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Chapter 1. Introduction

Chapter
1. Introduction

The interaction of light with matter has startedeasly as the dawn of the
Universe and enabled the energy flow between Ilmgidinta (photons) and the
building blocks of matter (electrons and atoms)sTihteraction exists in all physical
systems; from the ionization of smallest atomidsito the shining of gigantic stars
in the form of emission and absorption of photovdarious material properties,
mainly the optical properties, depend on the meeto energy absorption and
emission processes. In this context, the interaaifdight with matter on a size scale
between the macro world and the atomic world hparécular importance both for
fundamental reasons and for technological apptioati This size scale, which is
known as the nanoscale, consists of “small” pasidhaving sizes between large
molecules and small pieces of bulk materials (rapig2-100 nm). Owing to their
mesoscopic sizes, they possess very peculiar @ecesting linear and nonlinear
optical properties.

Such nanoparticles (e.g. metallic nanoparticlesjosimded by dielectric host
media have been known since ancient times. The anleaving a distribution of
embedded nanoparticles are called as nanocompusiterials. One of the oldest
examples for these materials is the Lycurgus cy®]la Roman vase from the
fourth century A.D., which is on display in the #8h Museum. The glass material
of this cup changes its color depending on thet lithamination. It appears green
when it is viewed in reflected light, for exampie,daylight. However when a light
is placed into the cup and transmitted throughgthss, it appears red (Fig. 1.1(a-b)).
Now it is well-known that this coloration of theis determined by specific light
absorption bands of the embedded metallic nanapest(silver-gold alloys), owing
to their frequency-selective electron oscillatigne. surface plasmon bands). Other
world-famous of such “plasmonic” materials that t@om metallic nanopatrticles are
the colorful glass windows of medieval French aretrian gothic cathedrals (Fig.
1.1(c)). Especially the wine color of the windows originated from gold
nanoparticles, the electrons of which oscillategyieen light — absorbing the energy
of the green. Therefore the gold nanoparticles lassy produce the wine color
(complementary color of green), which is obvioustyy different from the color of
bulk gold.
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The different colors of the materials mentionedwabare due to the plasmon
absorption bands of the nanoparticles. These piiepeare indeed small particle
effects that do not exist in the individual metdras as well as in the bulk [3, 4, 5].
Although a smooth silver surface reflects all tigble light, silver nanopatrticles in a
liquid or glass exhibit a strong absorption. Thasan for this is that a small silver
particle has a surface plasmon resonance aroundn#iOwhile strong optical
absorption in bulk silver occurs only far< 310 nm, corresponding to interband
transitions from thel-bands. As a result of such size effects, vari@arsonomposite
materials are currently of special interest in digw@g optical and microelectronical
devices. This field of science is now pouplarly l@@l as nanophotonics and
plasmonics [6, 7].

Fig. 1.1. Top panel: the Lycurgus Cup containingattie nanoparticles viewed in reflected (a) and
transmitted light (b). The photos are adapted fféin Bottom panel: glass windows of a Gothic
cathedral displaying different colors owing to #trabedded metallic nanoparticles.

Early understanding of the physics of surface ptasnin metallic
nanostructures dates back to the beginning ofvieatieth century by Wood (1902)
[8], Maxwell Garnett (1904) [9] and Mie (1908) [10h very general terms, the
electron density waves in bulk metals are callegbmplons, which are longitudinal
electron waves and do not interact with transver@ees, such as light. However, the
electron and light waves can couple with each adihenetal surfaces and this state is
named as a surface plasmon. Therefore, surfacenpiasare defined as collective
oscillation of conduction band electrons that ocua metal-dielectric interface, and
they are responsible for specific absorption spectvhich give the composite
materials their colors in turn. Depending on thergetry of the interface (thin film,
nanosphere, nanoshell, nanorod, channel, hole ,am&y) and type of the
nanostructure, surface plasmons can take varicussfd-or example, in the case of
flat interfaces, plasmons are freely propagatiregtebn density waves throughout
the surface; however, metallic nanospheres poskesdized” electron oscillations
along the nanospheres and the surrounding dialeictterface [4]. The physical
background of light interaction with metals and apeally with metallic
nanoparticles in dielectric media will be presentedChapter 2. Additionally, the
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significant linear and nonlinear optical properties these nanoparticles will be
described according to their dielectric functiosiges, and shapes.

A metallic nanoparticle can be regarded as a reéspf@r surface plasmons,
which is thus called as the surface plasmon resmnaim the case of resonant
excitation, the oscillation amplitudes of the plasmwaves can overcome the
excitation amplitude by orders of magnitude, whicBan a strong enhancement of
the local electromagnetic field compared to theitexg field [ 11]. Metal
nanoparticles can therefore confine and enhancetr@heagnetic fields in nano-
dimensions. As a result of this, in the last desatt®re has been an increasing
activity in the research and development of surfaplesmon-based structures and
devices employing the resonance behavior in far mear-fields, such as optical
filters [12], media for optical data storage [18&nlinear media [14, 15], waveguide
applications [16, 17], and biological labels [1&8urface-enhanced effects, like
surface-enhanced Raman scattering or surface emthdhmrescence [5, 19] take
advantage of both the near field and the far fiefdresonantly excited metal
nanoparticles [20].

Investigations on the nanoscale interaction of tlighth the embedded
metallic nanoparticles, which require high resauatin spatial and temporal domains,
have become possible with the invention of ultraspalsed lasers and with the
advance of nanoprobes such as electron microstugged the physical mechanisms
lying under the dynamics of the surface plasmonillagons require ultrafast
detection of the rapid optical changes during aftdr dhe laser pulse excitation.
Upon photon absorption, the energy distributiomglthe nanoparticle (via electron-
electron and electron-phonon interactions) happatiser rapidly — within a few
picoseconds [21], which is only possible to invgaste with pulses shorter than a
picosecond in time, before the events are finishedhis context, the present thesis
focuses on the ultrafast dynamics of femtosecoghit linteraction with the silver
nanoparticles that are embedded in glass matrices.

In Chapter 3 an overview of the laser pulse intavac with metal
nanoparticles in weak and strong excitation regimwdk be given. The ultrafast
heating and cooling dynamics of nanoparticles cosg the electronic
thermalization and electron-phonon couplings wik hileveloped. Chapter 4
intoduces the experimental apparatus together witle preparation and
characterization of silver nanoparticles embedaesoda-lime glass. High intensity
(strong) femtosecond laser irradiation of compogitasses that contain silver
nanoparticles has been found to cause optical algir because of permanent
nanoparticle shape modifications [22, 23]. Linegmbjarized laser irradiation
transforms the initially spherical silver nanopa#s into elongated shapes with their
symmetry axes oriented along the direction of #dset (light) polarization [24]. The
shape modification causes the original single ptasnband of spherical
nanoparticles to be irreversibly split into two Hanof electron oscillations, one
parallel (p-polarized) and one perpendicular (sppéd) to the long axis of the
modified nanoparticle. The separation between s @rpolarized resonances
depends strongly on the aspect ratio, which isndefias the length of the modified
nanoparticle divided by its width. The details bése aspects and the experimental
methods used for the time-resolved investigatidrih@ pulse interaction with silver
nanoparticles will also be presented in Chapter 4.
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1.1. Motivation and general aims

Although the time-resolved investigations until nbave extensively focused
on the weak excitation regime (having transient aewkersible surface plasmon
changes) [25, 26], the physical situation of stremgitation is of high interest both
for fundamental reasons (e.g. tailoring linear nadlinear optical properties) and for
device applications. In this context, the specpakitions of surface plasmon
resonances before and after laser irradiation al-kmown with respect to the
irradiation parameters; however, the dynamical rmftion regarding the laser-
induced nanoparticle shape modification mechanignes permanent changes in
surface plasmon bands) remains as an interestseanmeh topic [27, 28, 29]. The
underlying question is how an ultrashort laser @uian create a directional memory
for the material transport so that the nanoparadsotropy happens along the pulse
polarization direction.

Studies so far have shown that upon irradiationirtignse and resonant
femtosecond laser pulses, conduction electronqh@fninoparticle along the laser
polarization direction can be emitted into the glasatrix as a result of the enhanced
local fields, thereby ionizing the nanoparticle.eTaémitted electrons relax rapidly
and they are trapped in color centers of the gJ]@883. The remaining electrons
equilibrate to a hot electronic distribution aneéyhheat up the nanoparticle lattice
gradually. The ionized, hot nanoparticle becomestabie due to the intense electro-
and thermo-dynamical forces on itself. Binding @yeof the ions is overcome
gradually and silver ions are emitted into the @uinding glass matrix [28, 30],
dissolving the nanoparticle partially. Subsequefitlythe long term), the reduction
and aggregation of these ions form small silvestelts mostly along the pole sides
of the nanoparticle along the laser polarizatiaeation. The recombination of these
silver clusters to the main nanoparticle leads ®loav by slow elongation of the
nanoparticle within tens or hundreds of pulses €édepg on the pulse intensity).
The aim of this thesis is to investigate the mem laser-induced shape
modification dynamics of glass-embedded silver panticles.
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Chapter
2. Surface plasmons on metal nanoparticles

First scientific studies related to surface plassdate back to the beginning
of the twentieth century. Following Sommerfeld’stheamatical description of radio
waves propagating along the surface of a condydthrWood observed strange
intensity drops in reflection measurements on retgitatings [2]. A few years later,
Maxwell Garnett [3] described the colors of methi@ining glasses using the Drude
theory of metals [4] and the electromagnetic probperof small spheres as derived
by Rayleigh. In an effort to develop further undensling, in 1908 Gustav Mie [5]
developed a clear mathematical foundation of lighsorption and scattering by
spherical particles.

Some fifty years later, Pines [6] theoretically ddsed the collective
oscillations of free electrons in metals, and hdledathese oscillations as
“plasmons.” Just like photons are quantum of lighives and phonons are quantum
of sound waves, plasmon name was denoted as thatuguaof electron
waves/oscillations. In the same year Fano [7] duoed the term “polariton” for the
coupled oscillation of electrons and photons inledigic media. As a result, the
coupling of surface plasmons with light has beeifiath in the name of surface
plasmon polaritons, but the polariton term is oftieopped in the literature. A major
step forward in the field was the excitation of Soenfeld’s surface waves with
visible light by Kretschmanet al.[8]. They have employed a prism for coupling of
light to plasmons (known as Kretschmann configorgti which enabled the surface
plasmon research on thin metallic films much ea#ievas in 1970, when Kreibigt
al. [9] described the optical properties of metal rgarticles in terms of localized
surface plasmons for the first time. Another bigpstorward in the field was taken
by Fleischmanret al. [10], who observed enhanced Raman scattering frgmaline
molecules in the vicinity of silver surfaces owitythe surface plasmons. This has
opened up the possibility of a number of applicadie@mploying enhanced local
fields.

Having such a long history behind, the researchhia area has gained
accelaration especially in the last decades withdévelopment of manufacturing
and measuring techniques. The rising of nanoteogydiogether with the advances
in photonics have created their fusion as “nanamiios.” Clearly stated,
nanophotonics deals with the interaction of lighthwmatter on a nanometer size
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scale. Under the general name of nanophotonicsetearch specifically on metallic
nanoparticles (their unique linear and nonlinedrcapresponses) constitute the area
of “plasmonics” [11, 12]. It explores the interacti of light with conduction
electrons (i.e. localized surface plasmons) in thetananoparticles and the
outcoming enhanced optical near fields that canvigeo the possibility of
localization and guiding of light in sub-wavelenglimensions.

2.1. Optics of metals

When isolated atoms of a metallic element cometh@gdo form a metal, the
core electrons remain tightly bound to the atomiclei while the weakly bound
valence electrons can wander far away from therergaatoms. In the metallic
context they are called as essentially free (cotalicelectrons [13]. For this reason,
metals are generally defined by their free eledriornthe ground state, which are not
bound to single atoms but to the metal bulk, movmg periodic potential of fixed
positively charged atoms. These free electronsresponsible for the well-known
metallic features such as high electrical and loeetductivity, and high optical
reflectivity. Here, we will focus only on the opdilicproperties of metals.

2.1.1. Interaction of metals with electromagnetic fields

The free electrons of metals can be treated aasaa (a gas of free charge
carriers) and they sustain propagating plasma waypes excitation. As it was
mentioned before, plasma waves are longitudinait@magnetic waves and their
guanta are referred to as plasmons. These plasatenesponsible for the optical
properties of metals. Light of frequency below phasma frequency is reflected, as
the metal electrons screen the electric field ad light and they do not allow
electromagnetic waves to propagate through thenweder, the field penetration
increases significantly for the light of frequenalyove the plasma frequency. Most
metals have plasma frequency in the ultravioletoregf the spectrum, making them
shiny in the visible range. On the other hand, agbétals like silver and gold have
electronic interband transitions in the visibleganabsorbing specific light energies,
thereby vyielding their distinct colors. These dispee properties can be described
via a complex dielectric function(w) using the Drude theory of metals [4, 13],
which is also known as Drude-Sommerfeld model.

The equation of motion for an electron subjectecitooscillating external
electric fieldE(t) = Eoe'' can be written as:

md—2x+my£x:—eE (2.1)
dt? dt '

wherem is the effective electron mass aads the charge of an electronis the
damping constant, and it is related to the lifetiamsociated with the electron
scattering from various processes. In the bulk lmethas main contributions from
electron—electron and electron—phonon scatterings.
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The electrons affected by the electric field follaw oscillatory displacement
in the form ofx(t) = xo €'“', wherew is the angular frequency of the light. The
complex amplitude of this expression incorporatag phase shifts between the

driving field and the response via [11]:

e

O e i

E(t) (2.2)

Having Eq. (2.2), the polarizability for a single electrona(= ex/E, which is the
dipole moment per unit field) and the macroscopiapzationP = —nex can be
found. The field of the incoming light can inducelgrization of the conduction
electrons, where the electrons are displaced wegpect to the much heavier
positively charged atoms. This polarization is give the following as:

ne’

P T i)

(2.3)

Now, using the well-known relation between the w&lecdisplacement and the
polarization D =&E + P) it is possible to write the electric displacement

W’
D =£,0l-——L—)E (2.4)
W +iyw

wheregy is the permittivity of free space ang is defined as the plasma frequency
of the free electron gas [14], which is composed of

(2.5)

with n being the density of conduction electrons. Froms ttefinition of plasma
frequency, the plasma energy can be estimated inypl

ne’

me,

E, =h (2.6)

Recalling thatD = eeE, we can write the dielectric function of the free
electron gas from Eq. (2.4) as:

ts(a))—l—L§ (2.7)
T @ +iw '

This is the dielectric response of a metal to aotedenagnetic field. It can be written
as a combination of its real and imaginary partheform:

£(0) = £,() +i&,(w) (2.8)
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The real partg;, determines the degree, to which the metal p@aria response to
an applied electric field. The imaginary pagt, quantifies the relative phase shift of
this induced polarization with respect to the exaéfield, and it includes losses.

For noble metals the described Drude model musicdreected for the
influence ofd-band electrons, which requires an extension tartbdel. In the case
of noble metals there are two types of contribigitm the dielectric constant of the
metal: One is from the free conduction electrongrdband transitions) by the Drude
model, and the other is from the inreband electrons, which describes interband
transitions (from inned orbitals to the conduction band) [14]. For examjle
dielectric function of silver can be written in tfegm:

g(a)) = ‘gint ra (CL)) + ‘ginter (CL)) (29)

whereeinra(w) is the Drude part originating from the free elestamntributions that
Is written in Eq. (2.7) andne(w) is the interband part originating from the band to
band transitions. Taking this into account, théediigic function can be written as

= +1——w‘2’ 2.10
&(w) =&, 7 iy (2.10)

wheregy IS the electric permittivity associated with intenld transitions of the core

(bound) electrons. Because of this complexity, ékRperimentally measured values
for ¢(w) [15] are often used rather than the calculateds.oiibe real part of the

dielectric function of silver is negative in thesildle and infrared region, while the
imaginary part has a very small positive valueesnsn Fig. 2.1.

The complex dielectric function given in Eq. (2.@&hd more generally in Eq.
(2.10), determines the optical properties (suchredkectance, transmittance and
absorbance) of metals upon light interaction. Atlste that these optical properties
depend not only on the type of the metal but alsotle surrounding dielectric
medium. Therefore, the optical properties of metaks dominated by the relation
between the dielectric functions of the metal dadurrounding medium. As a result
of this, we will now concentrate mainly on the opti properties of metals (and
specifically metallic nanoparticles) in dielectnedia.

Fig. 2.1. The dielectric function of

silver: solid line is the real part and
dashed line is the imaginary part. The
figure is adapted from [16].
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2.2. Optical properties of metal nanoparticles in dieletrics

As already mentioned in the previous sections,tlign not be coupled
directly to the surface plasmon mode at a flat hmigface because the wavevector
ksp Of @ surface plasmon wave is significantly lartiem that of light propagating in
air. As a result of this, various geometries aredus match the wavevectors of
surface plasmons and light, one of which is thet¢Gt@mann geometry employing a
prism [8]. There are also other geometries sucgrasng structures on metal films
that provide coupling between plasmons and ligi}.[1

It should be noted that the “surface plasmon” tesmrmostly used to describe
the excitations at the metal-dielectric interfacdhie case of flat surfaces, where the
plasmons can only be excited by using special geaalescribed above. However,
in the case of metal nanoparticles, plasmon osoilla are localized (they do not
propagate); and therefore, they are not charaetkrizy a wavevectoksp, In the
literature they are sometimes called as localiagfase plasmons or nanoparticle
plasmons. Throughout this thesis the nanopartielenpon resonances will be called
as surface plasmons on metal nanopatrticles. TloeséiZzed plasmons can easily be
excited by light absorption in the nanoparticleshwthe specific absorption bands.
For this reason, there is no need for a speciahgéy to excite the surface plasmons
on nanoparticles. The only requirement is the wawgth of excitation (and its
polarization in the case of non-spherical nanogled). The wavelength of light
excitation should be in resonance with the plaswemillations as they have specific
light absorption bands, which are usually calleglasmon absorption bands.

The light absorption by metallic nanoparticles gigantly smaller than the
wavelength of light (particle diametdr<< light wavelengthl) is within a narrow
wavelength range. The wavelength of the absorfitgmd maximum is influenced by
various parameters such as the type, size and shépe nanopatrticles, as well as on
the dielectric environment surrounding them. Thdspendences will be explained
briefly in the following sections of this chapter.

We now focus on to the plasmonic excitations inaheanoparticles. Owing
to the very small dimensions of metallic nanopéticthe light can easily penetrate
into the volume of the nanoparticle and grasp atcahduction band electrons,
shifting them with respect to the ionic latticeddeig. 2.2). The resulting oscillating

dielectric media
+ t + -

4+ ot ==

-+ ot - .
Lightwith |
a period ofT i
E-field — == = + Nmame? |t
— T
time time
t t+T/2

Fig. 2.2. Schematical representation of the dipddarface plasmon excitation on a metal
nanoparticle.
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electric dipole on the nanoparticle produces aorggj force. Therefore the
nanoparticle can be considered as a harmonic asxillwhich is driven by the light
wave and damped by some losses that define themmaxiamplitude and bandwidth
of the resonance [16]. To arrive at the requiredddmns for surface plasmon
resonances in nanoparticles, we will explore thgsms of the localized surface
plasmons in the following section.

2.2.1. Mie theory and the quasistatic approximation

Gustav Mie solved Maxwell's equations for spheripalticles interacting
with plane electromagnetic waves [5]. He developedomplete theory of the
scattering and absorption of electromagnetic raatidty spherical particles, which is
now widely known as the Mie theory. According tcetkheory, eigenmodes of
spherical particles are either dipolar or multipdla character depending on their
sizes [9, 18]. The theory also assumes that théirexdield is homogeneous and not
retarded over the particle’s volume. For partiches/ing sizes smaller than the
wavelength of the exciting electromagnetic fieltlss sufficient to consider only the
first term of the multipolar expansion, which isetkipolar term. This regime is
called as the quasistatic (or dipole) approximaaod also known as the Rayleigh
limit. Our aim here is to develop this approximatdution rather than the full Mie
expansion. The reason why we are interested inrégsne is that the Mie theory
allows a straight-forward calculation of the nantigke extinction spectra (the
collective measure of absorption and scatteringtspe as long as the dielectric
functions of the particle and the surrounding med@known and the particle size is
smaller than the wavelength of the excitation liglhis approximation of the
scattering problem describes the optical properiesanoparticles of dimensions
below 100 nm adequately for many purposes.

In this regime, whered<<j, the phase of the harmonically oscillating
electromagnetic field is practically constant otlee particle volume. So that it is
possible to calculate the spatial field distribatlwy assuming the simplified problem
of a particle in an electrostatic field. The apgligeld induces a dipole moment
inside the sphere [11] in the form of:

E—E
=4 s T E 2.11
p=47EE, (2.11)

m

wheree is the frequency dependent dielectric functiorthef metal (see Eq. (2.8)),
anden, is the dielectric function of the surrounding matiThe nanoparticle radius is
given byr.

Having the dipole moment, the polarizability of $ghere can be defined as:

3 €7 €&
E+2¢,

a =4 (2.12)

10
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It is apparent that the denominator of the poldiizg experiences a minimum in the
case when(w)+2em = 0, which yields a resonant enhancement for thargzability
(for smalley(w) of Eg. (2.8)). So the resonance condition can fiken as [19]

Rels(w)] = —2¢,, (2.13)

This requires the real part of the dielectric fumetand the real part of the refractive
index) of metals to be negative. This is indeedctse for noble metals in the visible
spectral region (see Fig. 2.1 for the case of gilve

Relaxing the assumption of a spherical nanoparshbgpe, the polarizability
of an ellipsoidal metal nanoparticle parallel te fhrincipal ellipsoid axisi€1, 2, 3)
follows from this theory can be written as [18]:

a, :4—ﬂabc £ tn (2.14)
3 Em T I-i (£—£m)

where L; is the geometrical shape factor and depends onatie ratio of the
ellipsoidal particle and the polarization of theciixng field with respect to the
ellipsoid axisi. It takes values between 0 andalb andc represent the half axes of
the ellipsoid. For spherical particles, axes of éfl@soid are equal to each other
a=b=c, andL; = 1/3 in all directions, which reduces Eq. (2.f@l}he expression for
the polarizability of a sphere given in Eq. (2.12).

2.2.2. Far-field extinction cross section and spectral prperties

The resonance condition for the polarizability @mvin Eq. (2.13)) urges an
optically much more interesting aspect, which & ¢mhancement in the efficiency of
scattering and absorption of light from the metahoparticle. Therefore, it is very
important to mention the corresponding scatterimgy @sorption cross sectiomng;,
and oaps From the results of quasistatic theory, relativeimple equations for the
absorption and scattering cross-sections of a gbartcan be found using

k* :
O s =KIm(a) ando, = 6_77|a|2’ respectively.

