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Chapter 1. Introduction and general aims

Chapter 1. Introduction and general aims

Glasses and other dielectrics containing metal particles are very promising
materials for photonics applications owing to thammique linear and nonlinear
optical properties. These properties are dominatedhe strong surface plasmon
resonances (SPRs) of the metal nanoparticles. PlseoScur when the electron and
light waves couple with each other at a metal-diele interface, and they are simply
regarded as the collective oscillation of the nambgles (NPs) electrons. The
spectral position of the SPRs in the compound na$ecan be designed within a
wide spectral range covering the visible and nefieied spectra by choice of the
electronic properties of the metal and the dielecmatrix [1.1,1.2], or by
manipulation of size [1.1, 1.3], shape [1.3, 1atjd spatial distribution [1.5] of the
metal clusters. This makes the composite mateviatg promising candidates for
some applications in the field of photonics [1.6],11.8]. One of the main issues in
this context is to structure the optical propertiéssuch materials on a micro-, or
even submicron scale. This aspect, in fact, ocsumany researchers within the
scientific community. The scientific interest covefrom the study of optical
subwavelength structures such as plasmonic waveguidased on metal
nanoparticles [1.9, 1.10] to the much larger scaigrometer scale, where the
composite materials are appropriate for productbra number of standard and
advanced optical elements such as: gratings, sdgohélters, polarizers, etc.

Recently, it was shown that laser-induced techriqeeresent a very powerful and
flexible tool for (local) structuring of the opticaroperties of composite materials
with metal nanoparticles [1.11, 1.12, 1.13, 1.1415]1 1.16, 1.17, 1.18, 1.19].
Particularly, it was discovered that initially spical silver nanoparticles embedded
in soda-lime glass experience a persisting transfton of the shape when
irradiated with intense fs laser pulses at a wangtlenear to the SP resonance [1.15-
1.19]. This was macroscopically observed as ancalptichroism. The irradiation
resulted in permanent polarization dependent catbanges.

Although many pieces of knowledge about the medmasileading to this shape
transformation have been collected in the last syeastill further detailed
investigations are needed to get a comprehensotargiof the physical processes
behind.

This thesis considers aspects of interactions tnse fs laser pulses with silver
nanoparticles incorporated in soda-lime glass; amdeals new information
concerning the processes arising by excitatiomefsilver nanoparticles by the laser
pulses and leading to structural alterations.



Chapter 1. Introduction and general aims

The studies presented in the thesis aim to unadetstadetails the mechanism of NP
shape transformation, as well as, to optimize teehrtique of laser-induced
modification of the optical properties of composit@aterials with metal

nanoparticles for production of (sub-) micron stues with high polarization

contrast and very broad tunable range of dichroigrat, in turn, will allow this

technique to be used in many applications.

For the sake of compactness, comprehensive revigweptical properties of
nanocomposites with metal particles are intentigreatoided. Thus, next chapter of
the thesis (Chapter 2) will only briefly review senof these properties. Also
throughout the thesis, wherever it was required tiecessary background is
provided.

In Chapter 3 an overview of the possible proceasissg by interaction of the laser
pulses with metal nanoparticles will be given. Tlaulations describing the energy
relaxation in NP-Glass system in strong excitategime will be developed; and the
possible mechanism of the photoionization in osecaill be discussed.

Chapter 4 presents preparation technique as welhascterization of silver-doped
nanocomposite glasses which were used for thermdsaa samples; and introduces
the experimental apparatus.

The fifth chapter provides the key information negdor understanding the physical
mechanism leading to the laser-induced transfoomabf silver nanoparticles
embedded in glass. The series of experimentaltsgsnvestigating the dependences
of laser assisted shape modifications of Ag nartmbes on the laser pulse intensity,
excitation wavelength, temperature etc., are ptedgenAt the end, the possible
mechanism responsible for the observed effectsausgsed.

Afterwards, chapter 6 will present the results gondpction of polarized micro-
structures in the glass containing silver nanogagi using laser irradiation
technique. Based on the findings obtained in Chiaptand detailed analysis of the
influence of NP concentration on the laser-induskeape transformation, a modified
technique of irradiation, which enables the promunctof fine, micron size,
polarization and wavelength selective structureth \wigh polarization contrast and
large dichroism will be considered.

Chapter 7 then draws the thesis to its conclusyngiving a summary of the main
achievements.
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Chapter 2. Optical properties of nanocomposites
containing metal nanoparticles

Interaction of the light with nanocomposites resealovel optical phenomena
indicating unrivalled optical properties of thesatarials. The linear and nonlinear
optical response of metal nanoparticles is spetibig oscillations of the surface
electrons in Coulomb well formed by the positivehyarged ionic core. This type of
excitations is called the Surface Plasmon (SPLIP8 Gustav Mie [2.1] proposed a
solution of Maxwell's equations for spherical peldgs interacting with plane

electromagnetic waves, which explains the origirihef SP resonance in extinction
spectra and coloration of the metal colloids.

During the last century optical properties of naamtiples have been extensively
studied and metalo-dielectric nanocomposites fotartbus applications in different

fields of science and technology [2.2, 2.3, 2.4, 2.6, 2.7]. Since the optical

properties of metal nanoparticles are governedhieystuurface plasmon resonance,
they are strongly dependent on material, size, eshagncentration and distribution

of the particles as well as on the properties efgarrounding matrix. Control over

these parameters enables such metal-dielectriccoarmosites to become promising
media for development of novel nonlinear materialenodevices and optical

elements.

Thus, in this section the SP resonance and mailcabgiroperties of the metal

nanoparticles embedded in a dielectric media wal donsidered. Complete and
excellent review of optical properties of nanostuned random media can be found
in Ref. 2.8 and 2.9.

2.1. Surface plasmon resonance of isolated metalmaparticles.

As it was mentioned above, exposure of a metal penticle to an electric field
results in a shift of the free conduction electrarith respect to the particles’ metal
ion-lattice. The resulting surface charges of ofposign on the opposite surface
elements of the particles (see Fig. 2.1) produces#oring local field within the
nanoparticle, which rises with increasing shifttloé electron gas relative to the ion
background. The coherently shifted electrons ofrtie¢al particle together with the
restoring field consequently represent an osciljatthose behavior is defined by the
electron density and the geometry of the partitlgoughout this text its resonances
are called surface plasmons on metal nanopatrticles.
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Fig.2.1. Plasmon oscillations in metal sphere iretliby electromagnetic wave.

e cloud

An exact analytical theoretical description of sgd plasmons of spherical metal
nanoparticles is part of Mie's theory for the seattg and absorption of light by
spheres [2.8, 2.10]. According to Mie-theory, thiéfedent eigenmodes of the

spherical particles are dipolar or multipolar inadcter. For particles which are
small compared to the local variations of the imedl electromagnetic fields, the
quasistatic approximation [2.8] is valid. It asssmthe exciting field to be

homogeneous and not retarded over the particldisne Under these assumptions,
the results of electrostatics can be applied bygushe corresponding frequency
depended dielectric function. In this case, theapshbility @ and induced dipole

momentp of the metal sphere embedded in dielectric cagien as [2.11]:

3 & (W) —&y,
& () +2¢y,

a =4/R , (2.1)

3 & (W) - &,
& () + 2z,

Eo (@), (2.2)

B(w) = agyEy(w) = 478R

where R is the radius of the nanopartick&, the electric field strength of an incident
electromagnetic wavey the electric permittivity of vacuumg(w) and &, are the
relative complex electric permittivity of metal ahdst matrix, respectively.

In turn, the absorption cross section of a sphemcatal inclusion placed in a
transparent dielectric matrix, where the imagingart of the relative complex
electric permittivity approaches zelo(e, —0) is then given as:

o(a) =12R3 L, 32 5;'(“2)) — (2.3)
¢ le@e2ef +5 @

where ¢ (w)and &/ (w) are real and imaginary part of the electric peiwiift of the
metal, which in turn can be described by the Dr8deimerfeld formula:

2
&(w) =g, +1- @ (2.4)

W +iyw

Here, y is a damping constant of the electron oscillatiand &, is the complex
electric permittivity associated with interbandnigsdions of the core electrons in
atom. The free electron plasma frequency is giwen b
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| Né?
0, - /mgo | (2.5)

whereN is the density of the free electrons ands the effective mass of an electron.

As it can be seen from the Egs. 2.1 — 2.3, the kwedlwn Mie resonance occurs at
the SP frequencysp under the following conditions:

[,si' () + 2sh]2 +€ (@)? - Minimum. (2.6)

If the imaginary part of the metal electric permity is small in comparison with
£ (w) or it has small frequency dependence, then Eccahtoe written as:

& (wsp) = 28, - (2.7)

Thus, if the condition Eq. 2.7 is complied, theagmoment and local electric field
in the vicinity of the nanosphere grow resonanthyl a&an achieve magnitudes in
many orders overcoming the field of the incidentve&vaThis phenomenon is
responsible for the SP enhanced nonlinearitiebefrietal colloids.

As it can be seen, Eq. 2.7 requires the real gaheodielectric function of metals to
be negative. This is indeed the case for noble Im@tathe visible spectral region
(Fig. 2.2 for Ag and Au). For a dielectric enviroem havings, = 2.25 surrounding
the silver nanoparticle, the resonance conditiorobserved to occur at around
400 nm, while for gold nanopatrticles the resonamaeelength is around 540 nm. A
consequence of this is the bright colours exhiblieth in transmitted and reflected
light.

517 7=~~ ~
DTG Im(ea,)
I= 1 T Ttemememeeoooo
o 80
(%)) (]
5 &  FecemrceoiDdeccmememememememans
; -10 1 ; 5]
8 5 i
© P @107 meme 2ey'=-3.38
o R H _ ©
-201 ; : == 8die| =-2.25 2£diel =-4.5
P ey =-45 -151 P
300 400 500 600 700 400 500 600 700

(@) wavelength (nm) (b) wavelength (nm)

Fig. 2.2. (a) Dielectric constant of silver (solahd dashed lines) and the negative of the
dielectric constant of a dielectric media (n = 1.5 = 2.25) fulfilling the SPR of
nanoparticles condition (grey line). (b) Dielectionstant of gold (solid and dashed lines)
and the negative of the dielectric constants of dwbectrics (n = 1.3z, = 1.69, dash-dotted
line) and (n = 1.5, = 2.25, grey line), both fulfilling the SPR of mgarticles condition.
The figure is adapted from Ref. 2.2.
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Each of the noble metals has its specific surfaesnpon absorption band. For
instance, silver nanoparticles embedded in glassixnaxhibit SP band at about
417 nm, as can be seen from the extinction sppoésented in Fig. 2.3. In turn, SP
for Au and Cu nanopatrticles is shifted in the rpdctral range and peaked at 528 nm
and 570 nm, respectively. The broad absorption $dredow 500 nm for both Au
and Cu containing nanocomposite glasses are assbaeigth interband transitions,
namely from d- to s-shell, of the core electrongha metal atoms. However, for
silver the interband resonance is peaked at 31Q4eV) far away from the SP
resonance [2.12].

3
Au
Cu
2L
c
.S
3]
=
)
x L
0 1

400 500 600 700 800
Wavelength [nm]

Fig. 2.3. Extinction spectra of glass containinghepcal silver, gold and copper
nanoparticles.

Using Eg. 2.7 and by substituting the real pathef metal electric permittivity from
Eq. 2.4, the position of the SP resonance can peesged as follows:

% e 2.8)

2 _
Re[g,] +1+ 2¢,

Wsp

As it can be seen in the Eq. 2.8, the core elesth@ve a significant influence on the
surface plasmon and obviously define the positibthe SP resonance in extinction
spectra (Fig. 2.3) for different noble metals. Qre tother hand, the Eq. 2.8
gualitatively describes a dependence of the Shhasm® on the dielectric properties
of the host matrix, into which the metal nanopdetcare incorporated. An increase
of dielectric constant (refractive index) evokeg tbhift of absorption maximum
towards long wavelengths [2.8, 2.13, 2.14] (a®ild be expected from Fig. 2.2 and
seen in Fig. 2.4). The curves in Fig. 2.4 represleatspectral positions of surface
plasmon resonances of silver nanoparticles embeduethree different media:
vacuum §£,=1), glass £,=2.25), and TiQ (¢,=6.25). It is clearly seen that the SP
resonance maxima are more red-shifted for nanocsit@sowith higher dielectric
constant of the matrix.
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Fig. 2.4. Halfwidth of the surface plasmon resoramnd silver nanoparticles versus the
respective peak energy for several embedding madiaparticles size. Parameters with
curves are the nanopatrticles size. The figure epded from Ref. 2.8.

This Fig. 2.4 also shows that the position of tier&sonance depends on the size of
metallic nanoparticles. In fact, its position rensi quasi-constant for the
nanoparticles with radius smaller than 15 nm, whkile band halfwidth for these
clusters differs by the factor of 4. This is oft@escribed as an intrinsic size effect
[2.8, 2.15, 2.16]. If the particle size is belove tliimension of the mean free path of
the electrons in the metat L0-15 nm) [2.17], the electron scattering at thdiple
surface mainly increases the imaginary part ofdileéectric function. For the smaller
particles (> 1 nm) the spill-out of electrons froine particle surface should be taken
into account, which results in an inhomogeneoukedigc function. As a result, very
broad plasmon bands are observed for small nandear{Fig. 2.4).

On the other hand, increase in the radius of tm@s@here larger than 15 nm leads to
the shift of the SP resonance towards longer wagéhs with simultaneous increase
in the band halfwidth (Fig. 2.4 and Fig. 2.5). Thki$ect for the larger particle is
referred as the extrinsic size effect [2.8, 2.18822.19, 2.20]. Here, higher-order
(such as quadrupolar) oscillations of conductioectebns become important. In
addition to the red shift and broadening of SP bang. 2.5 for silver shows the
second peak in extinction spectra, which is thaltes these quadrupole effects.

From the size dependence of the SP it is quitecnisvthat metal nanoparticle with
nonspherical shape will show several SP resonandbe spectra. For instance, the
ellipsoidal particles with axea # b # ¢ own three SP modes corresponding to
polarizabilities along principal axes given as:

& () — &y
£n + (& (@) + )Ly

a(w) = 4?ﬂabc (2.9)
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whereLy is the geometrical depolarization factor for eagfs (X L, =1). Moreover,

increase in the axis length leads to the minimaratf the depolarization factor. For

the spherical particle, =L, =L, =é :

1
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Fig. 2.5. Calculated Mie extinction spectra of gpte nanoparticles of various metals.
Parameter is the size 2R=1. The figure is adapted from Ref. 2.8.

