. A simple estimation
shows that a conduction band electron of the nanoparticle can gain a linear
acceleration of around 10?° m/s? upon encountering a linearly polarized pulse of
0.3 TW/cm? intensity (corresponding to an electric field amplitude of 10® V/m)
within the half plasmon period. This is indeed a very large electric field amplitude
on the nanoparticle. In the absence of any damping, the above acceleration can
push the electron approximately 0.1 nm away from the nanoparticle surface.
However, in the case of SP excitation, the oscillation amplitudes of the surface
plasmon waves can overcome the excitation amplitude by a few orders of mag-
nitude [56-58]. This means a strong enhancement of the local electromagnetic
field in the vicinity of the nanoparticle.

By excitation with polarized light, the E-field enhancement (Fig. 3.6) occurs at
special points on the surface. Namely, in the case of spherical nanoparticles, the
field is enhanced at the poles of the nanoparticle (Fig. 3.6a), depending on the
polarization direction of the exciting light. However, in the case of non-spherical
particles (e.g., Fig. 3.6b), it is induced mostly at the tips and corners of the par-
ticles [54, 56, 59]. It should be also mentioned here that the local E-field
enhancement (EFE) depends on the wavelength (Fig. 3.7); and as it can be seen
(Fig. 3.7a), for spherical NPs of radius 15 nm the EFE increases very rapidly to its
maximum at the resonance wavelength and then again decreases, whereas for
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Fig. 3.6 E-field contours for a spherical (radius 15 nm), and b prolate spheroid Ag NPs in a
glass matrix. Labeled white points illustrate locations for Fig. 3.7
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Fig. 3.7 Extinction and electric field enhancement factor along the polarization direction (at the
points shown in Fig. 3.6) versus wavelength for a spherical NPs with r = 15 nm, and b prolate
spheroids having a major axis of 25 nm and an aspect ratio of 2.2:1

longer wavelengths its value remains higher than that in the UV spectral region. In
the case of non-spherical (spheroidal) particles (Fig. 3.7b) the full spectrum of the
electric field enhancement factor (as well as the extinction spectrum) is shifted to
the longer wavelength region, and the behavior for the longer and shorter wave-
lengths stays the same.

As a result of the enhanced electric field at the particle-glass interface, the
conduction band electron (discussed above) can move away from the nanoparticle
surface by up to a few nm. Electrons driven far away from the nanoparticle leave
the region of the strongest field enhancement, and thus will experience a weaker
backward force due to the reversed field of the next half plasmon period, and may
finally be trapped in the glass matrix. These numbers make plausible that under the
specified conditions, there is a non-negligible probability for emission of even
‘cold’ electrons.

An increase of the electric field in the vicinity of the nanoparticle could strongly
suppress energy levels on the metal-dielectric junction and induce effective elec-
tron carrier flow from the surface of the nanoparticle—parallel to the laser
polarization. The anisotropy in this case is determined by the anomalous distri-
bution of the local electric field over the nanosphere (Fig. 3.6). On the other hand,
the electric field in the vicinity of the metal cluster could overcome a breakdown
threshold of the glass resulting in high-density electron plasma formation and even
ablation of the glass matrix at the poles of the nanosphere.

The thermalization of the electrons with a characteristic time of a few hundred
femtoseconds obviously restricts the photoemission processes. However, in the
case of a strong excitation, the energy of some electrons could be high enough to
jump into the conduction band of the glass [60]. As it was shown above, the
maximal electronic temperature after e—e scattering can be higher than 10* K. The
electrons are thermalized to form a hot Fermi distribution (Fig. 3.8, red solid
curve). As can be seen, the high-energy tail of the high T, Fermi distribution
exceeds the energy needed for nanoparticle electrons to penetrate into the glass



3.5 Photoemission from Nanoparticles Incorporated in Dielectric Media 29

Fig. 3.8 Changes in the
Fermi distribution of the 1.0 H
electronic system following

an ultra-short laser pulse

irradiation at an energy of |
3.1 eV, which excites
electrons below the Fermi
level to high energies

= 0.5 S

(represented by the arrows). w
The resulting hot electronic i :
distribution is shown with the &
solid curve | '

+

]

1

0.0 T
-4 -2 0 2 4
E-Eg (eV)

conduction band (red area, >2.6 eV). As long as the pulse is still present, these
electrons can be driven by the electric field of the laser along the direction of its
polarization. After this time, i.e., even when the pulse is gone, there is still a
probability of ‘hot’ electron emission. However, as the directionality of the pulse is
long gone, the thermal emission of the electrons is isotropic.

As a result, irradiation of the silver nanoparticles embedded in glass by strong
laser pulses can lead to two different types of electron emission processes, which
could be classified as ‘pulse-enhanced’ or ‘purely thermal’. The first one is
accordingly anisotropic, the second one isotropic. The isotropic, purely thermal,
electron emissions start after the pulse has gone and continue to happen as long as
the electrons possess high temperatures (for a few ps). The pulse-enhanced elec-
tron emission processes, on the other hand, comprise a ‘direct’ and a ‘pulse-
enhanced thermal’ electron emission component. The direct electron emission
processes are the fastest that happen within the first plasmon oscillation periods.
The second component of the pulse-enhanced electron emissions is thermal in
nature, owing to the increased electron temperatures along the plasmon oscillation
directions. Therefore, in the end, when the emitted electrons will be trapped in the
conduction band of the glass, the pulse-enhanced ionization will lead to a non-
homogenous electron concentration along the poles of the nanoparticle (along the
laser polarization), while the purely thermal electron emission homogeneously
spreads the electrons in the nanoparticle’s surrounding. It will be shown below that
this anisotropic ionization is one of the key processes in the laser-induced nano-
particle shape transformation.

The ionization process leaves the nanoparticles positively charged (due to the
emitted electrons), and due to e—p scattering their temperatures rise within a few ps
to values of more than 1,000 K (see Sect. 3.3), making the NPs unstable electri-
cally and thermally. Thus, it is obvious that after a few picoseconds the electric
potential and thermal energy can overcome the binding energy of the Ag ions,
which are being emitted into the surrounding glass matrix [10, 61, 62]. By way of
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an experimental luminescence study, Podlipensky et al. [62] have proven the
presence of Ag ions in the glass matrix emitted upon femtosecond laser irradiation.
Using transmission electron microscopy (TEM) after fs laser irradiation small Ag
aggregates around the shape-transformed nanoparticle [63, 64] were later observed
indicating that this ion emission leads to a partial dissolution of the nanoparticles.

The physical concept behind these ion emission processes is mainly the so-
called Coulomb explosion [61], which is a direct consequence of the nanoparticle
charging. The repulsive Coulomb forces among the accumulated charges lead to
the dissolution (destruction) of the nanoparticle. Even extreme cases of nanopar-
ticle dissolution mechanisms were observed for nanoparticles in an aqueous
medium [8], where not only the ions but also some small fragments could leave the
nanoparticle because of the soft surrounding. Nevertheless, independent of the way
it happens, the total volume of the nanoparticle is reduced over time due to
material ejections. In the case of a glass matrix, the isotropically emitted ions can
meet the already trapped electrons (a result of the NPs ionization) and recombine
with them to form atoms or small silver clusters; the latter can be seen in TEM
images [63, 64]. It is obvious that this process of ion ejection will also lead to
changes in the energy relaxation (temperature distribution) of the NP-glass system.
Some part of the energy will be taken from the nanoparticle and, via kinetic energy
of the ions, be transferred to the glass when the ions are trapped there. This will
cause much faster heating (compared to merely heat conduction as discussed
above) in the first few nanometer shells around a NP.

All the processes discussed so far for the strong excitation regime are in some
respect relevant to the fs laser-induced NP shape transformation. We will now
develop a self-consistent model for this phenomenon, using all of the above
ingredients, which are the results of a number of experimental studies and in-depth
analysis of the obtained results.

3.6 Mechanism of the Shape Transformation of Spherical
Ag Nanoparticles in Soda-Lime Glass upon fs Laser
Irradiation

In order to arrive at a reliable and self-consistent model for the SP-assisted shape
modifications of spherical Ag nanoparticles embedded in soda-lime glass upon
excitation with intense ultra-short laser pulses, we start with a brief summary of
instructive experimental results. The following experimental facts can be stated:

e The process has a threshold [39], i.e., laser-assisted modifications occur only
when the laser pulse intensity is sufficiently high (>0.2 TW/cm? for excitation
at 400 nm).

e Only intensity defines the principal shape of the transformed particles: below
~2 TW/cm?, the NPs have the shape of prolate spheroids, above this “second
threshold” oblate spheroid shapes. The number of laser pulses fired per spot



3.6 Mechanism of the Shape Transformation of Spherical Ag Nanoparticles 31

plays mostly an accumulative role, in particular seen as an increase in the aspect
ratio of the prolate NPs with increasing number of pulses [39].

e The anisotropy of shape modifications is strongly correlated with the laser
polarization [64, 65]. This indicates that the processes defining the nanoparticle
shape are occurring already during the presence of the laser field; so obviously
the directed (pulse-enhanced) electron emission from the nanoparticle is an
important ingredient of the mechanism.

e Applying laser pulses with very high peak intensity or number of pulses leads to
the bleaching and finally disappearance of the extinction SP band [39]; this
indicates that partial destruction or dissolution of the silver NPs is involved in
the modification mechanism.

e Modification of the NP shapes stops when the wavelength of irradiation is lying
in the blue wing of the SPR [66]. However, subsequent irradiation by laser
pulses at longer wavelength (or simultaneous two-wavelength irradiation) cau-
ses further shape transformation. Therefore, one may presume that the electric
field enhancement determines the directional ionization and plays a key role in
the mechanism of NP shape transformation.

e Preheating of the sample to up to 150-200 °C frustrates controlled shape
transformation; instead total dissolution of the Ag nanoparticles is observed
upon laser irradiation [67]. It is anticipated that this effect is due to the increased
mobility of silver cations at higher temperature, which prevents the formation of
a cation shell in the close vicinity of the NP; in other words, the positively
charged shell of silver cations seems to be crucial for the shape modifications.