The complex polarizability of the particke(Eq. (2.12)) is proportional to the
particle volume within the quasistatic approximati¢x| denotes the modulus and
Im(e) the imaginary part of the polarizability. Theyeagiven in the quasistatic
approximation by the following expressions for ae@ of volume/:

0. = ATKT? Im{%} (2.15)
E+2¢,
2
o, = %” Kér® % (2.16)
E+2¢,
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Chapter 2. Surface plasmons on metal nanoparticles

From these cross sections, the explicit expressipthe extinction cross section is
found simply byoex: = gaps + 0sca Which is given in the following:

_18we,? £,

ext /1 (81 + 2£m)2 + 522 (217)
Note that for small particles the efficiency of afytion, scaling withr?,
dominates over the scattering efficiency, whichlesawith r®. Therefore, for
particles (less than 20 nm in diameter) it is vaeyd to see any scattered light
because most of the light is absorbed. Howevehefdiameter becomes too large,
the scattered spectrum eventually becomes verydbrBagure 2.3 depicts the
absorption, scattering and extinction cross-sestmina silver nanosphere of 60 nm
diameter, which is immersed in water. As the sizéhe particle is big enough, the
scattering cross section is seen to be comparatidlve absorption cross section.

3.0 A
. |
E 25 (l
2z0{ ||
@ | &l e Fig. 2.3. Extinction, scattering, and absorption
215 {ii cross sections of a silver sphere of 60 nm
0 | | o BCA . . . . .
@ I L o diameter immersed in water. The figure is
109 [y adapted from [16].
[l 4 '_ll
o s 1

=]
(4]
-

0.0+ —_—
300 400 500 600 YOO 200
wavelength (nm)

Examining again the resonance condition for thénetton cross section of
Eq. (2.17), it is clearly seen that in the caseméllex(w), the resonance condition is
produced withei(w) = —2¢n, leading to a vanishing denominator. Hence, thitase
plasmon resonance for extinction (and also for giism) is produced at optical
frequencyw at which the resonance condition is fulfilled. Fleondition is sketched
for silver in Fig. 2.4. For a dielectric environmédravingey, = 2.25 (with refractive
index n = 1.5) surrounding the silver nanoparticle, theoreance condition is
observed to occur at around 400 nm. For nanopesticf the noble metals (silver,
gold and cupper), the surface plasmon resonandleésttathe visible region of the
electromagnetic spectrum. A consequence of thiseis bright colors exhibited both
in transmitted and reflected light. The plasmononasices of these metal
nanoparticles can be observed using far-field ektn spectroscopy under
illumination with visible light.

As it is seen from the brief summary given abovkee tquasistatic
approximation is a simple but a very valuable regiwithin the Mie theory. This
dipolar regime successfully describes the majoamaters influencing the surface
plasmon resonances on metal nanoparticles. Thesengters are the dielectric
functions of metals and the surrounding environmésgether with the sizes and
shapes of nanopatrticles. Some of the details gktbarameters and their roles on the
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Chapter 2. Surface plasmons on metal nanoparticles

spectral positions and properties of surface plasmeonances will be explained in
the following sections.

Fig. 2.4. The dielectric function of silver
and two times the negative of the
dielectric constant of a dielectrio<1.5,
en=2.25) fulfilling the surface plasmon
resonance condition R€{)] = —2¢,.. The
resonance occurs at around 400 amis
assumed to be frequency independent. The
figure is adapted from [16].
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2.2.2.1. Dependenceon dieectric functions

The surface plasmon absorption bands depend syramglthe dielectric
functioneny, of the surrounding medium amv) of the metal particle as they are the
basic parameters defining the plasmon resonanaditmon(Eq. (2.13)). For example,
an increase ia, leads to an increase in the plasmon band inteasiybandwidth, as
well as it produces a red shift (shift to highenvelangths, i.e., to lower energies) of
the plasmon band maximum [14] as seen in Fig. Ral/élength scale) and Fig. 2.5
(energy scale). The curves in Fig. 2.5 represeatsihectral positions of plasmon
resonances of silver nanoparticles that are emloeddethree different media:
vacuum §,=1), glass £,=2.25), and TiQ (e,=6.25). As clearly seen, increases in the
em values shift the plasmon resonances to the redddithe spectrum.

Figure 2.6 depicts the effect of the dielectricdion of the metal (that is the
material of the metal) on surface plasmon resormand&noparticles of three
different metals are embedded in a same type d$sgl# is seen that silver

0.8 | sonm

)
e

halfwidth I {av]
=)
Y

[
)

L2 —o— vacuum(g,, = 1)

—a— glass(cy = 2.26) A ignm
o === Tltanox|dalc., =8.26)
2.8 28 3 az 34

peak energy hwlav]

Fig. 2.5. Halfwidths of the surface plasmon banfisilwer nanoparticles versus the corresponding
peak energy in three different embedding media. Mhenbers above the points indicate the
corresponding particle sizes (diameters). The dsiadapted from [14].
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Chapter 2. Surface plasmons on metal nanoparticles

nanoparticles have their surface plasmon extincband at shorter wavelengths
(near to the UV) compared with the gold and cuppemoparticles of comparable
shapes and sizes. The extinction band maxima af gotl cupper nanoparticles in
glass lie in the middle of the visible spectrum.

3.0

Ag:glass
Auglass
Cuglass

2,5

E Il

E 15} [ Fig. 2.6. Extinction spectra of glass containing

LE ; A spherical silver, gold and cupper nanopatrticles.
1,0 The figure is adapted from [20].

400 500 600 700 800
Wavelength, nm

2.2.2.2. Dependence on particle sizes

As it was hinted in Fig. 2.5, the plasmon resonaraemetal nanoparticles
also depend heavily on particle sizes, as themiadifies the dielectric function of
the particle. If the particle size gets below timaehsion of the mean free path of the
electrons in the metak(10 nm) [21], the electron scatterings at the plrtsurface
increases mainly the imaginary part of the dieledunction ¢x(w)). This is often
described as an intrinsic size effect [14, 22]. (godown even to lower particle
dimensions £ 1 nm) the spill-out of electrons from the particlerface should be
taken into account, which results in an inhomogasabelectric function. Therefore,
very broad plasmon bandwidths are observed forlsraabparticles (Fig. 2.5).

On the other side, as the nanoparticle sizes ggergbigger than 25 nm),
higher-order (such as quadrupolar) oscillationscohduction electrons become
important. These contributions induce red shiftshi® peak positions of the surface
plasmon resonances as shown in Fig. 2.7. Thistefibedhe larger size particle is
referred as the extrinsic size effect [14, 19,228, In addition to the red-shifts of the

a50

. Ag nanoparticles in glass -
= A
= 5004 , & »
- Fig. 2.7. Plot of the spectral position of
= - | surface plasmon peaks versus particle
3 4 sizes for glass-embedded  silver
v 450 - | nanoparticles. The figure is adapted from
o [23].
o |
—
400 _——
i 10 &0 a0 40 50

Particle radius (nm)
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Chapter 2. Surface plasmons on metal nanoparticles

plasmon bands, the bandwidths get broader as thepasicle sizes grow. The
minimum badwidths of the plasmon bands are obsefoedarticles with sizes
around 15 nm as seen in Fig. 2.5.

2.2.2.3. Dependence on particle shapes

A much more drastic effect on the surface plasnesoemances is found if the
nanoparticle shape is changed. It was shown in Z&that spherical nanoparticles
exhibit only a single surface plasmon extinctiomdhaHowever, in the case of e.g.
ellipsoidal nanoparticles (such as spheroids),plhemon absorption splits into two
bands corresponding to the oscillations of freetedas along and perpendicular to
the long axis of the ellipsoid. The plasmon resaeafor the longitudinal mode lies
at higher wavelengths while the one for the perehar mode lies at shorter
wavelengths compared to the single resonance ahasphere of the same volume.
The spectral separation of the two plasmon bandthefellipsoidal nanoparticle
depends strongly on its aspect ratio, which isndefias the length of the nanopatrticle
divided by its width (i.e. the asymmetry of the aparticle).

The extinction spectra of ellipsoidal silver nandigées clearly showing the
presence of two extinction maxima are shown in BEig(a-b). The numbers above
the figures depict the aspect ratios. An aspeitt cditl means that the nanoparticle is

1.0
L (a) 1 1.m
08|

0.6 |

0.4 |

Extinction

0.2

0.0 " 1 1
&S00 320 340 360 380 400 420 440

Wavelength {nm}

Extinction

400 500 00 700 BOO 00

Wavelength {nm)

Fig. 2.8. The surface plasmon resonances alonghte axes (a) and long axes (b) of nanorods with

several aspect ratios. The first plasmon bands)#&iid (b) lie almost at the same spectral position

Increasing the aspect ratio (stated by the numbbwm/e the bands) increases the spectral gaps
between the plasmon bands of (a) and (b). Thedgare adapted from [23].
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Chapter 2. Surface plasmons on metal nanoparticles

indeed a nanosphere, which means that the firsthqga resonances shown in Fig.
2.8(a) and 2.8(b) lie at the same spectral posits the nanosphere shape is
distorted to become an ellipsoid, two resonancesegitron oscillations are created,
inducing an aspect ratio to the nanoparticle. Theesgeect ratios are determined by
the amount of spectral gaps between the two plasesmnance bands. The higher
the aspect ratio, the more the blue shifts of #timetion bands in Fig. 2.8(a) and the
more the red shifts of the extinction bands in Ri@(b), resulting in a large spectral

gap.

2.2.24. Dependence on particle concentration

We have seen that the surface plasmon resonaneasetfal nanoparticle can
be shifted in the spectrum via alterations in petsize and shape. In the case of
ensembles of particles, additional shifts are etqueto occur due to electromagnetic
interactions between the localized modes. For spalicles, these interactions are
essentially of dipolar nature, and the particleeemsle can in a first approximation
be treated as an ensemble of interacting dipolds [1

In this context, the plasmon resonance of a siagleerical metal particle is
successfully characterized by the well-known Miedty using the quasi-static
approximation summarized above. However, increatiiegmetal content in a unit
volume (i.e. filling factor,Vag/Vieta) Of dielectric media decreases the average
distances among the particles, which introducelecile dipolar interactions and a
modified refractive index of the host media. Theref the optical properties of the
nanocomposite material are strongly affected bypasicle concentration. As an
approximation, the Maxwell Garnett theory [3] haexllthis situation quite
successfully and predicts the absorption speciraifgh filling factors. Figure 2.9
depicts the calculated absorption spectra for gkassontaining spherical silver
nanoparticles with different filling factors. Sirailto the case depicted in Fig. 2.5 for
the particle sizes, increasing the filling factastbasically two effects on the surface
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Fig. 2.9. Absorption spectra of composite glassggaining different amounts of silver nanoparticles
per unit volume. Calculations are done by Maxwelha&tt theory. The figure is adapted from [20].
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plasmon band of the nanoparticles: first is the-gfeift of the band maxima, and
second is the increasing amount of band broadening.

2.2.3. Optical near fields

As described in previous sections, the surfacenpdasresonance on metal
nanoparticles can be considered as a simple hacnusdillator, where the free
electrons of the particle oscillate back and fonith respect to the positively-
charged ionic background (see Fig. 2.2). Thesenmasoscillations not only scatter
light to the far field but they also possess négld$ when they are excited. In the
case of weak excitations, the displacement of feetren cloud is in the linear
regime. Increasing the excitation strength chartpesoscillation behavior of the
electrons, resulting in various nonlinear optidi¢&s because of the induced near-
fields. These near fields can be much higher thaneiciting optical fields. In the
case of spherical nanopatrticles, the near fields iaduced on the poles of the
nanoparticle, depending on the polarization dicgctf the exciting light. However,
in the case of non-spherical particles, the nedddiare enhanced mostly at the tips
and corners of the particles, in analogy to théectbn of electrical charges on sharp
edges.

50

. Fig. 2.10. Electric field contours for a 30 nm-
| 30 radius silver nanoparticle in vacuum. The

excitation light is in resonance with the plasmon
oscillations. It propagates into the plane with a
polarization vector shown by the E-field arrow.
The figure is adapted from [25].

Detailed analysis of local field enhancements inaflie nanoparticles have
been provided by discrete dipole approximationg,[@6 example of which is shown
in Fig. 2.10. A 30 nm silver nanoparticle is exditey a linearly-polarized light near
to the surface plasmon resonance. The electrid iehtours in the vicinity of the
nanoparticle surface are depicted with colorsslimportant to see here that the
maximum near-field enhancement values are creatdéteopoles of the nanoparticle
within a vicinity of a few nanometers, along theedtion of the light polarization.
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Chapter
3. Laser pulse interaction with metal nanoparticles

The optical properties of metal nanoparticles casmpy the surface plasmon
resonances were presented in the previous ch##ex.step forward, this chapter is
devoted to the general understanding of laser putgeraction with metal
nanoparticles. The aim is to present a temporaliesatg of physical events and
mechanisms that may take place as soon as theplalser starts to interact with the
nanoparticle. Depending on the laser parametegs (g&ak and strong excitation
regimes) and nanoparticle properties, one can éxpagous kinds of physical
phenomena (Ch. 3.1). In this context, the liteet@sults from the weak excitation
of metal nanoparticles in dielectrics, providing ttime scales for the electronic
thermalization and electron-phonon coupling, wél summarized in Ch. 3.2.1. Our
main focus, however, will be on the mechanisms tiegipen upon strong laser
excitation of silver nanoparticles in glass. Evieough it is impossible to account for
all complicated many-body interactions among etexsy phonons, ions, etc., in this
regime, the theoretical modeling of the possibéetanduced events is very useful in
interpreting experimental observations, which wé deévelop in Ch. 3.2.2. In this
manner, the requirements and, if they occur, theseguences of mechanisms
affecting the electronical and thermal situatiortheef nanopatrticles will be presented
in the last two sections of the chapter.

3.1. Weak and strong excitation regimes

Until now most of the investigations regarding taser pulse interaction with
metal nanopatrticles have focused on the weak exriteegime [1]. As suggested by
its name, this regime employs weak (i.e. low inityhdaser pulses to excite the
nanoparticles, thereby ensuring only weak eleataniperturbations to the
nanoparticle. Owing to such weak perturbations,denges induced to the surface
plasmon bands of the nanoparticles are transidat, is, totally reversible. By
carefully adjusting the wavelength and intensitytlod laser pulses, this regime is
usually employed to selectively excite the condurctelectrons of the nanoparticle.
As the nanoparticles absorb very less when thexb#ation wavelength is far away
from the surface plasmon resonance of the nanofemstithe laser wavelength can be
adjusted in accordance with the aim of the experinh@ ensure less perturbation. A
well-established all optical method for the invgation of ultrafast response of
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nanoparticles upon laser excitation is a pump-pabdiguration (see Ref. [2] for a
review). After the absorption of the pump pulses #nergy exchange mechanisms
among the excited electrons and the relaxation aresins between the electrons
and lattice phonons are investigated by a much maaker time-delayed probe
pulse [3, 4]. Varying the time delay, the probesguiaps the changes in the time
evolution of optical properties (i.e. transmission reflection changes) that were
induced to the nanoparticle system by the pumpepUdleese changes are correlated
to both the electron heating and the subsequeringodynamics. Owing to the
reversible nature of the mechanisms induced to&m®particle in the weak regime,
the nanopatrticle cools down and returns back toritgnal steady state until the next
pump pulse arrives. Therefore it is possible t@detens or hundreds of probe pulses
from the same sample spot for each time delay. ddtected probe signals can be
averaged, thereby reducing experimental noisesh@shanoparticle is not excited
strongly, the acquired data includes the heatirdyaoling of the electronic system
alone without any unwanted influence coming frora third parties, which makes
the interpretation easier.

On the other hand, the physical situation of strexgjtation employs intense
laser pulses that can create persistent (irredejsshanges to the nanoparticle. In the
case of near resonance or resonant excitation léiser wavelength close to the
surface plasmon resonance of the nanoparticleb)inténse laser pulses, the energy
absorbed by the nanoparticle becomes very highchwtiieates big perturbation for
the nanoparticle electrons. As a result of suctrang non-equilibrium, this regime
can open up additional channels of relaxation f@ mnanoparticle electrons in the
form of e.g. hot electron emissions. Therefore, gtteng regime has a destructive
nature, which becomes more drastic with the dedoeestrength) of excitation.
Further details on the mechanisms that take pladhke strong excitation regime,
comprising also the studies of this thesis, will aanmarized in the following
sections. The implementation of a pump-probe tepimifor the investigation of
temporal dynamics, as suggested above for the exeatation regime, is much more
difficult here due to the strong many-body intei@ts. Additionally, as the
nanoparticle is partially modified even after aldog the first pump pulse, the
forthcoming pulses can not see the original patishymore. This necessitates
pumping another part of the sample that contaiiggnal nanoparticles for each data
point in time (i.e. single shot experiments withoaneraging). Therefore the
interpretation of the temporal data acquired framhssingle shots becomes much
more difficult.

It is clear from the consequences of weak and gtextitation regimes that
the wavelength (i.e. frequency) and intensity oé ttaser pulses are of great
importance for the mechanisms generated on thepaaide. In general, we can
reduce the interaction of a laser pulse with theoparticle to simple photon
absorption. In atomic terms it is said that a phatan be absorbed by an atom, if the
energy of the photon is equal to or greater thanahergy gap of the two atomic
levels. The absorption of a photon populates tlyadri energy levek,, while the
electron population ifk; is reduced [5] as depicted in Fig. 3.1(a). Fomeple, the
absorption of a photon with energy higher thanitimzation energy of the material
(Ephoton> E;) leads to the photoionization of the material, vehan electron escapes
from atom'’s potential energy. Such single photarmzation processes can take place
independent of the laser intensity (i.e., high phdtux), but of course the degree of
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ionization will be much higher for high intensitie$herefore, when the laser

frequency is high enough, the atomic or bulk proesrof the material (such as the
dipole moment and absorption) are linearly dependarthe laser intensity. This is

indeed the case that covers our studies, namelyrdbenant (highly absorbed)

excitation of silver nanoparticles in glass withemse laser pulses. Further details
will be described in the following sections anddh. 4.

However, if the photon energy is not enough to zenthe nanoparticle
(Ephoton < Ei) through single photon absorptions, the light nstsy becomes much
more important. Increasing the laser intensity eautbe above mentioned factors to
become intensity dependent, which is known as dmimear regime. Depending on
the photon energy, two or more photons can be hbdoto fulfill the ionization
condition (Fig. 3.1(a)). It is also possible witketincreasing laser intensity that the
potential barrier of the material is deformed sat time electrons can tunnel through
the reduced potential to ionize the material (Bid(b)). However, the ionization can
not take place at all for low light intensities.i§hs exactly the case (i.e. the low
energy and low intensity case) that many of theegrgents in the weak excitation
regime employ.

Having described the weak and strong excitatiomreg in general, we will
now present a more rigorous description of theuarice of the laser frequency and
intensity on laser interaction with nanoparticlédrong laser interaction with
nanoparticles depends on the kinetic energy oftbetrons oscillating in the field,
and the ionization energy of the nanoparticle atdmshis context, two parameters
are commonly used to characterize the laser itteracwith the particle:
Ponderomotive energy [6] and Keldysh parameter@ohsidering an electron in the

inhomogeneously oscillating electromagnetic fi@) = E@™“ of the laser, the
electron experiences a force that originates freocosd-order terms of the Lorentz
force on the nanoparticle. This is called as thedeoomotive force and given by

eZ

F =——~  [E? 3.1
' Amcg,of (3:1)

where e is the electron chargen is the electron masg is the amplitude of the
electric field, andw_ is the laser frequency. From the force equatidre t
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Fig. 3.1. (a) Single photon (with enerlyy;) and multiphoton (with enerdy,) ionization of an atom
having two energy levels. (b) Sketch showing thesglity of tunneling ionization of an atom. The
atomic potential of the atom is deformed by theildId.
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e2

~E?. Replacing
amcee, o)

ponderomotive energy can be found £ -0JU ) asU, =

the E-field amplitude with the laser intensity=(cs,/2)E? this energy can be
written as follows

eZ

Uu,= 5
2may;

p

| (3.2)

which describes the cycle-averaged oscillation gynef the electron. As it is seen in
Eq. (3.2), the ponderomotive energy is wavelength=(2zc/w) and intensity

dependent. It grows up quadratically with the wamgth and linearly with the
intensity. Inputting the andm quantities, it can be given neatly in the form

U, = 9340 m|l [LO*W / crr? (3.3)

Having stated the laser frequency (or wavelengtio) iatensity dependence
of the ponderomotive energy, now it is possiblediate this information with the
Keldysh parameter, which is a practical parameter to distinguishwgetn the strong
and weak field regimes of laser interaction withttera

V= |= (3.4)

The comparison between the oscillation energy ef ¢hectrons and the
ionization energy of the nanopatrticle should be entmddetermine which ionization
processes take place. The Keldysh parameter rdlaemnization potential of the
atom E; to the ponderomotive energy of the electrons. Adiog to the equations
(3.3) and (3.4), the Keldysh parameter increas#s wcreasing laser frequency and
wheny > 1, i.e.E > U, ionization occurs by multiphoton absorption. When 1,
tunneling ionization dominates owing to the defodna¢omic potential. On the other
hand, ify < 1, the most prominent mechanism is optical fietdzation.

In the following we will describe the ultrafast ieg and cooling dynamics
of metal nanoparticles, with special emphasis treshanoparticles. As mentioned
before, the events that take place upon laseractien with the nanoparticle will be
described according to their temporal order. Thoeeefwe will first start with the
fastest processes, namely the electronic therntiaiizaof the nanoparticle that
happens through electron-electron scatterings. téraliure review of the weak
excitation regime comprising the electronic theimalon and relaxation in silver
nanoparticles will also be given. Afterwards welwiéscribe the electron-phonon
couplings in the frame of two temperature modeliclwiwe have extended to cover
the strong excitation regime conditions. The conseges of the strong excitation
regime will be presented at the end of the chapter.

22



Chapter 3. Laser pulse interaction with metal naawticles

3.2. Ultrafast heating and cooling dynamics of nanopartiles

Figure 3.2(a) shows the electron density of stéD€3S) of silver, which has
an electronic configuration of the form Xg4d'%s'. The prominent regions of high
density of states, which are associated withdfands, located ~ 3 eV below the
Fermi level, are clearly seen. These are due tddhealence bands of the silver. In
the case of laser excitation with energy highentBaV, the excitation of thesk
band electrons becomes possible and they can msigmificant contribution to the
thermodynamics of the nanoparticle, thereby inengaghe complexity of the
thermal description. The details of this scenaram de further investigated by
looking at the extinction (i.e. absorption) propestof the nanopatrticle.
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Fig. 3.2. (a) The electron density of states (D6fS)g. The graph is adapted from [8]. (b) Extinctio
spectrum of silver nanopatrticles in a glass mafrhe sharp band of the surface plasmon resonances
is observed arountlvs,= 3 eV.

Figure 3.2(b) shows the extinction spectruniRef 15 nm silver nanoparticles
embedded in a glass matrix. The surface plasmanaese (SPR) is observed to
occur at aroundwsp= 3 eV, which covers the intraband transitionshef half filled
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s-p conduction bands. Owing to the strong SPR, th@mpamicle absorbs light with
frequency at or near to its resonances efficiemtiyother words, the excitation light
is in resonance with the oscillations of the namtigla electrons if it has a frequency
close to the oscillation frequency of the electrombe absorption rise that is
observed for higher energies is due to the intethisansitions (from the inned
orbitals well below the Fermi energy to the conductband).