Thus, if the propagation direction and polarizatafnthe electromagnetic wave do
not coincide with the axes of the ellipsoid, theimotion spectra can demonstrate
three separate SP bands corresponding to theatsgil of free electrons along axes
[2.8]. For spheroida # b = c the spectra demonstrate two SP resonances. However
if the light is polarized parallel to one of theigxonly one single SP band
corresponding to appropriate axis is seen (Fig). 2reover, the band lying at
higher wavelengths is referred to the long axisilevthe small axis demonstrates
resonance at shorter wavelengths compared to riigée siesonance of a nanosphere
of the same volume. The spectral separation ofvibesurface plasmon bands of the
ellipsoidal nanopatrticle, as it was shown in thd. Re21, depends strongly on its
aspect ratio, which is defined as the ratio ofitimg to the short axes.

Fig. 2.6 shows the calculated (using the Mie thdoryspheroids [2.22]) polarized
extinction spectra of prolata & b < ¢) and oblateq = b > ¢) silver spheroids with
different aspect ratios, which are embedded insgla®e volume of spheroids is
equal to the volume of the nanosphere with radiug¢5onm. As the nanosphere
shape is distorted to become a spheroid, two resesaof electron oscillations are
created. The red-shifted (in respect to the origlBB band of spherical silver
nanoparticles which is lying at ~ 410 nm) bandsab®ined for the light polarized
along the long axis, while the blue-shifted bareferrto the short axis. The spectral
gap between SP bands rises for the nanoparticteshwgher aspect ratios. However,
at the same time, it is clearly seen that for geolnd oblate spheroids having the
same aspect ratio, the positions of SP resonameedifierent. Namely, the spectral
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separation between SP bands is higher for the matcps having zeppelin-like

shape.

(a)
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Fig. 2.6. Calculated using the Mie theory for sphids [2.22] polarized extinction
spectra of prolate (a) and oblate (b) silver sphdsowith different aspect ratios, which
are embedded in glass. The volume of spheroidguial ¢o the volume of the nanosphere
with radius of 15 nm. Dashed curves — polarizatidrthe light is parallel to the long
axis; solid line — parallel to the short axis. Insets, the shapes of spheroids are shown

schematically.

For many years now, the dichroic property of eldadametallic nanoparticles has
been used for manufacturing of broad-band highreshtpolarizers [2.23]. This
became possible owing to the fact that by appréguahoice of aspect ration between
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the axes of the nanoparticles, the position of3Reaesonance can be designed within
a broad spectral range. This aspect will be digmise more detail in the next
chapters.

2.2 Optical properties of nanocomposites with higffraction of metal
nanoparticles.

Increasing fraction of metal nanoparticles in a medleads to the decrease of
average particle distances. Thus, enhancementeoflipple moment of spherical
metal NPs by excitation near to the SP resonarsdtsein strong collective dipolar
interactions between nanoparticles, which affee linear and nonlinear optical
properties of a nanocomposite material. For th@gae of this work it is sufficient to
describe this effect in the approximation of thdl\wweown Maxwell-Garnett theory,
which is widely applied to describe the optical gedies of metal particles in
dielectric matrices [2.9, 2.24, 2.25, 2.26]. Altighuit does not correctly take into
account the multipolar interactions between nartag@s considered in other works
[2.27, 2.28], the Maxwell-Garnett theory can beduge the following because it
describes quite well the position and shape ofSReresonance and its dependence
on the metal filling factor [2.9].

Thus, the effective dielectric constani(w) of a composite material with spherical
metal inclusions having a fill factdé(volume of the silver inclusions per unit volume
of the composite materiiE Vag/Vioral) is given by the expression:

(& (@) +2¢p,) + 21 (& (@) — &)
(& () +25,) - f(5(w) - &)

(2.10)

Eeif (W) = &,

where ¢i(w) and e, are complex electric permittivities of the metglvén by the
Eq. 2.4) and host matrix.

Based on this description, complex index of refoacof a composite medium can be
defined as

n(w) =n' +in" = /&£ () . (2.11)

Hence, the absorption coefficient and refractive indexn” of the medium with
dielectric constant.(w) can be expressed as

%
a== Im . /&e (@) (2.12)
n'(w) = Re /44 (@) (2.13)

wherec is the light velocity. Using Egs. (2.10) — (2.18)e absorption cross-section
and dispersion spectra [Fig. 2.7(a-b)] of glas$wjptherical silver nanoparticles can
be calculated as a function of the volume fillirgtbr of metal clusters in the glass
matrix:ep = 2.3,0p = 9.2 €V,y = 0.5 eV [2.29]g, = 4.2 [2.26].

10
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Fig. 2.7. (a) — Absorption cross-section, (b) —péision and (c) — reflection spectra of
composite glass containing Ag nanoparticles calimdaaccording to the Maxwell-Garnett
theory.

It is seen that the collective dipolar interactidmstween nanoparticles cause a
broadening and red shift of the absorption banl witreasing filling factor of silver
inclusions in the glass matrix [Fig. 2.7(a)]. Alde effective refractive index of the
composite glass changes with growing fill factoig[R2.7(b)]: while at low content
of silver nanoparticles in glasé £ 0.001) the refractive index is actually idenitica
with that of clear glassn{ = 1.52), higher fill factor results in significant
modifications of dispersion dependences of the asitg glass. Fof = 0.1, the
refractive index varies between ~ 1.2 and 2.1 am different sides of the SP
resonance. Finally, as shown in Fig. 2.7(c), aeodample reflectivityr, for normal
incidence given by

n(a))—l2
n(w) +1]

R(w) = (2.14)

11
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changes upon increasing the volume fill factorpamticular, in the visible range the
main effect is an increase of reflectivity of thenmgosite medium with increasing
content of spherical Ag nanoparticles.

12
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Chapter 3. Processes arising by interaction of the
laser pulses with metal nanoparticles incorporatedn
dielectric media

This chapter is dedicated to the general undersigraf laser pulse interaction with
metal nanoparticles. The aim is to collect all ptgisprocesses, which may occur
when the laser pulse starts to interact with theopatrticle, as well as all later events
and mechanisms, which are triggered by it.

Depending on the laser parameters (e.g. weak aodgsexcitation regimes) and

nanoparticle properties, one can expect varioudskof physical phenomena. Resent
investigations of the laser pulse interaction witletal nanoparticles are mostly
concentrated on the SP dynamics and the energyaegeh(relaxation) mechanisms
arising by it (see Ref. 3.1, 3.2, 3.3, 3.4, 3.5,18r a review). These studies employ
weak laser pulses to excite the nanoparticlesebyeensuring only weak electronical

perturbations to the nanoparticle. In such a lowtypkation regime, the changes
induced to the surface plasmon bands of the natidearare transient and totally

reversible. For the strong excitation, however, theergy absorbed by the

nanoparticle becomes very high, which creates birtupbation for the nanopatrticle

electrons resulting in persistent (irreversiblepmfpes to the nanoparticle. In this
regime the processes related to the heating anhgoof nanoparticles (e.g. e-e,

e-ph scattering, etc.) have to be modified. Atghme time, this strong excitation can
open up additional channels of the energy relaratiahe form of e.g. hot electron

and ion emissions (see for example Ref. 3.7, 38,310).

As it was mentioned above, the intensities of #sel pulses used in this work are so
high that it leads to the irreversible nanopartcéhape modification. Therefore, to
explain the presented results, the possible mestmsnthat could take place in the
strong excitation regime will be discussed in tloisapter. Even though it is
impossible to account for all the complicated maogy interactions among
electrons, phonons, ions, etc., in this regime, esdheoretical estimations will be
attempted.

3.1. Energy relaxation following the excitation ofthe nanoparticle:
Weak perturbation regime

The absorption of a femtosecond laser pulse praducecoherent collective
oscillation of the nanoparticle electrons [Fig.(8)]. During this quasi-instantaneous

13
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process, the phase memory is conserved betweesldbizomagnetic field and the
electronic states, and the density of excited stdepends on the spectral shape of
the laser pulse. The corresponding electron digioh is non-thermal [3.11, 3.12,
3.13] and lasts for few femtoseconds [3.1, 3.2&cEbns having energies between
Er—7%w and Er are excited above the Fermi energy with final giesr betweerkr
and Er+4w. The excitation is sketched with rectangular-sdapexes, whose
dimensions are determined by the energy of theiagdaser pulséw as the length
and the absorbed energy density as the width.

Correlated electrons
collective modes
non-thermal distribution

0- 0.1

e-e and e-surface
scattering, quasiparticles

0.05-0.5

energy relaxation

to the lattice

e-phonen Interaction
A cooling of disfribution

energy transfer
fo the matrix

"I, P 4 coherent vibrations
r( .
? L
) L5
EF

p

0.1-56

1-100

' X
time (ps)

Fig. 3.1. Sketch of the relaxation processes iretaific nanoparticle. The figure is adapted
from Ref. 3.1.

The next step of the energy relaxation correspaimds thermalizationof the
electrons. The occupied electronic states tend Eerani—Dirac distribution with a
well defined temperature which depends on the lasése intensity. The phase
coherence is lost and the collective modes havaygecinto quasi-particle pairs.
Figure 3.1(b) shows the equilibrated thermal Fedistribution following the e-e
scattering processes. The excited electrons possgissenergies above the Fermi
level, and the resulting temperature of the el@dtrosystem is much higher
compared to the equilibrium temperature beforddber excitation.
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Several time-resolved photoemission experimentdppeed in noble metal films,
have shown that the temporal scale of this thematdin process is of a few
hundreds of femtoseconds [3.12, 3.14, 3.15, 3.1K/]3For small particles, with a
diameter typically less than a few tens of nanorsetdthe scattering time of the
electrons at the particle surface is also aroundhiendreds femtoseconds. Voisin et
al. [3.18] report an internal electron thermaliaattime of= 350 fs for 12 nm radius
Ag nanoparticles in a BaO,©s matrix, which is comparable to the one determined
from Ag films [3.19]. The time it takes for the @mhal thermalization decreases for
smaller nanoparticles, for example, it is around 8§ for 2 nm radius Ag
nanoparticles embedded in an®@4 matrix. For the 9 and 48 nm Au nanopatrticles in
solutions, the decay lifetimes of 500 and 450 fsew®und, respectively, for the
internal electron thermalization [3.2]. The siz@eledence of the thermalization time
is in good agreement with a simple model which pheenologically introduces
surface induced reduction of the Coulomb interac8oreening due to the spillout
and d-electron wave function localization effe@<B, 3.20].

Another important mechanism in the electron dynamiwhich is shown in
Fig. 3.1(c), is the energy transfer to the lattitke hot electrons cool externally by
electron-phonon (e-ph) interactions until the terapees of the electron gas and the
lattice are equilibrated. The resulting electrot@mperature is lower than its peak
value, but higher than the equilibrium temperat@iace the e-ph interactions occur
on a time scale comparable to the internal eledinernmalization, a clear separation
between e-e and e-ph relaxation as sequential gseseis therefore incorrect. It
means that the non-thermal electrons of the Figjap.already interact with the
phonons during the same time they scatter with sedves to achieve the Fermi
distribution of Fig. 3.1(b). This simultaneous e-g@upling is an important channel
of electron relaxation, which heats the nanopatattice in time.

In the last years, many groups attempted to defime time scale of this
thermalisation process in different combinationnodtals and matrixes [3.21, 3.22,
3.23, 3.24, 3.25, 3.26, 3.27, 3.28]. Normally oae expect that the lattice heating
takes longer time compared with the electronic ihgatand the 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.

In addition, Hartland et. al. show that the theisaion time depends on the laser
intensity [3.8, 3.29]. In the next sections the téemperature model (2TM, in

literature also called TTM) that describes the rinar situations of electrons and
phonons and the heat transfer between these twensysvill be considered in more
details. This model will be extended to includewkigh electronic temperatures to
account for the conditions of strong excitationimeg

The last step in the relaxation is the energy feanso the dielectric matrix
[Fig. 3.1(d)]. This transfer corresponds to thethdi#usion from the metal to the
environment. It is therefore sensitive to the thergonductivity of the surrounding
medium; and as it will be shown later, it plays afethe important roles in the
mechanism of nanoparticles shape transformatioerefbre, this process will be
also considered more deeply in the next sections.
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3.2. Electron-phonon coupling and electron heat caeity of silver
under conditions of strong electron-phonon nonequibrium

Upon pulse interaction with the nanopatrticle, tleeteons heat up gradually to a hot
electronic distribution. During and after their tieg, the electrons couple with the
nanoparticle lattice vibrations (the phonons) aerdthup the nanoparticle. The heat
gained by the nanoparticle lattice can be foundnftbe heat lost by the electrons
using the two-temperature model (2TM) [3.1, 3.30here the heat flow between
two subsystems (electrons and lattice) is defingdtwo coupled differential
equations. 2TM is the commonly accepted theoryascdbe 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:

Ce(T) Ze =-G(T )T, ~T) +S0). (3.1)
6 2L =G ~T), (3.2)

whereCq(Te) andC; are the electronic and lattice heat capacitiepeetively;S(t)in
Eq. (3.1) is a source term describing the absorlzgr pulse energy per
nanoparticle, which can be given as:

lo
S(t) = V;abs (expl— 4In 20t/ Teym ). (3.3)
NP

Here | is the peak pulse intensity,ys is the absorption cross section of a single
nanoparticle ¥ 3000 nnj for a silver nanoparticle in a dielectric enviroemh with
refractive index ofn = 1.52 [3.31]); Vnp IS the nanoparticle volume, anghyyw
determines the full width at half maximum of thenfeoral pulse profile.

A key issue in the application of the models based 2TM for quantitative
description of the kinetics of the energy redisttibn in the irradiated target is the
choice of adequate temperature dependent thermiophysoperties of the target
material included in the 2TM equation for the elent temperature (Eqg. 3.1),
namely, the electron-phonon coupling factor, tlexbn heat capacity, and the heat
conductivity. Due to the small heat capacity of éhectrons in metals and the finite
time needed for the electron-phonon equilibratioradiation by a short laser pulse
can transiently bring the target material to a estaf strong electron-lattice
nonequilibrium, in which the electron temperatuea ¢ise up to tens of thousand
Kelvins, comparable to the Fermi energy, whilelttgce still remains cold. At such
high electron temperatures, the thermophysical gntegs of the material can be
affected by the thermal excitation of the lower da&tectrons, which, in turn, can be
very sensitive to the details of the spectrum et&bn excitations specific for each
metal. Indeed, it has been shown for Au that inrtmege of electron temperatures
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typically realized in femtosecond laser materiabgassing applications, thermal
excitation of d band electrons, located around DbeMw the Fermi level, can lead to
a significant (up to an order of magnitude) inceeasthe electron-phonon coupling
factor and positive deviations of the electron hegdacity from the commonly used
linear dependence on the electron temperature,[3.33]. Thus, the approximations
of a linear temperature dependence of the eledteat capacity and a temperature
independent electron-phonon coupling factor, usednpbst of the current 2TM
calculations, are inappropriate for the quantigtiescription of material response to
a strong ultrafast laser excitation and shoulddoemsidered based on the analysis of
the electronic structure of a given material. Hogrevfor the heat capacity of the
nanoparticle lattice() the room temperature values are reasonable appaitgns,
asC, does not change so much as the temperature iesteasr the case of silver, it
is known that the change & upon lattice temperature increase by 1500 K is les
than 20% compared with its room temperature vafiB5x106 Jm*K™ [3.34].