These conclusions drawn from various experiments show that fs laser-assisted
modifications of Ag nanoparticles incorporated in glass are accomplished by a
rather complex mechanism. We will therefore first give a general discussion of the
anticipated sequence of processes after intense laser excitation, and then specify
different cases, i.e., below or above the second threshold, and linear or circular
polarization.

The two central effects initiated by the incoming laser pulse are photoionization
of the silver nanoparticle and strong heating of the NP and its surroundings.
Starting with the latter, we recall that immediately after excitation, the SP relaxes
rapidly (within several hundreds of femtoseconds [1, 5]) into a quasi-equilibrated
hot electron system via e—e scattering. Next, the hot electrons cool down by
sharing their energy with the nanoparticle lattice via e—p couplings [1], thereby
heating up the particle. The estimations of maximal electronic and lattice tem-
perature, based on the 2TM (Sect. 3.3), give values in the range of 10* K for the
electron system and a lattice temperature above the melting temperature for bulk
silver. Although the real temperature of the nanoparticle is expected to be much
lower (because of nanoparticle energy losses caused by electron and ion emission,
see Sect. 3.5), one can conclude that in the course of dissipation of the absorbed
laser energy the nanoparticles, and as a result their immediate surroundings,
experience a strong transient ‘temperature’ increase, which is at least connected
with the strongly enhanced local mobility of electrons, ions and atoms.
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Parallel to heating, photoionization of the silver nanoparticles will occur during
the exposure to intense fs laser pulses. The physical idea is that the SPR enhances
the electric field of the laser pulse close to an Ag particle by a few orders of
magnitude, with the highest fields located at the poles (with respect to the laser
polarization) of the nanospheres [56]. This can lead to an intense directed emission
of (already hot) electrons from the particle surface [9, 55], preferentially parallel to
the laser polarization. But also an isotropic, thermal electron emission has to be
regarded in the time frame of the e—p system thermalization. The anisotropy of the
direct, laser-driven electron ejection is thought to provide the preferential direction
for the following particle shape transformation. Conceivably, the high electric field
in the vicinity of the metal nanoparticle can even exceed the breakdown threshold
of the glass resulting in high-density electron plasma formation and even ablation
of the glass matrix at the poles of the nanosphere. Regardless of whether this
happens, the free electrons in the matrix will lead to the formation of colour
centres (trapped electrons) in the surroundings of the Ag nanoparticle [62], which
also play an important role in particle shape modifications. The free electrons, as
well as the colour centres, have strong absorption at the SP resonance [68], which
might result in resonant coupling of the SP oscillations to the matrix [69]. Finally,
the ionized positively charged core of the Ag nanoparticles becomes unstable and
the Coulomb forces will eject silver cations, which form a cationic shell in the
vicinity of the nanoparticle [62]. Clearly the radius of such a cationic shell is
determined by the diffusion length of the silver cations and thus strongly depends
on the local temperature.

All these effects are transient phenomena, being controlled either directly by the
electric field of the laser pulse or indirectly by the induced temperature rise. Thus,
the pulse intensity is doubtlessly the decisive parameter for the shape transfor-
mation of the metal nanoparticles and it is obvious to assume that the prevalence of
individual processes, due to their different intensity dependence, leads to the
characteristic intensity regions yielding prolate or oblate shapes. Our investiga-
tions strongly suggest the following picture.

Using linear polarization in the low intensity region (i.e., between
I, ~ 0.2 TW/cm? and L~ 2 TW/cmz) [39], SP field enhancement stimulates the
fastest process, field-driven electron emission from the surface of the metal par-
ticles (Fig. 3.9a). The emission process happens within a few fs [10], i.e., without
delay against the laser pulse. The ejected electrons will then be trapped in the
matrix forming colour centres close to the poles of the sphere. The ionized
nanoparticles are likely to emit Ag ions in statistical directions, in particular after a
few picoseconds when electron thermalization and heat transfer to the silver lattice
is finished. The resulting positively charged shell of silver cations [62] around the
particle meets trapped electrons that are mostly concentrated at the poles
(Fig. 3.9b). After some picoseconds they can recombine to Ag atoms (Fig. 3.9c),
which finally diffuse back to the nanoparticle and precipitate mainly at the poles.
Silver atoms that are situated relatively far away from the main nanoparticle can
locally precipitate with each other forming very small clusters (halo). In the multi-
shot pulsed laser mode, remaining silver ions may also act as trapping centres for
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Fig. 3.9 Laser-assisted shape transformation of the metal nanospheres in the case of irradiation
by linearly polarized laser pulses in low intensity, multi-shot mode. See text for explanation

the electrons being emitted by the next laser pulses (Fig. 3.9d—f). Possibly also the
fact that electrons are favorably being trapped close to the poles—while ions
which are mostly concentrated around equator (because the purely thermal
emission of electrons leads to fewer electrons being available for ion annihilation
there)—may cause local electric field distributions which influence the directional
properties of the electron and ion emission for the subsequent laser pulses.

All these processes lead to a step-by-step growth of the Ag particles along the
laser polarization, explaining the eventually observed prolate spheroidal shape
[64] (Fig. 3.9g, h). Especially, during the growing process most of the very small
silver clusters precipitated above the poles (defined by the laser polarization)
become closer to the main nanoparticle and can be incorporated into it again, while
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the clusters situated around equator contribute only to the halo formation [64]. At
the same time, it is obvious that in the case of circular polarization the rotating
electric field should lead to precipitation around the equator of a NP, rather than at
the (no longer defined) poles, resulting in an oblate spheroidal shape [65] with the
halo now forming in a perpendicular direction (i.e., the direction of propagation).
Figure 3.10 illustrates this case in analogy to Fig. 3.9.

With increasing peak pulse intensity we expect a higher temperature and thus a
larger radius of the cationic shell. In this case, the farthest clusters located even in
the direction of laser polarization will not diffuse back to the main nanoparticle,
and in consequence a larger halo region is observed [39]. It should be mentioned
that all the processes discussed here require the presence of a rigid, ionic matrix.
This may explain why thus far the laser-induced transformation of metal nano-
particles has only been observed in glass nanocomposites.

In the high intensity range (above 2 TW/cm?) [39] and using linear polarization,
we suggest that in addition to the processes already discussed, the very high local
electric field at the poles of the sphere (along the laser polarization) can accelerate
the free electrons so strongly that they induce a high density plasma by avalanche
ionization of the glass (Fig. 3.11a). The following plasma relaxation transfers
energy from the electrons to the lattice (e—p interaction) on a timescale much faster
than the thermal diffusion time. This can ultimately result in ablation of the material
at the interface between the glass matrix and the metal inclusion thereby leading to
the partial destruction of the nanoparticle at its poles (Fig. 3.11b), or direct emis-
sion of the plasma components further away into the matrix. In any case, the process
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Fig. 3.10 Laser-assisted shape transformation of metal nanospheres in the case of irradiation by
circularly polarized laser pulses
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Fig. 3.11 Laser-assisted shape transformation of metal nanospheres in the case of irradiation by
linearly polarized laser pulses with high intensities

produces oblate rather than prolate particle shapes. It seems reasonable to anticipate
that the characteristic intensity (I, ~ 2 TW/cm?) marks the balance between (1)
the processes leading to particle growth along the laser polarization and (2) the
beginning of plasma formation at the particle/matrix interface counteracting this
growth.

We emphasise that for any type of shape transformation of spherical Ag
nanoparticles embedded in soda-lime glass induced by fs laser pulses, the main
point of the proposed scenario is the SP assisted (field-driven) photoelectron
emission from the metal surface, which defines the particle symmetry. The next
steps of the mechanism ‘only’ decide—via the applied laser pulse intensity and the
resulting local heating—whether the nanoparticles should develop their final shape
in an accumulative process (multi-shot mode) or if, at too high an intensity, a few
or even one laser pulse is sufficient to destroy the particle completely.

Having elaborated the physical model for NP shape transformation we will
now, in the following sections, describe in some detail several irradiation and
sample parameters in terms of their effect on the degree of nanoparticle defor-
mation. This discussion will not only confirm the proposed mechanism but also
pave the way for this innovative technology to be put to good practical use.
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Chapter 4
Effect of Pulse Intensity and Writing
Density on Nanoparticle Shape

We start this discussion with results obtained by applying laser pulses of quite
different peak intensities and ‘writing density’; the latter referring to the question
of how many pulses are, on average, hitting one position on the sample. In par-
ticular, the following questions will be addressed: (1) is there a single pulse
intensity threshold for deformation, or can lower intensity be compensated for by
firing more pulses? (2) at which intensity/number of pulses applied does the
transition from prolate to oblate shape occur, and which particle shapes are pro-
duced there? (3) what happens with the particles going to very high irradiation
intensity and/or large number of pulses applied to one spot?