3.2.1. Electronic thermalization and electron-phonon couphg

The absorption of a femtosecond laser pulse pradaceoherent collective
oscillation of the nanopatrticle electrons. Therggth of the oscillations depends on
the mentioned ponderomotive energy of the electrdhe electronic oscillation can
be considered as a pulse-induced polarization emémoparticle (see, for example
Fig. 2.2) that preserves the optical phase memdryhe exciting laser pulse.
Subsequently on a less than ~ 10 fs time scale aReitation [9], the coherent
collective oscillation of the electronic motion dgs via phase destructive events
(loss of coherence) like hot electron emissionsftbe nanoparticle (in the case of
strong excitation) and electron-electragrg scatterings [1], which randomize the
momentum. Details and characteristics of possildetmn emission processes will
be given in the following sections and further ih.&. Here we only consider the
dynamics of electronic thermalization (throughe scatterings) and following
relaxation (througle-ph couplings) in metal nanoparticles in the framehaf weak
excitation regime.

The initially deposited pulse energy is dissipdtgcreating a highly excited
ensemble of incoherent electron-hole pairs whichndd obey the Fermi-Dirac
statistics. The resulting non-Fermi electronic riisition is depicted in Fig. 3.3(a).
Electrons having energies betweBp-7iw,. and Er are excited above the Fermi
energy with final energies betwe&p andEr+7w,. The excitation is sketched with
rectangular-shaped boxes, whose dimensions arendeésl by the energy of the
exciting laser pulséw,_ as the length and the absorbed energy densityriensity)
as the width. Depending on the laser frequencis gossible to selectively excite
only the s-p band conduction electrons of the nanoparticle e ¢tore d-band
electrons below the Fermi level. The excitatioremnsity will determine how strong
the non-equilibrium conditions will be, or in oth&rords how big an athermal
electronic distribution will be generated. As mengd before, it is possible to adjust
these laser parameters to achieve various kindsafations.

The internal thermalization of the non-Fermi elestc distribution, that is,
the redistribution of the excess energy carriedth®y optically excited conduction
electrons, happens through the mentioned inelastcscattering processes. is
known that thee-e scattering rate is determined by the number ofilabla
unoccupied states, which serve as the final statebe scattering processes [9]. For
this reason, the-escattering rater{.d™ is inversely proportional to the energy above
the Fermi level. For the weak excitation regime #oattering rate (and thus the
lifetime) of the excited electrons can be estimat@tiin the Fermi liquid theory [10],
where the electron interactions can be describeal @gulomb potential screened by
both the conduction and bourdiband electrons. According to this theory for
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electrons with an initial enerdy close to the Fermi enerdyg, thee-escattering rate
is given by (for a three-dimensional free electgas afl = 0 K):

1 1
- 0 . ——(E-E)’ (3.5)

pos] t=o (&)

DOS‘ t=r (b)

pos| t=1, p, ()

Fig. 3.3. Laser excitation and the subsequent relectlynamics: (a) At = O the electronic
distribution is at an equilibrium temperatufg, Absorption of a laser pulse energy density with
photon energy ofw, creates a non-thermal electronic distribution espnted by the rectangles. (b)
The non-thermal electrons thermalize to a hot Felistiibution [T, >> T,,) through electron-electron
scatterings within several hundred femtoseconds t{the constant is denoted as). (¢) Electrons
cool down by sharing their energy with the latttheough electron-phonon coupling processes (the
time constant is..p), reaching a temperature which is equal to thettemperatur@. = T, > Teq
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It is seen that the electronic lifetime dependstlo® excess energy of the
excited electronE — E) and the density of the electron gasThe electronic
environment of the nanoparticles is very differenmpared with the bulk metal
because of the strong impact of the surface [1h]o@®e hand, the wavefunctions of
the conduction electrons extend beyond the panaius, leading to a decrease in
their number density close to the surface. On the other hand, the waetbns of
the cored-band electrons are localized in the inner regibthe nanoparticle. Both
effects lead to less efficient screening of the IGmib potential close to the surface
in noble metals, which leads to a higher rate esé scattering for smaller
nanoparticles [11, 12]. For the case of silverthes-bands are localized well below
the Fermi level, mostly the-p energy levels play a role in the relaxation ofied
electrons in the weak excitation regime. Dependinghe initial electron enerdy,
the e-e scattering time for a single scattering proceassiglly on the order of 10 fs
[9, 13], and the sum of all the-e scatterings determines the internal electron
thermalization timee. Which is on the order of several hundred femtosds. The
Te-e depends on many parameters such as the matetiaé ohetal, the embedding
medium and the excitation regime.

Measuring the internal thermalization of electrans the weak regime
requires the avoidance of high laser intensitidsckvotherwise can excite interband
transitions and a great perturbation of the electgas. Tuning the excitation
wavelength away from the threshold for interbarghgitions (i.e. off-resonance
excitation) with less energy density pulses mamthe sufficient conditions for the
measurements [14]. Considering the Ag nanopartiolggass (surface plasmon band
shown in Fig. 3.2(b)), an off-resonant excitatioavelength would be 800 nm [15],
which corresponds to photon energies of 1.55 eV.dAscribed in Ch. 3.1, the
applied intensity of the pulse should also be lessugh to avoid any possible
multiphoton absorption processes.

Using a two-color (infrared pump and ultravioleblpe) femtosecond pump-
probe technique, Voisiet al [11] reported an internal electron thermalizatione
of = 350 fs for 12 nm radius Ag nanoparticles in a B&0s matrix, which is
comparable to the one determined from Ag films [1Bfhe time it takes for the
internal thermalization decreases for smaller nartages, for example..e~ 150 fs
for 2 nm radius Ag nanoparticles embedded in a®@Amatrix. For the 9 and 48 nm
Au nanopatrticles in solutions, the decay lifetineés500 and 450 fs were found,
respectively, for the internal electron thermal@at[9]. Figure 3.3(b) shows the
equilibrated thermal Fermi distribution followindheé mentionede-e scattering
processes. The excited electrons possess highienatgpve the Fermi level, and the
resulting temperature of the electronic system igmhigher compared with the
equilibrium temperature before the laser excita(iy>> Teg).

Subsequently, the hot electrons caoternally by electron-phononetph
interactions until the temperatures of the elecgas and the lattice are equilibrated
(Fig. 3.3(c)). The resulting electronic temperatuee again higher than the
equilibrium temperature but less than its peake/@ld > Teg), which is also reflected
by the shortekgTe range of the Fermi distribution in Fig. 3.3(c)n& thee-ph
interactions occur on a comparable time scale wite internal electron
thermalization, a clear separation betweer and e-ph relaxation as sequential
processes is therefore incorrect. That means, ¢éimtharmal electrons of the Fig.
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3.3(a) already interact with the phonons during slaene time they scatter with
themselves to achieve the Fermi distribution of Big(b). This simultaneous-ph
coupling is an important channel of electron relenxxa which heats the nanoparticle
lattice in time. As a result, the decay time of tleathermal electronic populatiaop
can be determined by the time constane@f (ze.e ande-ph (ze-py) interactions as
follows [9]

11 1
— =t (3.6)
I, T T

e-e e-ph

Bigot et al.[17] found the internal electron thermalizatiord@&aphrelaxation
to happen within about 1 ps for both processes unedson 10 nm Cu nanopatrticles
embedded in a glass matrix. Normally one can exfettthe lattice heating takes
longer time compared with the electronic heatingd ahe maximum lattice
temperature cannot reach temperatures as higheasogl temperaturesince the
electronic heat capacity is about 2 orders of ntagei smaller than the lattice heat
capacity. These fundamental processes lie at this b a wide range of electrical
and thermal phenomena in solid state physics. Hoeter understanding, we will
proceed with the two temperature model that dessrithe thermal situations of
electrons and phonons and the heat transfer betthesa two systems in more detail.
We will extend the standard two temperature modehtlude very high electronic
temperatures to account for the conditions of gfrexcitation regime.

3.2.2. Two temperature model for the strong excitation regne

Upon pulse interaction with the nanoparticle, thectons heat up gradually
to a hot electronic distribution. During and afteeir heating, the electrons couple
with the nanopatrticle lattice vibrations (the phospand heat up the nanoparticle.
The heat gained by the nanoparticle lattice cafobad from the heat lost by the
electrons using the two-temperature model (TTM) 18], where the heat flow
between two subsystems (electrons and latticegfiaetl by two coupled differential
equations. TTM is the commonly accepted theorydscdbe the energy relaxation
mechanisms between electrons and lattice. Theretectsystem is characterized by
an electron temperatuiie and the phononic system by a lattice temperaluréhe
electron—phonon coupling fact@(Te) is responsible for the energy transfer between
two subsystems. The heat equations describingetin@dral evolution off and T,
are given as follows:

0

]
CT) e = -G(T,)(T, ~T)) + S() )
c Sl =6, ~T)-C (T - T, 9

whereCe(Te) andC, are the electronic and lattice heat capacitiespaetively.S(t)in
Eq. (3.7) is a source term of Gaussian shape tasgrihe absorbed laser pulse
energy per nanoparticle, which is given as:
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S(t) = 1 U s /Vip) [BXP(=4IN 2t/ Ty )?) (3.9)

Here | is the peak pulse intensityass is the absorption cross section of a single
nanoparticleVyp is the nanoparticle volume, amgyyv determines the full width at
half maximum of the temporal pulse profile. Onelué critical terms in Eq. (3.9) is
the absorption cross section of the nanoparticleichvis ~ 3000 nrd for a silver
nanoparticle in a dielectric environment with refrae index ofn = 1.52 [19]. This
corresponds almost to the refractive index of tlesg The last term in Eq. (3.8)
represents heat transfer from the nanoparticlegstirrounding matrix (withh = Ty
and the cooling time constan) through phonon-phonon interactions (i.e. thermal
diffusion), which lead to the complete relaxatiohtbe initially absorbed pulse
energy.

In the following, we will present the solutions thie coupled heat equations
given above. Before doing that, it is necessaryat@® a look at the temperature
dependences of the electronic heat capa€ity €nd the electron-phonon coupling
factor (G), as we know that the strong excitation regimeuaa$ very high
temperatures to the electronic and phononic systéhestemperature dependence of
the C. changes the evolution @t itself, which in turn introduces the temperature
dependence to th® factor. For this reason, possible changes ofCthendG values
at high electronic temperatures are expected ty miaportant roles in the
thermodynamics of the nanoparticle. Therefore, #ebeunderstanding of the
nanoparticle dynamics requires a correct modelifigthe thermal interactions
between electrons and phonons, which is only plessibith the closest
approximations. In contrast, for the heat capaaftjhe nanoparticle latticeC() the
room temperature values are reasonable approxinsatasC; does not change so
much as the temperature increases. For the caslve, it is known that the change
of C; upon lattice temperature increase by 1500 K is tkan 20 % compared with
its room temperature value of 3.5%10r°K ™ [20].

In the literature,Ce is commonly defined by a linear function of electr
temperature in the fori@(Te) = yTe, Wherey is the electronic heat capacity constant.
This expression for the electronic heat capacityomdy valid at low electron
temperatures, where the Sommerfeld expansion ofetbetronic free energy is
commonly used. Electron heat capacity constanh®fabove expression is given as
y = m’k2g(&.)/3 and defined by the value of the electron DOS atRbrmi level,
d(er). Within the frame of free electron gas modgetan also be associated with the

free electron number densityand the Fermi energy gs= 77°nk?2 /2¢, [21].

However, the Sommerfeld expansion is no more validhigh electron
temperatures, and th& calculation should include the full spectrum o #lectron
DOS by taking the derivative of the total electemrergy density with respect to the
electron temperature [21], as given in the follagvin

C.(T,) = I%Q(E)édf (3.10)

—00 e
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whereg(e) is the electron DOS at the energy levdlee Fig. 3.2(a) for Ag), and
1

exd(e— &)/ kgT,]+1°

f(e, Te) is the Fermi distribution function of the fori(e,T,) =

The temperature dependence of @efor silver is depicted in Fig. 3.4. The
deviation between the linear temperature dependenteC. obtained from the free
electron gas model (dashed line) and the nonliteraperature dependence ©f
calculated from Eq. (3.10) (solid line) is cleadgen abové,values of ~ 5000 K.
The free electron gas model approximatesGhealues very well up to 5000 K ¢
63 JmK ™ is used for Ag [22]), and indeed the calculatimesmsidering the full
DOS (Eq. (3.10)) follow closely the same linear elegence. However, further
increases of the electron temperatures cause isgmifchanges in th€, as a result
of the contributions coming from the core electroc@mpared with the commonly
used linear approximation. Therefore, employing lihear C. dependence in the
TTM could definitely result in an overestimationtbe electron temperatures, which
proves to be inappropriate for the strong excitatiegime (whenleis higher than
several thousands of Kelvins). This nonlinear beragf the Ce for high electron
temperatures depends strongly on the electron D@Sshould be expected to have
different behavior for different metals. Calculatsoon other noble metals (such as
Cu and Au) also show an increase of Gevalues for higheiT, [8], which is not
necessarily the case for other metals.

354
)
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g« 251
o an 20- Fig. 3.4. Electron temperature dependence
s~ of the electronic heat capaciB of silver.
i ”’8 151 _ The figure is reproduced from the data
° — 10 -7 given in [8]. The dashed line shows the
B ©) 5 --~ C =T linear temperature dependenceQafwith
w 0 € € y = 63.
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The temperature dependent form of @ which is plotted in Fig. 3.4, will
be used in all our TTM calculations in the folloginSinceC, depends on the
electron temperature, the electron-phonon couplisgalso expected to have
temperature dependence. To develop a similar teahperdependent expression for
the electron-phonon coupling factoB({e)), we will again consider the classical
description of theG within the free electron gas model first. Kaganet al.
suggested that the electron-lattice energy excharge per unit volume

aaEte =G(T, —T,) can be expressed in terms of the electron relaxaitioes afl. and
_ 7 mCn : : :
T, as [18, 23]G=— , wherem is the effective electron ma<s; is the speed
T
e-ph'e

of sound,n is the number density of electrons, anrgn is the electron-phonon
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scattering time. The electron-phonon scattering tisnproportional to the inverse of
the lattice temperature and wh@a = T, 7eon becomes T, which results in a
constant value for thé factor [8].

For this reasorG has been defined in the literature as a congmperature
independent value that is found either by the abmeelel or by best-fitting the
values from the experimental results. TypiGavalues used for silver range between
3x10° to 3.5x16° Wm®K™[1, 14, 24, 25]. This constaf value is depicted in Fig.
3.5 with the dashed line.

As it has been mentioned before, high electroniptratures trigger the
thermal excitation of thel-band electrons located below the Fermi level. this
reason dramatical changes are expected for theofdtee electron-phonon energy
exchange. Therefore, the correct treatment ofGhiactor in the strong excitation
regime requires again the consideration of the dp#ctrum of electron DOS (as it
was done above for th&;). The resulting expression for the temperaturesddpnt
electron-phonon coupling factor is given by [8]

KA ®
G(T.) :mB—<w2> | gz(s)(—ijds (3.11)
) s 0&

g(er

wherel denotes the electron-phonon coupling constant,thedsalue of/1<a)2> is

22.5 for silver. The solid line in Fig. 3.5 depith® calculations out of this equation.
It shows a nearly constant electron-phonon coupingy up to electron temperatures
of ~ 5000 K. At higher temperatures a significamesgthening of thés factor is
observed when a large number a@fband electrons are thermally excited and
contribute to the electron-phonon energy exchanfee enhancement of the
electron-phonon coupling at high electron tempeestumplies a faster energy
transfer from the hot electrons to the lattice.iAshe case ofC,, the temperature
dependence of the factor will also be used in all our TTM calculations

Fig. 3.5. Electron temperature dependence
of the electron-phonon coupling factGr

of silver. The figure is reproduced from
the data given in [8]. The dashed line
constant G marks the value of constart value
—————————— commonly used in the literature.
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A consequence of the temperature dependent eleghrmmon coupling term
is that the electron-phonon relaxation times,{) increase with increasing electron
temperatures and hence the applied laser puls@ye{@8, 27]. Therefore, slightly
different electron-phonon relaxation results that presented in the literature could
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be explained by the temperature dependence of lgwran-phonon relaxation.
Several time resolved studies including Cu nanapest in glass [28], Ag

nanoparticles in glass [24] and Ag and Au nanogladiin solutions [27] showed
that a limiting value of up to 4 ps for tleeph coupling time was reached for high
intensity laser excitations.

Besides the laser energy dependence of the elgotrmmon relaxation
dynamics, there is also the size dependence inpaaindes. It is expected that in
nanoparticles smaller than the mean free patheottimduction electrons (~ 40 nm in
silver [21, 29]), an enhanced electron-surfaceteday leads to a faster electron-
phonon relaxation if the collisions of the elecsand the surface are inelastic. For
colloidal solutions containing Au nanoparticlesSoédnd 48 nm, the electron-phonon
interactions were found to have lifetimes of 1.@ dn7 ps, respectively [9], which
are very near values to each other. However, #gareh-phonon relaxation time was
observed to decrease from 800 to 500 fs for siagoparticles in glass as the size is
reduced from 30 nm to below 8 nm [15], which can chee to an increased
probability of electron-surface scattering in thes®ll particles.

As we have established the wide range of temperalependences for tia
andG parameters in this section, we can now solve tlupled heat equations (Egs.
3.7 and 3.8) for the quantitative modeling of theergy relaxation dynamics
followed by the strong irradiation of silver nanopaes. It was already mentioned
that the strong irradiation regime creates hugetm@e-phonon non-equilibrium
conditions due to the very small heat capacitylecteons (at room temperature) and
the finite time needed for the electron-phonon ldopaition. Thus the high energy fs
pulse transiently raises tAg over several thousands of Kelvins while the latsdll
remains cold.

As an illustration to this regime, Fig. 3.6(a) dfid. 3.6(b) depict the results
of TTM calculations for the case of a single silvanoparticle excited by a 100 fs
pulse with an intensity of 0.3 TW/dr(above the permanent nanoparticle shape
modification threshold [30]) and central wavelengf00 nm fw. = 3.1 eV), i.e.,
close to the surface plasmon resonance. The meudtioriensity corresponds to an
energy density (i.e. fluence) of approximately 1%¥enf. It is easily seen that, upon
absorbing the laser pulse energy, the conductiectreins of the nanoparticle gain
very high temperatures (up to*IK) within the pulse. Reaching the maximii the
hot electronic system heats the cold silver lattca region of temperatures above
the melting point of (bulk) silver within a few giseconds. The electronic and lattice
temperatures meet at a value near 1500 K, 30 ps #i¢ pulse interaction (Fig.
3.6(b)). After this time, the equalized temperasuoéT. and T, decrease together as
the nanoparticle cools down to the surroundingsggtaatrix. It is seen that the silver
lattice temperature of the nanoparticle stays alibeemelting temperature of bulk
silver until around 100 ps. This suggests the plelity of the melting of
nanoparticles in such a short time. Plethal. indeed observed the melting of gold
nanoparticles suspended in water within 100 ps [8Y]time-resolved X-ray
scattering studies after strong laser pulse exwitatith fluences above ~ 15 mJ/tm
[32]. We should however note for our calculationattwe do take into account the
energy losses due to possible electron emissionepses from the nanoparticle,
which are additional cooling mechanisms of the tebeic sea. The details of these
electron emission processes will be considereddamext section.
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Figure 3.6(c) shows the dependences of electromic lattice temperature
maxima on a wide range of applied energy densis&sting from very weak and
going up to extreme irradiation conditions. The kvezgime (up tdl. values of 5000
K) shows a rapid increase TR owing to the very low electronic heat capaciy)(in
this interval. However, this regime does not hgathe lattice efficiently due to the
less coupling G) between two subsystems for such temperatureghdfuincreases
in the energy density of the pulses cause hidheralues, but the increase in
slows down due to the increasir@ value. The lattice temperatures are also
observed to increase with a higher slope in thiggnte as a result of the increasing
efficiency of theG factor. If we were to employ standard linear valdier Ce (i.e.
Co(Te) = yTe), which is the trend shown by the linear regimpicked up to 5000 K in
Fig. 3.6(c), the electronic temperatures would beyvnuch overestimated for the
pulses of high energy densities. For example thgepof energy density 15 mJ/ém
(used in the presented TTM calculations) would stmeted to induce ~ 2K of
maximumT, and very high resulting, values, which is definitely not true.
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Fig. 3.6. Time evolution of electronic and lattieamperatures of a silver nanoparticle following the
absorption of an intense fs laser pulse (arounchdbnt of energy densily (a) up to 20 ps, (b) up to
100 ps time scale is shown. The dotted line at IR3Barks the melting temperature of bulk silver.
(c) The dependences of electronic (blue squarek)adtice (red dots) temperature maxima on a wide
range of laser energy densities.
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The above given theory describes only the heasteametween the electrons
and the nanopatrticle lattice. To get the complarmodynamical picture of the
nanoparticle and the surrounding glass systemidimporal evolution of the heat
transfer from the nanoparticle to the glass matax be considered by thermal
diffusion. The excess energy of the nanoparticleeisased to the surrounding via
phonon couplings across the nanoparticle-glassfaue [33, 34]. Considering the
nanoparticle as a hot droplet in a cold glass swmdong, an initial spherical
temperature distribution can be ascribed to théesysForr <R, T(t = ze.pp) = Tmax
andT(t = 0) = To (300 K) forr > R, whereR is the radius of the nanoparticle, and
Tmax IS the maximum temperature achieved in the natigfelattice. Cooling of the
nanoparticle (and heating of the glass matrix) lmarcalculated considering the heat
flow from the hot nanoparticle to the glass througfinitesimal concentrated
spherical shells. As the thermal diffusivity of A423 nni/ps) is much higher than
that of the glass (0.5 rfifps), the spatial temperature changes within tneparticle
can be neglected. The temporal and spatial evoldiahe heat transfer within the
glass can be calculated by the radial heat equatvbere the rate of temperature
change {T(r,t)/ot) is proportional to the curvature of temperaturensity
(8°T(r,t)/or?) through the thermal diffusivity] of the glass medium as

oT(r.t) _ x 3°[rT(r,0)]

3 P (3.12)

The time scales for the particle cooling range friams of picoseconds to
nanoseconds, depending on the the laser excitaimngth, the size of the
nanoparticle and surrounding environment [34, Bijwever, the thermal diffusion
alone cannot account for the full relaxation andliogg mechanisms of the
nanoparticle under the strong excitation regime.itAwas mentioned before the
ionization of the nanoparticle and the consequeissotution (ion emission)
mechanisms should be taken into account as eféectieling processes. The emitted
electrons and ions heat the glass matrix in thanitycof the particle very rapidly
compared with the normal heat conduction descréaiexve.

3.2.3. Nanoparticle ionization

It is obvious that the response of the nanopartckhe laser excitation shows
up in the electronic degrees of freedom at firstngato the huge mass difference
between electrons and ions. Only in strong noniidguim conditions (due to strong
laser excitation) the ionic degrees of freedomadfected through mechanisms like
Coulomb explosion, which will be explained soon. pminciple strong non-
equilibrium conditions trigger some electronicaldathermal processes that play
important roles for the permanent shape modifioatiof nanoparticles. One of the
most important mechanisms responsible for permaskeape modifications is the
laser-induced ionization of the nanoparticle (iedectron emissions from the
nanoparticle). Therefore, we have to investigate possible electron emission
processes in more detail.