As it was mentioned, in the literatul@, is commonly defined by a linear function of
electron temperature in the for@(Te) = yTe, Wherey is the electronic heat capacity
constant. This expression for the electronic hapacity is only 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 dendiistates (DOS) at

the Fermi levelg(er). Within the frame of free electron gas modekan also be
associated with the free electron number densitand the Fermi energy as

y = m°nk? /2¢. [3.35].

However, the Sommerfeld expansion is no more \alidigh electron temperatures,
and the electron heat capacity calculation shontdude the full spectrum of the
electron DOS by taking the derivative of the togddctron energy density with
respect to the electron temperature [3.35], asgiveéhe following:

«© of (e, u,T,
C.(T,) = f%
o A

g(&)ade (3.4)
whereg(e) is the electron DOS at the energy lexgl is the chemical potential &t,
andf(e,u,Te) is the Fermi distribution function of the form

1

extl(e - 1) ke[ +1° (3.5)

e, uTe) =

The evaluation ofof /aT,requires the knowledge of the chemical potentialaas
function of the electron temperaturg(Ts). From the conservation of the total
number of electrons, the chemical potential camlit@ined by setting the result of
the integration of the product of the electron D&dfd the Fermi distribution function
atT. over all energy levels to be equal to the totahber of electronsl, [3.35]

Ne = | f(6,4(T), To)a(e)de (3.6)

—00
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SinceC, depends on the electron temperature, the eleptionen coupling is also
expected to have temperature dependence. Theaglgittonon coupling was first
analyzed within the free electron gas model by Kagaet al [3.36]. It was
suggested that the electron-lattice energy excheatgecould be expressed in terms
of the electron relaxation times & and T,. At lattice and electron temperatures
much higher than the Debye temperature agebT,, the rate of energy transfer
from the electrons to the lattice per unit volurae then be expressed as [3.30, 3.36]

JE,
ot

G:n2 mC2Zn

6 (T)T, ' (3.7)

= G(TI _Te) )

wherem is the effective electron masS; is the speed of sound,is the number
density of electrons, andTe) is the electron relaxation time defined as thetsda-
phonon scattering timee.,n and evaluated under the assumption that thecdatti
temperature is equal to the electron temperatu6]3Electron-phonon scattering
time is proportional to the inverse of the lattieeperature and whén =T, thente.

oh ~1/Te, Which results in a constant value for théactor given by Eq. 3.7.

For this reason(G has been defined in the literature as a constaniperature
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° Wm3k*[3.1, 3.37, 3.38].

For the strong excitation, however, as it has beentioned before, high electronic
temperatures trigger the thermal excitation ofdheand electrons located below the
Fermi level. For this reason dramatic changes ameated for the rate of the
electron-phonon energy exchange. Therefore, thecoireatment of th& factor in
the strong perturbation regime again requires tresideration of the full spectrum
of electron DOS (as it was done above for @ The resulting expression for the
temperature dependent electron-phonon couplingrfaein be given by [3.39]

_ kM) o g
G(Te)_TF)—{og (ﬂ(‘gjdf, (3-8)

wherel denotes the electron-phonon coupling constant,tb@d/alue of/]<a)2> is
22.5 for silver.

Taking into account the above given theory, it issble to calculate the
dependences of electron heat capacity and eleptionen coupling factor on the
electronic temperature. First of all, looking toetrelectron DOSs for silver
[Fig. 3.2(a)] calculated with Viennab initio simulation package [3.39, 3.40], one
can see the presence of prominent region of higisieof states, associated with
the d band located ~3 eV below the Fermi levelislseen, that for the Fermi
distribution functions at low electron temperatyfgs0.1 eV (~16 K), the region of
the electron DOS affected by thermal excitatiorigTg) is similar to that of the free
electron gas model, with only s electrons beingiteslc At higher electron
temperaturesTe~1 eV (~10 K), a significant number of d band electrons can b
excited and can make a substantial contributiothéothermophysical properties of
the material. Indeed, at electron temperaturesAbels000 K the calculated chemical

18



Chapter 3. Processes arising by interaction of tlaser pulses with metal
nanoparticles incorporated in dielectric media

potential follow the dependence predicted from 8wnmerfeld expansion of the
electron free energy in the free electron gas maatkl one free electron per atom.
At higher electron temperatures, however, the thémmxcitation of electrons from

the high density of states edge of the d band ¢oldtver density of states s band
results in the increase of the chemical potentiad $éarge deviations from the

prediction of the free electron gas model [Fig(B)R
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Fig. 3.2. (&) The electron DOS of silver obtainedthe electronic structure calculation

performed with VASP (solid line) and the Fermi rilsttion function shown for three

different values of the electron temperature (ddshed dash-dotted lines). The Fermi
distributions are shown centered at the Fermi lestekero temperature; (b)-(d) Electron
temperature dependence of thermophysical propedtiesiver: (b) the chemical potential,

(c) the electron heat capacity, and (d) the elaefphonon coupling factor. Solid lines show
the results of the calculations performed with Dabfained from VASP. Dashed lines in (c)
and (d) show the commonly used approximationseotiiermophysical material properties
based on experimental measurements. Figure is addpm Ref. 3.39.

The temperature dependence of thefor silver is depicted in Fig. 3.2(c). The
deviation between the linear temperature dependainte C. obtained from the free
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electron gas model (dashed-dotted line) and théneam temperature dependence of
Ce calculated from Eq. 3.4 (solid line) is clearly sesboveT, values of ~ 5000 K.
The free electron gas model approximates Ghevalues very well up to 5000 K
(y =63 IJm3K?is used for Ag [3.41]), and indeed the calculai@onsidering the
full DOS (Eg. 3.4) follow closely the same lineagpgéndence. However, further
increase of the electron temperatures cause signtfchanges in thg, as a result of
the contributions coming from the core electror@snpared to the commonly used
linear approximation. Therefore, usage of the lirf@adependence in the 2TM could
definitely result in an overestimation of the eteattemperatures, which proves to be
inappropriate for the strong excitation regime (whk is higher than several
thousands of Kelvins). This nonlinear behavior bk tC. 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 @eralues for highefe [3.39], which is not
necessarily the case for other metals.

For the electron-phonon coupling term shown in Bi@(d) it is seen that it stays
nearly constant up to electron temperatures of B03. At higher temperatures a
significant strengthening of th& factor is observed when a large numbed-tland
electrons are thermally excited and contribute he tlectron-phonon energy
exchange. The enhancement of the electron-phonapliog at high electron
temperatures implies a faster energy transfer ftwrhot electrons to the lattice.

A consequence of the temperature dependent elegghrmmon coupling term is that
the electron-phonon relaxation times..f) increase with increasing electron
temperatures and hence the applied laser pulsegyendrd2, 3.43]. Therefore,

slightly different electron-phonon relaxation resypresented in the literature could
be explained by the temperature dependence ot¢bht@n-phonon relaxation.

3.3. Two temperature model for the strong excitatio regime

As it was already discussed, the strong irradiategime creates huge electron-
phonon non-equilibrium conditions due to the vemya#l heat capacity of electrons
(at room temperature) and the finite time needed tlte electron-phonon
equilibration. Thus the high energy fs pulse trangy raises theél, over several
thousands of Kelvins while the lattice still remsold.

Taking into account the wide range temperature nidgeces for the electron heat
capacityC. and electron-phonon coupling paraméegiven in previous section, one
can now solve the coupled heat equations (EqsafBdl 3.2) for the quantitative

modeling of the energy relaxation dynamics followsd the strong irradiation of

silver nanopatrticles.

As an illustration to this regime, Fig. 3.3(a) d#pithe results of 2TM calculations
for the case of a single silver nanoparticle exkchig a 150 fs pulse with an intensity
of 0.5 TWi/cnt (above the permanent nanoparticle shape modificatiireshold
[3.44]) and central wavelength of 400 nimw(= 3.1 eV), i.e., close to the surface
plasmon resonance. It is easily seen that, upoorlaing the laser pulse energy, the
conduction electrons of the nanoparticle gain \egn temperatures (~1&) within
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the pulse. Reaching the maximury the hot electronic system heats the cold silver
lattice to a region of temperatures above the ngelpoint of (bulk) silver within a
few picoseconds. The electronic and lattice tentpeza meet at a value near 2000 K
in 40 ps after the pulse interaction. This sugg#stsplausibility of the melting of
nanoparticles in such a short time. Plegthal. observed by time-resolved X-ray
scattering studies the melting of gold nanopawiciespended in water within 100 ps
after strong laser pulse excitation [3.45, 3.46pwidver, it should be noticed here
that these calculations do not take into accoumtetiergy transfer to the matrix and
losses due to possible electron emission procdss®sthe nanoparticle, which are
additional cooling mechanisms of the electronic. SE@e details of these cooling
processes will be considered in the next sections.

(a) (b)
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Fig. 3.3. (a) Time evolution of electronic and ildttemperatures of a silver nanopatrticle
following the absorption of an intense fs lasersgujaround 20 mJ/chof energy density).
The dotted line at 1235 K marks the melting tenmfpeea of bulk silver; (b) The
dependences of electronic (blue squares) and éaftied circles) temperature maxima on a
wide range of laser energy densities.

Figure 3.3(b) shows the dependences of electramiclatice temperature maxima
on a wide range of applied energy densities (froenywweak up to extreme
irradiation conditions). The weak regime (upTtovalues of 5000 K) shows a rapid
increase in electronic temperature owing to the/ V@&w electronic heat capacitye

in this interval. However, these electrons do redthup the lattice efficiently due to
the less e-ph couplinG. Further increases in the energy density of tHeggucause

higher T, values, but the rise of electronic temperaturevsi@own due to the

increasingCe value. The lattice temperatures are seen to igeregéth a higher slope

in this regime as a result of the increasing efficly of theG factor.

As an example, it is useful to mention here thainé would employ standard linear
values forCe (i.e. Co(Te) = yTo), the pulse of energy density 20 mJ?dused in the
presented 2TM calculations) would induce the rielectronic temperature higher
than 16 K and the resulting; values would be much higher than the evaporation
temperature, which are definitely not correct.
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3.4. Heat transfer from the nanopatrticle to the glas matrix

The above given 2TM describes only the heat trarsfaveen the electrons and the
nanoparticle lattice. To get the complete “thermmaiyical” picture of the
nanoparticle and the surrounding glass system,2fthild has to be extended by the
heat transfer from the nanoparticle to the glassixmarhe excess energy of the
nanoparticle is released to the surrounding vianphocouplings across the
nanoparticle-glass interface [3.47, 3.48]. Themfaooling of the nanoparticle (and
heating of the glass matrix) can be calculated idensg energy flow from the hot
particle to the glass through a spherical shelhfafitesimal thickness. Heat transfer
from this first heated glass shell is then describg ordinary heat conduction.
Because of the huge difference in thermal diffuigsiof Ag (123 nrffps) and glass
(0.5 nnf/ps), any temperature gradient within the NP cannkglected when
calculating the transient temperatures in the gh@sand the nanoparticle (Fig. 3.4).
The temporal and spatial evolution of temperaturthiv the glass can then be
calculated by the radial heat equation, where the of temperature change
(8T(r,t)/ét) is proportional to the curvature of temperatuensity ¢°T(r,t)/or?)
through the thermal diffusivityyf of the glass medium:

aT(r,t) _ x 0°[rT(r, 1)
ot r o’

(3.9)

The time scales for the particle cooling range freems of picoseconds to
nanoseconds, depending on the laser excitationgitrethe size of the nanoparticle
and surrounding environment [3.48, 3.49].

Ag Glass

o T = Tiattice

=

)

(]

a

=

o L

0 &5 10 15 20 25 30

Radius [nm]

Fig. 3.4. Temperature distribution in NP-Glass systfor different times after irradiation;
green line — ~50 ps, blue line — a few ns.

Figure 3.4 shows the radial temperature distrilrutio NPglass system calculated
numerically in the limit of the above-describedr&b temperature model’ (3TM) for
two different times after irradiation. After 50 ps, i.e., when within a spherical NP
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with radius of 15 nm (red disk in Fig. 3.4) an difuated high temperature of
= 2000 K has been established, the temperatureeoktirounding glass matrix is
still equal to room temperature (green line). kema few nanoseconds to establish a
heat-affected zone (light magenta circular ringjhef order of 5 nm around the NP
by energy dissipation into the glass (blue line).

More details about the first ten nanoseconds of tihee evolution of glass
temperatures in different distances away from tlamoparticle are given in
Fig. 3.5(a). In a distance of 1 nm from the NP acefthe glass is heated up to
Tmax= 1050 K within approximately 1 ns after irradiatiaghen slowly cools down
again. With increasing distance of the shells, tfeximum temperature decreases
and is reached considerably later. For instanca,distance of the 6 nm a peak value
of Tmax=500 K is reached only after 10 ns. The further evolution of the heat
dissipation is shown by some characteristic ragiaperature profiles in Fig. 3.5(b);
here the NP is included, i.e., r = 0 denotes timtereof an Ag nanoparticle. At 20 ns
the temperatures of nanoparticle and nearest shi@laround 450-500 K, while the
temperature in a distance 150 nm is still equahtoroom temperature. After only
80 ns, however, the total energy is nearly homoogesig distributed and the
temperature of the layer containing NPs=i830 K. These calculations have been
done for a single metallic nanoparticle of 15 nrdiua being surrounded by glass
and irradiated by the pulses at 400 nm, with iritesssof 0.5 TW/crfi. As an average
radius of 150 nm glass surrounding an Ag NP cooedp to an Ag volume fill
factor (volume of the silver inclusions per unilwoe of the composite materia)
103, the presented model calculations should reasprddscribe the situation in
samples with silver concentration in this range.
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Fig. 3.5. (a) Time evolution of glass temperatuias different shells away from
nanoparticle calculated by 3TM. (b) Temperaturetriisition for longer times (more
then 20 ns) after irradiation calculated by 3TM.

Summarizing the above results one can concludétiosving: (i) In the first few ns

after the laser pulse the temperature of the NRsbae 1000 K, and the matrix
temperature in the nearest shell up to a distah@ron from the NP can reach or
exceed the glass transition temperature [3.508; whil cause softening of the glass,
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which is needed for NP shape transformation [3.d3]After = 80 ns the system has
come to a steady state within the focal volumemfithen on heat transfer into the
rest of the sample has to be taken into accoushdtld be mentioned here that this
model neglects any glass heating by laser-driventr@n and ion emission (which
can take place by strong excitation). However, saohtributions will only be
present within the first few picoseconds after ldmer pulse, and will only affect a
shell of few nanometers around the NP (it will bewn in Chapter 5). Thus, due to
energy conservation the temperature evolution oa time-scale of several
nanoseconds or slower discussed here should redtdmed by this simplification.