For measurements of the intensity dependences we used a technique of space
resolved transmission spectra, which has been described in some length previously
[1]. In combination with laser beam profile measurements the space resolved
spectra were correlated with local laser pulse intensities. We have produced var-
ious dichroic areas on the sample by irradiating different numbers of laser pulses
(ranging from 1 to 5,000) onto the same spot. The large number of spectra
resulting from the described analysis will be shown here in a parameterized form
(see below). Nonetheless, to demonstrate the quality of the spectra and explain the
parameterization, a few examples are shown in Fig. 4.1.

Figures 4.1a, c represent the case of multi-shot, whilst Fig. 4.1b, d that of a
single-shot irradiation. In general, the original SPR band, peaked at 4 = 413 nm,
splits into two polarization dependent bands upon irradiation, but with significant
dependence on peak pulse intensity and the number of pulses applied. Figure 4.1a
shows multi-shot irradiation (1,000 pulses at 0.6 TW/cm?), which produces bands
on different sides of the original SPR band: for polarization parallel to that of the
laser (p-polarized, blue line), the peak position is shifted to longer wavelengths,
while for perpendicular polarization (s-polarized, red line) the band is observed at
a shorter wavelength.

This can be explained on the nanoscale by prolate silver spheroids with their
symmetry axes oriented along the laser polarization (see previous section) (inset in
Fig. 4.1a). In the single-shot case (Fig. 4.1b, referring to 3 TW/cm?), the s—polar-
ized band has a larger red-shift than the p-polarized band. Additionally, both bands
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Fig. 4.1 Polarized extinction spectra of original and irradiated samples a multi-shot regime (1,000
pulses per spot), peak pulse intensity 7, = 0.6 TW/cm?, b single-shot regime, I, = 3 TW/cm?,
¢ multi-shot (5,000 pulses per spot), [, = 1.2 TW/cm?, d single-shot, I,=35 TW/cm?

are red-shifted in this case. These spectra are due to oblate Ag particles (inset in
Fig. 4.1b), once again with their symmetry axes oriented along the laser polarization
[2]. Ateven higher intensities and, in particular, in the multi-shot regime, the spectral
shifts are becoming smaller and the band integrals decrease. These effects, which
are obviously indicating—at least partial—destruction of the silver nanoparticles,
are most clearly seen in Fig. 4.1c (representing 5,000 pulses at 1.2 TW/cm?), but
tentatively also in the single-shot regime (Fig. 4.1d, 3.5 TW/cm?).

The extreme cases of single- and multi-shot compared in Fig. 4.1 pose the
question of how a continuous variation of peak intensity and number of applied
pulses affect the resulting spectral parameters such as orientation of dichroism,
peak position and integrated extinction of the SPR bands. Figure 4.2 presents a
selection of pertinent results in a parametrized form: the peak positions of the two
SP bands observed with polarization perpendicular to each other (‘p’ referring to
parallel with respect to the laser polarization) are given as a function of intensity,
with an increasing number of applied pulses from (a) to (f). It is seen that generally
laser-induced spectral changes start at intensities of 0.2-0.3 TW/cm?. For single-
shot irradiation (Fig. 4.2a), increase of pulse intensity above this threshold leads to
a shift of both SP bands towards longer wavelengths. First, in the region of
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Fig. 4.2 Dependence of the SP maximum in polarized extinction spectra of soda-lime glass with
spherical Ag nanoparticles on laser pulse intensity by irradiation at 400 nm. Red circles
s-polarization, blue solid circles p-polarization, light gray area region of SP bleaching

~0.4 TW/cm? one observes a rather weak dichroism, where the p-polarized SP
band has the stronger red-shift. At approximately 2 TW/cm? the extinction is
becoming isotropic again, seen as a crossing of the curves for s- and p-polarization
at A = 427 nm. Above 2 TW/cm® a reversed dichroism is observed, i.e., the
s-polarization band is now more red-shifted than the p-band. The maximum
spectral gap between p- and s-polarized SP bands (peaks at 430 and 450 nm,
respectively) is found at ~3.2 TW/cm?. At still higher intensity, beyond
3.2 TW/cm? (not shown on the Fig. 4.2), the SP bands move back toward shorter
wavelengths and the integrated band extinction decreases, indicating (partial)
destruction of the silver nanoparticles.

Irradiating 25 pulses onto one spot (Fig. 4.2b) we find in general a similar peak
pulse intensity dependence of the induced dichroism with two characteristic
intensity ranges. There are, however, some important differences compared to the
single-shot case: (1) the dichroism (spectral spacing between the polarization
dependent bands) is much larger in the low intensity range (below 2 TW/em?); (2)
between 0.3 and 1.3 TW/cm? the s-polarized SP band is blue-shifted relative to the
original SP peak at 413 nm; (3) the region of reversed dichroism has shrunk
considerably, because from ~2.3 TW/cm? onwards bleaching of the extinction
(particle destruction) starts already. In such cases the analysis of the SP peak
central wavelengths was halted (grey regions in Fig. 4.2).
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If the number of pulses irradiated onto one spot is further increased one
observes that the maximum dichroism grows and is achieved at lower peak pulse
intensity (Figs. 4.2c—f; note the scales change from Fig. 4.2c—d). The crossing
point of the curves for the p- and s-band, however, remains approximately constant
around 2 TW/cm?, while the onset of particle destruction reduces incrementally in
intensity to finally reach ~0.7 TW/cm? at 5,000 pulses per spot (Fig. 4.2f). Thus,
for 100 or more pulses per spot we can only observe the low intensity region of
spectral changes with the corresponding dichroism, because the subsequent
increase of intensity leads to the destruction of the nanoparticles and results in the
bleaching of the SP bands. The maximum dichroism recognized in our experi-
ments was found in the case of 5,000 pulses, where, at the pulse intensity of
0.65 TW/cm?, the p- and s-bands are peaked at 525 and 390 nm, respectively. It
should be mentioned here that even firing more than 5,000 pulses per spot does not
increase the induced dichroism any further.

As was discussed previously, and also shown in Refs. [3-6], and [7], the
principal persistent modifications induced by fs laser pulses does not only com-
prise the transformation of nanoparticle shapes, but also the generation of a sur-
rounding region of small Ag particles (‘halo’). While the first effect explains the
splitting of the SP band (dichroism), the second one causes, to a first approxi-
mation, a modified matrix refractive index that may lead to an isotropic spectral
shift of the SP bands [2].

With this additional information, the above presented results on peak intensity
and irradiation density (number of pulses per spot) of the fs laser pulses allow us
the following general conclusions: independent of the number of pulses applied,
there exist two special intensities I; ~ 0.2 TW/cm? and I, ~ 2 TW/em?. For
intensities I < I; there is no spectral change at all, and at / = I, only a spectral
shift of the SP band to longer wavelengths is observed. In the intensity region
I, < I < I, dichroism is found with the larger red-shift for the p-polarized SP
band, while for 7/ > I, a reversed dichroism is seen. This indicates that the pro-
cesses of shape transformation are controlled by the laser pulse intensity (energy
density per pulse), while the number of pulses applied mainly accumulates the
changes caused by each single pulse. Looking in more detail to the low-intensity
region, I < I < I, first, the dichroism observed there is associated with a trans-
formation of the original silver nanospheres to prolate spheroids with their long
axis oriented parallel to the laser polarization [2]. Anticipating volume conser-
vation for the silver, Mie theory predicts for this case a blue- (red-) shift of the SPR
for the short (long) particle axis, the spectral spacing between the two bands being
correlated to the aspect ratio of the nanoparticle. Consequently the growth of
dichroism with increasing number of pulses can be explained by a successive
increase of the particle’s aspect ratio.

A red-shift of both bands however, as observed for 1 pulse of any intensity or at
1> 1.5 TW/cm? for 25 or 50 pulses, can only be explained by additional modi-
fication of the host matrix in the vicinity of the nanoparticle, which was shown in
Refs. [2, 7]. Thus, it is obvious to assign the increasing general red-shift for higher
pulse intensities to a growing influence of the halo. In the high-intensity region,
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I > I, oblate spheroids with their symmetry axes (short axis) along the laser
polarization are produced. Again the fact that both SP bands are red-shifted
indicates significant modification of the particle surroundings, because otherwise
the short axis should show a blue-shifted SP band.

To get an idea about the nanoscopic modifications in the region around
I, ~ 2 TW/cm?, and in the onset region for particle destruction (where the SP
band extinction starts to decrease again), transmission electron microscopy is quite
instructive. It should be mentioned, however, that it is not possible to assign any
particular local irradiation intensity to a special TEM image. Figure 4.3 shows two
examples for particle shapes found after single-shot irradiation: Fig. 4.3a refers to
intermediate intensity (around /), Fig. 4.3b to very high intensity (significantly
above I). In the first case, a fairly spherical particle with a limited halo region is
seen.