As mentioned before, the interaction of an inteteger pulse with the
nanoparticle enhances the oscillation amplitudes the ponderomotive energy of
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the conduction electrons. If the applied laser @uésclose to the surface plasmon
resonance wavelength of the nanoparticle, the lagoih amplitudes of the surface
plasmon waves can overcome the excitation amplitudéypically two orders of
magnitude (for silver nanoparticles witk =~ 15 nm) [36]. This means a strong
enhancement of the local electromagnetic fieldheicinity of the nanoparticle [32].
As a result of such high fields, the collective rgjfeadensity oscillations can be
perturbed by electron emissions from the nanopertithis is the fastest damping
mechanism of the surface plasmon oscillations eowirfrom the first plasmon
oscillation period on [37, 38]. As described in E34 the electron emission
processes are closely related to the ionizationggrig of the nanopatrticle.

Figure 3.7 depicts the excitation dynamics of alematallic nanoparticle
that is excited by a ~ 100 fs laser pulse. The rseties of the subsequent
nanoparticle dynamics during and after the lasésepare depicted in their temporal
order from left to right. The first panel shows tthiae time-dependent oscillating
electric field of the laser pulse induces dipoleikstions to the nanoparticle electron
cloud (represented by gray shaded areas) with cetpéhe background ionic lattice
(black balls). These charge-density oscillatiome ($urface plasmons) are localized
at the interface of the nanoparticle and the sumdonwg medium. According to Mie
theory [39], the surface plasmon oscillations diesjcal particles are either dipolar
or multipolar in character depending on their sip¥. For particles having sizes
much smaller than the wavelength of the excitirgigbmagnetic fieldd << 1), it is
sufficient to consider only the first term of thailtmpolar expansion, i.e., the dipolar
term (see Ch. 2.2.1 for details). The dipole oatidhs follow the laser polarization
direction, which is shown with the arrow in Fig73The electronic oscillations have
a Mie plasmon periodrf), which is different for different nanoparticleBne figure
reads the plasmon period of 1.5 fs for small Natels.
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Fig. 3.7. Schematic overview of the typical dynaahigrocesses in metal nanoparticles upon intense
fs laser pulse excitation. Gray shaded areas repretectrons, and black balls represent ionst Firs

panel shows the collective charge-density osdilfeti of the nanoparticle; the second one

corresponds to direct electron emissions; the tpiagel shows the electron-electron relaxation

processes and gradual coupling to phonons andthénhfpanel shows the Coulomb explosion. The

figure is adapted from [37].
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The energy given to the hot electrons dissipateessively over various
degrees of freedom. The fastest of these procéssles direct, field-driven electron
emission (escape) from the nanoparticle, whichuplest (or damps) the coherence of
the electronic oscillations and creates electrde-tpairs. The time scale of this
process #s9 is the first few plasmon oscillation periods. Jiprocess is also in
analogy with Landau damping of the plasmon inteebattron gas, with time scales
of 7.p ~ 10 fs for small clusters with up to 1000 ato®8][ In the validity regime of
the dipolar oscillations, hot electrons can be dtgd into the surrounding glass
matrix along the direction of the laser polarizatauring interaction with the applied
pulse. If the emitted electrons return back tortaeoparticle, we cannot consider the
ionization of the nanoparticle. Therefore the pholity of this direct field-driven
electron escape process is clearly correlatede@ailability of electronic states of
the surrounding medium (for example, glass in @seg. In addition, the excitation
energy of the laserif.) and its intensity are also decisive parametersttie
directed electron emissions. If the photon enesgyigh enough, electrons can jump
the gap between the conduction bands of the natidpato the glass conduction
band(s) via single photon absorption. For thessomes the investigation of the band
structures of silver nanopatrticles together witk Hurrounding glass matrix is of
high importance for the feasibility of nanopartiad@ization processes, which will be
presented in Chapter 5.4.

Electrons being emitted during the laser pulserattégon will be driven by
the strong, oscillating electric field and theref@enerate an anisotropic distribution
of emission directions, obviously given by the #iedield oscillations (polarization)
of the laser pulse. The anticipated 100 fs pulses=a400 nm correspond to 75 full
oscillation cycles with mostly very high amplitudeés simple estimate shows that a
conduction band electron of the nanoparticle can gdinear acceleration of around
10° m/§ upon encountering a linear-polarized pulse of T\W/cn? intensity
(corresponding to an electric field amplitude of ¥0m) within the half plasmon
period. This is indeed a huge electric field anupolé on the nanoparticle. In the
absence of any damping, the above acceleratiopusimthe electron approximately
0.1 nm away from the nanoparticle surface. The ecéd electric field at the
particle-glass interfacg36] can increase this value to approximately 10. nm
Electrons driven so far away from the nanopartickee left the region of the
strongest field enhancement, will thus experienaeaker backward force due to the
reversed field of the next half plasmon period, aray finally be trapped in the glass
matrix. These numbers make plausible that undespleeified conditions there is a
non-negligible probability for emission of evenlelectrons.

In the temporal order, the next step of electromaatyics is the internal
thermalization of the remaining nanoparticle elaesr through electron-electron
collisions, which is sketched in the third panelFog. 3.7. The physical details of
these processes have been summarized in Ch. 3th.1ime scales on the order of
several hundred femtoseconds. We have stated lbaéxact thermalization time
depends on many parameters such as the matetred ofinopatrticle, the embedding
medium and the strength of the excitation reginoe.dfmall Na clusters the adapted
figure reads this value to be up 4gQ (i.e. ze.9 = 200 fs. These-e collisions are
further damping mechanisms for the electron odwla that drive the electron
cloud towards thermal equilibrium [37].
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The ionization mechanims are categorized accordmgheir nature of
occurrence through direct (i.e. field-enhanced) tredmal electron emissions. The
first one is due to the mentioned very fast, dirglectron emissions. On the other
hand, the second process goes on over long timessaaghich is due to the high
temperature state of the electronic system, nathelyhermal electron emissions or
evaporations (denoted with the time scalgy. Even though the direct electron
emissions happen only during the pulse interactiiermal electron emission
processes start after the pulse has gone awayamtishwee to happen as long as the
electrons possess high temperatures. This is sgettefth the faint arrows and dust
in the last panel of Fig. 3.7. As a final rematkisi important to notice that as the
direct electron emissions are field-driven in netuthey have the directional
character along the pulse polarization. This isabse of the dipolar oscillations of
the Mie plasmon resonances in small nanopartidleerefore, there will be a non-
homogenous electron concentration along the pdigbeeonanoparticle as long as
these electrons are trapped in the conduction bandfithe glass. On the other hand,
the thermal electron emissions are isotropic, ihathey are homogenously spread
around the glass conduction band(s) surroundinghm®particle. Considering the
anisotropy of the laser-irradiated nanoparticle=e (€h. 4.2), these two groups of
electron emission processes must have a contributo the final shapes the
nanoparticle. The detailed analysis regarding tiesss will be revisited in Ch. 5.

3.2.4. Nanoparticle dissolution via Coulomb explosion

As mentioned before, the high temperatures inducedhe nanoparticle
electrons and lattice are expected to trigger som@ehanisms that we know to cause
nanoparticle shape transformations. The nanopangets positively-charged (due to
the emitted electrons) and hot over time; therefol@comes unstable electrically
and thermally. The answer to the question, askihgtwappens to the nanoparticles
after establishing such instability is given by #perimental observations. From
luminescence and extinction spectra [41], it isvindhat Ag ions are being emitted
into the glass matrix upon femtosecond laser iataah. TEM pictures [42, 43]
showed that this ion emission leads to partial dligeon of the nanoparticles,
creating small Ag aggregates around the remainamgpparticle. So it is obvious that
after a few picoseconds already some electrons ledvéhe nanoparticle, i.e. the
nanoparticle is then positively charged and ver; btectric potential and thermal
energy can overcome the binding energy of Ag iasch are being emitted into the
surrounding glass matrix [37, 41, 44]. This casekistched in the fourth panel of Fig.
3.7 for the small Na cluster.

The physical concept behind these ion emissiongss®s is mainly the so
called Coulomb explosion [44], which is a direcnsequence of the nanoparticle
charging. The repulsive Coulomb forces among tloeirmclated charges lead to the
dissolution (destruction) of the nanoparticle. Ewettreme cases of nanoparticle
dissolution mechanisms were observed for nanopestion aqueous medium [45],
where not only the ions but also some small fragmeauld leave the nanoparticle
because of the soft surrounding. In the case afl rigatrices surrounding the
nanoparticle, such big fragmentation is not possievertheless, independent of the
way it happens, the total volume of the nanopartisl reduced over time due to
material ejections. Additionally, some part of teeergy will be taken from the
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nanoparticle and, via kinetic energy of the iors tiansferred to the glass when the
ions are trapped there, which is also an additim@ling mechanism of the
nanoparticle as was mentioned before.

To serve for the general understanding, we can feayall the emitted
electrons (field-driven and thermal) that they dase their energy rapidly and are
eventually trapped at local potential minima forgicolor centers in the glass [41].
These trapped electrons play an important roleducing the emitted Ag cations at
later times. The modified anisotropic shapes ofrthroparticles can be associated
with the distribution of trapped electrons in tHasy matrix, if we assume a non-
homogenous electronic distribution (the anisotrbpyn field-driven emissions plus
the isotropy from thermal emissions) that is trappeound the nanoparticle. The
experimental observations and analysis regardiegetrelectron and ion emission
processes will be presented in the following chapte
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Chapter

4. Samples and the experimental apparatus

In the previous chapters, we have introduced timergé optical properties of
metal nanoparticles embedded in dielectric media @ and the consequences of
laser pulse interaction with such nanoparticles. (@h The experimental work
covered in this thesis employed femtosecond lasdsep for the structural
modifications of glass-embedded silver nanopasiclherefore, in this chapter, we
will first give a brief description of both the sphas and the experimental apparatus.
The first two parts of the chapter will be devotedour samples before and after
laser irradiations, respectively. The concept gktanduced optical dichroism as a
result of nanoparticle shape modifications will Ipeesented. Regarding the
experimental apparatus, the laser systems willdsertbed with emphasis on spatial
and temporal characterization of femtosecond lgmdses. The chapter will be
concluded with the description of the experimenathnique that we use to
investigate the temporal dynamics of laser-industegpe determining mechanisms in
glass-embedded silver nanoparticles.

4.1. Composite glass containing silver nanoparticles

The samples studied in this thesis consist of $iat&a glasses that contain
spherical silver nanoparticles in a thin surfaggae. The samples were prepared by
CODIXX AG [1] (as intermediate products for the méacturing of broadband
polarizers) from a float soda-lime glass by the Maion exchange method followed
by annealing in kireduction atmosphere [2]. This technique resultthe formation
of spherical silver nanopatrticles of ~ 30 nm memmeters, which are continuously
distributed in a thin surface layer of approximat@lum thickness of glass.

Size and distribution of silver nanoparticles chasgrongly in the depth of
the glass, which can be controlled by adjustingessvparameters such as the
temperature and the time of Ag-Na ion exchangegs®es, and the annealing time
during H reduction atmosphere. The volume filling factofagVioa) Of Ag
nanoparticles near to the surface of glass is mmeddgo be around 0.7 and decreases
gradually in the depth [3, 4]. The total thicknegghe host glass plate is 1 mm. To
achieve samples with very less filling factors atiterefore to get isolated
nanoparticles, the upper layers of the glass with haximum filling factor were
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etched away. At the end, the final filling factdrasound 1G was achieved in a very
thin (~ 2 um) surface layer of glass. As the nanages are sufficiently dispersed
for such low filling factors, they may be treatedleeing isolated.
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Fig. 4.1. Left panel: Tunneling electron microscapeage of spherical silver nanoparticles embedded
in soda-lime glass matrix (from [5]). Owing to thery less filling factor, the nanoparticles are far
away from each other. Right panel: Glass samplasdbntain metal nanoparticles. The glass with
pale yellow color hosts silver nanoparticles areldtass with reddish color hosts gold nanoparticles

Figure 4.1 shows tunneling electron microscope esagf spherical Ag
nanoparticles embedded in glass with very lownfglifactors. The typical distance
between nanoparticles is on the order of severaditad nanometers, which is
enough to prevent any interaction. The right parédtig. 4.1 shows the pale yellow
colored glass, which hosts these spherical Ag namicfes with low filling factors.
The yellowish color is due to the strong opticas@iption of silver nanoparticles in
the near UV region. As mentioned in Ch. 2, theagbtabsorption in nanopatrticles is
governed by the surface plasmon absorption bandgyurd= 4.2 depicts the
corresponding surface plasmon resonance of thaurpitt glass-embedded Ag
nanoparticles, which displays a very prominent ghtsan peak around 413 nm.

As a comparison to our glass samples that contéiar shanoparticles, a
picture of a similar glass but containing embeddelti nanoparticles is shown on
the right panel of Fig. 4.1. Owing to the compayablroad surface plasmon
absorption of gold nanoparticles around 550 nm (kee Fig. 2.6), the gold
nanoparticles absorb the green and yellow compenehtthe visible spectrum.
Therefore the glass displays a reddish color, widcthe complementary color of
green.

2.0
1 5_. Spherical Ag
c nanoparticles
5 ]
a8 1.0 Fig. 4.2. A typical extinction spectrum of
c spherical silver nanoparticles in glass. The
5 extinction maximum is around 413 nm,
0.5 which is responsible for the pale yellow
] color of the glass.
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4.2. Laser-induced dichroism in composite glass

High intensity femtosecond laser irradiation of gasite glass that contains
silver nanoparticles was shown to induce opticathiaiism (i.e. polarization-
selective absorption of light) to the irradiatedjiom of the glass sample [6, 7]. A
sketch of the laser irradiation of a glass sampbataining spherical silver
nanoparticles is shown in Fig. 4.3. The laser iathoh changes the original color of
the glass (the pale yellow) into some darker coldise different colors of the
irradiated areas depend strongly on the irradiapanameters such as the laser
wavelength, the pulse intensity and the total nunob@ulses applied per area. When
viewed with a polarizer these different colors thgpdifferent contrasts, which
indicate the polarization-sensitive absorptiont thathe dichroism.

Fig. 4.3. Laser irradiation of glass containing

Laser irradiation \ spherical silver nanoparticles. Different colors of
>\ irradiated areas can be produced by vaying the
\ irradiation parameters. The colors are due to the
non-spherical shapes of the modified
\ nanoparticles.

Ag:glass sample

Two polarization-dependent (i.e. polarized) phatdés single glass sample
irradiated by linearly-polarized fs laser pulses stnown on the left panel of Fig. 4.4.
The color differences of the irradiated areas agairadue to the differences in
irradiation parameters. The photos were taken laoygua film polarizer to see the
polarization dependences of the areas. It is indeed that the laser irradiated areas
display a strong dichroism. Bright colors (due tmghler light absorption) are
observed when the polarizer is aligned parall¢h&laser polarization direction (i.e.
P-polarized case); and fade colors (due to le$s Afpsorption) are observed when
the polarizer is aligned perpendicular to the lagelarization direction (i.e. S-
polarized case). The right panel of Fig. 4.4 shtwe polarized photos of the double
signets of the Martin-Luther-University: one of thevas irradiated by horizontal-
polarized pulses and the other one was irradiayeeettical-polarized pulses. When
viewed under the polarizer, the contrast of themsotan be identified. A signet can
be viewed bright or fade by aligning the polariparallel or perpendicular to the
corresponding laser polarizations.

Essentially, the optical dichroism induced to threadiated areas is a
macroscopical consequence of the nanoparticle shmapdifications. Linearly
polarized laser irradiation can transform initiaigherical silver nanoparticles into
elongated shapes (i.e. prolate spheroids [8]) wh#ir symmetry axes uniformly
oriented along the polarization direction of theela The electron microscope images
of the modified nanoparticles are shown on the peitel of Fig. 4.5. Due to this
shape modification, the original surface plasm@onance of Fig. 4.2 splits into two
spectrally separated bands, which are shown orrigie panel of Fig. 4.5. The
physical background of this band splitting is asstec with the electron oscillations
parallel (P-polarized) and perpendicular (S-pokt)zto the symmetry axis of the
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modified nanoparticle. These electron oscillatians schematically represented by
the small arrows drawn next to the correspondiagmbn bands.

Fig. 4.4. Left panel: The irradiated areas disgipgical dichroism. The photos were taken usindra fi
polarizer. Bright (fade) colors are observed whem polarizer is aligned parallel (perpendicular) to
the laser polarization direction. Right panel: Tiheuble signets of the Martin-Luther-University
written by laser irradiation on a glass contairsilger nanopatrticles (from [5]). The laser polatiaa
was rotated 90 degrees before the irradiationet#tond signet.

The spectral gap between the surface plasmon nesesmaf the modified
nanoparticle depends strongly on the aspect r&tidQq], which is defined as the
length of the modified nanoparticle divided bywslth (a/c). To see a global picture,
Fig. 2.8 can be revisited, which shows the P- ambl&rized extinction spectra of
silver nanopatrticles with aspect ratios rangingnfrbto 5. Therefore, it becomes also
clear that the spectral gap between polarized madmands is directly related to the
degree of dichroism induced to the nanopatrticlehi context a sample displaying a
high dichroism should have P- and S-polarized bavelsseparated from each other
(i.e. nanoparticles with high aspect ratios). Viagythe irradiation parameters, the
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Fig. 4.5. Left panel: TEM images of irradiated npadicles (from [5]). The original spherical shapes

of the nanoparticles are permanently modified tioiafp shapes with laser polarization being parallel

to the nanoparticles™ longer axes. Right panel: &ktinction spectra of the original (spherical) and

modified (spheroidal) nanoparticles. P- (S-) paation band corresponds to the extinction along the
long (short) axes of the nanopatrticles.
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aspect ratios of the nanoparticles can be adjustéailor desired optical properties

of the nanoparticles. Searching for the best sepasbmeters that can yield the
highest nanoparticle aspect ratios is one of thlestéor development of nanopatrticle-

based device applications such as filters and igela For this reason, the

irradiation parameters are very important. As noergd above, these parameters
include the selection of the wavelength of irradiat the energy and the number of
pulses. In the following, we will briefly descriltee effect of different parameters on

nanoparticle shape modifications.

The easier way of modifying nanoparticle shapesvith the selection of
suitable irradiation wavelengths. Because the spdilesilver nanoparticles have their
surface plasmon absorption band around 410 nmisrddiation wavelength should
be also in this region. In this sense 400 nm pulgadd be the best choice for near-
resonant irradiation. Even though laser wavelendplger than 350 nm are not
resonant with nanoparticle surface plasmon modes; are also absorbed through
the interband transitions of silvelE & 3.5 eV, see Fig 3.2). Further increasing the
laser energy towards to UV region will ionize thabedding glass matrix, which is
not desirable at all. The other side of the spettcontains irradiations with higher
wavelengths. Nanoparticle shape modifications helgse been realized with green
(532 nm) and red laser pulses (800 nm), but thguire much higher intensities
compared with the resonant 400 nm irradiation.

Following the fundamental effects of laser polaiaa (see Fig. 4.5) and
wavelength on nanoparticle shape modifications, thest prominent laser
parameters are surely the laser intensity andtadiation density (i.e. the number of
pulses). These two parameters complete each atharsense when it comes to
nanoparticle elongations. That means, when all rotharameters are fixed,
nanoparticles of a certain aspect ratio can be ymed either by applying “high
intensity and less number of pulses™ or by applylog intensity and high number
of pulses’. Each pulse helps the nanopatrticle gtew by step along the polarization
direction in a sort of accumulative manner. Theexre case of a single pulse with
very high intensity was also observed to resuli moticable aspect ratio, which has,
however, a symmetry axis perpendicular to the lpstarization [8] (i.e. in the form
of oblate spheroids). As a remark for the caseowf intensity and high number of
pulses, we must state that the peak pulse intesbityld be not lower than ~ 0.2
TW/cn?, which is the shape modification threshold of silmanoparticles in glass
[11, 12]. Below this intensity level, the changesluced to the nanoparticle are
totally reversible (like the weak excitation regime

In the following, we will concentrate more into théescription of
femtosecond laser pulses that were used to creataltove mentioned nanoparticle
shape modifications. As the reproducibility of tieperiments depends heavily on
the good standards of the laser pulses, we willagxghe spatial and temporal
characterization of the laser pulses starting ftbeir generation on. We will also
briefly describe some of the well-known pulse chteazation tools that were used
in our experiments.
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4.3. Femtosecond laser pulses and pulse characteristics

A commercial Ti:sapphire [13] laser system, whiongists of a mode-locked
femtosecond oscillator and a regenerative ampl{fieth from Spectra Physics), is
used as the primary laser source throughout thergwpnts of this work. The main
component of the system is the acousto-opticalldedocked Ti:sapphire oscillator,
which generates Gaussian pulses in the infrareédnggentered at 800 nm) having
pulse widths shorter than 100 fs. A sketch of #eelt system is shown in Fig. 4.6.
The green lasers on the figure are diode-pumpedWd; and Q-switched ND:YLF
pump lasers for the oscillator and the amplifiegpectively.

As the energy of the output pulses from the ogolillas in the region of a few
nJ, they are too weak to induce permanent shapefioadidns on nanoparticles.
Therefore these low energy pulses are amplificdigh energy levels (~ 0.5 mJ) by
the regenerative amplifier. The working principfetlee amplifier is based on chirped
pulse amplification, which is a method of genemtwery short pulses at high
powers. The regenerative amplifier consists ofdlparts: namely the stretcher, the
amplifier and the compressor. First of all, thedspeilses from the oscillator are
stretched in time to ensure a safe amplificatioocess. If not stretched, a
femtosecond pulse can cause catastrophic damadbksverny high peak powers
during the amplification. A single stretched puisallowed from the stretcher part
to the amplifier cavity with the help of an electsptic modulator (Pockel cell). This
pulse makes tens of passes through a Ti:sapphite which is pumped by the
mentioned Q-swithced laser. Extracting much oféhergy from the rod, a second
Pockel cell sends the pulse out of the cavity. $tietched and amplified pulse is
then temporally recompressed back to its origimahtion of ~ 100 fs with a grating
compressor unit. At the end, the strong output gauisf the amplifier are almost
transform-limited in time with a high beam quality.

The real electric field of an ultrashort laser puls.g. the pulse shown in Fig.
4.6) can be given as

E(t) = Refy/1 (t) expli () (t) - @A)} (4.1)

Diode pumped CW
Nd:YVO,, 532nm
J, pump

Mode-locked Ti:Sa oscillator| seed pulses

800nm, 100fs, 80 MHz Acenter= 400 Nm
TEWHM — 100 fs
Q-switched Nd: YLF 5 Regenerative amplifier s - 3
527 nm, 200 ns, 1kHz | ,ymp | 800nm, 100fs, 1kHZ | 300nm

Fig. 4.6. Schematic of the Spectra Physics femtosttaser system. Low energy pulses (~ 4 nJ) from
the oscillator are amplified by the regenerativephiier to 0.5 mJ of energy in 100 fs. The central
wavelength of the fundamental 800 nm beam is frequeloubled to generate the second harmonic at
400 nm with ~ 10QuJ of energy.
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wherel is the intensityqg is the angular frequency an) is the phase of the pulse.

A good approximation for any ultrashort pulse is Gaussian pulse with zero phase.
The amplitude and the intensity of a theoretical$3&n pulse can be written as
follows

E(t) = E, exp[-2In2(t/ Ty )] (4.2)

(1) =|Eq|” expl-4In 2(t/ Trypm )] (4.3)

where zewhm IS the pulse duration measured from intensity utlth at half-
maximum. Figure 4.7 shows the real electric fiddhplitude and intensity of this

Gaussian pulse. The intensity\i/é_z shorter than the real amplitude in time. As the
plotted pulse is transform-limited, its time-bandthi product TBP = At-Av) is at its
theoretical minimum, which is 0.441 for Gaussiatsps.