3.5. Photoemission from nanoparticles incorporatedn dielectric
media

In previous sections the thermophysical procesesm@ by interaction of the laser
pulses with nanocomposites were briefly discus3éds section is devoted to the
possible electrophysical processes (such as phatsem of electrons and ions from
the nanopatrticles), which can take place in stexwatation regime. Therefore, at the
first, the basics of the nonlinear ionization viok considered. Then, the following
subsection will briefly describe the ionization sifver nanoparticles in glass and
effect of surface plasmon on it. The electric fielthancement in the vicinity of the
NP will also be discussed. In the last subsectiom attention will be focused on the
possible ejection of ions from ionized (thereforesigvely charged), hot
nanoparticle. All these processes can make strofigence on the energy (re-)
distribution in NP-Dielectric system, and as it Iwbe shown later, they are very
important for the laser-induced nanoparticles shepesformation.

3.5.1. Nonlinear ionization

Under some circumstances the nonlinear interactadrnbe electromagnetic wave
with matter can lead to permanent structural medifons in it. This, results in

considerable changes of the linear and nonlineicalpproperties of the exposed
material. As used here, the most important mechanesponsible for the permanent
modification of matter is the laser assisted iomira

lonization of material requires transition of elects to (above) the vacuum level.
The absorption of a photon with energy higher ththe ionization energy
(Ephoton> E) leads to the photoionization of the material, vehan electron escapes
from atom’s potential energy. Such single photarization processes can take place
independent of the laser intensity (i.e., high phdtux), but of course the degree of
ionization will be much higher for high intensitie$herefore, when the laser
frequency is high enough, the atomic or bulk proeserof the material (such as the
dipole moment and absorption) are linearly dependenthe laser intensity. If the
photon energy of excitation wave is less than tmesation energy, the ionization
due to single photon absorption is excluded. Howewnerease of the light intensity
leads to enhancement of two-photon absorption énntledium. Thus, ionization of
the material can be induced even by intense laggtation at wavelengths far away
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from the fundamental absorption edge due to twagh@multi-photon) absorption
caused by nonlinear processes in the material.Haedo distinguish two classes of
nonlinear ionization mechanisms: photoionizationl @valanche ionization [3.51],
which results in plasma formation responsible fanlmear phenomena and
structural modifications in dielectrics.

Photoionization refers to direct excitation of tlkedectrons by the laser field.

Moreover, the ionization caused by nonlinear alsmmpof several photons is

described as the multi-photon ionization [Fig. 8)6¢ot arrows]. On the other hand,
increase of the laser intensity refers to growthshe electric field strength of the

electro-magnetic wave. In turn, strong electrid¢dsecan suppress the Coulomb well
of the electron bonded with an atom. If the defdromaof the electron potential

energy is high enough [Fig. 3.6(b)], the electronnils through the short potential
barrier and becomes free. This mechanism of pheitation is called the tunnel

ionization. These both types of the photoionizatidepend on material, laser
frequency and intensity.

3
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Fig. 3.6. (a) Single photon (with energy;hand multi-photon (with energywj$) ionization.
(b) Sketch showing the possibility of tunnellingization. The atomic potential of the atom
is deformed by the laser field.

Strong laser interaction with nanoparticles depeodsthe kinetic energy of the
electrons oscillating in the field, and the ioniaatenergy of the nanoparticle atoms.
In this context, two parameters are commonly usedcharacterize the laser
interaction with the particle: Ponderomotive ene[8y62] and Keldysh parameter
[3.53, 3.54]. Considering an electron in the inhgemeously oscillating
electromagnetic fielde(t) =E@™ of the laser, the electron experiences a force tha

originates from second-order terms of the Lorentzd on the nanopatrticle. This is
called as the ponderomotive force and given by

e2 2
o= nE?, 3.10
P amegyof ( )

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
ponderomotive energy can be fourrl{-0U ) as
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e2
U EZ. (3.11)

P amce !

Replacing the E-field amplitude with the laser itgi¢y| = (cs,/2)E? this energy can
be written as follows

2

e
U,= I,
P 2maf
which describes the cycle-averaged oscillation gnef the electron. As it is seen in
Eq. (3.12), the ponderomotive energy is wavelendt= 2zclw.) and intensity

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

(3.12)

U, = 934021 10w /e (3.13)

Having stated the laser frequency (or wavelengtit) iatensity dependence of the
ponderomotive energy, now it is possible to retats information with the Keldysh

parametery, which is a practical parameter to distinguishwaemn the tunnel and

multi-photon ionisation:

y=|——. (3.14)

The Keldysh parameter relates the ionization p@kendf the atomE to the
ponderomotive energy of the electrons. Accordintheoequations (3.13) and (3.14),
the Keldysh parameter increases with increasingr lagquency, and when>> 1
i.e. E >> U, ionization occurs by multi-photon absorption. Whe< 1, field
ionization (tunnelling or above barrier) dominates.

The free electrons induced by photoionization teisua broad absorption band and
the laser radiation can be absorbed linearly if plesma density becomes high
enough. Indeed, according to the Drude model thetréd permittivity of the free
electron carrier can be given as

2

£(@) =1-—P—, (3.15)
W +ipw
2
where w, = r':']—j is the plasma frequenchly, is the density of the free electrons and
0

m is the effective mass of an electrgnjs a damping parameter associated with
Drude scattering time. The absorption of a medi@mpetids on imaginary part of the
complex electric permittivity and for the free dlen plasma it is

2

£ (w) = A (3.16)

e +y?)
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It is obvious that absorption of the free carriecreases with growth of the free
electron density, which in turn depends on therlasensity and ionization rate.
Further absorption of the laser radiation by thee felectrons leads to rapid plasma
heating, moving the conduction electrons to thenéigenergy states. If resulting
electrons energy exceeds the bottom of the cormtuttand by more than the band
gap energy between valence and conduction bandyahfee electron can transfer
saved energy to an electron in valence band viaetastic collisions. As an
outcome, one receives two electrons in the bottboowduction band, each of which
can be involved in the collisional ionization agalmus, the electron plasma density
grows in this case quickly proportional to expomadnfunction of time [3.51]. This
mechanism of ionization is called the avalanchezation. As it can be seen from
the discussion, the avalanche ionization requiresies seed electrons in the
conduction band, which can be produced by photeaimn of impurities and
defects in the matrix. For the case of nanocome®siith metallic nanoparticles,
electrons, which were emitted from nanoparticle, ®2ed the avalanche ionisation in
surrounding dielectric media.

Further plasma relaxation leads to the energy fieafiom the electrons to the lattice
(matrix). It has to be pointed out that the endrgysfer occurs in time scales much
shorter as the thermal diffusion time. Nevertheléssthe laser pulses with duration
longer than several tens of ps the energy trargfears on time scale of the pulse
duration. Then the energy is transported out oettosed area by thermal diffusion.
If the temperature of the irradiate region overcentbe melting or fraction
temperature, the damage of the surface can bevachiln the case of intense fs laser
pulses the avalanche ionization leads to the exsernigh electron density and
energy of the laser pulse effectively depositegblasma. Only after laser pulse is
gone the plasma energy is transferred to the ¢éatB8ace the energy transfer is much
faster than the thermal diffusion time, inducedaibh by ultra-short laser pulses
occurs with minor thermal defects.

3.5.2. Surface plasmon assisted emission of electripom silver
nanoparticles embedded in glass

In the last years the SP assisted photoelectrorsseani from supported Ag
nanoparticles has been extensively studied upoitagea with intense ultrashort
laser pulses [3.55, 3.56, 3.57, 3.58, 3.59, 3.66]1,33.62]. The electron work
function from the silver clusters defined as anrgnpegap between the Fermi level
and the energy of the free electron in the vacusirofiabout 4.3 eV [3.57, 3.60,
3.63]. Moreover, it was testified that excitatio@an to the SP resonance extremely
enhances the two-photon photoemission yield froenAth nanoparticles [3.62].

In the composite glass containing metal nanopagijgbrobability of the SP assisted
photoemission can be strongly affected by a straabfi electron energy manifold in
the host matrix. In turn, an energy level schemeth® soda-lime glass with
embedded Ag nanoparticles can be presented ascaojurof the dielectric with a
metal (Fig. 3.7). The valence band maximum of tlesglies 10.6 eV below the
vacuum level. The lowest energy level of the cotidacband in the glass is placed
1.6-1.7 eV below the energy of the free electrorvacuum. Thus, an energy gap
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between the Fermi level in the silver inclusior8(¢V) and conduction band in the
glass is about 2.7 eV and consequently any radiatith photon energy >2.7 eV
could evoke a tunnel transition of the electronmmfrthe silver inclusion in to
conduction band of the surrounding glass matriendwy single photon absorption.
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Glass Ag

Fig. 3.7 Energy level scheme of the electrons & ¢bomposite glass containing silver
inclusions. The red dotted line indicates a nortied distribution of the electrons in Ag
nanoparticle caused by excitation of SP resonafidee green one —distribution of the
electrons after thermalization. The Figure is adapfrom Ref. 4.

Excitation of the Ag nanoparticles near to the &bnance (~3 eV) by the fs laser at
400 nm (3.1eV) leads to a non-thermal distribubéthe electrons in the conduction
band of the metal (Fig.3.26, red dotted line). 8itlte maximal electron energy in
this case exceeds the bottom of the conduction Ilehrile matrix in 0.4 eV, the
electron injection in the conduction zone of thasgl could be possible. At the same
time, upon the two-photon plasma excitation, thectebns can overcome the
ionization energy level and without any obstaclesgtrate into the glass matrix. In
turn, the injection of the electrons from metallirstons into the conduction band of
the surrounding matrix is obviously the origin ofrige of conductivity in the
composite glass with Ag nanoparticles upon fs lds@adiation near to the SP
resonance [3.65].

Electrons being emitted during the laser pulseraatgon will be driven by the
strong, oscillating electric field and thereforengmte an anisotropic distribution of
emission directions, obviously given by the electieéld oscillations (polarization) of
the laser pulse. The anticipated 100 fs pulses at400 nm correspond to 75 full
oscillation cycles with mostly very high amplitudéssimple estimation shows that
a conduction band electron of the nanoparticle gaim a linear acceleration of
around 16° m/ upon encountering a linear-polarized pulse of oABcn? intensity
(corresponding to an electric field amplitude of Ydm) within the half plasmon
period. This is indeed huge electric field ampléudn the nanoparticle. In the
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absence of any damping, the above acceleratiopusimthe electron approximately
0.1 nm away from the nanoparticle surface. Howewethe case of SP excitation,
the oscillation amplitudes of the surface plasmaves can overcome the excitation
amplitude by typically two orders of magnitude (feilver nanoparticles with
R~ 15 nm) [366, 3.67, 3.68]. This leads to a strong enhancementheflocal
electromagnetic field in the vicinity of the nandjae. By excitation with polarized
light the E-field enhancement (Fig. 3.8) occursspecial points on the surface.
Namely, in the case of spherical nanoparticlesfid is enhanced on the poles of
the nanoparticle, depending on the polarizatioreation of the exciting light.
However, in the case of non-spherical particless induced mostly at the tips and
corners of the particles [3.63, 3.66, 3.69]. Itudddbe also mentioned here that the
local E-field enhancement (EFE) depends on the leagéh (Fig. 3.9); and as it can
be seen, in the direction of the laser polarizaitohas the maximum at longer
wavelength than the SP resonance. In the caseme$piterical (spheroids) particles
the full spectrum of electric field enhancementtdacis shifted to the long
wavelength region (Fig. 3.10).

Fig. 3.8. E-field contours for radius 30 nm Ag s@®ein a vacuum. Two cross-sections are
depicted. (a) The plane containing the propagaaod polarization axes and (b) the plane
perpendicular to the propagation axis. Labeled p®ii and 2 illustrate locations for
Fig. 3.9. The figure is adapted from [3.66].

As a result of the enhanced electric field at thatiple-glass interface, the
conduction band electron (discussed above) can raoay from the nanoparticle
surface to approximately 10 nm. Electrons driveriascaway from the nanoparticle
have left the region of the strongest field enharer@, and will thus experience a
weaker backward force due to the reversed fielith@ihext half plasmon period, and
may finally be trapped in the glass matrix. Thegmbers make plausible that under
the specified conditions there is a non-negligipiebability for emission of even
‘cold’ electrons. Increase of the electric fieldhe vicinity of the nanoparticle could
strongly suppress energy levels on the metal-digtegcinction and induce effective
electron carrier flow from the surface of nanopdeti parallel to the laser
polarisation. The anisotropy in this case is deteech by anomalous distribution of
the local electric field over nanosphere (Fig. 3@) the other hand, the electric field
in the vicinity of the metal cluster could overcoraebreakdown threshold of the
glass resulting in the high density electron plasonanation and even ablation of the
glass matrix on the poles of the nanosphere.
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Figure 3.9. Comparison of extinction efficiencyrface-averaged E-field enhancement, and
E-field enhancement for specific points for rad#@sAg spheres in a vacuum. The two points
chosen are point 1, along the polarization direntiand point 2, at a 45° angle relative to
the polarization direction and in the x-z planeeTgure is adapted from [3.66].
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Figure 3.10. Electric field enhancement factor \a/@length for a prolate spheroid having a
major axis of 200 nm and an aspect ratio of 2:1e Tésults include a T-matrix result (solid),
Dipole-Dipole Aproximation (DDA) with rough surfa¢dotted), DDA with exact spheroid
surface (dashed), and modified long wavelength agpration (MLWA) (dash—dot). The
figure is adapted from [30].
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Further thermalization of the electrons with chéegstic time of a few hundreds of
femtoseconds obviously restricts the photoemisprmcesses. However, in the case
of strong excitation the energy of some electranddcbe high enough to jump in the
conduction band of the glass [3.71]. As it was sh@ove, the maximal electronic
temperature after e-e scattering can be higher t@nK. The electrons are
thermalized to form a hot Fermi distribution (F8y11, the red solid curve). As it can
be seen, the high energy tail of the highFermi distribution exceeds the energy
needed for nanoparticle electrons to penetrate tiboglass conduction band (red
area, >2.6 eV). Therefore, even in the time whemn phlse is gone, there is a
probability of ‘hot’ electron emission. As the ditenality of the pulse is no more
there, this thermal emission of electrons is igmtroHowever, if the pulse is still
present, these electrons can be driven by therieldatld in direction of laser
polarisation.