In contrast, at very high intensity there is, on one hand, a non-spherical central Ag
particle but on the other hand a much larger region of small silver fragments.
Considering that this image was taken after a single laser pulse only, it is quite
plausible that after several pulses of sufficiently high intensity the particles are
destroyed completely and the pertinent SPR band vanishes. In our experiments, total
bleaching of the samples has been observed at intensities higher than 1.2 TW/cm?
applying at least 5,000 pulses per spot. We interpret this finding as complete
destruction of the Ag nanoparticles into small fragments without distinct SPR.

On the low-intensity side, in particular if one irradiates the sample with many
pulses only slightly above the modification threshold (0.2-0.3 TW/cm?), the
maximum achievable spectral shift (and thus the maximum particle aspect ratio) is
limited [6] because, due to successive particle deformation, the SP band polarized
along the laser polarization moves out of resonance decreasing the interaction with
the laser pulses. In the next section we will discuss how this problem can be
circumvented by proper selection of irradiation wavelengths.

Summarizing this chapter, we want to point out that laser-induced shape
transformation of silver nanoparticles embedded in glass using fs pulses requires a
minimum peak pulse intensity of 0.2 TW/cm?. Above this first threshold, linearly
polarized pulses are able to create uniformly oriented, prolate spheroids with dif-
ferent aspect ratios depending on the actual intensity and number of pulses per spot.
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Exceeding a second threshold of ~2 TW/cmz, one observes a reversal of the
observed dichroism, which can be explained by oblate spheroids being produced by
the laser pulses. In both cases the symmetry axes of the spheroids are oriented along
the linear laser polarization. It should be also mentioned here that although oblate
spheroids are also being created for circular polarization, their symmetry axes are
given by the laser propagation direction [8] and such shape transformation is only
possible in a low intensity, multi-shot mode. In all situations, too high an intensity
or too many applied pulses cause destruction of the particles into very small
fragments, macroscopically observable by fading of the SP absorption bands.
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Chapter 5
“Off-Resonant” Excitation: Irradiation
Wavelength Dependence

In this Chapter we will discuss the influence of various irradiation wavelengths on
the induced dichroism in soda-lime glass with embedded silver nanoparticles.
In the previous chapter we have seen that the position of the p-polarized SP band
can only be red-shifted by a limited amount (to a peak position of 530 nm when
using fs laser pulses at 400 nm). Any further increase in intensity or number of
pulses applied to one sample position leads to bleaching of the SP bands, which
can be explained by (partial) nanoparticle destruction. Many applications require
polarization contrast at larger wavelengths in the visible and near IR spectral
range; therefore, it is attractive to look for ways to meet these demands.

We will show that tuning of the irradiation wavelength is a very powerful
parameter for reshaping Ag nanoparticles to large aspect ratios. Firstly, we have
found that even rather strongly red-shifted excitation (with respect to the initial SP
band) can, in spite of the low remaining SP absorption in this region, still very
effectively induce a nanoparticle shape transformation to spheroids. In particular,
such ‘off-resonant’ irradiation can create an even larger dichroism than resonant
excitation. Secondly, we will demonstrate that subsequent irradiation by increasing
laser wavelengths increases the particles’ aspect ratio and thus the induced
dichroism, allowing shifting of the p-polarized SP band further down to the near
infrared region. Finally, we will show the results of simultaneous irradiation of the
nanocomposites by pulses with different wavelengths, which result in a similar
elongation of the nanoparticles, comparable to the ones obtained by subsequent
irradiation.

5.1 Long Wavelength Irradiation

All of the experimental results reported below have been conducted in the multi-
shot regime. Figure 5.1a gives the first example for “off-resonant” excitation. We
will use this notion in the following to characterize a situation where the laser
wavelength is considerably longer than the maximum SP resonance wavelength.
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Fig. 5.1 Polarized extinction spectra of samples with Ag nanoparticles irradiated at 550 nm in
the multi-shot regime. a 1,000 pulses in a single spot, peak pulse intensity 1.2 TW/cm? b P-
Polarization, different numbers of pulses applied, peak pulse intensity 1.3 TW/cm?

The polarized extinction spectra in Fig. 5.1a were measured on a sample con-
taining Ag nanoparticles which was irradiated by 1,000 pulses per spot at
/.= 550 nm with a peak pulse intensity of 1.2 TW/cm? The effect of this irra-
diation is similar to the one obtained by resonance excitation, namely, the original
SP band of the spherical Ag nanoparticles peaked at 4 = 413 nm splits into two
polarization dependent bands. However, in this case, the p-polarized SP band (seen
with light polarized parallel to the laser polarization) is peaked at 620 nm, while
the s-polarization (perpendicular to laser) is shifted to shorter wavelengths,
overlapped by a small residual absorption at 413 nm (due to the small, untrans-
formed, particles [1]). This large spectral gap of the p- and s-polarized bands leads
to a good polarization contrast at 620 nm, i.e., low and high transmission for p-
and s-polarization, respectively. By analogy with the previous experiments, we can
easily conclude that in the case of “off-resonant excitation” the nanoparticles are
also transformed into prolate spheroids. From the spectral gap between the max-
ima of polarized extinction bands being significantly larger than in the case of
resonant excitation, it is obvious that the aspect ratio of the reshaped nanoparticles
is also larger than that of the resonant excitation.

Furthermore, similar to the case of resonant irradiation, the particle elongation
and the corresponding magnitude of the induced dichroism can be tuned by var-
iation of the peak pulse intensity and/or by the number of pulses per spot.
Figure 5.1b illustrates the effect of different writing densities for samples irradi-
ated at 550 nm with peak pulse intensity of 1.3 TW/cm?. Only the p-polarized
extinction spectra are shown. It is clearly seen that by increasing the number of
applied pulses from 200 to 1,000, both peak wavelength and integrated extinction
of the p-polarized band are increasing, while the absorption peak in s-polarization
moves slightly towards shorter wavelengths (not shown in Fig. 5.1b). For a further
increase of the writing density, however, the p-polarized SP band starts to shift
back towards shorter wavelengths, accompanied by a decrease of amplitude and
increase of bandwidth. This bleaching, which is due to the partial destruction of
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the silver nanoparticles, is clearly seen in the spectrum obtained after firing 4,000
pulses per spot into the sample. Once again, the off-resonant irradiation behaves
very similarly to the resonant case: up to a certain number of pulses per spot, the
dichroism can be increased by applying a larger number of pulses to the sample,
but beyond this value (in the range of 1,000 pulses/spot) the maximal spectral shift
is limited by the start of the nanoparticles’ destruction process.

The results discussed so far show that irradiation of the samples at 4 = 550 nm
with optimum laser intensity and number of pulses leads to a larger spectral gap
between the SP bands than the resonant excitation at A = 400 nm. Therefore, one
should expect a further increase of the induced dichroism when samples are being
irradiated with even more off-resonant, longer wavelengths. We have also looked
into this effect. Figure 5.2 shows three examples of extinction spectra for the
samples irradiated at different wavelengths, here A = 490 nm, 560 nm, and
610 nm. The parameters of the irradiation (laser intensity and number of pulses per
spot) were chosen so that for each laser wavelength the maximum spectral shift
was reached. It is clearly seen that in fact irradiation with the longer wavelengths
leads to a larger spectral gap between polarized SP bands. However, as the irra-
diation wavelength moves further beyond 610 nm, the efficiency of the nanopar-
ticles shape transformation decreases, and eventually the laser pulses no longer
evoke any measurable extinction changes. For our samples this was the case for
2 > 670 nm.

The obvious conclusion from the above results is that there is a threshold in
absorption efficiency, which limits the long wavelength irradiation. This and all
other findings are in good agreement with theory. As it was shown, the extinction
efficiency decreases rapidly for wavelengths longer than the SP resonance and at
800 nm it becomes almost zero (see for example Fig. 3.6). At the same time, the E-
field enhancement, which is present in the long wavelength region (Fig. 3.6),
increases the probability of direct electron emission and makes the shape trans-
formation of nanoparticles possible even for off-resonant excitation. As long as the
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Fig. 5.2 Polarized extinction spectra of original and irradiated samples with Ag nanoparticles
using different irradiation wavelengths. Intensity and number of pulses are optimized to achieve
the best dichroism. a P-Polarization. b S-Polarization
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absorption efficiency and laser intensity are high enough to emit ions from the
particles and transform their shape, at least slightly after the first few pulses, the
process is expected to work. This is due to the fact that even a minor change per
pulse shifts the p-polarized SP band closer to resonance with the irradiation
wavelength leading to a step by step increase in the efficiency of the shape
transformation process. The process then will go on until the excitation wave-
length is located considerably far into the blue wing of the p-polarized SP band.
From then on the same mechanisms as in the case of resonant excitation leads to
particle destruction and limits the spectral gap achievable by single-wavelength
irradiation.