The high energy infrared pulses (centeredla800 nm withAA ~ 20 nm) are
frequency-doubled té = 400 nm with a 0.5 mm thick Type-I Beta Barium 8ter
(BBO) crystal. Normally the second harmonic genera{SHG) intensity depends
on thel? of the crystal but for short pulses (having labgedwidths) there will be a
narrow phase-matching bandwidth for thick crystdleerefore the thickness (i.e.
length) of the crystal is determined by taking irdocount the group velocity
mismatch (GVM, i.e., temporal walkoff) of the fundantal and the generated beams
in the crystal. The group velocities of the pumpQ&m) and the SHG (400 nm) in
BBO are 0.593251 and 0.574088 respectively, which correspond to a GVM
(INpump— LNshg) of 187 fs/mm. Considering that the pump has gtaal bandwidth
of 100 fs, the length of the crystal can be fouadbe around 0.5 mm through
I=7umd GVM. The efficiency of the SHG process is about 25ésulting in 1001J
of maximum pulse energy, which is more than enofgghour purposes. Longer
crystals would definitely result in higher SHG cension efficiencies but at the
expense of causing severe distortions to the temhstiape and the duration of the
harmonic pulses.

The polarization direction of the SHG beam is pedieular to the
polarization direction of the fundamental beam asesult of the Type-l phase
matching in the nonlinear crystal. The verticalblgrized (i.e. linear-polarized)
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Fig. 4.7. Left panel: The real electric field, amyde and intensity of a 100 fs Gaussian pulsehRig
panel: The definition of the-wnm as the pulse width.
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SHG beam is characterized spatially and temporéifore sending to the
experimental setups. For the sake of reprodugibiind reliability of the
experimental results, the characteristics of thgerlgpulses should be measured
regularly to have the same universal standards.dNathese standards are set with
the theoretical description of the fs laser pulsggmrding their spatial and temporal
shapes. In this sense it is not enough to havecalar beam pattern; rather it should
have a fundamental TEMGaussian intensity profile with a plane wavefrofihe
spatial profile should also look like the profileasvn on the right panel of Fig. 4.7 -
only in the spatial domain. In the same way, nas enough to have just a short (e.g.
100 fs) pulse width, rather it should have a Gaussemporal profile (as in Fig. 4.7).
For these reasons, the spatial and temporal cleaisdits of the pulses should be
maintained before proceeding with the experiments.

Figure 4.8 shows the two-dimensional spatial peofif the SHG beam. The
beam is focused by a 150 mm lens, and the imagecmded by a CCD camera
before the focus of the lens perpendicular to ttegggation direction of the beam.
The intensity distribution is best-fitted with ti&aussian function. It is clearly seen
that the beam has a Gaussian profile with the fonetdal TEMo, mode. The
diameter (beam width) of the Gaussian shape ise@fat the position where the
beam irradiance (intensity) has fallen te*1(13.5 %) of its peak value. Having the
fundamental mode of the beam before focusing iy weportant in this sense,
because at each focusing depth, the beam willhréta{Gaussian character.

The intensity distribution of the Gaussian TgMeam can be given as

2P

(23

wherelg is the peak intensity, is the distance from the beam center agds the
spot size (width) of the laser beam (right pandFigf 4.8). The peak intensity of the

Gaussian beam is defined &R/ mJ , whereP is the laser pulse power or output

power. The geometry and behavior of a Gaussian kmandescribed by a set of
beam parameters (such as Kequality factor, beam widtho, the Rayleigh range,
etc.), the detailed definitions of which can berfdwelsewhere [14].

1(r)=1,expE2r®/af) = expE2r’/af) (4.4)
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Fig. 4.8. Left panel: Two-dimensional spatial beprofile of the SHG beam showing the TgM
Gaussian mode. Right panel: The free space prdpagat the Gaussian beam with a beam waist
(spot size) ofvg. The growth inw, (i.e. divergence) with the propagation distancebiserved.
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The minimum focal spot size that can be achieveih & 150 mm focal
length lens is measured to be ~i30. This sharp focus was used only for single shot
experiments, which necessitate very high interssiti@n the other hand, the majority
of the experiments employed a beam diameter of tah®Q um by placing the
sample before the focus.

After this introduction of the spatial charactgas of the laser beam, now we
will continue with the temporal characteristics tife laser beam comprising
ultrashort pulses. Temporal characterization ofashort laser pulses with pulse
widths greater than 20 ps can be directly perforeledtronically using high speed
photo detectors. For shorter pulses, however, thsreno means of direct
measurement possibilities. Therefore, one nee@snjgloy some type of correlation
techniques in the optical domain using the instaaasly responding nonlinear-
optical medium. As there are no other controllabdlents faster than the ultrashort
pulses, the idea is to use the pulse itself to oreads temporal width, which is
called as the autocorrelation. It involves spldtithe pulse into two, delaying one
with respect to the other, focusing and spatiallgrtapping both of them in a SHG
crystal in a non-collinear fashion to generate sdclharmonics. The setup for this
process is sketched in Fig. 4.9. The intensityhef generated signal lighdi«(t,) is
measured by varying the delay; therefore it isdliyeproportional to the amount of
overlapping of the two pulses and can be written as

1348 (¢, 7) O 1 (1)1 (t—7) (4.5)

sig

Because the detector is too slow to resolve thesrbm time, it simply integrates the
signal as

Pulse to be
measured
Camera
* E[ Spec-
BS trometer
B(t-7) SHG H
crystal :
) A=
<> \ Esig(t,l)
Variable E(t) i

delay, r L1
Detector

Fig. 4.9. Setups for an intensity autocorrelatemgloying the detector) with second harmonic
generation and a SHG-FROG (employing the spectremweth camera). All optical instruments are
reflective with very less dispersion. The beamttli(BS) with a thickness of 0.2 mm and the
focusing lens are the only dispersive componentiseB as short as 30 fs can be measijlis the
probe pulse and(tr) is the gate pulse. Signal pulEgy(t-r) generated from the SHG crystal is
measured to extract the input pulse duration. Thematic is adapted from [15].
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A(T) = TI 1 (t -7)dt (4.6)

which is the intensity autocorrelation [16]. It ¢aims only the intensity information
of the input pulses and says nothing about thetredeieeld of the pulse. Therefore,
the phase of the pulse is completely lost.

To overcome this problem and to achieve the timealo phase information
of the pulses, another techniqgue must be used,hwikicalled as the frequency-
resolved optical gating (FROG) [17, 18]. In genethére are four different
techniques of performing FROG: Second Harmonic Gaima (SHG) [19], Third
Harmonic Generation (THG), Polarization Gate (P&a) Self Diffraction (SD) [20].
The schematic of Fig. 4.9 shows only the SHG-FROGs Téchnique employs the
similar optical setup like the intensity autocoater of Fig. 4.9, the only difference

b

kaw. phase: 24 6rad

2
it 2 correlation at §99.2 nmi 08,413
ann | 40
D 24 L T T T ¥ T L
=600 =400 o 400 800
tirne [fa tirme [fs]
-4 a3 correlation 107 9t=
444
-800
385 399 414 428
weaselength [nm] 38 . : :
-800 =400 a 400 800
time [fs]
265 b3
spectrum at-16.7 F93 hm spectrum of SFG 8.07 e
| 39 45
23 ¥ T ¥ T T T x 2? - T T T ¥ T ¥
370 85 544 414 428 370 385 3993 474 428
waelenath fnml weatwelenath fnrml

Fig. 4.10. Temporal beam profiles of ultrashort segl with different techniques. Top left panel:
Autocorrelation trace of a ~ 100 fs laser puls8@@ nm. Top right panel: SD-FROG trace of a laser
pulse at 400 nm, yielding 90 - 100 fs of pulse widdottom panel: SHG-FROG trace, showing ~ 108 fs
of pulse width together with the spectral inforroati

48



Chapter 4. Samples and the experimental apparatus

is that the detector is replaced by a spectromdtestead of measuring the
autocorrelator signal intensity vs. delay, FROGoimes measuring the signal
spectrum vs. delay. Therefore, it measures addifiypa frequency spectrum at each
time delay and can be used to reconstruct the teahpad spectral phase with an
iterative, retrieval algorithm developed by Riclebino [16]. This provides a bunch
of additional information about the spectral comgrais. The resulting frequency-

resolved intensity FROG-trace, or spectrogragiy.) can be given as

2

| SHC (w,7) = TE(t)|E(t -7)|° expiat)dt (4.7)

As an example, Fig. 4.10 shows the results of hffepulse characterization
techniques. The top left panel shows the interaitpcorrelation of a ~ 100 fs pulse
at 800 nm. The same pulses can be measured witGaFROG with more details,
which is seen in the bottom panel. The FROG-traisplalys the hybrid time-
wavelength domain view of the laser pulse. As thdse is unchirped the
spectrogram is linear without any slope. This metie one of the most reliable
methods of pulse characterization because it dyrdigplays the chirp of the pulses.

The panel on the top right is a view from the SDeFERmeasurements of the
second harmonic pulses at 400 nm. Often it is nalat to measure the widths of
400 nm pulses with the above mentioned autocomeland SHG-FROG methods,
because the signal beam to be produced from thilneancrystal will be in the UV
region (200 nm) and the UV sensitive optics (thalimear crystal that has phase
matching for this wavelength, the photodiode, dreldpectrometer) are usually very
expensive. SD-FROG, on the other hand, can praheleneans for measurement of
the 400 nm input pulses by non-collinearly overlagghem in a thin sapphire plate.
The first pulse initiates a sort of diffraction gng in the crystal, which diffracts the
time delayed second arriving pulse. The receivéidadtion signal is then analyzed
by the mentioned phase-retrieval algorithm to @¢la¢ SD-FROG traces.

4.4. Time and polarization-resolved pulse pair irradiation

To investigate the laser-induced shape modificatigmamics (including for
example the ionization, dissolution, and elongatioh metal nanoparticles, we
employ an irradiation technique that generates -tlelayed pulse-pairs. The
experimental setup creating the time-delayed ppédses is shown in Fig. 4.11. The
input pulse is divided by a beam splitter into gadses of equal energy, where one
pulse is delayed with respect to the other by #ip bf a motorized delay stage. The
stage can be moved 150 mm away from its originaitjipm with 10 um steps,
thereby generating a time delAyof up to 1 ns between the pulse pairs. As a tesul
pulse pairs can be created with a variablein between. The pairs of pulses are
focused on the sample to a spot size of aboutub®Oresulting in an energy density
of 20 mJ/cr per pulse (in the case of haviBig- 3uJ per pulse). Moving the sample
continuously on a motorized X-Y translation stageseparate area is irradiated
(written) for each desired delay between pulsesp&ach irradiated area is denoted
with the specificAt of pulse pairs that were used for its irradiation
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As the effect of one pulse (above the shape matiifioc threshold) on the
nanoparticle can not be detected spectroscopichysample movement is arranged
such that on average 300 pulse pairs hit one $pettime delay between pulse pairs
is always 1 ms, the period of the laser system¢hwvls a very long time scale for the
irradiated nanoparticle system to relax and esthbh steady state again. The
experimental results to be shown prove that mostthef nanoparticle shape
modification events take place within the first4 after the pulse interaction, which
is 6 orders of magnitude shorter than 1 ms. So timatpulse pair(s) hitting the
nanoparticle after the first pulse pair see a tptedlaxed but slightly modified
nanoparticle. There are no processes remainingenanoparticle from the previous
pulses when the forthcoming pulse pairs interadhwt. In this sense the high
number of pulses applied to the nanoparticle cathbdeght to ripen the nanoparticle
for spectroscopic analysis.

M2 (fixed)
A
QWP === 1ms
i
At At
T o & JUL SO
N f\
‘ D BS
M1 CP 50%
> Ag:glass sample
A=400 nm 1
=100 fs ms

Fig. 4.11. Experimental setup for pulse-pair ireditin. BS: 50 % beam splitter; M1 and M2: 0 degree
high reflecting mirrors; CP: compensator plate; Fcusing lens; QWP: quarter waveplate. M1 sits
on a motorized delay stage, which can be delayei i = 1 ns. The polarization state of the pulse
travelling along the M2 arm can be rotated by 9@grdes when the QWP is mounted.

In standard configuration, the polarization of thalse pair is linear, the
polarization planes being parallel to each othgrirBerting a quarter-wave plate in
one arm of the setup, the pulse in this arm expee a rotation of the plane of
polarization by 90 degrees. In this configuratitiie linearly-polarized input light
passes two times over the quarter waveplate. passes for the first time, the light
becomes circularly polarized in a right-handed walgich is then reflected by the
end mirror (M2) and becomes left-handed. The letitarly-polarized light passing
over the quarter waveplate becomes linearly-padriagain, but with 90 degrees of
rotation from its initial state. At the end, thi®nfiguration generates linearly-
polarized pulse pairs with polarization planes ogthnal with respect to each other.

After the pulse-pair irradiations, the samplesevannealed for one hour at
200 °C in order to remove any possible laser-indutgfects in the glass matrix [21,
22]. Then the polarization-dependent extinction dsafrom each irradiated area
(representing a single time delayt) are recorded by conventional transmission
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spectroscopy (Schimadzu 3100 UV/VIS/NIR spectromefEhese bands are then
analyzed by the method of moments [23], the detdilwhich will be given in the
next chapter (Ch. 5.1).

4.5. Temperature dependent irradiation

In addition to the laser-related parameters, thenoparticle shape
modification is also found to depend on the initi@nperature conditions of the
surrounding glass matrix. Following the absorptminthe laser pulse energy the
nanoparticle lattice gets heated through electtwonpn couplings (see Ch. 3.2)
within a short time and it starts to heat up thea@inding glass matrix gradually. In
this sense, the softening of the glass matrix atdbha nanoparticle is crucial for the
nanoparticle to have some degrees of freedom fernecessary shape changes.
Therefore, pre-heating or cooling of the glass matan change the nanoparticle
shape modification mechanisms severely. Regardirgyfact, the influence of the
embedding medium temperature on the laser-indubages modification of silver
nanoparticles should also be investigated.

A simple setup comprising of a heating/cooling chamwas employed for
this purpose. The sample was placed in the vaclwamber with a heat-sink that
can be either heated by applying electrical voltageooled by using liquid nitrogen.
The temperature was controlled by the thermocoopiamected to the heat-sink and
could be varied from -100 till 170 °C. The chamba&ndows (thin UV fused silica
glasses) transmit the 400 nm laser light with ‘esg dispersion to the pulses.
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Chapter

5. Results and discussion

In this chapter basic experimental results reg@rdhe shape modification
dynamics of glass-embedded silver nanoparticlesthadorresponding discussion
points will be presented. The results on nanogdargbape modification mechanisms
will be described in the temporal order of theicatence (i.e. starting from the
fastest and going to the slowest). In this context,roadmap will be roughly like the
one in Chapter 3, where the theoretical descriptiohphysical events upon laser
interaction with the nanoparticle were presentetth@r temporal sequence.

First of all, we will start with a brief introductn of the influence of time
delay between the irradiating pulses on nanoparstiapes. As an addition to the
laser parameters that were described in the lagiteh (see Ch. 4.2), we will show
that the time delay between the irradiating pul$es also very important
consequences considering the aspect ratios of dlaied nanoparticles. Afterwards,
we will present the time-resolved results of pataind orthogonal-polarized pulse
pair irradiation experiments for the temporal scaleup to 1 ns. Essentially it is
possible to identify three time intervals out oédk results. The dynamics observed
within the first 20 ps indicate that this is thendéi scale for the fastest processes like
ionization of the nanoparticle and the forthcomi@gulomb explosion. For the
detailed investigation of these mechanisms, we westiploy the extended two-
temperature model (see Chapter 3.2.2) in conjumctiath the electronic band
structure of the composite glass. Therefore, tkalt® indicating the ionization and
the dissolution of the nanoparticle will be modeiedthe frame of directed and
isotropic electron emissions. The second time walecontains the intermediate
dynamics observed from 20 to 100 ps of time deldye experimental observations
of this interval suggest that the glass surroundimg nanoparticle becomes hot
enough to support the mobility of the emitted giliens, which can be reduced by
the trapped electrons in the following times. Fertincreasing of the surrounding
temperature, for example by heating the glass ealilgr may estrange the emitted
ions from the main nanoparticle, resulting in a kengarticle at the end. Finally, the
long-term dynamics that range from 100 ps to 1lresagsociated with the reduction
and the clustering of the emitted ions togethehilite start of their recombination
with the main nanoparticle. These processes prawideorigin of the nanoparticle
shape elongations.
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5.1. Influence of time delay on nanoparticle shapes — an
introduction

As described in Chapter 4.2 the original surfacesplon (SP) band of the
spherical silver nanopatrticles is split into twdgrzation-dependent bands (Fig. 4.5)
upon irradiation with a number of parallel-poladzgulses. The spectral gap
between the polarized SP bands is proportionahéoaspect ratio of the modified
nanoparticle. This is observed as the optical dishm, which is essentilally the
macroscopic consequence of the permanent shapgaéitmm of the nanopatrticles. In
this context, various irradiation parameters (sashhe wavelength, polarization, and
the intensity of the laser, together with the iraéidn density, etc.) that can influence
the final nanoparticle shapes were described.

Besides these parameters, the effect of laser pwuidths on permanent
nanoparticle shape changes has been a questionfaragklong time. Although,
some experiments [1] with pulse durations as losaglgs reported nanoparticle
shape modifications, the efficiency of even longelses is not well known [2]. Our
main aim is not the investigation of this speciisue; nevertheless our results of
pulse pair irradiation experiments suggest an answethe following, we will
present the results on nanoparticle shape modditatynamics, which testify that
the time delayAt between the pulses of each irradiating pulse pas a great
influence on nanoparticle aspect ratios. For examptadiation of nanoparticles
with pulse pairs very close to each other in tiegutts in very high dichroism, while
the dichroism is sharply reduced when the pulsessaeparated. Therefore the time
delay between pulses, which can be considered &m ledfective pulse width\{ = 7),
should also be listed as one of the nanopartidpeldetermining parameters.

The strong influence of time delay between two @si®f each pair on
nanoparticle shapes opens up the possibility oérsg\experiments, which employ
the idea of scanning a whole range of time delajafdng a pulse with respect to the
other) to investigate the nanoparticle shape maatittn dynamics. The results in the
following exploit this simple idea, which is readiz with different set of controlled
experiments (i.e. varying pulse energies and pr#dns) to account for the physical
mechanisms triggering the laser-induced nanoparsbhpe changes. As a technical
point, we must state that in order to create timesaradiation conditions, the total
number of pulses hitting a sample area are kepgtaahfor all type of experiments.
Additionaly the irradiated focal spot sizes on slaenple are also kept the same for all
experiments. Therefore, the results are directipygarable with each other. As an
illustration to the effect oAt on nanoparticle aspect ratios, we will presemeof
the results from two sets of experiments in théofaing: the first one employing
parallel-polarized pulses and the other one withagonal-polarized pulses.

A series of areas were irradiated on the sampleabying the delay between
two parallel-polarized pulse pairs, where a sepaaa¢a corresponds to a desirgd
between pulse pairs. Figure 5.1 depicts the medsuokarized spectra for several
time delays, showing the temporal evolution of thedified plasmon extinction
bands when irradiated by pulses of varying delagure 5.1(a) shows the spectra
from an area, which was irradiated by the usuatessive pulses from the laser
without any generation of pulse pairs. As the pkwbd the laser is 1 ms, the pulses
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follow each other in time with a natural delayAif= 1 ms. As it was stated in the
description part of the experimental setup (Ch),4Rpol' ('S-pol’) abbreviate the
polarization of light parallel (orthogonal) to tipelarization of the second pulse of
each pair interacting with the sample. As we havg wertical polarized pulse pairs
here, P-pol always denotes the direction of nanmpes” long axes parallel to the
laser polarization. Figure 5.1(a) clearly showst tiie S- and P-polarized surface
plasmon extinction bands are well separated frooh e¢her, where the P-polarized
band center lies around 475 nm while the S-poldrizand center lies in the near UV
region, ~ 390 nm. The central peak position ofRReolarized band is marked with a
dashed vertical line as a guide to the eye for @impn with the forthcoming results.
The dashed vertical line in Figs. 5.1(d-f) marksoat the same spectral position.
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Fig. 5.1. Surface plasmon extinction bands of nartges resulting from parallel-polarized pulserpa
irradiation experiments for different time delayst = 1 ms (a), 1 ps (b), 10 ps (c), 100 ps (d), g60
(e), 1 ns (f). The energy of each pulse iaB3(fluence ofx 20 mJ/cr at the sample spot). Arrows
represent the polarization directions of the pulddse dashed vertical lines are guides to the eye,
marking the central peak position of the P-polatirand ofAt = 1 ms irradiation for comparison.
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When the pulses are brought very close to eachr othigne (e.gAt = 1 ps or
shorter) by employing the experimental setup dbedrin Ch. 4.4, the resulting P-
polarized band is observed to shift to longer wewgths with the central peak
position at 510 nm, which is shown in Fig. 5.1(bhe spectral position of the S-
polarized band is almost the same with fte= 1 ms irradiation. Considering the
aspect ratios of the modified nanoparticles forxthas and 1 ps irradiation cases, it
Is apparent that the irradiation with pulse paifslops delay results in a higher
spectral gap, thereby higher aspect ratios fornidweoparticles. That means, it is
better for the end result of irradiation (considgrihe nanoparticle aspect ratios) to
have a pair of pulses close to each other in tetiger than separated pulses. This is
an important observation, because it suggests s@mefast physical mechanisms
that take place within the first picoseconds ofetasradiation. Whatever these
mechanisms are, it is clear from the spectra they aire enhanced with the second
pulse arriving the disturbed nanoparticle shorftgrathe first pulse. The lifetime of
these mechanisms can be found varying the del&lyeiuto see the spectra for longer
time delays.

The observations show that increasing the del&ydsn two pulses of each
pair (At > 1 ps) causes a decrease in the central pasitibthe P-polarized plasmon
bands. After passing over a specific time delag, Bapolarized band crosses the
central position of the 1 ms irradiation (the dakskertical line) and goes further
towards the blue side of the spectrum. As an exarnapthis case, the results &ff =
10 ps irradiation are depicted in Fig. 5.1(c). Frband is observed to occur around
450 nm, well below the dashed vertical line. Thesult is also of very high
importance, as it suggests that the existence efstétond pulse, which hits the
already disturbed nanoparticle 10 ps after the bre, is worse off for the shape
modification (i.e. the spectral gap) of the nantipls, compared with the 1 ms
irradiation. It is understood from this simple rieghat some fast mechanisms should
have happened until 10 ps, so that the nanopaitiédiated with a second pulse
during or after these mehanisms result in a legscasatio. Additionally, a decrease
in band amplitude and an increase in bandwidthrapemy the observed shift of the
surface plasmon bands.