As a result, irradiation of the silver nanopartickembedded in glass by the strong
laser pulses can lead to two different types o€tedd emission processes, which
could be classified according to their nature ofusence as 'pulse-enhanced' or
‘purely thermal’; the first being anisotropic ahd second are isotropic. The isotropic
purely thermal electron emissions start after thisgphas gone away and continue to
happen as long as the electrons possess high tatwm@s (few ps). The pulse-
enhanced electron emission processes, on the lodimek, comprise a ‘direct’ and a
‘pulse-enhanced thermal’ electron emission compbridre direct electron emission
processes are the fastest that happen within itefdw plasmon oscillation periods.
The second component of the pulse-enhanced elestngssions is thermal in nature,
owing to the increased electron temperatures altimg plasmon oscillation
directions. Therefore, at the end, when the emiddedtrons will be trapped in the
conduction band(s) of the glass, the pulse-enharm@dation will lead to a non-
homogenous electron concentration along the pdiéseonanoparticle (along laser
polarization), while the purely thermal electronigsion homogeneously spreads the
electrons in the surroundings of nanoparticle. éxtrchapter it will be shown that
this anisotropic ionisation is one of the most img@ot processes in the laser-induced
nanoparticles shapes transformation.
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Fig. 3.11. Changes in the Fermi distribution of #lectronic system following an ultrashort
laser pulse irradiation at an energy of 3.1 eV, athéxcites electrons below the Fermi level
to high energies (represented by the arrows). Témuilting hot electronic distribution is
shown with the solid curve.
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3.5.3. Emission of ions (small clusters) from naartple

As one can expect, the ionisation of nanopartitdesls to a redistribution of the

charges in NP-Glass system. The nanoparticle getgiyely-charged (due to the

emitted electrons) and hot over time (due to egalttering, Chapter. 3.3 ). Therefore
it becomes unstable electrically and thermally. iS obvious that after a few

picoseconds electric potential and thermal eneegy avercome the binding energy
of Ag ions, which are being emitted into the sumding glass matrix [3.10, 3.72,

3.73]. Experimentally, Podlipenskst al. [3.73] show by luminescence study the
presence of Ag ions in the glass matrix emittednufgmntosecond laser irradiation.

Additionally, by transmission electron microsco@EM) of the glasses with silver

nanoparticles irradiated by fs laser pulses it elaserved that this ion emission leads
to partial dissolution of the nanoparticles, cnegitsmall Ag aggregates around the
remaining nanopatrticle [3.74, 3.75].

The physical concept behind these ion emissiongss®s is mainly the so called
Coulomb explosion [3.72], which is a direct consmumre of the nanoparticle

charging. The repulsive Coulomb forces among tleirmclated charges lead to the
dissolution (destruction) of the nanoparticle. Ewettreme cases of nanoparticle
dissolution mechanisms were observed for nanopestio aqueous medium [3.8],

where not only the ions but also some small fragmeauld leave the nanoparticle
because of the soft surrounding. Neverthelesspendent of the way it happens, the
total volume of the nanopatrticle is reduced oveetdue to material ejections.

It is obvious that this process of ion ejectionlwiko lead to the changes in energy
relaxation (temperature distribution) in NP-Glagstesm. Some part of the energy
will be taken from the nanoparticle and, via kinethergy of the ions, be transferred
to the glass when the ions are trapped there.

In the following these isotropicaly emitted ionsncaeet the already trapped
electrons (result of NPs ionisation) and annihiledcombine) with them to the
atoms (or small silver clusters), which are seethénTEM images [3.74, 3.75].

The experimental observations and analysis regardirese electron and ion
emission processes, and how they lead to the NPestransformation will be
presented and discussed in the following chapters.
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Chapter 4. Experimental technique

In the following sections the laser systems, samjpleradiation as well as
spectroscopic techniques used in this work wilbbefly discussed.

Irradiation of the samples was done with the contmakfaser systems produced by
“Spectra Physics”, “Light Conversion Ltd.” as wels by Non-collinear Optical
Parametric Amplifier from “Jobin Yvon GmbH”". The age of these systems gave
the possibility to excite the nanoparticles embeéddeglass by the strong fs pulses in
a broad spectral range.

The samples for experiments prepared as interneedraduct for manufacturing of
broadband polarizers were provided by CODIXX AG[4.

Transmission Electron Microscopy (TEM) and Scannigigctron Microscopy
(SEM) of original and modified samples was perfadnbg Dr. H. Hofmeister (Max-
Planck-Institute of Microstructure Physics, HallBy, P. Miclea (MLU Halle) and
Mr. F.Syrowatka (IWZ Materialwissenschatft , Halle).

4.1. Preparation and characterization of glass sanigs containing
silver nanoparticles

In this work the nanocomposites with silver nantips are studied. In turn,
samples containing silver clusters were preparedA@Na ion exchange method
with following annealing in reduction atmosphereodification of ion exchange and
reduction conditions (annealing time, temperatur@ etc.) strongly affects size and
distribution of silver nanopatrticles in the glasbsirate.

The samples were prepared from soda-lime floatsgl@.5 SiQ, 14.4 NaO, 0.7
K,0, 6.1 Ca0, 4.0 MgO, 1.5 ADs, 0.1 FeOs;, 0.1 MnO, 0.4 S@in wt%) by Ag-
Na’ ion exchange. For the ion exchange process gldstrate is placed in a mixed
melt of AQNG; and KNG at 400°C [4.2, 4.3]. The thickness of the gladsstate,
time of the ion exchange process and weight coratgo of AgNQ in the melt
determine the concentration and distribution of* Agns in the glass. Following
thermal annealing of the ion exchanged glass;ineduction atmosphere, typically at
400-450°C, results in the formation of sphericdVesi NPs [4.2]. As could be
expected, size and distribution of Ag nanoparticgethe depth of the glass sample
depend strongly on temperature and time of Na-Agerchange as well as on the
annealing time. In our case, the spherical Ag narigpes of 30-40 nm mean
diameter [Fig. 4.1(a)] are distributed in a thinfaoe layer of approximately 6 um
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thickness (total thickness of glass plate 1 mmg filhfactor f of Ag NPs is defined
as volume of the inclusions per unit volume of tbenposite materiaf€V ag/Viotal).
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Figure 4.1. (a) TEM picture of typical sphericalvair nanopatrticles in nanocomposite glass.
(b) SEM picture of the cross section of glass sampbntaining spherical silver
nanoparticles (Ag particles are reproduced as widpmts). The gradient of the volume
filling factor of Ag nanoparticles is shown in sdpgposition (The x-axis was adjusted to the
length scale of the picture).

Figure 4.1(b) shows the SEM picture of the crossi@e of the sample, where silver
particles are reproduced as white spots. To obgininformation about the
distribution of silver NPs in the depth of the glasurface layers of various
thicknesses from the sample were removed by etdhiig@% HF acid for different
retention times. After this procedure SEM imageseweecorded for all etched
surfaces [examples given in Fig. 4.2(a), increagtahing time from (i) to (iv)], as
well as optical transmission spectra [see Fig.»}]2(The area fraction of silver
derived from the SEM pictures was then convertea Yolume fill factor assuming a
typical electron penetration depth of 500 nm. Tésult is given as superimposed
curve in Fig. 4.1(b), showing the highest silventemt off = 0.028 directly below
the glass surface. Within a few micrometers thiefdittor then decreases strongly
with increasing distance from the surface.

Figure 4.2(b) depicts the corresponding transmissjgectra with the same lettering
as in Fig. 4.2(a). However, it should be noticeat the optical spectra integrate over
the whole particle-containing layer. Thus, for theginal sample the absorption
around SP resonance is very high, discouragingdetsiled analysis of the spectral
band shape. The same holds for absorption after sti@test etching time
[Fig. 4.2(a), curve (i)]; however at least, one estimate for this case an extinction
peak wavelength in the range of 420-440 nm. Furtehing of the sample results in
fading of the absorption band caused by the deere&ghickness of the silver-
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containing layer. Additionally, spectrum (i) indtea that the upper most metal-rich
layers are responsible for a shift of the red waighe SP band towards longer
wavelengths.

(b)

Extinction

T T T T T T T T
300 400 500 600 700 800
Wavelength [nm]

Fig. 4.2. (a) SEM pictures of etched samples wighnanoparticles (volume fill factor: i —

0.01; ii — 0.006; iii — 0.004; iv — 0.001). (b) HExttion spectra of samples with spherical
silver nanoparticles after different time of etaliim 12% HF acid. Lettering of the spectra
is according to the SEM pictures shown in Fig. 4)2The samples with lower fill factor
have higher transmission.

For samples etched for longer times resulting iximam residual filling factor of
less than 0.004, the evolution of the spectra wiithing time is shown in more detalil
in the inset of Fig. 4.2(b). It is seen that deses@af fill factor (longer time of
etching) leads to a slight shift of the SP bandimaxo shorter wavelengths. This is
well compatible with the Maxwell-Garnett theory @pter 2.2), which predicts a
red-shift of the SP band for the samples with hidtifactors [4.4, 4.5, 4.6].

It should be mentioned here that for the study obtpmodification shape
transformation of single nanoparticles presentetthenChapter 5 the etched samples
with the fill factor of 10° were used. However, the experiments presentedapt@r

6 were performed on the samples with high filliagtbr (~0.01).

4.2. Laser systems used for nanoparticles’ shapeatisformation

The experiments presented in this work were masalyied out using a commercial
system of mode-locked Ti-sapphire laser with regatinge amplification produced
by “Spectra Physics”. The laser system is schewftishown in Fig. 4.3. The main
part of the system consists of the mode-lockedappkire oscillator “Tsunami”
pumped by 5W cw diode-pumped Nd:YY@aser with intercavity doubling at
532 nm. The Ti:Sa has been known as an active nsdae 8@ when Moulton
demonstrated for the first time the pulse [4.7] 4r&1 cw laser generation [4.9].
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The broad amplification band [4.10] allows to aekien mode-locked operation,
pulses as short as ~5 fs [4.11, 4.12, 4.13, 4.15) 4hat makes Ti:Sa lasers the most
common and commercially available tunable solidestasers. In this work, mode-
locked Ti:sapphire laser with pulse duration of f80and energy of up to 12 nJ,
repetition rate of 82 MHz, tuning range of 720-8#0 was used. The tuning range
was only restricted due to set of selective dieiectirrors used in the laser cavity.

In order to increase the pulse energy from osoillalp to 1 mJ theegenerative
amplifier “Spitfire” was used. The working principle of the amplifisrbdased on
chirped pulse amplification [4.16]. The regenemtamplifier consists of three parts:
namely the stretcher, the amplifier and the congmes-irst of all, the seed pulses
from the oscillator are stretched in time to ensarrsafe amplification process. In
other words, the stretching of the pulses decreflsespeak pulse intensity and
prevents a damage of the laser crystal. Then, tpetses are amplified in the
amplifier cavity. An intense pump pulse produces ltigh population inversion in
the laser crystal. Then a seed pulse coming insyls#em stimulates the electron
transitions from the upper laser level, takes loff population inversion and induces
stimulated emission. Therefore, whole energy entedgge electron transitions is
deposited in the seed pulse. In “Spitfire” in order enhance the amplification
efficiency the seed pulse makes approximately 2sqm through the Ti:sapphire
crystal placed in the cavity. In turn, the “Spifirwas pumped at 527 nm by
Q-switched Nd:YLF intercavity doubled laser withlgei energy of 10 mJ, pulse
width about of 200 ns and repetition rate 1 kHzteAfamplification pulse is
compressed again. Stretching and compression wafermed using a system of
two gratings and mirrors. Such technique allowstain pulses with duration of
about 150 fs, energy up to 1 mJ (peak power ~6 @hd) pulse repetition rate of 1
kHz.

Ti:sapphire mode-locked
|aser “TSUI’]amIH 400nm 500-550nm480-650nm
150fs  150fs 30fs

80fs, 82Mhz, 500mW

CW Nd:YVO 4,
532nmr, 5W

Regenerative amplifier

Nd:YLF 527nm, N
200ns, 1kHz, 10W Spitfire
800nm, 1mJ, 15fs, 1kHz

Fig. 4.3. The scheme of the main laser system iaséds work. SHG — Second Harmonic
Generation; OPA — Optical Parametric Amplifier, naly - Travelling-wave Optical
Parametric Amplifier of Superfluorescence (TOPASE; — Sum Frequencies Generation;
NOPA — Noncollinear Optical Parametric Amplifier.
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Using the nonlinear frequency conversioh intense laser pulses derived from
Ti:sapphire system the radiation with wavelengthshie spectral range from UV to
IR can be achieved.

First, usingsecond harmonic generatio(6HG) in Type-l Beta Barium Borate
(BBO) crystal with 0.5 mm thickness the high enengfyared pulses (centered at
A =800 nm with44A ~ 20 nm) were transformed to the pulses with wervgths of
380-420 nm and pulse duration of 150 fs.

On other hand, usingptical parametric generatiofas an example 4.17] in BBO
crystal [Travelling-wave Optical Parametric Ampdifi of Superfluorescence
(TOPAS)] by pumping with pulses at 800 nm from Ti:sapphistam the radiation

in the spectral range 1.2-1.6 nm (signal) and 146+2m (idler) was obtained.

Following summation of the signal and fundamen®l0( nm) frequencies in BBO
Type-ll crystal allowed to produce the 150 fs psltgnable in 490-560 nm spectral
range.

Additionally, to obtain the pulses in the visiblgestral rage (470-700 nm) with the
shorter pulse duration (around 30 fs), M@ncollinear Optical Parametric Amplifier
(NOPA)[4.18] was used

For experiments related to the study of the infageaf laser repetition rate on the NP
shape transformation, the second harmonic of anK®W laser (“Pharos”)
operating at 1030 nm and generating 300 fs pulsésthe repetition frequency of
50-350 kHz was used.

As a result, the usage of above described systawes tipe possibility to excite the
nanoparticles embedded in glass by the strongléepin a broad spectral range.