5.2 Subsequent Irradiation

As one could see in the previous section, long wavelength irradiation leads to a
greater elongation of the nanoparticles. However, this type of irradiation has also
its limits as in the case of resonance excitation. Nevertheless, we have found that
this limitation can be overcome by multi-wavelength irradiation, i.e., subsequent
irradiations of the same sample area by different laser wavelengths. If in particular
after the first step the laser is tuned to another off-resonant position (on the longer-
wavelength side of the already modified SP resonance) much larger dichroism as
compared to the single-wavelength irradiation is observed. As an example,
Fig. 5.3a shows the extinction spectra of a sample that was first irradiated at
535 nm, then at 670 nm with polarization parallel to the long axis of the already
modified particles. It is clearly seen that the p-polarized band shifts in the second
step further from the peak position of 560-760 nm. At the same time, the
absorption peak in s-polarization shifts to shorter wavelengths. This large spectral
gap between the s- and p-polarized bands corresponds to an aspect ratio of
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Fig. 5.3 a Polarized extinction spectra of samples with Ag nanoparticles irradiated firstly with
535 nm and subsequently with 670 nm laser pulses, 1,000 pulses per spot, peak pulse intensity
was 1.5 TW/cm> b TEM image of transformed nanoparticles. Laser polarization is indicated by
the arrow
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(a/c) > 3 of the nanoparticles, which is proven by the TEM image shown in
Fig. 5.3b. Clearly, subsequent irradiation with increasing laser wavelength leads to
a very high degree of dichroism, and because of the minimal losses for the
s-polarized light at 760 nm, this leads to a high degree of polarization contrast. It
should be mentioned here that further red-shifting of the p-polarized SP band can
be achieved by further irradiations with successively longer laser wavelengths at
each step. We have performed preliminary experiments with a third irradiation at
A = 800 nm, which proved this idea. It is obvious that, by proper choice of the
irradiation sequence and optimization of the pertinent laser parameters, the range
of dichroism induced by this technique can be extended into the IR region.

5.3 Two-Wavelength Irradiation

If subsequent irradiation by different wavelengths can create larger aspect ratio
nanoparticles embedded in the glass, it is an obvious idea to try simultaneous
irradiation. We have done this and found that, other than in the previous case
where the pulse intensities of subsequent irradiation were roughly the same
(around 0.5-1.5 TW/cm?), it is sufficient to include a small portion of the larger
wavelength. In Fig. 5.4 we show the results of irradiating a sample simultaneously
at 532 and 800 nm. The intensity of the green pulses was around 1.4 TW/cm?,
while the 800 nm pulses had an intensity that was lower by several orders of
magnitude. Applying 1,000 pulses (for every wavelength) leads to similar results
as presented above for the case of long wavelength irradiation (Fig. 5.4, dotted
curve). The p-polarization band is peaked at ~570 nm, while the s-polarized SP
band is shifted to the UV region (not shown). Increasing the number of pulses to
2,000 results in a bleaching (amplitude decrease) of the p-polarized SP band at
~ 570 nm and appearance of an additional band in the region of 750 nm (Fig. 5.4,
blue, short-dashed curve). Further increase of the writing density strengthens this
trend: the amplitude of the band located in the yellow region is decreasing with a
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simultaneous shift of the SP resonance to shorter wavelengths, while the band
located in the red region is increasing and shifts towards the IR region.

The obtained results can be explained in the following way: The first 1,000
pulses lead to the transformation of the initially spherical particles to prolate
spheroids with an aspect ratio varying in the region of 2-2.5. Increasing the
number of pulses, some of the nanoparticles with the highest aspect ratio start to
elongate further. As a result, the sample contains a lower (with respect to the case
of 1,000 irradiation pulses) number of particles with the aspect ratio of 2.5 and
additionally some number of nanoparticles that have a greater elongation. From
the spectra one observes that an amplitude decrease of the band corresponded to
the NPs with a/c ~2.5 and an additional band for the elongated particles. Further
increase of the writing density leads to a decrease in the number of nanoparticles
with aspect ratio of 2.5 (and therefore, a decrease in amplitude) and further rise in
the amount of longer NPs with a simultaneous increase of elongation (increase of
amplitude and red-shift). The residual absorption at 550 nm for the case of irra-
diation by 4,000 pulses is due to the NPs with the lowest aspect ratio, which can
not be transformed further [similar to the residual absorption at 413 nm in the case
of off-resonant irradiation (e.g., Figs. 5.1 and 5.2).

However, the question of “how is it possible?” is still open. One of the possible
and most probable effects, which can explain the obtained results, is the electric
field enhancement and its dependence on wavelength. During irradiation by the
first 1,000 pulses, the electric field enhancement created by the green pulses
enhances the directed photoionization of the NPs and the existing processes are
similar to the ones occurring for ‘usual’ irradiation, while the enhancement for
the 800 nm pulses remains very weak. However, as the SP resonance band and the
electric field enhancement factor are both shifted successively towards longer
wavelengths, at some time after 1,000 (or more) pulses we reach a situation where
the electric field enhancement factor is weak for the green pulses, while its value is
now quite high for the pulses at 800 nm. Thus, the pulses at 532 nm are not very
efficient for directed photoionization, but they are strong enough to excite the
electrons. In turn, the weak pulses at 800 nm could not excite the nanoparticle, but
the high EFE factor now enables directional ionization of the still very hot (since
being excited by the green pulses) nanoparticle. As a result, the NPs are elongated
further. It is also obvious that increasing the intensity of the IR pulses to the
modification threshold can lead to the over-excitation of the NP, which will result
in destruction of the latter. At the same time, if the intensities of both pulses will
be lower that the modification threshold, then shape transformation will not be
achieved.

In summary, we have to state that the laser-induced shape transformation of Ag
nanoparticles is strongly dependent on the wavelength of the laser. The proposed
technique of subsequent (or simultaneous) multi-wavelength, off-resonant irradi-
ation of metal-glass nanocomposites has a huge potential for preparing polarizing
elements with a high polarization contrast at any desired spectral position in the
visible and near IR spectral ranges.
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Chapter 6

The Effect of Temperature on the
Laser-Induced Modifications of Ag
Nanoparticles

In the previous section we have investigated the influence of laser irradiation
parameters on the nanoparticles’ shape transformation; now we focus on the
effects of temperature during the reshaping processes. As discussed in Chap. 3,
upon absorbing the energy of the laser pulse, the NP and its surrounding matrix
experience a strong temperature increase of several hundred degrees for a time
window of some ten picoseconds to a few nanoseconds. The pertinent softening of
the adjacent glass matrix is crucial for the NP to have some degrees of freedom for
the expansion and shape changes. On the other hand, it is known that heating the
samples to temperatures above the glass transition temperature of soda-lime glass
(~600 °C) is in any case restoring the spherical shape of the modified Ag
nanoparticles [1]. This allows us to assume that the fs laser-assisted modification
has to occur in the innermost shells where large transient, localized heating is
present, while the outer shells of the surrounding glass should be cold enough to
keep the anisotropic shape of the nanoparticle.

In addition to these effects, it has also been shown [2], that annealing at moderate
temperatures after fs irradiation may cause modification of the SPR bands (and thus
also of NP shape and the surrounding matrix). So, quite obviously the continuous
global sample temperature, as well as the transient local heating and cooling, has
considerable influence on the laser-induced shape modification of metallic NPs
embedded in glass. Therefore, we will in the following discuss the influence of global
heating of the samples as well as the local effects arising from heat accumulation in
the focal volume of the fs laser irradiation as a function of laser repetition rate.

We start our discussion with the effect of irradiating a sample in a multi-shot
regime with typical laser parameters, but keeping the sample temperature at a
considerably elevated level during irradiation. Figure 6.1a shows polarized
extinction spectra of a sample irradiated by 300 pulses per spot with a peak pulse
intensity 7, = 0.8 TW/cm? at the laser wavelength A = 400 nm at room temper-
ature. In this case, the p-polarized SP band is centred at 507 nm while the s-
polarization band is peaked in the UV region at 383 nm. However, irradiation of a
preheated sample using the same laser parameters changes the extinction spectra
(Fig. 6.1b). At a temperature of 125 °C, both SP bands are slightly shifted towards
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Fig. 6.1 Polarized extinction spectra of original and irradiated samples (A = 400 nm, 300 pulses
per spot, repetition rate 1 kHz, peak pulse intensity 7, = 0.8 TW/cm?) a at room temperature,
b at 125 and 200 °C

longer wavelengths and, in particular, are broadened and show considerably
decreased amplitudes. A further increase of the global sample temperature to
200 °C results in almost complete bleaching of the plasmon bands (short-dashed
lines in Fig. 6.1b). Concomitantly, the residual SP bands are further broadened,
nearly making the induced dichroism disappear. So the first important experi-
mental finding is that the relatively low temperature increase (with respect to the
glass transition temperature) dramatically changes the results of the laser-induced
NP shape modification. In order to gain a better understanding of the influence of
temperature on the laser-induced modification of Ag NPs embedded in glass, we
have measured the polarized spectra of samples irradiated at various temperatures
from —100 to 170 °C in steps of 5-10 °C. The results in parameterized form are
presented in Fig. 6.2. The spectral gap between the maxima of the polarized SP
bands can be used as an approximate measure of the NPs’ aspect ratio. The
changes of the band integrals, which include the amplitude and bandwidth chan-
ges, are directly proportional to the absorption changes of the system.