The spectra presented in Fig. 5.1 (d-f) are obthinem irradiations with
long time delays between pulse pairs. For illusteateasons three experiments with
time delays ofAt = 100 ps, 200 ps and 1 ns are depicted in thedig-irst to notice
is again the shifts of the P-polarized band centgtts the increasing time delay. The
P-band of the 100 ps irradiation lies almost atsdme region with the one of the 10
ps. Increasing the time delay to 200 ps causeshémel to shift towards the P-
polarized band of the 1 ms irradiation. The maximtime delay of 1 ns (1Ds)
results in a pretty interesting result, which proeliboth S- and P-polarized bands
almost at the same spectral position with the ofi¢ise 1 ms (18 s) irradiation. Not
only the positions of the 1 ns and 1 ms bands laat the bandwidths and band
amplitudes are very similar to each other. Thisdatds that although there are much
slower energy relaxation mechanisms, most of tla@ealletermining parameters are
completed within the first 1 ns. As most of the rgestarted by the first pulse have
already finished until 1 ns, the second pulsergttihe nanopatrticle after this time
can not influence those events in a positive cegative manner. Rather than that the
second pulse triggers new mechanisms from the begnbut on a slightly non-
spherical nanoparticle. As we use several hundreldeppairs (Ch. 4.4) for

56



Chapter 5. Results and discussion

observable nanoparticle shape changes, the forihgopulses withAt > 1 ns will
only have an additive (cumulative) role in reshgpime nanoparticle.

For a complete dicussion of the possible nanoparsbape modification
dynamics, the full temporal evolution of the plasmdands (from perfect
overlapping of pulses untiht = 1 ns) will be presented in the following sentio
Before proceeding with that, we now like to introduthe influence of relative
polarizations of pulse pairs on the nanoparticlpeas ratios when they are
orthogonal to each other during the time-delayeddiation experiments. While
keeping the first pulse’s polarization as vertitdag polarization of the second pulse
is rotated by 90 degrees (resulting in a horizeptddrized pulse) as described in the
experimental section. This is a useful control expent, the results of which can be
compared with the parallel-polarized experiments dobetter understanding of
directional mechanisms induced to the nanopatrticle.

Figure 5.2 presents some of the short-term resofitdhe orthogonally
polarized pulse pair experiments. Figure 5.2(a)jagehe irradiation case when the
pulses overlap in timeA¢ = 0), which results in a very interesting sitoati The
temporally overlapping pulses lead to a consideradad-shift of the surface plasmon
band centers with respect to the original surfdasmpon band (at 413 nm, see Fig.
4.2), but without any directional preference (ne. dichroism). This is indeed the

(a) 0.8 +(c)
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(b) oé« 1 (d)
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Fig. 5.2. Surface plasmon extinction bands of nantgles resulting from orthogonal-polarized pulse
pair irradiation experiments for different time agd: At = 0 ps (a), 3 ps (b) and 10 ps (c-d). The order o

the pulses is changed from (c) to (d). The eneffggash pulse is 3J (fluence ofx 20 mJ/crA at the
sample spot). Arrows represent the polarizatioadtions of the pulses.
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same behavior as was obtained by irradiation ofréweoparticles with circularly
polarized pulses, which created a red-shift of sheface plasmon band, but no
dichroism within experimental accuracy [3].

However, as the pulses are separated from each, édheexample the time
delay ofAt = 3 ps is shown in Fig. 5.2(b), the dichroismhaat considerable spectral
gap occurs. Strikingly here, the stronger red-stiturface plasmon band (the P-pol)
is found to be along the diection of the polarizatparallel to that of the second-
hitting pulse. That means that also the nanopagitbng axes are being defined by
the pulse interacting with the sample later in timkis statement, however, is only
true for a limited range of time delay. Figure 6)Zhows the situation faxt = 10 ps,
where the centers of both S- and P-bands experienlsea smal red-shift (with
respect to the original band of spherical nanoglad) upon irradiation, and the
dichroism vanishes again (spectral gap nm). Interchanging the order of the pulses
(i.e. the horizontal-polarized pulse hits the nartple first) shows no difference
(see Fig. 5.2(d)). That means no dichroism cambeded to the nanoparticles when
the orthogonal-polarized pulses are separatefitlby10 ps from each other in time.
The long-term dynamics of this type of irradiatiill be presented in the following
section together with the results of parallel-paksal experiments.

As the number of plasmon bands to be considereceases with the
increasing range of time delay, it becomes verfictit to compare the resulting
bands of a time delay with the others. Therefommpact analysis of a bundle of
spectral bands requires a global method of bantysisaTo do this we employ the
well-known method of moments [4], which is a st#tes method allowing an equal
treatment and objective comparison of the spepaemeters of bands possible. The
method defines the set of spectral moments as

M, =(US) [(v =) pv)dv (5.1)

band

S = [vpw)dv (5.2)

band

where p = I(v)/v, andV = $)/S. The first moment of the normalized photon
distribution §/& strictly defines the mean wavenumber of the photensThe
second central moment is associated with the batidwof the spectral curve

o =4M, . The third and fourth moments define the tapednd pointedness of the
band and thereby characterize its shape.

The integrals of the plasmon extinction bands &e enportant features for
the understanding of nanoparticle shape transfaomatas they contain information
regarding band amplitudes and bandwidths at thes4ame. For clarity and to avoid
too many inter-related graphs, we will present otfilg band integrals instead of
bandwidths and band amplitudes. Physically, thepteal changes in band integrals
(band areas) can be considered as absorption chafhglee nanoparticle system; a
decrease in the surface plasmon band integral gept® a decrease in total amount
of absorption (i.e. extinction) and vice versa.sTigialso in close correlation with the
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size of the nanoparticles, as known from the volapendence of the extinction
cross section (Eq. 2.17).

Therefore in the following sections, instead of wimy a crowded group of
plasmon extinction bands, we will display the ceahpositions of the bands, the
spectral gap between the bands, and the band afgegil of which are analyzed by
the described method.

5.2. Temporal evolution of surface plasmon bands

In this section, we will present the temporal evolu of surface plasmon
bands up to a time delay af = 1 ns for parallel- and orthogonal-polarizedsgupair
experiments. Several examples of these bands Headg been shown in the last
section for some selected time delays. As menti@aiede, here we will not present
the bands themselves, rather the outcomes of tineemis analyses.

For a better understanding of the very fast hapgemanoparticle shape
modification mechanisms, it is very useful to congpthe band centers of the pulse
pair irradiations with the band centers of the kstglelay irradiation, which iat =
1 ms in our case. This is a quite long time delay the nanoparticle shape
modification dynamics to be accomplished; therefare can consider it as the
steady state situation (see for example Fig. 34¢. P-pol and S-pol band centers of
the corresponding 1 ms irradiations are plottedh\wibrizontal red and black dashed
lines on the figures, respectively. Together whke band centers, the figures also
depict the amount of dichroism, which is the sp@aeap between S-polarized bands
and P-polarized bands. The spectral gap is a pahgbiarameter considering the
aspect ratio (a/c) of the modified nanoparticlésidcreases as the aspect ratio gets
smaller (and vice versa), making it possible to c@nt on the shape transformation
of nanoparticles.

5.2.1. Parallel-polarized pulse pairs

Three sets of results will be presented for pdralidarized pulse pair
experiments. Each of the experiments employedrdifeenergy pulse pairs: namely
a low energy pulse pair (& per pulse), a medium energy pulse paudder pulse)
and a high energy pulse pair (8 per pulse). The spectral bands shown in the
previous section belong to the experiments, whiapleyed 3uJ energy per pulse:(
20 mJ/crf energy density on the irradiated sample spot). [Bhest energy pulses
correspond almost to the shape modification thieshb the nanoparticles; it was
not possible to induce any observable changesteamples with laser pulses below
this energy level. On the other hand, the irradregiwith high energy pulses caused
partial destruction of the nanoparticles due tohhge intensity on the focussed spot.
The most effective nanoparticle shape modificatigabove the threshold and
without any destruction) are therefore achievedh wie medium energy pulses.

The results of the low energy pulse pair irradiatibig. 5.3) show that the S-
and P-polarized surface plasmon bands are welkstgghfrom each other, resulting
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in a high spectral gap for the very short time gel@specially when 0 At < 20 ps).
The high resolution data for these short delay$ vél presented together with the
discussion part in the the following sections. Ehsrno other time delay, for which
the spectral gap becomes higher than that of the sime delays. The P-polarized
band experiences a monotonous decrease with theasing time delay, while the
changes in the S-polarized bands are localizechdrd@20 nm. Therefore the spectral
gap decreases gradually, reaching its steady stat¢d = 1 ms irradiation. The
spectral gap between polarized plasmon bandg sf1 ms (i.e. the gap between the
dashed lines) is only 10 nm, which proves thatltlwe energy pulse pair irradiation
is indeed just above the threshold of permanergeshaodifications.

The behavior of the spectral gaps show clearlyttiairradiation of a second
pulse is almost always better off for the nanopkertaspect ratios if it is no more
than 600 ps delayed. Aftat = 600 ps, the spectral gap is almost equal tbahe of
the At = 1 ms delay. This observation suggests thati#iow energy pulse pair case,
the mechanisms determining the nanoparticle shiageges are more or less finished
within 600 ps. It is clearly seen that the bandeenand the spectral gapAtf= 1 ns
irradiation is equal to those values of thie= 1 ms case, which means that for the
low energy pulse pairs, the nanoparticle shape gdwmmmre almost fully finished
within 1 ns. This argument is plausible, because $lkecond pulse hitting the
nanoparticle 1 ns after the first pulse does notadgthing (that we can observe
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Fig. 5.3. Surface plasmon (SP) band centers (toplpand the corresponding spectral gaps between
SP bands (bottom panel) from irradiations with pE#aolarized pulse pairs of 2] of energy per
pulse. The increments of theaxes change after the axes break. Horizontal dakshes on the top
panel represent the P-pol (the one at 426 nm) gool §he one at 416 nm) band centers ofAhe

1 ms irradiation with the same pulse pair for corigmn. The horizontal dashed line of the bottom
panel represents the corresponding spectral gaf ofm.
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spectroscopically) to the mechanisms started bg (amaining from) the first pulse.
Therefore, we can verbally reduce the effect of #seond pulse hitting the
nanoparticle already att = 1 ns as a pulse hitting a cold nanoparticlesirtiply
triggers the mechanisms from the beginning. Thegehergy is simply not enough
to create longer-living dynamics.

Proceeding with the medium energy pulse pair iatains (Fig. 5.4), we see
again that the maximum spectral gap is producedvény short time delays.
However, compared with the monotonous decreas#seispectral gaps of the low
energy pulse pair irradiations (Fig. 5.3), the legn picture is different for this
more energetic case. The P-pol band centers gevliblwAt = 1 ms irradiation line
after a few picoseconds of time delay (the detariedss of short time delays will be
presented in Ch. 5.3). Applying a second pulsénéodisturbed nanopatrticle is seen
to be worse off for the induced spectral gaps caoatpavith theAt = 1 ms irradiation.
Both S- and P-polarized bands are observed tmgiaieus around 430 and 450 nm,
respectively, right afteAt = 20 ps. This quasi-equilibrim situation lastgilub00 ps.
During this time interval the spectral gaps of bamds are at their minimum values
of 20 nm. After 100 ps of delay, the S- and P-po&at bands move away from each
other, reaching their long-term steady-state pmsiti(obtained by that = 1 ms
irradiation). It is seen that the spectral gapsaase rapidly (from 100 ps until 600
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Fig. 5.4. Surface plasmon (SP) band centers (toplpand the corresponding spectral gaps between
SP bands (bottom panel) from irradiations with pE#aolarized pulse pairs of 3J of energy per
pulse. The increments of theaxes change after the axes break. Horizontal dakshes on the top
panel represent the P-pol (the one at 468 nm) gool §he one at 410 nm) band centers ofAhe

1 ms irradiation with the same pulse pair for corigmn. The horizontal dashed line of the bottom
panel represents the corresponding spectral gap om.
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ps) from 20 nm to 55 nm, and then they reach thisiady-state values at longer
delays. The nanoparticle system reaches a long-wgmlibrium from several
hundred ps until 1 ns with slowed-down dynamicse Bpectral positions of the
bands at 1 ms delay are observed to be only a fewavwsay from their 1 ns positions,
which suggests the same argument developed abovkeefdow energy pulse pairs.
The spectra themselves are almost identical (sge Bil(a) and 5.1(f)). Compared
with the low energy pulse pair irradiation, the @pa& gap produced in the medium
energy case is almost 6 times larger, which isrB8atAt = 1 ms.

Figure 5.5 shows the results of the high energgeulair irradiations. The
dynamics observed for the delay intervals of 26 ¢ < 100 ps and 100 psAt <
600 ps are similar to those of the medium enenggdiation case (Fig. 5.4), but the
situation is much more dramatic here. The firstnpdbo notice is the overall
‘inefficiceny’ of the second-hitting pulse for tm@noparticle aspect ratios, because
the spectral gaps between the surface plasmon bantbrs are less for afit
compared with the spectral gap achievedAbe 1 ms (which is 75 nm). It is clear
that quickly applying pulse pairs of such high @yeto the nanoparticle disturbs the
nanoparticle in a worse manner compared to théliatian with same pulse pairs
applied with a delay of 1 ms. The minimum valuesspéctral gaps are obtained
when the pulses are delayed in the 20 pst < 100 ps region, similar to the case
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Fig. 5.5. Surface plasmon (SP) band centers (toplpand the corresponding spectral gaps between
SP bands (bottom panel) from irradiations with pE#aolarized pulse pairs of gJ of energy per
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1 ms irradiation with the same pulse pair for corigmn. The horizontal dashed line of the bottom
panel represents the corresponding spectral gap ofm.
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shown in Fig. 5.4. We witness the separation oftiréace plasmon band centers and
thus the rise of the spectral gaps right afte= 100 ps. The rising behaviour of the

spectral gaps continues hundreds of picosecoridsijtlivas observed in the case of
medium energy pulse pairs. As the pulses are muarie ®energetic here, it is clear

that there are still some remaining processes,wiiere triggered by the first pulse,

that go on even ait = 1 ns.

The discussion regarding the above presented sesilltbe developed in the
next sections starting from the shortest time del@h. 5.3-5.5) and going to the
longer (Ch. 5.6-5.7). Before proceeding with thag now want to compare the
results of parallel-polarized pulse pair experirsenith the results of the orthogonal-
polarized experiments.

5.2.2. Orthogonal-polarized pulse pairs

Figure 5.6 shows a comparable series of experinmegfying orthogonally
polarized pulse pairs. Some of the correspondiregtsp for this irradiation were
shown in Fig. 5.2. As the spectra at time delayo zemggested, the temporally
overlapping pulses shift the band centers to tbeside of the spectrum (with respect
to the original band) without causing any spedaeg. Therefore the surface plasmon
band centers start almost from the same spectsitiqqo at time delay 0. The
spectral gaps shown in the bottom panel of Fig.sh@v that the maximum spectral
gaps (up to 24 nm) are produced along the secdtidghpulse polarization for very
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Fig. 5.6. Surface plasmon (SP) band centers (toplpand the corresponding spectral gaps between
SP bands (bottom panel) from irradiations with ogtbnal-polarized pulse pairs ofli3 of energy per
pulse. The increments of tiieaxes change after the axes break.
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short delay times. The unresolved dynamics hapgeairiil 20 ps will be clearly
shown and discussed in detail in the following isas. As we have already seen
from the spectra shown in Fig. 5.2, the S- and RBred bands meet at = 10 ps,
resulting in 0 spectral gap (no dichroism). Thisaion is observed to continue until
At = 20 ps.

Interestingly after this time, the bands are sdpdr&fom each other; the P-
polarized bands stay more or less constant bus4pelarized bands move towards to
short wavelengths. Therefore, the spectral gapsrapidly to their maxima around
100 ps. It should be kept in mind that the aspatods induced to the nanoparticle are
always along the second-hitting pulse polarizatibhat means, the second pulse
hitting afterAt = 20 ps can benefit from the situation of theaparticle prepared by
the events that were triggered by the first puldee prominent rise of the spectral
gaps slow down aftest = 100 ps and start to decrease roughly after 600 ps.
Between 100 and 600 ps, the spectra themselveshamngpectral gaps between the
bands are more or less equal to each other. Thenaasbehaviors of the bands are
totally different compared with the parallel-polad pulse pair irradiations but the
critical At values that one can notice (such as 20, 100 80do6) are basically the
same. Although the irradiations are totally diff#trédrom each other, the physical
processes that determine nanoparticle shape chahgekl be the same for both of
them.

In general one can identify three time intervals @iuthe above given results
for parallel- and orthogonal-polarized pulse paifbe first interval contains the
fastest dynamics that start with the interactiothef first pulse with the nanopatrticle
and lasts up to 20 ps of time delay. The second iiterval, from 20 ps to 100 ps, is
observed to have some intermediate dynamics, wirepare the forthcoming long-
term events. The last interval, with the so-calet-term dynamics, starts after 100
ps of time delay and goes up to 1 ns. The nanapaghape determining dynamics
that continue to happen even at slower levels aftes are hinted by the steady state
data ofAt = 1 ms.

In the following, we will analyze and discuss tresults presented above
accordingly with their temporal order. We will dtavith the fastest mechanisms
induced to the nanopatrticle with the strong lasds@interaction. This time interval
(0 < At < 20 ps) contains the most important physicalnevghat trigger all the
forthcoming intermediate (20 At < 100 ps) and long-term dynamics (100 pstx
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5.3. First 20 ps of nanoparticle shape modifications

To investigate the fastest physical events actimghe nanoparticle, we will
first present the detailed views of surface plasthands for the first 20 ps of time
delay extracted from the above given results. Hleeeshifts of the plasmon bands
will be presented together with the correspondirand integrals for a better
understanding of the temporal behavior of the nartape absorption dynamics.
Afterwards we will discuss and develop the posspiigsical mechanisms that may
be responsible for the experimental observatiorthisftime interval in Ch. 5.4 and
5.5. As it was done in the previous section, wé aghin present a total of four sets
of results; three for parallel-polarized pulse paxperiments with varying pulse
energies (Figs. 5.7-5.9) and one for orthogonatqmdd pulse pair experiment with
medium energy pulses (Fig. 5.10).

One of the common points for all three parallelgpialed experiments is that
for time delay larger thant = 3 ps, the P-band position shifts to smaller, tHea&d
position slightly towards longer wavelengths. At~ 10 ps, this decrease of the
induced dichroism stops; for largat (up to 20 ps) the positions of the SP bands
(spectral gap) remain almost unchanged. The restiltke low energy pulse pair
irradiation (Fig. 5.7) show that the P-pol bandteem are above the red dashed line
(P-pol of At = 1 ms) for all delay times. Although the P-p@nld centers shift to
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Fig. 5.7. Surface plasmon (SP) band centers (toplpand the corresponding band integrals (bottom
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lower wavelengths for long delay times, the bandteeatAt = 20 ps still lies ~ 15
nm above the 1 ms line. This indicates that for Ewvergy pulses, the second pulse
applied to the nanoparticle is always better offtfee nanoparticle system (inducing
higher spectral gaps). As already stated, the siasation of a high spectral gap
occurs when both of the pulses hit the nanopartjalekly within the first 3 ps.

The case depicted in Fig. 5.8 (the results of tlegliom energy pulse pair
irradiation) is a little different, where the P-gmnd centers go below td¢ = 1 ms
irradiation line right afterAt = 5 ps. Applying a second pulse to the disturbed
nanoparticle after 5 ps until 20 ps is seem to besw off for the induced spectral
gaps compared with the 1 ms irradiation. The stesrty results of the case with high
energy pulse pairs (Fig. 5.9) are also interestimghe sense that the P-pol band
centers here are always below the band centemas irradiation. As stated before,
quickly applying pulse pairs of such high energythe nanoparticle disturbs the
nanoparticle in a worse manner compared to thdiatian with a delay of 1 ms.

The surface plasmon band centers of each figuralsoeaccompanied by the
corresponding band integrals. We know that decee@séand integrals together
with the decreases in spectral gaps between theé bamters indicate the volume
shrinking of the nanoparticle over time. In Fig7 Blirectly after time delay zero,
both band integrals start to decrease ukitic 5 ps. At larger temporal distance of
the pulse pair, the P-pol band integral remainst@on, while the S-pol band integral
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Fig. 5.8. Surface plasmon (SP) band centers (toplpand the corresponding band integrals (bottom
panel) from irradiations with paralel-polarized gmilpairs of 3uJ of energy per pulse. Horizontal
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is slightly recovering. Over all, we can say thae ttotal absorption of the
nanoparticle system is significantly reduced whwen delay between the two pulses
is increased to 5 ps or more.

The P-pol band integrals of Fig. 5.8 decrease gihdas the time delay
increases, while the S-pol band integrals remaimenoo less constant around 40.
Even though this behavior of the band integralssdoet have much similarity
compared with the band integrals of Fig. 5.7, thé eomment regarding the reduced
amount of total absorption holds also for this ca8a the other hand, the band
integrals depicted for the high energy pulse paadiation (Fig. 5.9) do not agree
well with the others. The P-band integrals stayasirconstant, while the S-band
integrals display a slight increase, which mustidatt some increase in the total
absorption of the nanoparticle system with increggielay time. This can make
sense considering the added amount of absorptiertalthe high number of small
silver clusters around the disturbed main nanogartifor such high energy
irradiations.
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Fig. 5.9. Surface plasmon (SP) band centers (toplpand the corresponding band integrals (bottom
panel) from irradiations with paralel-polarized smilpairs of 6uJ of energy per pulse. Horizontal
dashed lines on the top panel represent the PHpmlohe at 496 nm) and S-pol (the one at 421 nm)
band centers of thst = 1 ms irradiation with the same pulse pair famparison.

Figure 5.10 presents the first 20 ps results oegrpents with orthogonal-
polarized pulse pairs. As it was mentioned befdhe, first important feature is
observed at time delay zero, where no spectralbgéween the polarized plasmon
bands can be observed. However, already at a tefay @f At = 1 ps between the
two pulses, dichroism with a considerable spegagl of > 20 nm occurs. The P-pol

67



Chapter 5. Results and discussion

band centers are along the polarization directibrthe second-hitting pulse (i.e.
horizontal-polarized). This state, where a spedg is observed is only valid for a
limited range of time delay: already fat > 3 ps the centers of both S- and P-bands
start to experience smaller red-shift (from thegiokal SP band of Ag nanoparticles)
upon irradiation, and a smaller spectral gap islpced. These trends continue until
at At = 10 ps, when the dichroism vanishes (spectrpl~g@ nm); after this time
delay the situation remains unchanged. Both obtal integrals decrease gradually
until 10 ps, indicating a decrease in nanopartdisorption, and they reach a stable
situation at their minimum values around this time.
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Fig. 5.10. Surface plasmon (SP) band centers (tpelp and the corresponding band integrals
(bottom panel) from irradiations with orthogonallqrized pulse pairs of 3J of energy per pulse.

Comprising all the above given short-term resuligg. 5.7-5.10), we can
give a first qualitative interpretation. Obvioudlige first pulse initiates ultrafast
processes changing the state of the nanopaticletssdirrounding strongly during
the first few picoseconds. With increasing timeageit, the second pulse causes a
monotonous decrease of the band integrals, whiaghast plausibly explained by
volume shrinking (partial dissolution) of the naatiples. This indicates, together
with the behavior of the band centers in the cdsartbogonal-polarized pulses, an
isotropic process — tentatively ion emission — Whacevents the second pulse from
creating a directional memory for nanoparticle egshg.

The band centers show the largest spectral gapsrierdelayAt < 3 ps for
parallel-polarized pulse pairs; and in the caseorhogonal-polarized pairs the
second pulse can redirect the directional memotitiwvithis interval of time. Most
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probably, these observations can be attributechéodirected electron emissions.
Therefore these processes will be in the focub®fallowing discussion.