To characterize the pulses, a “home-made” Selfr@ution FROG system [basic
theory of FROG can be found in Ref. 4.19, 4.201\#as used. As an example,
Fig. 4.4. shows the SD-FROG traces measured frolaRAO

560 . 5604

540+
540

520+
520

Wavelength, nm
Wavelength, nm

500

T T T T 500 T T T T
-100 -50 0 50 100 150 -150  -100 -50 0 50 100

Delay, fs Delay, fs

Fig. 4.4. SD-FROG traces of the pulses from NOPAirompressed pulses/at 535 nm
(pulse durationr=150 fs); b) compressed pulsesiat 528 nm (=33 fs).
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4.3. Irradiation technique

To investigate the laser-induced modifications aj Aanoparticles embedded in
soda-lime glass the laser beam was focused byetieedr objective on the sample
placed on the X-Y translation stage driven by cotapurhe focus of the lens, beam
width, writing density (actually pulse number pgotarea), as well as wavelength
and intensity of the laser pulses have been chasearding to the goals of the

experiments. The irradiation was performed in twffecent modes that allowed to

obtained small (few hundred pum), separate, singdésson the sample with modified

NPs (Fig. 4.5, top-left), as well as the big ar@@sv mm) which can be seen in
Fig. 4.5, top-right. In the first case, X-Y trartgdm stage is not used during
irradiation, while to get the big areas, the sanfjals to be continuously moved as it
is shown in Fig. 4.5 (bottom part), so that theasga are written line by line. The

vertical distance between horizontal lines havééochosen so that the lines are
overlapped making the square areas homogeneousfyfiedo In such mode, the

velocity of the translation stage defines the numtfeapplied pulses. The high

velocity results in almost isolated spots (Fig.,4%S), while slower sample

movement leads to an overlap of the pulses in s@fage4.5, MS).

Fig. 4.5. (top) — irradiated by fs laser spots tiefields (right) on the sample containing Ag
nanoparticles; (bottom) — the schemes of the fietdsliation.

4.4. Temperature dependent irradiation

To study the effect of temperature on the lasewaed nanoparticles shape
transformation, an experiment with pre-heating/oapbf the sample was employed.
For this investigation the sample was placed inv@ium chamber with a heat-sink
which can be electrically heated. Cooling of thengke was possible by help of
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liquid nitrogen. The temperature T was controllgdabthermocouple connected to
the heat-sink; and was varied between -100 and *€20Dhe vacuum chamber was
mounted on a motorized X-Y translation stage asdt was described above, moved
continuously so that square areas ok1.5 mnf size were written line by line.

4.5. Spectroscopic technique

As it was mentioned above and will be shown in et chapters, irradiation of

glass samples containing Ag nanoparticles by ferlagulses leads to the

modifications of the NPs shape as well as surromynthatrix. These permanent laser
induced modifications result in changes of spegiraperties of the composite glass
with silver nanoparticles. Thus, analyzing the ol#td optical spectra, it is possible
to characterize the transformations occurring exgample.

In this work, the transmission spectra measuremerdse done using several
spectrometers (setups). Two beams transmissiorirgpeter Shimadzu UV-3100
operating in spectral range of 200-1500 nm was wgeamieasure the transmission
spectra from the sample area with size more thdnnixf. To polarize the light in
spectrometer and thereby measure the polarizedntiasion spectra, a Glan prisms
placed in the spectrometer were employed. In tih@,investigation of the optical
changes for smaller areas was done by MSP 400 scimpe spectrometer. This
spectrometer allows to measure the spectra withn Bpatial resolution.

4.6. Technique used for investigation of intensitgdependence

To study intensity dependences of Ag nanoparticbgpe transformation a setup for
position resolved transmission spectra measurememitsch was proposed by
A. Podlipensky [4.22]has been built [Fig. 4.6 (a)]. In this experimehg sample
was irradiated by the laser beam, which was focusedsingle spot of the size of
~200 um. By help of the measured, approximatelysSian intensity distribution of
the laser beam, any position within an irradiatedt €an be rescaled to the intensity
applied in that place. The principle is shown ig.F.6(b), giving on the left-hand
side a projection of the spectrometer entrance(rgldtangle) on the modified spot.
Lenses L2 and L3 were chosen so, that the slithaaditLt00 um was small compared
to the size of the (enlarged) spot image, and sgedtanges in horizontal direction
within the slit are negligible. Since wavelengtlspirsion is done in the horizontal
plane, the (vertical) position in the slit can thos correlated to the laser beam
intensity in the same position [right-hand side Fify. 4.6(b)]. Recording the
transmitted light with a CCD camera in the focahrmd of the polychromator,
intensity-dependent spectra are obtained simultesigoThe spectrometer (ISP) was
a Jobin Yvon imaging spectrograph CP140 coupledth witCCD (TE/CCD-1024-
EM/EEV30-11/UV from Roper Scientific). The modifiedeas on the sample were
illuminated by a broadband light source (LS). Indear to measure polarized
transmission spectra, a polarizing prism P was.uBed 4.7 shows an example of
the images obtained on CCD for different polarasi In order to calibrate the
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image in real sizes the micro scale with scalingjdiaof 50 um was employed. For
the wavelength calibration of the spectrometer eddgspectral lamp was used.

(a) LS L1 S L2 P L3 ISP

Fig. 4.6. (a) The scheme of the setup for the nreamnts of spatially resolved transmission
spectra. LS — light source, L1, L2, L3 — lenses, $ample, P — polarizer, ISP — imaging
spectrometer; (b) Enlarged image of modified area &aussian intensity profile of the
laser beam.

0 S-Polarisation 150 150+ P-Polarisation
I 125  125-
1100 100-
Io.s I 0w ]
(D)
L75 X 75- M
L o | "“4»
I L 50 50 ol
0.1 L ] "
3 L 25 25- m
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Fig. 4.7. Position (intensity) resolved polarizedrntsmission spectra of silver nanoparticles
embedded in glass, which where irradiated by ferasilses.
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4.7. Technique used for optical determination of N®shape

To determine 3D shape of nanoparticles one caik thiat the simplest way is just to
look on this NP from all three directions by theeg)\ffor nanoscale it is of course
possible using transmission electron microscopyMJJ[EHowever, for the samples
used in this work the preparation for TEM is vegmplicated and the side view
TEM is almost impossible, because the sample higs2opm thick layer containing
nanoparticles from the edge. On the other handstihé&ion can be found through
the usage of the optical transmission spectra meddtom all directions. As it was
discussed in Chapter 2.1, the optical propertiesafocomposites with metallic
nanoparticles depend on the shape of the latteiadtshown that if the nanoparticles
have non-spherical shape, then an optical dichr@ppears. Moreover, if the NPs
have a spheroidal shape, the spectral gap betwelanized extinction spectra is
strongly correlated with the aspect ratio of thepberoids. Therefore, carefully
analysing the optical transmission spectra measin@d three directions, it is
possible to determine the shape of nanopatrticles.

In this work, in order to determine the 3D shapaafoparticles after irradiation by

fs laser pulses the following procedure was usée [Aser beam was propagated in
z-direction [Fig. 4.8(a)], and focused on the samwith a spot size of about 200 um.
Moving the sample continuously on a motorized Xr¥nslation stage (as it was

described in Section 4.3)x3 mnt areas were written line by line. For the linear
polarized pulses two squares with identical irradraparameters, but different laser
polarizationLy andLy (alongx andy axes) were produced.

Fm——————— or

(@O i MS

Stk

(b)

Fig. 4.8. The schemes of experiment: a) geomefryaafiation; b) geometry of transmission
spectra measurements.

Then, optical transmission spectra of all irradieeeas were recorded twice, namely
with probe light in the direction of the fs lasexdmn and perpendicular to it. For the
later case a thin slice (thicknes20um) was cut from the sample, as sketched in
Fig. 4.8(b), and polished. The spectra were medswith a MSP 400 microscope
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spectrometer. The geometry, polarization directmingser irradiation and recording
of transmission spectra will be described later @ynotation referring to the
coordinate system given in Fig. 4.8. As the ultoaisHaser pulses were always
propagated in z-direction, we need only one supst¢a specify the (linear) laser
polarization byLy or Ly, respectively. The optical spectroscopy is describy a two
index notation where the subscript defines the rpa#on direction and the
superscript the propagation direction of the prbglet. For instances: means y-
polarized probe light propagating in z-directiorveDall, by irradiating pairs of areas
with orthogonal polarizationL{ andL,), we gain access to 3 orthogonal projections
of the transformed particles, which allows the ctatg optical analysis of the 3D
particle shape (symmetry).
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Chapter 5. Laser induced shape transformation of Ag
nanoparticles embedded in soda-lime glass

Nowadays the optical properties and structure ohemnous solids can readily be
modified by making use of vastly different laseusses. In this context irradiation of
dielectrics containing metallic nanoparticles (NBg)pulsed lasers has opened up a
promising route towards designing nanocompositeeria$ with special properties
tailored for various applications [5.1, 5.2, 5.3]he optical properties of such
materials are determined by the surface plasmoprég&Bnance of the metal clusters.
For a given application, these SP resonances caaneel within a wide spectral
range from visible to near infrared, by correcticbmf electronic properties of metal
clusters and dielectric matrix. Furthermore, the #iAd also strongly depends on
size, shape, concentration and distribution ofrtheoparticles [5.4, 5.5]. Thus, the
laser-induced techniques to modify size, shapeaarashgement of the metal clusters
[5.6, 5.7, 5.8, 5.9, 5.10, 5.11, 5.12, 5.13, 544vide a very powerful and flexible
tool to control and optimize the linear and nordineoptical properties of
metallodielectric composites.

Recently, it was discovered that a permanent toamsftion of initially spherical
metal nanoparticles embedded in soda-lime glassehipsoidal (or more general,
non-spherical) shapes can be made by irradiatitim wiense fs laser pulses near to
the SP resonance [5.10 - 5.14]. Moreover, the dishr in the spectra was strongly
connected to the laser polarisation and inverskbnged by irradiation in “single-
short” and “multi-short” regimes [5.14]. Howevengtmechanism responsible for the
anisotropic shape transformations of the spheAgahanoparticles seems to be very
complicated and still needs detailed investigations

In this chapter the attention will be focused oer #tudy of processes arising by
interactions of intense fs laser pulses with sgiaérAg nanoparticles in soda-lime
glass and leading to anisotropic shape transfoomaif the last ones. First, the 3D
shape of nanoparticles after laser-induced tramsition will be optically analysed.

The experimental results presented in this chaptso include the studies of
polarization and intensity dependences of lasemdad shape transformations of the
silver nanoparticles, effect of the excitation wawgth, writing density and the

temperature on the laser induced dichroism. Limgifiactors of laser-induced NPs
shape modification, as well as a technique of iat@h, which prevents the

destruction of nanoparticles and leads to increzEsthe NPs elongation will be

discussed too.
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5.1 Influence of the laser polarization, pulse intesity and number of
pulses applied on nanoparticles’ shape

As it was mentioned above, the former investigaiperformed by M. Kaempfe,
A. Podlipenskyet al. [5.10-5.14] demonstrate a dichroism in composlésg with
initially spherical Ag nanoparticles induced byauration with intense, linearly
polarized fs laser pulses at wavelengths nearddth resonance. Moreover, single-
shot (high intensity) and multi-shot (low inten3ityrradiations resulted in an
inversion of the dichroism in extinction spectraiever, after irradiation of NPs by
the pulses with circular polarization, no dichroigmms observed [5.11].

To understand the reason of this dichroism inverfend absence), first in this
section, the shapes of laser-transformed nanofestwill be investigated for each
type of irradiation.

In the second subsection, effect of the laser pukemsity, pulse writing density on
the laser-induced dichroism (NPs shape modificatiorsoda-lime glass containing
spherical Ag nanoparticles will be consider. Theutes presented there will help in
understanding comprehensive picture of the physicatesses behind the laser-
induced shape transformation. In particular, thdofdng questions will be
answered: (i) Is there a single pulse intensitgghold for deformation, or can lower
intensity be compensated by irradiating more p@ggsAt which intensity / number
of pulses applied does the transition from protat®eblate shape occur, and which
particle shapes are produced there? (iii) What Gapmwith the particles going to
very high irradiation intensity and / or large nwenlbf pulses applied to one spot?

5.1.1. Optical 3D shape analysis of nanoparticléeralaser induced
deformation

The method used for nanoparticles 3D shape detatibmwas described in details
in Chapter 4.7. The geometries of irradiation aadgmission spectra measurements
are assigned by thie and S notations, respectively;sf means y-polarized probe

light propagating in z-direction).

Shape of nanoparticles after irradiation by lingadolarized pulses

As it was mentioned above, an ultra-short lasersgmilcan transform initially
spherical silver nanoparticles embedded in sode-fjass into non-spherical shape.
Macroscopically, this effect is observed as optaiahroism. The principal axes of
this dichroism depend on the laser polarization andthe irradiation conditions:
using a series of pulses of relatively low intenganly slightly above threshold for
shape transformation), a red-shifted SP band isrebd with light polarized parallel
to the fs laser [Fig. 5.1(b)], whereas for singhsdr shots at higher intensity the
dichroism is reversed [Fig. 5.1(a)]. This obsematcorresponds well to the particle
shapes found by TEM. As shown in Fig. 5.1(c-d),find elliptical central particles
(surrounded by a more or less pronounced halo afl grarticles) oriented with their
major axis along the laser polarization at lowéemsity [Fig. 5.1(d)], and orthogonal
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to it at higher intensity [Fig. 5.1(c)]. Both opgicspectra and TEM images, however,
do only give information about a projection of tparticle shapes in a plane

orthogonal to the observation direction. So thé shapes of transformed particles in
3D space could be either prolate or oblate spheroideven other shapes without an
axis of symmetry are possible.

( a ) — Original sample T ( b ) — Original sample
— — P-Polarization — — P-Polarization
- = - - S-Polarization - - - - 8-Polarization

1.5

1.0

Extinction
Extinction

0.5

bl S &y

T T T T T T
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

(d)

Laser ' ’

Ay Polarisation
s
40 nm 40 nm
I I

Fig. 5.1. Polarized extinction spectra of origiraid irradiated samples, and TEM images of
deformed nanoparticles: a) single shot regimg,=I 3 TWi/cri; b) multi-shot regime
(1000 pulses per spot), peak pulse intengity 0.6 TW/crfk ¢) TEM image of nanoparticle
irradiated in single-shot regime; d) TEM image anoparticle irradiated in multi-shot

regime.

To determine the 3D shape one has to compare theabfransmission spectra
measured from all three directions. We start treeudision by comparing pairs of
spectraS’ obtained normal to the original surface. The tnaission spectra, being

similar to ones shown in Fig. 5.1(a-b), are given multi-shot (left-hand side of

Fig. 5.2) or single-shot regime (right-hand sideFag. 5.2). As expected, spectra
referring to the same irradiation conditions arenadt identical, except for the
reversed dichroism (e.gL,s;=L,S; and L,S;=L,S;). The explanation for the

dichroism is the anisotropic shape of the silveistdrs: as the projection in the x-y
plane is approximately an ellipse [Fig.5.1(c-dfje spectral separation of the
observed SP resonances is correlated with the tasatg of the particles, the

stronger red-shifted band being associated withma@r axis [5.15]. So it is obvious
that, qualitatively, nanoparticles irradiated in lthshot mode are more elongated
than in the single-shot regime.
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Multi-shot mode . Single-shot mode
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Fig. 5.2. Polarized extinction spectrd $he projection of nanoparticles shape on x-y glan
is schematically shown in inset.