Looking at Fig. 6.2a, first one can recognize three temperature intervals with
different behaviors of the SP band centre positions. In the first interval from —100
to 80 °C the positions of the bands are nearly constant at ~508 and ~384 nm for
the p- and s-polarization bands, respectively. Then, towards higher temperature
(here up to ~ 130 °C), the p-polarized SP band occurs at a red-shifted position
(A%nax = 20 nm), while almost no shift of the s-polarized band is seen. Further
increase of the sample temperature leads to a blue-shift of the p-polarized band
with respect to the low-temperature limit. The behavior of the band integrals is
given in Fig. 6.2b. Here again almost no temperature dependence is observed in
the above-defined first interval (—100 to 80 °C), similar to the behavior of the
band centres. At higher temperatures >80 °C, however, the band integrals of the p-
polarized SP bands start to decrease very rapidly in amplitude. The amplitudes of
the s-polarization bands decrease in a similar fashion, but at temperatures above
~ 120 °C this effect is partially compensated by spectral broadening (compare
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Fig. 6.2 Temperature dependence of polarized extinction spectra of a band centres, b band
integrals

Fig. 6.1), which results in no further decrease of the band integrals above this
temperature.

It should be mentioned here that we have also done similar series of irradiations
with modified laser parameters (intensity and number of pulses applied); the
results were comparable to those given above, i.e., the temperature dependence
does not depend on the actual irradiation conditions. Interestingly, quite a similar
behavior of the spectral changes discussed in Fig. 6.2 has been observed in a series
of totally different experiments: the sample was irradiated at room temperature by
fs pulses of different temporal separation, which was achieved by varying the laser
repetition rate. Figure 6.3 shows selected results in parameterized form, i.e., the
band centres (Fig. 6.3a) and the band integrals (Fig. 6.3b) derived from the
polarized extinction spectra band as a function of the laser repetition rate. In
Fig. 6.3a it is clearly seen that increasing the laser repetition rate from 1 to 10 kHz
first leads to a small red-shift of the p-polarized band, but for rates >20 kHz both
polarized SP bands are shifting back towards the original band of spherical
nanoparticles. The corresponding band integrals are decreasing monotonously with
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Fig. 6.4 TEM images of nanoparticles irradiated a at room temperature, b at 150 °C.
Polarization of laser light is shown by an arrow

increasing repetition rates. At 100 kHz we have observed complete bleaching of
the bands.

Regarding the physical mechanism of the NP shape transformation introduced
above, we can conclude some novel details from the experimental findings shown
in this chapter: first, for a globally increased matrix temperature the diffusion
mobility of silver ions increases, leading to an enlarged radius of the cationic shell
arising from Ag" emission after absorbing the fs laser pulse. Accordingly, the
concentration of the silver cations in the immediate surroundings of the NP will
decrease resulting in a lower precipitation rate. These processes are well suited to
understanding the spectral changes observed when irradiating preheated samples.

Apparently, in the temperature range from —100 to 80 °C the ionic mobility is
too low to cause significant diffusion of the emitted ions. Therefore, both the
produced shapes of the nanoparticles (as an example see TEM image in Fig. 6.4a)
and the pertinent SP bands are fairly constant in this regime. At slightly higher
temperature, i.e., in the range of 100-120 °C, the optical extinction spectra start to
show characteristic changes: the more prominent effect is the decrease of the band
integrals. This can be understood by assuming that the mobility of Ag ions has
now increased sufficiently such that the radius of the cationic shell grows; con-
sequently the precipitation rate of silver atoms or clusters on to the main particle
reduces, and the reduced volume of the resulting reshaped NP leads to a smaller
optical absorption. The second effect, the moderate red-shift of both polarized SPR
bands, can in this case be attributed to those Ag cations which are further away
from the main NP, but still close enough to each other to precipitate as small
clusters. These clusters will form an extended halo region that, via increasing the
effective refractive index around the NP, can explain the observed small red-shift.
Raising the temperature further leads to the increased mobility of the silver cations
allowing them to diffuse so far away from the nanoparticle thereby diminishing
their reduction and precipitation rates. Concomitantly, partial (and ultimately total)
dissolution of the Ag NPs will occur instead of shape transformation to prolate
spheroids. Figure 6.4b proves this assumption and shows an example of a partially
dissolved NP. Additionally, this figure confirms that roughly 50 % of the NP
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volume is dissolved by ion emissions after applying 300 laser pulses. These
experimental findings urge us to consider the effect of ion emissions on the NP-
glass system as was introduced in Sect. 3.5.

Considering the above given calculations on the dynamics of heat flow, we can
conclude that transient heating and cooling within a shell of 5-10 nm around the
NP are crucial to the understanding of the shape change and dissolution processes.
The results of the heat conduction calculations show that, starting from
T = 300 K, the temperature at distances of >6—7 nm from the NP surface remains
below 500 K at any time, while in the nearest shells of the matrix (distance from
NP < 6-7 nm) high temperatures up to >1,000 K can be reached. Apparently this
situation is required to promote the NP shape transformation on one hand, while
protecting the nanoparticles from total dissolution on the other. Any change of
parameters extending the spatial range around the NPs where temperatures clearly
above 500 K occur, at least transiently, seems to enable particle dissolution. This
holds for the temperature-dependent studies in this work as well as for experiments
with considerably higher laser intensity, which also resulted in partial dissolution
of the NPs.

If this picture is correct, it should also provide an explanation for the results
observed by irradiation of NPs by laser pulses with different repetition rates, i.e.,
we have to look for a connection between the temporal separation of the laser
pulses and the local sample temperature. The connection can be found by con-
sidering the heat flow from the focal volume (which in the beam direction is
limited to a thickness of &2 pum by the layer containing the NPs) to the cold parts
of the sample. The total thickness of the glass substrate is 1 mm. Using these
parameters and Eq. 3.6 (which describes the heat transfer), we have calculated the
temperature accumulation in the focal volume as a function of pulse repetition rate
and number of pulses applied. The pertinent temperature rise AT in the focal
volume as a function of number of pulses is shown in Fig. 6.5a. It is clearly seen
that every pulse increases the temperature in the focal volume. Applying 300
pulses to one spot with temporal separation of 1 ms (1 kHz repetition rate) results
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Fig. 6.5 Increase of the temperature in the focal volume as a function of a applied number of
pulses for the cases of irradiation at 1 and 100 kHz, b repetition rate when applying 300 pulses
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in a temperature rise of about 50-60 K, while the same number of pulses at
100 kHz repetition rate increases the temperature by more than 300 K. Figure 6.5b
shows the dependence on the laser repetition rate of A7 after 300 pulses.

These simulations are in very good agreement with our experimental results:
Fig. 6.5b indicates that irradiation of nanoparticles by 300 pulses at repetition rates
below 10 kHz leads to a relatively small increase of temperature in the focal
volume (<130 K for 300th pulse). As shown in Fig. 6.2 this is typically the
constant temperature where NP dissolution begins. For repetition rates above
10 kHz this region of AT > 100 K is reached increasingly earlier, which should
cause a reduced spectral gap and higher degree of NP dissolution. Just this
behavior is seen in the experimentally obtained dependence on laser repetition rate
shown in Fig. 6.3. Finally, the observation that a higher number of pulses allows
the dissolution process to appear at lower repetition rates is nicely compatible with
this calculation, since, e.g., in the case of 600 pulses the first 300 prepare a
considerable temperature rise, A7, which enables dissolution by the ‘second half’
of the pulse train.

In conclusion, we have shown that the intended transformation of the initially
spherical NPs to prolate shapes with high aspect ratio by irradiation with a few
hundred laser pulses requires a special spatial-temporal evolution of the matrix
temperature: the heat-affected zone reaching transiently temperatures above
~500 K around a nanoparticle should apparently be limited to a few nanometers.
Then the increased mobility of the emitted Ag ions enables the processes of shape
transformation within that shell, while the cooler outer shells prevent the ions from
drifting farther away from the NP. The latter obviously happens when the initial
sample temperature lies above 100 °C, which can also be reached by accumulation
of the absorbed energy in the focal volume when applying high laser repetition
rates. In this case the emitted Ag cations seem to drift so far away from the NP that
they cannot diffuse back to the NP and recombine with it, but rather precipitate
where they are, forming an enlarged halo region. This process readily explains the
observed dissolution of the NPs after irradiation with a few hundred fs laser pulses.
It should be mentioned that for different irradiation parameters (intensity, focal size,
number of pulses per spot) the temperature accumulation effects can be minimized,
so that successful reshaping is possible up to repetition rates of >100 kHz.
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Chapter 7
Ultra-Short Pulsed Laser Engineering
of Metal-Glass Nanocomposites

7.1 Fabrication of Sub-Micron Polarizing Structures

It was shown in the previous sections that the shapes of the initially spherical Ag
NPs in glass can be permanently modified by femtosecond laser irradiation; that in
turn leads to the optical dichroism induced in the composite glass. The induced
degree of dichroism (spectral gap between the two polarized resonances), being
correlated with the aspect ratio (ratio of long and short axis) of the NPs, depends
on the irradiation parameters such as wavelength, peak intensity and number of
laser pulses applied. We will now explore the fabrication of polarization and
wavelength selective micro-devices based on metal-glass nanocomposites. To
achieve a considerable degree of polarization contrast for such polarizing ele-
ments, the total extinction of the shape-transformed NPs must be correspondingly
high. This obviously requires the initial nanocomposite materials to have a high
concentration of NPs. Under such conditions, it may become necessary for several
successive irradiations to be performed in order to achieve the ultimately desired
spectral parameters. This should be followed by further annealing of the samples
to remove colour centres and other defects in the glass matrix. We have recently
studied a number of technical points to set the framework for further optimization
[1]. As this requires usually a complex interplay of finding the best combination of
sample (NP sizes, their spatial distribution etc.,) and irradiation parameters, we
refrain from discussing here all the details of this optimization task. Instead, we
will only give some instructive examples for polarizing optical micron structures
that we have already demonstrated to exhibit the potential for a number of
applications.