5.4. Nanoparticle ionization through electron emissions

If the evidently occurring electron and ion emissiprocesses would be
purely thermal, the anisotropy of the nanopatic®r irradiation could not be
explained at all. Therefore, we have to investighe possible electron emission
processes in more detail, in particular those haipgeduring the pulse interaction,
because the strong field of a linearly polarizesetapulse is the only reasonable
source of a directional preference. According te Mie theory [5], the surface
plasmon oscillations of spherical particles arehesitdipolar or multipolar in
character depending on their sizes [6]. For pagi¢laving sizes much smaller than
the wavelength of the exciting electromagneticdfi@ << 1), it is sufficient to
consider only the first term of the multipolar erpen, i.e., the dipolar term. In this
case of small enough nanopaticles, hot electroneanjected into the surrounding
glass matrix along the direction of the laser pa&ion during interaction with the
applied pulse. The probability of this processlesady correlated to the availability
of electronic states of the surrounding medium.réfoge, the next section is devoted
to the description of the electronic states ofglass-nanoparticle system.

5.4.1. Electronic band structure of composite glass containg silver
nanoparticles

The glass matrix embedding the metal nanopartiafeiofluence the energy
levels of the nanopatrticle. It is known for dielecd (e.g. glass) that their ionization
requires high photon energies due to the largeggngap between the valence and
conduction bands. If the photon energy of excitai®less than the energy gap, the
ionization due to single photon absorption is edetly which proves the difficulty of
ionizing the glass. However, the glass matrix iteplens up an additional damping
mechanism for the surface plasmon modes of the pzaticde [7], and its free
conduction bands supply an inviting reservoir fanoparticle electrons. When the
energy of the occupied nanoparticle states coinaidle the electronic states of the
glass matrix, the conduction electrons of the nantoge are transmitted through the
interface, escaping from the nanoparticle poter{ttii 3.2.3). In such a case, the
electrons are no longer confined with the nanoglastivhich is a typical mechanism
for the nanoparticle plasmons [7].

In the case of silver nanoparticles embedded iasglthe occupied states of
the nanoparticle coincide in their energy with #lectronic states of the glass as
shown in Fig. 5.11. The valence band maximum ofgllass lies 10.6 eV below the
vacuum level (i.e., -10.6 eV), and therefore it has influence on the silver
nanoparticle surface plasmons. On the other h&edloivest conduction band has a
bandwidth of around 4 eV [7] and the band minimuoturs around -1.7 eV.
Comparing this with the Fermi level of Ag, whiclediat -4.3 eV, yields a 2.6 eV gap
in between the Fermi level of the silver nanopleti@nd the conduction band of the
glass matrix. It is noteworthy to see that thisrggas lower than the energy of the
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surface plasmon resonances of Ag nanoparticletass giwsp~ 3 eV). This proves

that it is possible for a surface plasmon to ddmainjection of a hot electron (with

> 2.6 eV) into the glass conduction band [8]. Theref our irradiation at 3.1 eV,
which is very close to the surface plasmon resamanan provide considerable
probability for the nanoparticle electrons to pestet into the glass conduction
band(s) within the pulse duration, which enables probability of anisotropic

electron emissions from the nanopatrticle.

Energy (e\)

vacuum
level
- -1.7

-106
p(E) ‘

Glass Ag

p(E)

Fig. 5.11. Left: the density of states of glassemhonly the lowest conduction band is depicted.
Right: the occupied and unoccupied density of stafdulk silver. The figure is adapted from [8].

But what happens after the ultrashort pulse has gavay? Will there be still
some probability for the thermalized electrons ¢mgirate into the glass conduction
bands? To answer such questions and to estabfigthar understanding, the effect
of irradiation on the nanoparticle density of statedepicted in Fig. 5.12. The figure
shows the Fermi distributions of an electronic eysbefore (withle = 300 K) and
after absorbing théw,_ = 3.1 eV laser pulse. As it was described in CB.13 the
laser pulse excites the electrons right below #wenk-level to high energies in a very
short time scale, thereby creating an athermaltreleic distribution. This laser
excitation process is represented by the arrosgn5.12. As suggested above, it is
seen that the laser pulse energy is enough fotretecto be excited 2.6 eV above the
Fermi level of silver. This will greatly enhancestprobability of anisotropic electron
emissions. In the following times, the electronsrthalize to form a hot Fermi
distribution, which is depicted by the red, solithe in the figure. The high energy
tail of the highT. Fermi distribution gives an answer to the questiabove as it
exceeds the energy needed for nanoparticle elect@rpenetrate into the glass
conduction band (2.6 eV). As the directionalitytbé pulse is no more there, these
thermal emissions of electrons are isotropic. Tloeeg it is obvious regarding the
given Fermi distributions that the nanoparticleeatg hot electrons into the glass
during and after the laser pulse interaction.

This gives rise to two different types of electremission processes, which
we will classify according to their nature of ocance as 'pulse-enhanced’ or 'purely
thermal' in the following; the first being anisgpic and the second being isotropic.
The isotropic purely thermal electron emissionst siéter the pulse has gone away
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and continue to happen as long as the electronsep®shigh temperatures. The
pulse-enhanced electron emission processes, oatliee hand, comprise a ‘direct’
and a ‘pulse-enhanced thermal’ electron emissianpoment. The direct electron
emission processes are the fastest that happeim withfirst few plasmon oscillation
periods, the details of which have been describedCh. 3.2.3. The second
component of the pulse-enhanced electron emisssotieermal in nature, owing to
the increased electron temperatures along the plasacillation directions. Such
anisotropic thermal electron emissions are indexsiple because the electrons that
gain very high temperatures during the pulse areedrout from the nanoparticle by
the dipolar plasmon oscillations.

1.0 ~mmsps---- ----300K
—— High T

0.04  te---TS

Fig. 5.12. Changes in the Fermi distribution of glectronic system following an ultrashort laser
pulse irradiation at an energy of 3.1 eV, which i electrons below the Fermi level to high
energies (represented by the arrows). The resuitiglectronic distribution is shown with the soli
curve.

Before proceeding with the discussion of the peliskanced and purely
thermal electron emission processes, we will intoedthe model calculations based
on the extended TTM and the band structures of ositgglass.

5.4.2. Modeling of nanoparticle ionization with the exteneétd TTM

As described above, we will in the following call &eld-driven electron
emissions from nanoparticles (except the fastestctdemissions) occurring during
interaction with a laser pulse by the notion 'ptdsbanced thermal emission’
(PETE). When the laser pulse is terminated, thetreleic system is still very hot
(Fig. 5.12), and thus there are still enough etetrat energies allowing them to
enter the glass conduction band just by a diffugiwvecess. We will call this
comparably long-lived process as isotropic theremaission (ITE) of electrons. For
all the emitted electrons there is a certain prdibalihat they lose their energy
rapidly and are eventually trapped at local po&mtiinima forming color centers in
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the glass [9, 10]. These trapped electrons playngortant role in reducing Ag
cations at later times.

To get a better understanding of the time evolutbithe thermal emission
processes, we calculated the Fermi distributionaagunction of To (a Fermi
distribution for eachTl, value of Fig. 5.13(a)), and used the resulting @maf
electrons above 2.6 eV as an estimate for theivelatectron emission probabilities.
Figure 5.13(b) shows this percentage of electrogfesring to the situation of Fig.
5.13(a) as a function of time.

For the presence time of the laser pulse we addapility to the PETE
process (blue, solid line), after the end of thés@uhe percentage of high-energy
electrons is assigned to add probability to the précess (red, dashed line). Thus,
integration over the pulse duration (start and ehdulse defined by 17entensity)
and the whole remaining time interval afterwardelds the total relative
probabilities § P) of the two processes. These integrals are sltasnshaded areas
under the curves in the inset of Fig. 5.13(b). @&hsolute probabilities are unknown,
but it is obvious to anticipate higher probability the PETE process to account for
the experimentally observed anisotropy [11].
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Fig. 5.13. (a) Time evolution of electronic andita temperatures of a silver nanoparticle follogvin
the absorption of an intense fs laser pulse. (bp#hilities of electrons that possess energieseabov
2.6 eV as a function of time. Pulse-enhanced thkesmassion (PETE) happens during the pulse
(rising curve) and isotropic thermal emission (Iefer the pulse (decaying curve). Inset of (bjst-i

2 ps of PETE and ITE with shaded areas showingotia¢ probabilities for both processes.
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5.4.3. Pulse-enhanced and isotropic thermal electron emisss for pulse
pair irradiations

To account for the temporal behavior seen in theesmental results, we
now consider the relative probabilities of pulsé&amced thermal emission (PETE)
and isotropic thermal emission (ITE) of electroms the cases of parallel and
orthogonal-polarized pulse pair irradiations. $t@rpoint is again the extended two-
temperature model, which is now applied to estintia¢eelectronic temperatures for
the case of pulse pair irradiation of a nanopaticl

Figure 5.14 shows the resulting time evolution téceonic and lattice
temperatures calculated for several cases of atiadi with a pulse pair (energy
matching the experimental values) at time delayatof O, 2, 5 and 20 ps. In the
case of exact temporal overlapping of the pulsdg. (b.14(a)), the electronic
temperature can rise as high as 11000 K. When ulse$ are separated from each
other, e.g. by 2 ps (Fig. 5.14(b)), the first pus®bserved to create a maximdm
value of ~ 8000 K, and the second pulse hittingalneady hot nanoparticle increases
the electronic temperature again; however, it isasoprominent as the first pulse
effect because of the increased electron heat tgp@berefore the maximune to
be achieved is around 10000 K. Increasing the deldlier changes the maximum
amount ofT, value to be created by the second pulse. Figule§{& and 5.14(d)
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Fig. 5.14. Time evolution of electronic and lattteenperatures for pulse pair irradiation with &)=
0 ps, (b)At = 2 ps, (c)At =5 ps and (dit = 20 ps.
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show that the efficiency of the second pulse desa®as the time delay increases.
But a common point to all scenarios is that anyperature increase given to the
electronic system causes the lattice temperatutieg¢anore steeply.

To estimate the relative contributions of PETE &Irte processes, we applied
the same procedure as described above for Fig. 91& is, we calculated the
percentage of electrons having energy above theniHewel withE > 2.6 eV as a
function of time by constructing a separate Ferisirdbution for eachl, value. As
an example, Fig. 5.15 shows the resulting proldgtadistributions for the time delay
of At = 5 ps, which are calculated from the electraeimperatures shown in Fig.
5.14(c). The probability distributions are calcatitin this manner for each time
delayAt between pulse pairs (from 0 to 20 ps).

From this set of probability distributions, theabtelative probabilities)P)
can be calculated as shown in the inset of Fig3(6)1 Integrating over the time
intervals where a laser field is present yields tibial relative probability for the
PETE processes during first and second pulse fiegialicated by blue, solid lines
in Fig. 5.15). Integration over the remaining tirfreo laser field) gives the total
relative probability for ITE processes (regionsitaded by red, dashed lines in Fig.
5.15). Finally, performing this procedure for thbole range of time delay between
pulse pairs from perfect overlappingtt= 0 ps to a maximum delay of 20 ps, the
total relative probabilities of PETE and ITE proses are obtained as a function of
the temporal sequence of the two pulses.

Now we have to compare these calculated numbets tvé experimental
results presented in the previous sections. Exgeriatly, we have investigated the
two cases of parallel and orthogonal polarizatibnhe pulse pairs, which imply a
characteristic difference: The integrated probgbibf ITE processes does only
depend on the current electronic temperature ansl the total amount of absorbed
energy, but is not at all sensitive to the lasdsgpolarization — the reason why it is
called isotropic. In contrast, the PETE processeewassumed to be field-driven, i.e.
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Fig. 5.15. The corresponding probabilities of ael@es that possess energies above 2.6 eV for the
case ofAt = 5 ps, which was given in Fig. 5.14(c).
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to produce a directional distribution of electramigsion which reflects the actual
laser polarization. With respect to this definitidhe amount of anisotropy initiated
by the PETE processes in case of parallel polamizadf the pulse pair must be
related to the sum of the PETE probabilities. Fohagonal polarization of a pulse
pair, one expects a relation to the difference BT P probabilities, because directed
emission of exactly the same amount of electrongdrallel and perpendicular
direction can not produce anisotropy of lowest ¢thp) order.

According to these considerations, Fig. 5.16 shthesintegrated probability
for ITE processes only once (upper panel), whiléhm lower panel both sum (open
triangles) and difference (open circles) of the BEEprobabilities, integrated
separately over first (PETE1) and second pulse B2 Tare plotted. It is most
instructive to look at the difference (PETEZ2 - PEJHErst: While atAt = 0 the two
contributions cancel each other as expected, alraa@w 100 fs time delay of the
pulses leads to a clear prevalence of pulse-entagleetron emission probability
due to the second pulse. This can easily be exqadiy the fact that the second pulse
can interact with an already very hot electronistesn. With increasing\t, the
difference decreases down to zeroAat~ 15 ps. Over all, this behavior almost
perfectly matches the experimentally observed disht as a function oAt (Fig.
5.10), as well as the finding that the second af émergetically equal pulses defines
the direction of anisotropy. It is obvious to card# that pulse-enhanced thermal
emission of electrons into the matrix is the kegpgass initiating the directional
memory for the following shape transformation af #hg nanopatrticles.
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Fig. 5.16. Added probabilities of ITE (isotropicetimal emissions) and PETE (pulse-enhanced
thermal emissions) for selected delay times. ITEETEL) represents the isotropic (pulse-enhanced)
thermal emissions due to the first pulse, and sdTds of both pulses are added to each other (owing
to the isotropy). PETE of pulse pairs are addednwhe pulses are parallel-polarized and subtracted
when the pulses are orthogonal-polarized.

75



Chapter 5. Results and discussion

This interpretation is confirmed considering thensqPETE1 + PETEZ2): First,
the larger values of the total PETE probability responds nicely to the larger
amount of anisotropy (spectral gap) observed foalfe-polarized pulse pairs (e.g.
Figs. 5.7 and 5.8). Second, the sum decreases by tman a factor of 2 when the
pulse delay increases from very smitlto At = 10 ps; the experimentally observed
reduction of the spectral gap of the SP bands hmapalso on the same time scale.

Using the above given added probabilities it issgae to test the quantitative
relationship between PETE and ITE processes bylediicg the ratios of ‘PETE /
ITE’ over the delay time. The ratios for paralleid orthogonal-polarized pulse pairs,
which are calculated directly from Fig. 5.16, afewn in Fig. 5.17. The time
evolution of these ratios yields the efficiencytloe validity timescale of nanopatrticle
anisotropy. As expected, very high ratios are olexerfor short time delays. Such
high ratios mean that the PETE processes for bqgierenental situations are much
more efficient than those of the ITE processes wthenirradiations are carried on
with pulse pairs following each other quickly iimme (exceptAt = 0 of the
orthogonal-polarized pulse pairs, which is simplyWith the increasingt, the ITE
processes start to balance the situation, graduedigting plateu regions after 10 ps.
Out of these ratios we can say that there will bleigh anisotropy of electronic
distribution for short delay times owing to theosty PETE processes. However, for
irradiations at longent, the isotropic thermal emissions are also asngtr@s the
anisotropic emissions, thereby they can reduce ttital anisotropy of the
nanoparticle for the parallel-polarized pulses agwhove it all for the orthogonal-
polarized pulses. The exponential lifetimes of thigos yield values on the order of
3-4 ps for both processes. Comparing with the expsartal results given in the Ch.
5.3, it is seen that they correspond quite welhiilite temporal regions of the highest
spectral gaps.
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Fig. 5.17. Ratios of the added probabilities of EE® ITE (from Fig. 5.16) for parallel (top panel)
and orthogonal (bottom panel) polarized pulse pdire exponential fits show the rates of decrease
in anisotropy with the increasing time delay betwegeilse pairs. The lifetimes correspond nicely
with the experimental observations.
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We can now consider which physical processes ctheseeduction of the
anisotropy for parallel-polarized pulse pairs aheé full disappearance of it for
orthogonal-polarized pulse pairs within 10 ps. @iethe purely thermal emission of
electrons (ITE) is the first candidate: when ispicoinjection of electrons into the
glass has been going on long enough, all availabfging sites [10] close to the
nanoparticle will be occupied. Electrons emittedabgecond pulse interacting after
this time can, if at all, can only be trapped tdssfurther away from the nanoparticle.
For parallel-polarized pulse pairs, these sitesadse already occupied by PETE
during the first pulse, so the electrons emittedhgysecond one will diffuse back to
the nanoparticle, and as a result the anisotropgoisincreased. In the case of
orthogonal-polarized pulse pairs, there are fréessn the emission direction, and
the anisotropy can be cancelled. So, already thiplgied scenario of saturation of
the trapping sites can provide a reasonable exiptemtor the observed dependence
of the dichroism on the pulse delay tiuig[11].

There are, however, further processes which miggtt svithin the first
picoseconds after the laser pulse interaction.driiqular, any process of electron
emission (no matter if directed or isotropic) i@szthe nanoparticle. The positively
ionized and heated nanopatrticle is therefore etadly and thermodynamically in an
unstable state. Electrical instability rapidly sksitself as repulsive Coulomb forces
among the silver cations. Together with stronglgré@ased temperature this finally
leads to emission of ions (known as Coulomb explgsireducing the total volume
of the nanoparticle [9, 12, 13]. This process, Wwhwe will investigate in the
following section, is isotropic in nature, creatiagconsiderable density of ions
around the main nanopatrticle.

5.5. Repulsive Coulomb forces on the ionized nanopatrtiel

For small Na clusters the typical time scale foruldmb explosion was
reported to be around 0.5 — 1 ps [14]. It is reabmto assume a somewhat slower
time scale for the emission of Ag ions from our pamably large nanoparticles
embedded in a rigid matrix. This is well compatiblgth the experimentally
observed decrease of the spectral gaps betweenzpdlaxtinction bands and the
decrease of band integrals as a function of timaydgsee Figs. 5.7, 5.8, and 5.10 —
excluding the too strong irradiation of Fig. 5.8s the spectral gap between the
polarized bands is strongly dependent on the asmict (a/c) of the modified
nanoparticles, the decrease in spectral gap casdmiated with the dissolution of
the nanoparticle due to repulsive Coulomb forcesthBhe spectral gaps and the
band integrals come to their minimum values aroldgs and stay constant until 20
ps. The decrease in overall amount of band integ@rresponding to the same
temporal delays with the decrease in spectral gspggests that the nanoparticle
system starts to absorb less and less in timeheasotal volume of the particle is
decreasing over time. From the short term datay tré constant behavior of the
band centers and integrals from 10 to 20 ps is,dadnit is also very important to
know how long they stay so to comment on the fate@ion emission processes.

At the moment we can say that ion emissions stdetagt within the first few
picoseconds after the pulse interaction with theoparticle, and this will strongly
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change the state of the nanoparticle and its sodiags. For instance, the dissipated
kinetic energy of the Ag ions will lead to a fastrperature increase in the glass
matrix close to the nanoparticle, which might remdlve trapping sites for electrons.
Also a loss of the silver crystal structure cowdduit in a strongly modified reaction
of the nanopatrticle to the second laser pulseth®lise secondary processes have the
potential to prevent the preparation of an anigotrdistribution of trapped electrons,
and offer plausible explanations that a secondepctening in more than 10 ps after
the first one can not increase the produced pergigichroism [11].

Summarizing this partAg = 0 - 20 ps), we can point out that the experitalen
results combined with the theoretical modeling gevdence that field-driven
emission of hot electrons into the glass matrithesdominating starting process for
the fs laser induced reshaping of Ag nanopartiddasa result of the ionization, the
nanoparticle emits ions to the surrounding glassimby Coulomb forces, which is
observed by the experimental results describedalddowever, as stated above, 20
ps of time scale is not enough to understand thee d& the emitted ions and the
nanoparticle system as a whole.

The whole process of shape transformation requiegsral further cascaded
mechanisms on increasingly slower time scales.droena few of them, the emitted
ions can be reduced by previously emitted, trappésttrons; owing to the
directional distribution of these electrons, thegluction happens mainly close to the
poles of the nanoparticle along the second-hitpidse polarization. Due to the
increased temperature of the glass matrix in tlwenity of the particle, which is
mediated first by emitted electrons and ions amah thy normal heat conduction, the
reduced Ag atoms may either diffuse back to andjgesgate with the original
nanoparticle, or form small silver clusters in #grroundings. Irradiating several
hundred pulses, this gradually leads to the namicfgrshape changes and the
usually observed halo of small silver clusters [lif]., To investigate the time scales
of these long-living mechanisms and to provide toldal insight for the
nanoparticle shape modifications, we will discussriequirements and consequences
of these processes in the following sections.

5.6. Mobility of emitted silver ions

Starting with the parallel-polarized pulse pair enments, there are
essentially two clear observations from the longateesults At > 20 ps) given in Ch.
5.2. The first one is the surface plasmon dynaiméggoening until 100 ps, where the
spectral gaps remain constant at their minimum eslior the medium and high
energy irradiation cases. The second observationpdees the longer delays,
especially up to 600 ps, where the spectral gapease for the medium and high
energy cases. For the low energy pulses (correspgpnob the threshold for
nanoparticle modification), only the monotonous rdase of the spectral gaps is
observed, which is basically due to the insuffitiemergy of the pulses.

To account for the experimental results, it is 8eaey to investigate the

thermal situation of the glass in the vicinity dfet nanoparticle [17]. This task
includes the calculation of the nanoparticle capliogether with the glass heating,
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which is essentially the heat transfer between tsystems. Indeed for the
nanoparticle shape changes to take place, onedleaplect that the glass matrix
surrounding the nanoparticle should get softeneladt for some period of time.
This depends of course on the initial temperatfitbenanoparticle lattice, therefore
the initial energy given to the nanoparticle by llser pulse. In this sense, it is quite
obvious that in addition to different degrees ao#iical situations (i.e. nanoparticle
ionization and Coulomb explosion) created by ddférenergy pulses, very different
thermal situations affecting the nanoparticle aagurroundings can also be induced
by the different energy pulses. Therefore eacloteixperimental data (employing
different pulse energies) reflect different degreésonization and thermalization
processes. Our aim is to find the possible physioachanisms to the basic
understanding of the experimental observationserathan the modeling of each
specific data set.

The cooling of the hot nanoparticle can be caleddby the classical heat
transfer equation (Eq. 3.12), where the energy filmm the hot nanoparticle to the
glass should be estimated step by step througheatmated spherical shells. The
actual values of the nanoparticle lattice tempeestare used directly from the two-
temperature model. Due to the huge difference @mntlal diffusivities of Ag (123
nm?/ps) and glass (0.5 rfifps), the spatial temperature changes within the
nanoparticle can be neglected. Therefore, the dmadtion yields the temporal and
spatial evolution of the heat transfer within thlesg. The solutions of the heat
equation (modeling the case Bf= 3 uJ pulse irradiation) show that the glass 1 nm
and 3 nm away from the nanoparticle surface reatemperatures around 600 K and
350 K, respectively, within 200 ps following thelgeiirradiation. Higher irradiation
strengths (i.e. pulse energies) will of course gelhigher temperatures to the glass.
In the following times the heat is diffused deepagvinto the glass slowly. As the
nanoparticles are several hundred nanometers aaayedach other, the influence of
the heat coming from the neighboring nanoparticdesegligible.