A detailed discussion about the shape of the pestis possible by looking at the
third axis. The corresponding spec®aare given in Fig. 5.3. Again the pairs of areas
irradiated with different laser polarizatian or L, are given on the left (right)-hand
side for multi- and single-shot regime, respectivéls the spectra in Fig. 5.2(a) and
Fig. 5.3(a) are almost identical, and in Fig. B)3{o dichroism is seers(=s;), it is

obvious that the particles have a rotational symynélore specifically, the spectra
clearly indicate that in multi-shot mode prolatdemwids are created with their major
(symmetry) axis along the laser polarization [Eigl(a, b)]. A comparison of the
spectra in Fig. 5.2(c), 5.3(c) and 5.3(d) leada ®imilar conclusion for the single-
shot regime: again a rotational symmetry axis alihveglaser polarization is proven,
while the reversed dichroism (see Fig. 5.2) indisahat for high intensities oblate
spheroids are produced [Fig. 5.4(c, d)].

Having elucidated the symmetry and principal shafpie transformed particles, we
can now try to get information about the aspedbraf the particles by a more
detailed analysis of the spectra.

If one assumes that the volume of nanoparticlesamsnconstant during shape
change, then after transformation into oblate aigte spheroids the minor axis
should be smaller than the radius of initially spded particles. Theoretical
calculations for spheroids [5.15, 5.16] show thatthis case the extinction band
corresponding to the short axis is blue-shiftedhwiespect to the SP band of
spherical particles (peaked at 418 nm). The speetfag. 5.2(a) and 5.2(b) (multi-
shot mode) match this expectation, at least quiaktig. In the single-shot regime,
however, even the SP band of the minor axis issheffied with respect to the SP
band of the initially spherical particles [Figs2&:) and 5.2(d)]. This discrepancy can
be solved by dropping the assumption of volume eoraion: as Fig. 5.1(c, d)
clearly shows, a halo of small silver particlesrsunds the particle after shape

46



Chapter 5. Laser induced shape transformation ofnégoparticles embedded in
soda-lime glass

change [5.12]. Luminescence studies proved that &fsions are in the vicinity of
the particles [5.17]. Thus, the halo can modifydiedectric constant of the particles’
surroundings, which will in general change the #Bonances. In particular, an
increase of the host dielectric constant (whiclexpected for Ag ions) results in a
red-shift of the SP resonance band.

Multi-shot mode Single-shot mode

() ~ L,

Extinction
Extinction

400 500 600 700 400 500 600 700
Wavelength, nm Wavelength, nm

Fig. 5.3. Polarized extinction spectra S

We have thus tried to predict the spectral posstiohthe SP bands observed in our
experiments by theoretical calculations based @ Muwodified Long Wavelength
Approximation (MLWA) [5.15], where we varied theetkctric constant of the
glass and the aspect ratio a/c of the particlesacbount for the loss of silver atoms
needed for halo formation, we also included a \éeiaolume reductionV. Within
the MLWA we could match the experimentally obser&iband positions by using
the following parameters: (§ = 2.7,a/c =1.8,4V = 6% in multi-shot mode, and
(i) e = 3.0,a/c =1.1,4V = 10% in single-shot mode. The relevance of thess fit
parameters is limited, because it is unknown if iBgs or the small halo clusters
dominate the refractive index change; in the lattase strong dispersion (not
accounted for in the calculations) would have tacbesidered. Nonetheless, several
interesting qualitative conclusions can be drawistF the calculations clearly
indicate that the red-shift of both ti8§ and s} spectra in the single-shot irradiation

mode can be ascribed mainly to the refractive ind®rease of the particle

surroundings due to the halo. Second, the relatamd of larger volume loss and
larger refractive index increase in single-shot entsdcompatible with Fig. 5.1(c, d);

and it is reasonable that the higher irradiaticensity in single-shot mode ejects
more material in the glass matrix. Finally, alse trend of aspect ratios reflects the
results of TEM studies at least qualitatively. Foore details the size distribution
would have to be included in the calculation.
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Fig. 5.4. The scheme of deformed nanopatrticleseshap

Summarizing the above given results we found thanulti-shot mode (relatively
low intensity) the initial nanospheres are transfed to prolate spheroids, whereas
in single-shot regime (higher intensity) oblateesjpids are produced. The symmetry
axis of the spheroids is oriented parallel to tleeér) laser polarization for both
irradiation modes. Simulations of the optical estion spectra indicated that the
halo of small silver particles and silver ions aopanying the laser induced shape
transformation cause the observed red-shift okthéace plasmon resonances via an
increase of the host dielectric constant.

Shape of nanoparticles after irradiation by circtiiapolarized pulses

Previous experiments (done by M. Kaempteal) using circularly polarized pulses
for irradiation of silver nanoparticles in glassoghno dichroism in the optical
spectra measured with light propagating in the sdingetion as the laser pulses (i.e.,
along the surface normal) [5.11]. Also transmiss@actron microscopy images
measured in a plane perpendicular to the laserotigime any hint to anisotropy of
the NP shapes. As the examples presented in Fgstmaw, the nanoparticles stay
approximately spherical after irradiation, but hake characteristic halo of small
silver clusters (particles) being a typical concami phenomenon of fs laser induced
NP shape transformation.

Comparing Figs. 5.5(a) and (b) one gets the impregbat the particle radius after
shape change has increased. This could be expldgethe assumption of a
flattened, oblate NP; of course the TEM images @ldiscourage this conclusion,
since they stem from different locations on the glanidifferent NPs).

Fig. 5.6(a) shows the extinction spectsa and si from a sample irradiated by

circular polarized pulses and measured normaldootiginal surface. It is seen that
both spectra are nearly identical. The broad SEldare centered at around 460 nm.
The obtained results are comparable to those fadisarlier [5.11], where no
dichroism was observed. At that time, the red sifithe bands was supposed to be a
result of halo (very small silver particles and som surrounding of the main
nanoparticle) formation only, while the main pdds were believed to stay
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spherical. If this were true the whole spectralngeawould have to be attributed to
changes of host (glass) dielectric constant. Algjtot is known, in principle, that an

increase of the glass dielectric constant leadsreal-shift of the SP bands [5.4, 5.5],
such strong effects as observed in Fig. 5.6(a) eveefuire much larger changes
(¢ ~ 4) than have been concluded in previous sulmsetdr nanoparticles irradiated

by linearly polarized pulses.

(a) (b)

20 nm 20 nm
— —

Fig. 5.5. TEM images of (a) original nanoparticlg) irradiated by pulses with circular
polarization.

An alternative explanation for the red-shifted $dbis the assumption that, roughly
spoken, flattened disks are produced upon fs ias&hation. It is well-known, both
from Mie theory [5.16] and experiments on supporéds on surfaces [5.6] that
oblate spheroids show red-shifted (blue-shifted)o&Rds for polarization along the
major (minor) axes, compared to the SP band ofregh&ith the same volume. In
our case, the long axes of the spheroid shoulditign the x-y plane, and the short
axis in z-direction, to be compatible with TEM r#ésuFig. 5.5) and the spectra of
Fig. 5.6(a). Then, in y-z (and/or x-z) plane digeno should be seen. Moreover, the
SP band corresponding to the minor axis then mestX¥pected to be blue-shifted
with respect to the SP band of the spherical pasti(peaked at 413 nm), while the
absorption band connected with the major axis shbel similar to those measured
in x-y plane [5.15, 5.16].

The polarized extinction spectrgf and s}, given in Fig. 5.6(b), prove all these
predictions. It can be seen that the position drel shape of thes} spectrum
measured 0.5 um from the surface (short-dashed,liple) are very similar to thg;
spectrum, while thes; band has a peak around 370 nm. Baespectrum integrates
over the whole layer, whilg; only refers to a slice located at some distanéevbe

the surface. This is the reason for the slightedéihce. Thes* spectra measured
further away from the surface [Fig. 5.6(b) dashed solid lines] show, on average,
smaller shifts of both SP bands with respect toattiginal one. It can be explained
by the fact that on its way through the NP layéwr laser pulses intensity is
diminished, leading to different degrees of shapadformation in different depths.
Furthermore, also size and concentration of the Bifégsnot constant across the
particle-containing layer due to the process ofnagoparticle preparation. This may
also contribute to the depth variation of the sfgeshown in Fig. 5.6(b). We have
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also measured the spectra in y-direction and fabhatthey match the*ones very
well. This proves the rotational symmetry of thesN#ter shape transformation.

Extinction

350 400 450 500 550 600 650
Wavelength [nm]

Fig. 5.6. Polarized extinction spectrg 8nd 3. Inset: Representation of nanoparticles’
shape after transformation.

Over all, our results provide strong evidence thiter nanoparticles have been
transformed to oblate spheroids with their symmatgs parallel to the propagation
direction of circularly polarized fs laser pulsasspt of Fig. 5.6(b)]. Using Mie

theory for spheroids [5.16] we have estimated #peet ratio of shape-transformed
particles, and found that it varies from 1.6 to WBhin the depth of the NPs
containing layer.

All these findings, as it will be shown later, stghy support the assumption that the
photoionization of NPs by directional electron esioa along the electric field
vector of the laser light is the one of the mospamtant processes in laser-induced
shape transformation of metal nanopatrticles insgglas

5.1.2. Effect of the laser pulse intensity and imgitdensity on the
anisotropic shape modifications

For measurements of the intensity dependences wd astechnique of space
resolved transmission spectra described in datatise Chapter 4.6. In combination
with laser beam profile measurements the spacdvezb@pectra were correlated
with local laser pulse intensities (see Chapte). 4.6

We have produced various dichroic areas on the Igaimp irradiating different
numbers of laser pulses (ranging from 1 to 500@héosame spot. The huge number

50



Chapter 5. Laser induced shape transformation ofnégoparticles embedded in
soda-lime glass

of spectra resulting from the described analysis oaly be shown here in a
parametrized form (see below). Nonetheless, to dsirate the quality of the spectra
and explain the parametrization, a few exampleslaogn in Fig. 5.7. Figs. 5.7(a, c)
represent the case of multi-shot, Figs. 5.7(b,hdt ©f single shot irradiation. In
general, the original SPR band peaked at 413 nm splits into two polarization
dependent bands upon irradiation, but with sigarficdependence on peak pulse
intensity and number of pulses applied. Fig. 5. &Bdws multi-shot irradiation
(1000 pulses at 0.6 TW/dn which produces bands on different sides of tfigirel
SPR band: for polarization parallel to that of thser (p-polarized, blue line), the
peak position is shifted to longer wavelengths,levior perpendicular polarization
(s-polarized, red line) the band is observed doater wavelength.

_(g)

[ c
.0 o
© ©
= =
5 ki
1.5¢ —— S-Polarization 1.5 it —— S-Polarization
it —— P-Polarization it ——P-Polarization
1.0 ------ Original sample 1.0F i ------ Original sample
0.5p%
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

Fig. 5.7. Polarized extinction spectra of originahd irradiated samples: a) multi-shot
regime (1000 pulses per spot), peak pulse inteisity0.6 TWi/crf b) single shot regime,
I, =3 TW/cni; ¢) multi-shot (5000 pulses per spot), # 1.2 TWicrfy d) single shot,

I, = 3.5 TW/cr

This can be explained on the nanoscale by prold¥er sspheroids with their
symmetry axes oriented along the laser polarizafs@e previous section) [inset in
Fig. 5.7(@)]. In the single-shot case [Fig. 5.7(bferring to 3 TW/cri, the
s-polarized band has a larger red-shift than tipelprized band. Additionally, both
bands are red-shifted in this case. These spe@rdug to oblate Ag particles [inset
in Fig. 2(b)], again with their symmetry axes oteh along the (horizontal) laser
polarization [5.18]. At even higher intensities amal particular, in the multi-shot
regime, the spectral shifts are becoming smaller thie band integrals decrease.
These effects, which are obviously indicating -eaist partial — destruction of the
silver nanoparticles, are most clearly seen in Fig(c) (representing 5000 pulses at
1.2 TW/cnf), but tentatively also in the single-shot regiméig[5.7(d),
3.5 Tw/cnd].
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In general, the examples of Fig. 5.7 show clearlgt tthe laser-induced shape
transformations of Ag nanoparticles and the obd#evaspectral parameters
connected with it (orientation of dichroism, peabkspion and integrated extinction
of the SPR bands) are strongly depending on thle palae intensity and the number
of pulses irradiated to one spot. In order to elat@ the key parameters for the
obviously different reshaping mechanisms, we haaterchined the SP peak central
wavelengths as a function of local intensity fromrigus spots irradiated with
different number of laser pulses.

These results, a selection of which is presentegairametrized form in Fig. 5.8,
show that laser-induced spectral changes starttensities of 0.2-0.3 TW/cmFor
single-shot irradiation [Fig. 5.8(a)], increasepafise intensity above this threshold
leads to shift of both SP bands towards longer lesngghs. First, in the region of
~0.32 TW/cni one observes a rather weak dichroism, where ihelgrized SP band
has the stronger red-sift. At approximately 2 TW/dime extinction is becoming
isotropic again, seen as crossing of the curves-fand p-polarization at= 427 nm.
Above 2 TW/cni a reversed dichroism is observed, i.e. the s-jzalon band is
now more red-shifted than the p-band. The maximpettsal gap between p- and s-
polarized SP bands (peaks at 430 nm and 450 nrpeatdgely) is found at
~3.2 TW/cnf. At still higher intensity beyond 3.2 TW/émnot shown on the
Fig. 5.8) the SP bands move back toward shorterelsagths, and the integrated
band extinction decreases, indicating (partialjrdetion of the silver nanopatrticles.

Irradiating 25 pulses to one spot [Fig. 5.8(b)] fimel in general a similar peak pulse
intensity dependence of the induced dichroism whih two characteristic intensity
ranges. There are, however, some important difte@®icompared to the single-shot
case: (i) the dichroism (spectral spacing betwblerpblarization dependent bands) is
much larger in the low intensity range (below 2 Ewf); (i) between 0.3 and
1.3 TWi/cnf the s-polarized SP band is blue-shifted relativehe original SP peak at
413 nm; (iii) the region of reversed dichroism tssunk considerably, because
already from ~2.3 TW/cfron bleaching of the extinction (particle destrojistarts.

In such cases the analysis of the SP peak centraélengths was halted (grey
regions in Fig. 5.8).