Micro-polarizing structures fabricated in composite glass containing silver
nanoparticles are shown in Fig. 7.1. In order to achieve spots with sizes of a few
micrometers, one requires focusing with a lens of sufficiently high numerical
aperture. In this experiment the laser beam diameter was first enlarged to 15 mm
and then focused with a lens of either 55 or 80 mm focal length.

We have irradiated the sample using pulses at 4 = 515 nm; the laser parame-
ters were chosen so that maximum dichroism was obtained. The matrix seen in
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Fig. 7.1 Polarized matrix made by laser irradiation of silver nanoparticles embedded in glass.
Polarization of the light is parallel to the laser polarization. If the light is polarized
perpendicularly to the laser polarization, the spots are disappearing. The size of one spot is
around 3 pm

Fig. 7.1 consists of spots (modified area) with a size of around 3 pm and a distance
of 15 pm between them. The spots are seen when polarization of the light (in a
microscope) is parallel to the laser polarization. If the light is polarized perpen-
dicularly to the laser polarization, the spots disappear. The irradiated areas have a
green colour in p-polarization because of the extinction at around 600 nm.

The next example is shown in Fig. 7.2. Here, the irradiation parameters are the
same for every spot. However, the pattern of the structure, in this case, consists of
three irradiated and one non-irradiated spots and the laser polarization is rotated on
45° and 90° for every next irradiated spot in the pattern. The four photos shown in
Fig. 7.2 were taken from the same area on the sample. The only difference is the
polarization of light in the microscope, which for every case is shown as an arrow.
The colour of the spots is darker than in the previous case, because the irradiated
sample had a higher filling factor, which leads to the broader extinction.

The last example presented in Fig. 7.3 shows a similar structure to that shown
in Fig. 7.2. Again, the pattern consists of three irradiated and one non-irradiated
spots and the laser polarization is rotated on 45° and 90° for every next irradiated
spot in the pattern. However, in this case the irradiation parameters for every spot
were different. The increase in the number of pulses leads to the red-shift of the p-
polarized SP band and as a result the colour is changed from brown to green. On
the other hand, rotation of the probe light polarization leads to the changes of the
spots’ colours, so that the spot that has a red colour in one polarization becomes
yellow—brown for the light polarized in the perpendicular direction.

In summary, we have managed to prepare several regular micro-patterns with
tailored dichroism (with a spot size of about 3 um) by laser irradiation of nano-
composite glass with embedded silver nanoparticles. These and any other
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Fig. 7.2 Polarized microstructure made by laser irradiation of silver nanoparticles embedded in
glass. Parameters of irradiation (except laser polarization) are the same for every spot.
Polarization of the light forming the microscope images is shown by the red arrows

microstructures are not subject to any mechanical limitations, which would have
been the case if similar polarization patterns had to be produce by standard
technology (i.e., cutting and pasting of large polarizers); only the diffraction limit
sets a lower size limit of a few hundred nanometers for the structures that can be
created. Consequently the technology is well suited to produce polarization and
wavelength selective micro-devices, allowing unprecedented feature sizes cur-
rently not achievable by any other method.

Fig. 7.3 Polarized microstructure made by laser irradiation of silver nanoparticles embedded in
glass. Parameters of irradiation are different for every spot in the pattern. Polarization of the light
forming the microscope images is shown by the red arrows
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7.2 Metal-Glass Nanocomposites for Optical Storage
of Information

Recently, besides continuous improvements to the established materials and
technologies for data storage, several new concepts in this field have been
reported. While most of these studies have been aiming at higher capacity or
access speed of the storage media (e.g., [2, 3]), only a few attempts have been
made towards materials promising durability for centuries [4, 5]. Among such
approaches are ideas such as nano-objects being moved electromechanically
within carbon nanotubes [6], which are tentatively still decades away from their
practical realization, and an interesting all-optical data storage technique based on
silver clusters (Agh’, m < 10) in glass [4]. In the latter case, the Ag clusters are
formed within the focal volume of each femtosecond pulsed laser irradiated zone;
photoluminescence from this volume is then used for data readout.

We present an attractive approach to optically store on, and read data from,
glass with embedded silver nanoparticles of proven long-term stability. The
recording technique is once again based on femtosecond pulsed laser-induced
shape transformation of the initially spherical nanoparticles into prolate (cigar-
like) spheroids. The rotational (longer) axes of these nano-objects are uniformly
orientated along the polarization direction of the linearly polarized laser pulses.
We demonstrate the capabilities of this effect for storing data in the absorption
characteristics of each irradiated spot, which can be as small as the diffraction limit
permits. Prospectively, and with the help of near-field enhancement techniques,
several bits of information could be stored in the thermodynamically stable shape
of even a single nanoparticle. The technology has the potential for data capacity
and access speeds superior to the currently available optical recording media,
combined with unprecedented durability.

The nanocomposites were irradiated using a second harmonic beam at 515 nm
from a pulsed Yb:KGW laser, generating 300-fs pulses at 100 kHz pulse repetition
rate. The beam was focused to a spot with near-Gaussian intensity profile and a full
width half maximum (FWHM) of approximately 0.5 pm using a microscope
objective with a numerical aperture (N.A.) of 0.9. The samples were mounted on a
motorized X-Y microscope translation stage. The maximum laser peak pulse
intensity used was ~2 TW/cm?. In order to remove colour centres and other
metastable laser-induced defects in the glass after irradiation, the samples were
annealed for 1 h at 200 °C.

Several hundred pulses in an energy density range of 20-50 mJ/cm? lead to well-
defined dichroic changes in the local absorption spectrum of the sample. The initially
isotropic surface plasmon absorption band of the nanocomposite, peaked typically at
410 nm, is split into one slightly blue-shifted band (around 390 nm, seen with
polarization perpendicular to the laser), and a considerably broadened and red-
shifted band (in the range of 500-650 nm, seen with polarization parallel to the
laser). The position of the bands is controlled by the peak intensity and the number of
pulses fired per spot. The red-shifted band is chosen for data storage applications,
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because it does not exhibit any spectral overlap with residual absorption from
spherical nanoparticles, and thus extinction spectra with high polarization contrast
can be produced at several positions within this spectral range (from 500 to 650 nm).

In order to demonstrate that our technique works down to the diffraction limit,
we show dichroic spots, each ~ 500 nm in size, with the colour under polarized
illumination being determined by the number of pulses fired onto each spot
(Fig. 7.4a). This figure shows examples of the diffraction-limited dichroic spots
written at a 1 pm pitch. Four columns have been written in the sample. For irra-
diation of each column the same linear polarization of the laser beam was used.
However, looking at the four columns and from left to right, the polarization axis of
the laser beam was rotated by 0, 45, 135 and 90° with respect to a horizontal axis.
The individual five spots in every column were prepared by changing the number of
pulses fired onto each spot, increasing from top (100 pulses) to bottom (500 pulses).
The four images in Fig. 7.4a, with readout being performed with a different ori-
entation of the polarizer in front of the camera (“Olympus” microscope with uEye
CCD Camera), clearly show that dark spots of different colours in one column can
be made almost invisible by simple rotation of the light polarization.

Lo WA N

2o e . e
-$-4- 2 4~ s:9
5Em
(b) (c)
Naa _15
e
l_t’]
+— EEE B e n
g 104
=
30 3
pm s
kel
I E 5-
&
“—>r —p +—P —> D?
0

500 600 700
Wavelength [nm]

Fig. 7.4 a Examples of ~500 nm dichroic spots written by laser into the sample. Blue arrows
show the orientations of the polarizer in front of the camera used for readout of the images.
b Examples of large dichroic areas. From left to right, the number of pulses per spot was
increased from 200 to 500. Here, the red arrows indicate the polarization of laser light during
writing. ¢ The polarization contrast as a function of wavelength. The figure is reprinted with
permission from [7]. Copyright (2011), American Institute of Physics
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To analyse the spectral features of the irradiated spots with satisfactory signal-to-
noise ratio, we measured the absorption spectra (microscope spectrophotometer
MPM 800 D/UV, Zeiss) on somewhat larger areas (30 x 30 umz) irradiated with the
same parameters as the single, diffraction-limited spots (Fig. 7.4b). This figure gives
four examples of such squares, where the red arrows indicate the polarization of laser
light during writing, and the blue arrows the polarization of the light for recording the
images. From left to right, the number of pulses per spot fired onto the sample was
increased from 200 to 500. The polarization contrast—defined as the ratio of the
transmitted intensity under polarized illumination (7s-wave/Tp-wave)—as a func-
tion of wavelength is also presented (Fig. 7.4c). The spectra show that position of the
absorption band can be controlled by the laser parameters. The polarization splitting
of the surface plasmon absorption bands, measured with light polarized along the
short and long axes of the spheroids, yields a polarization contrast of ~ 10 for the
individually tailored maximum wavelengths of 525, 550, 567 and 585 nm. Thus, up
to four bits of information could be encoded via this wavelength variation technique.