We should also note that the thermal diffusion aleannot account for the
full relaxation and cooling mechanisms of the narbple. As it was mentioned
before, the ionization of the nanoparticle and ttensequent dissolution (ion
emission) mechanisms are effective cooling prosesseom the glass side, these
mechanisms are additional heating processes djléiss together with the classical
heat diffusion. The dissipated kinetic energy o #mitted Ag ions leads to a fast
temperature increase in the glass matrix closeh& rtanoparticle. Taking into
consideration these emission processes as codléne aanoparticle and heaters of
the glass, we can say that the glass matrix ivithigity of the nanoparticle gets hot
and soft even at earlier times (earlier than 200fpifowing the pulse interaction.
Indeed the melting of gold nanoparticles suspendedater has been observed to
take place within 100 ps following the intense fagalse excitation (comparable
with the fluences employed in our studies) [18, 19]

Therefore, the experimental results for medium higth energies (Figs. 5.4
and 5.5), showing long plateu regions at the mimmspectral gaps until 100 ps, are
most probably due to the high ionic mobility in tha&ftening glass. The ions that are
emitted from the nanoparticle surface experiencadéal force due to the Coulomb
explosion. The kinetic energy inputted into thesiavill determine the range of their
travel. In this sense very high irradiation enesdileigher than the case depicted in
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Fig. 5.5) will definitely cause enormous ionizatioanditions, which leads to the
destruction of the full nanopatrticle into ions.

The emitted ions decrease the volume of the natiolgarand they do not
contribute to the surface plasmon bands until #aeyreduced and recombine with
the nanoparticle again. The prerequisite for theéucgon of these ions is the
existence of untrapped electrons. It was mentiomedh. 4.4 that the emitted
electrons are trapped in the glass potential minjnea color centers), which can
only be removed if the glass temperature is highugh. Until the glass temperature
is high enough to free the trapped electrons, wasder around depending on the
energy they possess. This is an interesting stimatvhere the ionic mobility is
expected to get enhanced in a soft glass but oth#érehand the mobility of the ions
contribute to the softening of the glass. Consmethem together with the classical
thermal heat diffusion from the hot nanoparticlee van say that a hot sphere of
glass surrounding the nanoparticle houses the esnitins. As discussed above, the
volume of the hot glass depends on the irradiatimmditions, i.e. the energy input
given to the nanoparticle. Extreme irradiation sasan cause a molten state of the
glass, which in turn can diffuse the emitted Agsi@way from the main nanoparticle,
resulting in its complete dissolution.

The experimental results suggest that the reduetiah precipitation of the
silver ions are less probable until 100 ps, becaihee spectral gaps (and the
nanoparticle aspect ratios) are at their minimumelle This minimum level
corresponds to the nanoparticle with a reducedmeluro see the plausibality of this
remark, we can check the corresponding band ingegsathey contain information
regarding the total absorption of the nanopartiélgure 5.18 shows the band
integrals of the medium energy pulse pair irradmatiThe two temporal regions
described above are also present in the band aiseddp toAt = 100 ps, the band
integrals show no changes, which proves that thiereno reduction and
recombination of the emitted ions with the mainagyzarticle at least during this time.

— [] P-pol
S ¥ I‘“ I o S-pol
S 80+ ’
L5 Y E;=E,=3u .
S 60 .** t’.“—
c 7 X
-; ‘-..'.-.---.-"I‘ ag--T -o
c
&

Q P0G om i
e

0 2040 60 80100 300 600 9001 ms
Time Delay (ps)

Fig. 5.18. Surface plasmon (SP) band integrals froadiations with paralel-polarized pulse pairs of
3 uJ of energy per pulse.
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This is compatible with the remarks we have madwalior the heating of the glass
and the ionic mobility. After 100 ps, the P-poladz band integrals increase
gradually while the S-polarized integrals remaimstant. This indicates an overall
increase of the band integrals of the nanopartigitem for the longer delay times.
The details of these processes cover basicallydtaction of the ions and their
recombination with the main nanopatrticle, whichlwé discussed soon.

In this context, one can ask the question: whapéag to the emitted ions
and the remaining nanoparticle, if the surroundgh@ss (not only the immediate
vicinity of the nanoparticle rather the glass dsllbsystem) is hot enough so that the
ions can move far away from the nanoparticle. Hs¢ of this idea is a temperature-
dependent experiment (see Ch. 4.5), where the iaadration is applied on a pre-
heated or pre-cooled glass. The resulting spept@berties of the nanoparticles
display distinct changes in the high temperatugenme, which we will present in the
following.

5.6.1. Effect of glass temperature on nanoparticle shape adlifications

Figure 5.19 shows the temperature dependent émolof surface plasmon
bands and the corresponding integrals of #fte= 1 ms irradiation of silver
nanoparticles in heated/cooled glass at differemiperatures in the range from -100
up to 170 °C. The top panel of the figure showgdhiemperature intervals with
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Fig. 5.19. Temperature dependences of surface plagf8P) band centers (top panel) and the
corresponding band integrals (bottom panel) froadiations withAt = 1 ms pulses.
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different behavior of the surface plasmon bandersntThe first interval from -100
till 80 °C show that the positions of P- and S-pakd bands stay almost constant,
and the spectra are almost identical. There is stimo difference in the results of the
cold glass and the glass at room temperature. mhis show that cooling the glass
down to -100 °C is not enough to eliminate somehaeisms, because in any case
the ion emissions are mainly electrical procesaksough the cold glass reduces the
the mobility of the emitted ions, it is not obsedvirEom this experiment. For the
higher temperatures, till 130 °C, P-polarized baskift to the red, while the S-
polarized bands are still constant. Further in@edgshe sample temperature leads to
sharp shifts of the P-polarized band centers totshwavelengths [20].

The behavior of the band integrals in the rangenfr00 till 80 °C is similar
to the band centers (bottom panel of Fig. 5.19¢ Kiand integrals stay nearly
constant for both bands. However, the integralshef P-polarized bands start to
decrease very rapidly above 80 °C, while the Srzald bands stay relatively
constant. These results, comprising the sharp dseseof spectral gaps between P-
and S-polarized bands and the decreases of integsabgest that the overall
absorption of the nanopatrticle system is reducedifgher glass temperatures. This
indicates that the nanoparticle loses much ofatame due to ion emissions that can
not recombine with the nanoparticle again. Mostbptiy, the ions emitted into an
already hot glass can move further away from theoparticle, and they can not
come back again for the recombination. This casebeacalled as the dissolution (or
destruction) of the nanoparticle.

5.6.2. Nanopatrticle dissolution

As an illustration, Fig. 5.20 shows the spectrawad irradiation cases on a
same sample containing silver nanopatrticles. Tpeptmel of the figure shows the
spectra from the irradiation on the sample at roemperature, and the bottom panel
shows the spectra from the irradiation on the sapwhich was pre-heated to 154 °C.
It is clearly seen that the irradiation of the naawticles in a hot glass matrix results
in complete bleaching of the surface plasmon baAtishe same time, due to the
huge broadening of the bands, the induced dichrastisappearing [20].

As one can see, relatively low temperature vamatigwith respect to the
glass transition temperature of 850 K) dramaticallange the results of the laser-
induced shape modification of nanoparticles. Theeoled bleaching of the bands
and the disappearance of the spectral gap carcely missociated with the discussion
of the ionic mobility. As it was anticipated, thenited Ag ions can move far away
from the nanoparticle (causing the nanoparticldissolve) if the glass temperature
is hot enough.

Having introduced the nanoparticle ionization, ®eulomb explosion, and
the mobility of emitted ions; now we will develdpet next events in time, namely the
reduction of Ag ions by the trapped electrons,rtipeecipitation and the following
recombination with the main nanoparticle. Opticadications of these long-living
mechanisms were observed within the temporal rahger experimental setup.
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Fig. 5.20. Surface plasmon extinction bands of particles before laser irradiation (solid linesglan
after laser irradiation witkAt = 1 ms pulses at room temperature (top panel)aarib4 °C (bottom
panel).

5.7. Reduction of silver ions and recombination

Considering again the results of the pulse paadiation experiments fokt

> 100 ps (see Ch. 5.2), we can say that with tragirg of the glass matrix, the

potential barriers of the color centers that titzg emitted electons are modified. The
trapped electrons, therefore, can tunnel through réduced potential barriers,

becoming free. These free electrons can theretmace the Ag cations around the
nanoparticle. Because most of the electrons in paellel-polarized pulse pair

irradiations are emitted along the poles of theopanticle, the reduction of the ions
will also be mostly close to the poles of the nartiple in the direction of the laser

polarization.

As long as the Ag ions are reduced, they form sradder clusters by
aggregating and precipitating with the other reduioms around. Depending on the
thermal situation of the surrounding, the reducgdatoms may either diffuse back
to and reaggregate with the original nanopartisteform small silver clusters in its
surroundings. The recombination of these clusteth the main nanoparticle is
observed as the increase in spectral gaps, whigpena clearly after 100 ps [21].
This is a kind of Ostwald ripening process [22],endthe big particles gain volume
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at the expense of the volume of small ones. Grad(alth the additional cycle of
effects from the coming pulses) an anisotropy isintamed along the pulse
polarization direction, which is essentially thenoparticle shape elongation. As it
was stated in the description of the experimengsults, the differences in the
mechanisms and their time scales are indeed expéautes for different irradiation
conditions. The results showed that although themdination processes come to an
end around 600 ps to 1 ns for the medium energdiations [21], they are observed
to continue further for the high energy irradiasdisee the increasing spectral gaps
of Figs. 5.4 and 5.5). As the high energy pulsegehwo times the energy of the
medium energy pulses, the induced non-equilibriumnyrbody interactions are
surely much more drastic. Therefore, it takes lorigee for the nanoparticle to relax
after the irradiation with such high energy pulsEse results prove this in the sense

that there are still some remaining processegydrag by the first pulse that go on
even after 1 ns.

This situation of increase in spectral gaps algesiran increase in the band
integrals, because the nanopatrticle system absuwbs and more as the total volume
of the patrticle increases over time. The band naisgseen in Fig. 5.18 shows the
overall increase of the the nanoparticle absorpiidh the increasing time delajf
> 100 ps), which proves the processes comprisiegréduction of ions and their
recombination with the main nanoparticle during tiine interval.

In the case of low energy pulses, the glass irvitiaity of the nanoparticle
can not be heated enough and therefore a hot r@miossurrounding of the
nanoparticle is not achieved at all. This thermialasion is not enough to free the
electrons trapped in the trapping centers of taeg[10]. Therefore, the low energy
irradiation regime does not allow the formation @f considerable amount of
neutralization to the emitted ions, and the subseguclustering is prohibited. For
this reason, the experimental results showing nomuts decreases in the spectral
gaps (Fig. 5.3) suggest that a high amount of réooation of the emitted ions with
the main nanoparticle does not take place for smwhenergy irradiations.

90 e
- o = P-pol
S 804t /I ©  S-pol
AL
0 Eq1=E5=3pJ
g 701 2
g (% a
c L
_8 60_ " “——_‘_-, ___O
g :.-' — Q_,‘O-
0 50_ O.O‘o ,G’G

Seo @

n b---_o_.-d

40 T I////' T

0 204060 80100 250 500 750 1000
Time Delay (ps)

Fig. 5.21. Surface plasmon (SP) band integrals fiwadiations with orthogonal-polarized pulse
pairs of 3uJ of energy per pulse.
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The time scales we have discussed above, regattimgreduction and
clustering of the ions and the recombination of sh&ll Ag clusters with the main
nanoparticle are expected to hold for both paralled orthogonal-polarized pulse
pair irradiations. This statement is of course toumdy if the irradiation conditions
(for example the applied pulse intensity) are t®e for both cases. Therefore, now
we want to compare our knowledge with the resudltd® orthogonal-polarized pulse
pair irradiations. First of all we want to considlee band integrals (corresponding to
the SP band centers given in Fig. 5.6) of the gahal-polarized irradiation to
comment on the long-term absorption dynamics oleski the nanoparticle system
for this irradiation mode. Figure 5.21 shows tha integrals of the P- and S-
polarized bands move in opposite directions urid ps: the increases in P-polarized
band integrals are accompanied by the decreasggoiarized band integrals. The
overall absorption of the nanoparticle system,dftge, stays more or less constant
until 100 ps. This is well in agreement with theoad arguments for the mobility
time scale of silver ions. The increases in thespkgaps during this time (Fig. 5.6)
must be due to the reduction of the ions alongptbles of the second-hitting pulse
polarization direction. During the time when thetrspic ion emissions take place
due to the first pulse, the second pulse can dyreetduce those ions along its
polarization direction with the pulse-enhanced tetec emissions. With the
increasing number of pulse pairs hitting the nanoge, a population of small silver
clusters near to nanoparticle in the second-hitpse polarization direction is
created. However, they can not add up (join) to mla@oparticle volume yet,
therefore, the overall added behaviour of P- angbl@rized band integrals stay
almost constant until 100 ps, indicating a nanaglartvith a smaller volume.

In the following times, the small clusters can jeanthe main nanoparticle
through the mentioned Ostwald ripening process2p [khis will add up to the size
of the nanoparticle and therefore to its absorpfamindicated by Eq. 2.17). This is
also well compatible with the associated increase$?- and S-polarized band
integrals for the long time delays.

5.8. One pulse model

As a short summary to the results presented incthapter, we would like to
consider a simple schematical view (see Fig. 5d22 silver nanoparticle in glass
that is irradiated by an intense femtosecond Ipatse. The laser pulse has a central
wavelength of 400 nm, which is very close to thdase plasmon absorption of the
nanoparticle. The peak pulse intensity on the narimte is not less than 0.2
TW/cn? (i.e. 2 pJ of energy pulse focussed on 1(f of spot size), which
corresponds to the threshold intensity for perman@anoparticle shape
modifications. Some of the basic mechanisms anddhnesponding time scales are
depicted on the schematic from left to right ontihee axis.

As soon as the intense laser pulse interacts imanoparticle, the localized
plasmon oscillations of the nanoparticle are enbdrdue to the very high electric
field of the applied laser pulse (see Ch. 3.2).nShigh field strengths can drive the
electrons away from the nanoparticle, which weethls pulse-enhanced (direct and
pulse-enhanced thermal) electron emissions. Thihasfirst of the two electron
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emission processes that ionizes the nanopartitie.ldng living but less efficient
second process of electron emissions was calleitheassotropic thermal electron
emissions. Absorbing the strong energy input ofléiser pulse, the electrons that are
not emitted by the pulse field reach very high temapures, which make the thermal
emission of electrons possible. The electron ewnisprocesses can be regarded as a
relaxation mechanism of the hot electronic systéfthough the pulse-enhanced
electron emissions are anisotropic, i.e. havingdihection of the laser polarization,
the thermal electron emissions are isotropic irumat The number of electrons
emitted during the pulse is much higher than thenber of electrons emitted
thermally as depicted in Fig. 5.22. The emittecctetes lose their energy rapidly
and they are trapped in the potential minima ofdless matrix. In addition to the
electron emission processes, the other relaxati@nrel for the hot electronic
system is the coupling of electrons with nanopktighonons. The nanoparticle
lattice is heated by the hot electrons concomitanthe cooling of the electronic
system [11].

The instability of the positively-ionized, hot naasticle shows itself as
repulsive electrical forces on silver cations. Ttesults in the Coulomb explosion
process, which reduces the volume of the nanopastia silver ion emissions to the
glass matrix. The experimental results showedtthiatprocess starts within a few ps
and it is completed within 20 ps [11]. Subsequeritig emitted ions are reduced by
the trapped electrons as soon as the electronsveuftom the traps. The
experimental results showed that the silver ioresrait reduced until 100 ps [21],
most probably due to the time it takes for the glmsheat up and heal the electron
trapping centers [20]. After 100 ps, the ions adbtime nanoparticle (Fig. 5.22) are
reduced — mostly around the poles of the nanopamiwing to the large number of
electrons in these regions. As the ions becomealeagd, they precipitate and form
small silver clusters. These small clusters can joithe main nanopatrticle through
the mentioned ripening processes.

SP Pulse-enhanced Coulomb explosion Reduction of ions Shape elongation after
s> oscillations ionization and ionic mobility and recombination several hundred pulses
. e
’(D
@D
e e e e
| | | | 4
t=0 At<0.2 ps At <100 ps At<1ns Time

Fig. 5.22. A schematic view of the ultrafast dynesnbn a silver nanoparticle in glass following the
absorption of a femtosecond laser pulse. The ainitectrons are denoted lgy Ag cations are
denoted by "+ signs and small clusters of Ag ataresdenoted by black points.

The results indicated that the recombination ofdimall silver clusters with
the main nanoparticle happens also within 1 nddar and medium energy pulses
[21]. As the the strength of the laser irradiatinareases (e.g. irradiation with high
energy pulses), the non-equilibrium mechanismslvé@linore involved and the glass
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temperature in the vicinity of the nanoparticle Ivbe much higher, which can
postpone the recombination processes. The forthmpmilses will repeat the cycle
of events summarized above on a ‘step by stephthignodified nanoparticle. As
the period of the pulses is 1 ms, the events stdnyea pulse are finished before the
second one hits the nanoparticle. This means tatmaterial transport would
accumulate with the increasing number of pulsegrdifore the increasing number of
pulses will ripen the anisotropy of the nanopaeti¢l6, 20, 21], creating an
elongation at the end as depicted by the schen@tie.can identify a halo of small
silver clusters on the equator sides of the nanigparat the end (see the TEM
images in Ch. 4.2).
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Chapter
6. Summary and conclusions

The research presented in this thesis is the resalbrand new experimental
approach on laser-induced shape modification dycsnof silver nanoparticles
embedded in glass. The approach is an easy-to4ingole femtosecond laser
irradiation technique that employs pairs of timéagled laser pulses with equal
energies for the modification of original, sphetisdver nanoparticles (see Ch. 4.4).
For each time delay between the pulse pairs, araeppart of the original sample
(with spherical nanoparticles) was irradiated, ¢bgr creating delay-dependent
nanoparticle shape modifications. The corresponddegsistent changes of the
surface plasmon extinction bands were analyzed ameaion of time delay and
relative polarization of the pulse pairs. Compating resulting plasmon bands of the
short time delaysAt < 1 ns) with that of the\t = 1 ms gave valuable information
about the efficiency of nanoparticle shape modiitces (see Ch. 5.1). It has been
shown that the pulse pair irradiation with some etirdelays created higher
nanoparticle shape elongations than the irradiatith pulses ofAt = 1 ms delay
could do, and for some time delays the situatios reaersed.

It was found that the strongest nanoparticle stadmanges, i.e. the highest
aspect ratios, were achieved when the time delaydam pulse pairs is less than 3 ps
(see Ch. 5.2 and 5.3). Using a two-temperature imuadhéch have been extended to
be valid for very high temperatures, the time deleece of directed and isotropic
thermal electron emissions was estimated to detsty an a time scale of a few
picoseconds (see Ch. 5.4). It was shown that @ideclectric field-driven emission
of hot electrons, which are then trapped in thesgleatrix, is the key process
initiating the transformation of Ag nanoparticles hon-spherical shapes. This
directional memory, which is prepared only durihg time of laser pulse interaction,
defines the anisotropy of the whole, much longstit@ process leading to
ellipsoidal nanoparticles and persistent dichroigegpectively. The anisotropic,
pulse-enhanced electron emission is counteractedhésmal, isotropic electron
emission because of the very hot electronic sysaéier the laser pulse has gone
away (Ch. 5.4). As a result of the electron emissidhe nanoparticle gets highly
ionized and dissolves patrtially by the Coulomb ésr¢see Ch. 5.5). The nanopatrticle
emits Ag ions into the glass matrix most probably @ timescale of a few
picoseconds. This explains perfectly why the largesoparticle aspect ratios are
being produced when the delay between pulse less thar 3 ps.
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After 10 ps the nanoparticle aspect ratios werngly reduced in the case of
pulse pairs having identical polarization and vhed using pulse pairs with
orthogonal polarization. Therefore the resultsrajlp suggested that the electron and
following ion emissions from the nanoparticles &nesshed within less than 20 ps,
and the directional memory is favorably defined tiyected emission of hot
electrons interacting with the laser field. In ttese of orthogonal polarized pulse
pairs, the preferential direction of the resultmanoparticle aspect ratio (whenever
there is any) is along the polarization directiémh@ second-hitting pulse.

Out of the above summarized results for the fiGtp2 and thinking of the
technological applications of laser-induced dictmoj it can be concluded that
ultrashort laser pulses up to a duration of sevpiaseconds are well suited to
prepare large spectral gaps between the polarinddcs plasmon bands. However,
the use of significantly longer pulses will favolsabreate the isotropic changes — up
to complete particle destruction. This conclusienin very good agreement with
previous works, where considerable amount of namiop@ aspect ratios were
observed when nanoparticles were irradiated byesutf 4 ps duration [1] while
only isotropic changes and patrticle destructionenmebserved when nanoparticles
were irradiated by ns pulses [2].

For the time delays after 20 ps, the heating ofgllaes matrix in the vicinity
of the nanoparticle was taken into account (see %8). Considering only the
classical heat diffusion from the nanopatrticle, gheess was expected to get hot only
within 200 ps. There are, however, other channdlsheat transfer from the
nanoparticle to the glass in addition to the ctadsheat diffusion: namely the
electron and ion emissions. Owing to these very fanoparticle relaxation
processes, the glass temperature was expectedath w@es high as its melting
temperatures in the immediate vicinity of the nartiple even at earlier times than
200 ps. The experimental observations suggestédhbahigh temperature state of
the glass lasts at least until 100 ps and the glafis enables high mobility to the
emitted Ag ions. The first evidence of the reductend clustering of ions were
observed after 100 ps. That is, until this times tleduction of the ions was not
observed in our results. During the high tempeeagiate of the glass, the electron
trapping sites of the glass are healed and theedhplectrons can become free in the
glass conduction bands. These free electrons may important roles in reducing
the emitted, mobile Ag ions. Subsequently with tieetralization of the ions, silver
atoms form small silver aggregates and clustergratthe nanoparticle. Because the
reduction of the ions takes place in the regionsere high number of electrons
exists, bigger Ag clusters are formed in theseorgyi Generally speaking, these
regions are along the direction of the secondngtpulse polarization. Finally the
anisotropic recombination of these small Ag clustesith the main nanoparticle
results in the gradual elongation of the nanoplertic

The experimental results showed that the processegrising the reduction
of Ag ions, the clustering of the atoms and thenegination of these clusters with
the main nanoparticle start after 100 ps. Howethes,laser irradiation parameters
such as the energy of the pulses and their intedsitided on the end time of these
processes. For the irradiation with pulse pairsrigalow and medium pulse energies
these processes were observed to finish aroungh&0@hile for high energy pulses
there were some remaining processes even at Ea<(s 5.7).
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The results summarized above give insight into tlamoparticle shape
modification dynamics in a pretty long time scalé&hwvery well experimental
accuracy. In this sense, playing with the lasexdiation scenarios and nanoparticle
properties can shift the time scales of the mestiomechanisms. Finally, the
introduced technique proves to be a valuable tooinvestigate the nanopatrticle
shape modification dynamics or, more generally anrafast laser-induced
processes, which lead to irreversible optical cleandn this sense, the time-delayed
pulse pair irradiation is a reliable method and paovide additional information
compared to usual pump-probe spectroscopy in tteses of permanent changes in
metal nanoparticles.
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