In addition to this, the polarization axis of the laser light is another easily
controllable parameter for encoding several bits of information; since the trans-
mission of linearly polarized light depends monotonously on the angle between the
dichroism inscribed in the nanocomposite and the polarization axis of the readout
light (Fig. 7.5). This figure demonstrates the capabilities of this concept: the nine
green—blue squares, shown in Fig. 7.5a, have been created by irradiation of the
sample with the same parameters in terms of wavelength and intensity but for
different angles of the laser polarization; the linear polarization of the laser was
rotated by 10° from area to area (as indicated in the image by the red arrows). The
visual impression makes it clear that the transmission of light at a wavelength
within the surface plasmon absorption band of the long nanoparticle axis can be
altered (gradually increased or decreased) by careful polarization rotation. This
effect is demonstrated in detail in Fig. 7.6, where a few spectra for different values
of the polarization angle are shown (Fig. 7.6a). In addition, we measured the
transmission of a linearly polarized He—Ne laser (at 633 nm) through one of the
irradiated areas as a function of the polarization angle using a confocal micro-
scope. As can be seen from Fig. 7.6b, a simple transmission measurement using a
monochromatic light source can easily encode at least eight values, i.e., a 3-bit
word, for appropriately chosen relative angles.

Adding up wavelength and polarization variation, we suggest the following
approach for a reliable and fast simultaneous readout of the stored data—as shown
schematically in Fig. 7.7. Four beams of circularly polarized monochromatic light
of different colours, which correspond to the maxima of the extinction bands (for
example for Fig. 7.4c—525, 550, 567 and 585 nm), can be focused to the same
spot on the storage medium. Passing through the spot, each beam is being partially
(elliptically) polarized with respect to the extinction band of this spot. The largest
proportion of the polarized light (highest polarization contrast) will be associated
with the beam whose colour matches the maximum (peak) of the extinction band.
As an example we can assume that the spot has the optical (extinction) properties
corresponding to the red band in Fig. 7.4c.
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Fig. 7.5 Nine squares are written by irradiating the sample with the same laser parameters
(intensity and number of pulses per spot fired) but for different linear laser polarizations. Red
arrows show the direction of the laser polarization irradiating each area. a The image is taken
with one polarizer in front of the camera. The blue arrow defines the direction of polarization for
this polarizer. b, d Here, the images are taken when the sample is placed between two cross
polarizers. Blue arrows define the polarization direction of the polarizers (b) polarizers are
rotated by 20° with respect to the sample, (c) 45°, and in (d) 70°. The figure is reprinted with
permission from [7]. Copyright (2011), American Institute of Physics
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Fig. 7.6 a Spectra of polarization contrast for different values of angle between the dichroism
inscribed in the nanocomposite and polarization axis of the light. b Transmission of a linearly
polarized He—Ne laser through the irradiated area as a function of the polarization angle. The
figure is reprinted with permission from [7]. Copyright (2011), American Institute of Physics
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Fig. 7.7 Proposed readout

approach. Red arrows show -
the polarization axis of the Structured
structured polarizer; PD- [ Laser Diodes Polarizer

Array—an array of photo-
diodes. The figure is reprinted
with permission from [7].
Copyright (2011), American
Institute of Physics

When passing through the spot, the 525 nm beam will have a polarization
contrast of ~2.5:1,550 and 585 nm—~7:1, and only 567 nm will have the highest
contrast of ~9:1. The next step would then be to determine the polarization
direction or axis of the already elliptically polarized light. This can be done with the
help of tailored structured polarizers (made using a similar technology to the data
storage), which consist of eight pairs of “90°-polarizers” rotated at 10°-11° relative
to each other (Fig. 7.7). The transmitted light will then fall onto the PD-Array—an
array of photo-diodes—for registration. The highest “polarization contrast” (the
ratio of transmitted intensities for each pair of “90°-polarizers”) (9:1 for our
example) will be achieved only for that pair of “90°-polarizers”, whose polariza-
tion axis matches the polarization axis of the transmitted light through the storage
medium. Having such structured polarizers for each beam will allow us to unam-
biguously determine the wavelength and relative orientation of the highest polar-
ization contrast simultaneously (i.e., in one-step).

Storage capacity, writing and readout speeds achievable with the proposed
long-term storage medium are then estimated as follows: as supposed above,
assuming four different wavelengths and eight polarization states, we can encode
five bits (32 values) on to one spot. Together with the diffraction-limited spot
diameter of 600 nm (the longest wavelength used for readout) this provides a
storage capacity of ~30 GB for a DVD-like one-layer disc, i.e., the same range as
the state-of-the-art Blu-ray technology offers. Typical writing of information
requires sub-picosecond laser pulses with an energy of <1.5 nJ per spot; nowadays
fibre lasers with 1 W of average power at 515 nm are commercially available,
apparently allowing for a writing speeds of 5 Mbit/s, which is comparable to the
DVD technology standard. Readout speed is only limited by the response time of
the photodetectors used; thus, regarding the 5 bits per spot, readout rates of
100 Mbit/s and more may realistically be expected, which are superior to the
current DVD and Blu-ray technologies.

In summary, we have presented an approach to optically store on, and read data
from, glass with embedded silver nanoparticles. Prospectively, and with the help of
near-field enhancement techniques, several bits of information could be stored in
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the thermodynamically stable shape of even a single nanoparticle. The technology
has the potential for data capacity and access speeds superior to the currently
available optical recording media, combined with unprecedented durability. The
durability of the storage medium is basically that of the glass itself, i.e., it is not
changed by temperatures up to 600 °C, and is insensitive to the most chemical
agents and biological ageing.
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Chapter 8
Conclusion

The experimental results presented in this brief are mostly concentrated on the
investigation of the laser-induced shape modification of initially spherical silver
nanoparticles incorporated in glass and the processes leading to the different NP
shapes. A detailed understanding of all these processes helps to optimize and
establish this technique and allow us to modify the optical properties of composite
glasses containing metal nanoparticles for applications in photonics.

The dependence of the nanoparticle shapes on the laser polarization was dis-
cussed. It was found that irradiation of the NPs by laser pulses with circular
polarization leads to the transformation of initially spherical particles to oblate
spheroids with their symmetry axis parallel to the propagation direction. In the
case of linearly polarized light, however, the NP shape can be modified to either
prolate or oblate spheroids with symmetry axes parallel to the laser polarization.
The shape in this case is defined by the laser peak pulse intensity used for irra-
diation. Pulse intensities slightly above a first modification threshold lead to the
elongation of the silver nanoparticle parallel to the laser polarization (prolate
spheroid). On the other hand, increasing the peak pulse intensity by one order of
magnitude above a second threshold results in oblate spheroids but, in this case,
with the short axis parallel to the laser polarization. These results allowed us to
conclude that the main process responsible for the different NPs’ shape transfor-
mation is the directional photoionization.

We have also found that laser-induced shape transformation of Ag nanoparti-
cles is strongly dependent on the laser wavelength. The first striking observation is
that considerably off-resonant excitation [i.e., irradiation with a laser wavelength
shifted more than 100 nm to the longer wavelength side of the SP resonance
absorption of spherical nanoparticles (at 413 nm)] can even more effectively
transform the shapes of the nanoparticles to spheroids with large aspect ratios than
near-resonant interaction, despite the very weak coupling to the SPR in this region.

The fact that the laser-assisted elongation of nanoparticles stops when the
excitation wavelength is located considerably far into the blue wing of the
p-polarized SP band, together with the results obtained in experiments with
simultaneous irradiation of the sample by two wavelengths, allowed us to conclude
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that a very weak electric field enhancement at the wavelength of irradiation can be
the main factor limiting the laser-induced dichroism. This limit can be overcome
by subsequent irradiation, tuning the irradiation pulses to the longer wavelengths.

Taking into account the theoretical estimations and experimental results
observed by the study of temperature dependence we can conclude that the
intended transformation of initially spherical NPs to prolate shapes with high
aspect ratio by irradiation with a few hundred laser pulses requires a special
spatial-temporal evolution of the matrix temperature: the extent of the heat-
affected zone reaching transiently temperatures above ~500 K around a nano-
particle should apparently be limited to a few nanometers.

According to all the acquired experimental results and calculations we also
proposed the possible deformation mechanisms based on the transient phenomena
that are controlled either directly by the electric field of the laser pulse or indirectly
by the temperature rise induced by it. Formation of the prolate spheroids with their
long axis parallel to the laser polarization in the low intensity range for multi-shot
irradiation could be explained by a combination of the photoionization and metal
particle precipitation on the poles of the nanosphere. The intensity-dependent
extension of the cationic shell around the nanoparticle and the photoelectron
emission in the direction of the laser polarization play a key role here. In the case
of high intensities (above 2 TW/cm?) and low number of pulses (less than 40),
dense electron plasma formation at the poles of the sphere and subsequent thermal
expansion or even ablation of the glass matrix dominate, leading to the transfor-
mation of nano-spheres to oblate spheroids.

All these findings allowed us to optimize the laser-assisted modification tech-
nique, manipulating and engineering the optical properties of metal-glass nano-
composites. This led to the fabrication of (sub-) micro-polarizing structures
(polarization and wavelength selective devices) with high polarization contrast and
a broad tunable range of dichroism, and also to optical storage of information in
the nanocomposites.
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