If the number of pulses irradiated to one spourshier increased one observes that
the maximum dichroism grows and is reached at loweak pulse intensity
[Figs. 5.8(c-f); note the scales change from Fi§(& to 5.8(d)]. The crossing point
of the curves for the p- and s-band, however, resnapproximately constant around
2 TW/cnt, while the region of beginning particle destruoticomes down to lower
intensity step by step to finally ~0.7 TW/€rat 5000 pulses per spot [Fig. 5.8(f)].
Thus, for 100 or more pulses per spot we can do$grve the low intensity region of
spectral changes with the corresponding dichroisecause following increase of
intensity leads to destruction of nanoparticles @silts in a bleaching of SP bands.
The maximum dichroism recognized in our experimemss found in the case of
5000 pulses, where, at the pulse intensity of @@Fcn?, the p- and s-bands are
peaked at 525 nm and 390 nm, respectively. It shbalmentioned here that even
more than 5000 pulses per spot do not increasediieed dichroism further.
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Fig. 5.8. Dependences of the SP maximum in pothgzénction spectra of soda-lime glass
with spherical Ag nanoparticles on laser pulse msiéy by irradiation at 400 nm. Red circles
— s-polarization, blue squares — p-polarizatioghli gray area — region of the SP bleaching.

As was shown previously and also in ref. 5.10, 58112, 5.13, 5.17, the principal
persistent modifications induced by fs laser pulsies not only comprise the
transformation of nanoparticle shapes, but also géeeration of a surrounding
region of small Ag particles (‘halo’). While therdt effect explains the splitting of
the SP band (dichroism), the second one causesfiist approximation, a modified
matrix refractive index which may lead to isotrogigectral shift of the SP bands
[5.18]. In this work we have observed both bandttspy and spectral shifts as a
function of both peak intensity of the fs lasergmd and irradiation density (number
of pulses per spot). The first important result wes, independent of the number of
pulses applied, there exist two special intensitiess 0.2 TW/cnf and
I, =2 TW/cnf. For intensitied < |, there is no spectral change at all, antl=at
only spectral shift of the SP band to long waveleags observed. In the intensity
regionl; < | < I,, dichroism is found with the larger red-shift tbee p-polarized SP
band, while fod > |, a reversed dichroism is seen. This indicatesttieprocesses
of shape transformation are controlled by the lasése intensity (energy density per
pulse), while the number of pulses applied mairdgumulates the changes caused
by each single pulse.

Looking in more detail to the low-intensity region< | < I, first, the dichroism

observed there could be associated with a transfitomof the original silver nano-
spheres to prolate spheroids with their long axiented parallel to the laser
polarization (see previous section). Anticipatirgjune conservation for the silver,
Mie theory predicts for this case blue- (red-) shif the SPR of the short (long)
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particle axis, the spectral spacing between the lhaods being correlated to the
aspect ratio of the nanoparticle. So the growtkiofiroism with increasing number
of pulses can be explained by successive incrdabe particles’ aspect ratio. A red-
shift of both bands however, as observed for 1efs all intensities or at >
1.5 TW/cnf at 25 or 50 pulses, can only be explained by ufdit modification of
the host matrix in the vicinity of the nanopartigidich was shown in ref. 5.17. So it
is obvious to assign the increasing general reft-&i higher pulse intensities to a
growing influence of the halo.

In the high-intensity regioh> |,, oblate spheroids with their symmetry axes (short
axis) along the laser polarization are producedafdr 5.1.1). Again the fact that
both SP bands are red-shifted indicates significaodification of the particle
surroundings, because otherwise the short axidélsbow a blue-shifted SP band.

To get an idea about the nanoscopic modifications the region around
I, =2 TW/cnf, and in the region of beginning particle destrctiwhere SP band
extinction starts to decrease again), transmis@tmttron microscopy is quite
instructive. It should be mentioned however thas imot possible to assign an exact
local irradiation intensity to a special TEM imadeg. 5.9 shows two examples for
particle shapes found after single-shot irradiationthe high intensity regime;
Fig. 5.9(a) refers to intermediate intensity (ambup), Fig.5.9(b) to very high
intensity (significantly abové,). In the first case, a fairly spherical particléhwa
limited halo region is seen. In contrast, at veighhntensity there is on one hand a
non-spherical central Ag particle, but a much larggion of small silver fragments.
Considering that this image was taken after onerlpslse only, it is quite plausible
that after several pulses of sufficiently high mdty the particles are destroyed
completely and the pertinent SPR band vanishesuirexperiments, total bleaching
of the samples has been observed at intensitiéehtyan 1.2 TW/cfapplying at
least 5000 pulses per spot. We interpret this figdas complete destruction of the
Ag nanopatrticles into small fragments without distiSPR.

On the low-intensity side, in particular if oneadiates the sample with many pulses
only slightly above the modification threshold (6.D.3 TW/cnf), the maximum
spectral shift (and thus the maximum particle aspato) achievable is limited
[5.13], because due to successive particle defasmaihe SP band polarized along
the laser polarization moves out of resonance dsorg the interaction with the
laser pulses.

(a) (b) <

Fig. 5.9. TEM of Ag nanoparticles in soda-lime glasdter irradiation: (a) in the region
around b =2 TWi/cr, (b) partially destructed nanoparticle.
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5.1.3. Summary

In this subchapter we have shown that laser indsbeghe transformation of silver
nanoparticles embedded in glass can only be adhigsiag fs pulses of a minimum
peak pulse intensity of 0.2 TW/émin the case of linearly polarized pulses, above
this threshold, two main intensity ranges can Istirtquished macroscopically by a
reversal of the observed dichroism, which is caubgddifferent shapes of the
nanoparticles: in the low intensity range (betw&® TW/cnf and 2 TW/crf)
uniformly oriented, prolate spheroids with differespect ratios are produced, while
applying intensities above 2 TW/énresults in oblate spheroids. Directly at
2 TW/cent no dichroism, but only red-shift of the surfacegshon bands is seen,
plausibly explained by spherical particles withdjakhich have been recognized in
TEM images. Increasing the number of pulses ine®dise induced dichroism for
the low intensities and leads to total destructbthe silver nanoparticles for high
intensities.

In the case of irradiation by fs laser pulses weiticular polarization (in multi-shot,
low intensity mode), the results show however tiat particles have a shape of
oblate spheroids with the major axes lying in ttanp of laser polarization.

As one can see, the observed anisotropic shapdioatidins are strongly correlated

with the laser polarisation indicating obviouslynfinear interaction of the SP with

intense laser electromagnetic fields. In other wpittie processes, which define a
preferable orientation of the nanoparticles, shaddur at time scales about of the
laser pulse duration. At the same time, the thereffdcts induced by the laser
excitation of spherical Ag nanoparticles can on@sult in isotropic changes.

Therefore, taking into account these finding anel discussion given in Chapter 3,
one can suggest that the main process responsiblihd NP shape modification

have to be the directed (pulse-enhanced) electnoisseon from nanoparticle. In

turn, depending on irradiation conditions, thiscalen emission can trigger some
other processes, which at the end lead to therdifteshapes of nanoparticles.

5.2. “Off-resonant” excitation: irradiation wavelength dependence

In this section, we will consider the excitation sfver nanoparticles embedded in
soda lime glass at different wavelengths and hows iaffected on the induced
dichroism. As it was shown in previous section,orest irradiation close to the
initial SP band in the multi shot regime can indgpectral gaps of up to 180 nm,
and the position of p-polarized SP band (observida ght polarized parallel to the

laser polarization) can be varied in the regiod®9-530 nm. Larger dichroism or
larger induced red-shift of the p-polarized SP bandot possible by near-resonant
excitation: any further increase of intensity omroer of pulses applied to one
sample position leads to bleaching of the SP bawtisch can be explained by
(partial) nanoparticle destruction [5.19]. As mamyssible applications for optical

elements prepared by proposed technique requiraripation contrast at larger
wavelengths in the visible and near IR spectrageait is attractive to look for ways

to meet this needs.
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We will show that tuning of the irradiation wavefgh is a very powerful parameter
for reshaping Ag nanoparticles to large aspecbsatrirst, we have found that even
rather strongly red-shifted excitation (with redptecthe initial SP band) can, in spite
of the low remaining SP absorption in this registill very effectively induce a
nanoparticle shape transformation to spheroidsparticular, such 'off-resonant’
irradiation can create an even larger dichroisnm tlesonant excitation. Second, we
will demonstrate that subsequent irradiation byreasing laser wavelengths
increases the particles' aspect ratio and thustheed dichroism further, allowing
to shift the p-polarized SP band down to the netated region. At the end, we will
show the results of simultaneous irradiation of g@nple by the pulses with
different wavelengths, which results in a simillongation of nanopatrticles as it is
obtained by subsequent irradiation.

5.2.1. Long wavelength irradiation

It should be mentioned here that all experimengéalts shown below have been
conducted in the multi shot regime (Chapter 5.igufe 5.10 gives a first example
for “off-resonant” excitation. We will use this mon in the following to characterize
a situation where the laser wavelength is considerarger than the maximum of
the SP resonance. The polarized extinction spé&ttfag. 5.10 were measured on a
sample containing Ag nanoparticles which was iatati by 1000 pulses per spot at
4 = 550 nm with a peak pulse intensity of 1.2 TWicithe effect of this irradiation
is similar to the one obtained by resonance exaitanamely, the original SP band
of the spherical Ag nanopatrticles peaked at 413 nm splits into two polarization
dependent bands. However, in this case, the pipethiSP band (seen with light
polarized parallel to the laser polarization) isaled at 620 nm, while the
s-polarization (perpendicular to laser) is shiftedshorter wavelengths, overlapped
by a small residual absorption at 413 nm. This dagpectral gap of p- and
s-polarized bands leads to a good polarizationrashtait 620 nm, i.e., low and high
transmission for p- and s-polarization, respecyiveln analogy to previous
experiments, we can easily conclude that also $e ¢ “off-resonant excitation” the
nanoparticles are transformed into prolate spherd@hapter 5.1.1). From the
spectral gap between the maxima of polarized etindands being significantly
larger than in case of resonant excitation, ithsious that the aspect ratio of the
reshaped nanoparticles is also larger than fomaegcexcitation.

Additionally, similar to the case of resonant iiedtbn, the particle elongation and
the corresponding magnitude of induced dichroism & tuned by variation of the
peak pulse intensity and/or by number of pulsesspet. Figure 5.11 illustrates the
effect of different writing densities for samplesadiated at 550 nm with peak pulse
intensity of 1.3 TW/crh Only the p-polarized extinction spectra are sholtrs
clearly seen that, increasing the number of appbedes from 200 to 1000, both
peak wavelength and integrated extinction of theolarized band are increasing,
while the absorption peak in s-polarization movkghty to shorter wavelengths
(not shown in Fig. 5.11). For further increase lod tvriting density, however, the
p-polarized SP band starts to shift back towarastsh wavelengths, accompanied
by decrease of amplitude and increase of bandwithis bleaching, which was
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interpreted in previous section as partial desioacof the silver nanoparticles is
clearly seen in the spectrum obtained after shii@g0 pulses per spot on the
sample. Again the off-resonant irradiation behavery similar to the resonant case:
up to a certain amount of pulses per spot, therdisim can be increased by applying
a larger number of pulses to the sample, but beyoisdvalue (in the range of 1000
pulses/spot) the maximal spectral shift is limiteg beginning destruction of the

nanoparticles.
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- — -P-Polarization
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Fig. 5.10. Polarized extinction spectra of sampleish Ag nanoparticles irradiated at
550 nm in multi-shot regime (1000 pulses in singf®t), peak pulse intensity was

1.2 TWicrh
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Fig. 5.11. P-polarized extinction spectra of originand irradiated sample with Ag
nanoparticles; irradiation at 550 nm with differenumber of pulses applied, peak pulse

intensity was 1.3 TW/ém

The results discussed so far showed that irradiatiothe samples &t = 550 nm
with optimum laser intensity and number of pulseads to a larger spectral gap
between the SP bands than resonant excitati®#r=a00 nm can do. Therefore, one
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should expect a further increase of the inducetirdism when samples are being
irradiated with even more off-resonant, longer wewngths. We have also looked
into this effect. Figure 5.12 shows three examfideg-polarized extinction spectra
of samples irradiated at different wavelengths,eher= 490 nm, 560 nm, and
610 nm. The parameters of irradiation (laser intgramd number of pulses per spot)
were chosen so that for each laser wavelength theinmal spectral shift was
reached. It is clearly seen that in fact irradmatrath the longer wavelengths leads to
a larger red-shift of the p-polarized SP band. Haxe moving the irradiation
wavelength further beyond 610 nm, the efficiency o&noparticle shape
transformation decreases more and more, and fitlalylaser pulses do not evoke
any measurable extinction changes anymore. Fosammples this was the case for
A 2670 nm; for instance, even the very strong laseddmental at 800 nm does not
cause dichroism when irradiated on a sample witigir@a, spherical Ag
nanoparticles.

Original Sample
- =-490 nm

560 nm
—-—-610 nm

Extinction

400 500 600 700 800
Wavelength [nm]

Fig. 5.12. P-polarized extinction spectra of originand irradiated sample with Ag
nanoparticles by different wavelengths irradiatidmtensity and number of pulses are
optimized to achieve the best dichroism.

The obvious conclusion from the above results st ttinere is a threshold in
absorption efficiency, which limits the long wavedgh irradiation. This and all other
findings are in a good agreement with theory. Asvéts shown, the extinction
efficiency decreases rapidly for wavelengths lortgan SP resonance and at 800 nm
it becomes almost zero (see for example Fig. 9)the same time, the E-field
enhancement, which is present in the long waveteregion (Fig. 3.9 and Fig. 3.10),
increases the probability of direct electron enoissiand makes the shape
transformation of nanoparticles possible even fibiresonant excitation. And, as
long as absorption efficiency and laser intensiy lligh enough to emit ions from
the particles and transform their shape at leddtla bit after the first pulse, the
process is expected to work, because even veryrnsimanges per pulse shift the
p-polarized SP band closer to resonance with tadiation wavelength and so, step
by step, increase the efficiency of shape transéition for the next pulse. The
process then will go on until the excitation wawgjh is located considerably far in
the blue wing of the p-polarized SP band. From thethe same mechanisms like in
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the case of resonant excitation lead to particktrdetion and limit the spectral gap
achievable by single-wavelength irradiation.

5.2.2. Subsequent irradiation

As one could see in previous section, the long Veagh irradiation leads to the
higher elongation of nanoparticles. However, tlyget of irradiation has also the
limit as in the case of resonance excitation. Niénedess, we have found that this
limitation can be overcome by multi-wavelength dliedion, i.e. subsequent
irradiations of the same sample area by differaséll wavelengths. If in particular
after the first step the laser is tuned to anotiferesonant position on the long-
wavelength side of the already modified SP resomameuch larger dichroism
compared to single-wavelength irradiation can lepared. As an example, Fig. 5.13
shows the extinction spectra of a sample whichfwstsirradiated at 535 nm, then at
670 nm with polarization parallel to the long agfghe already modified particles. It
is clearly seen that the p-polarized band shifttheansecond step further from peak
position 560 nm to 760 nm. At the same time, theogtition peak in s-polarization
shifts to shorter wavelengths. This large speagegd between s- and p-polarized
bands corresponds to an aspect ratio of (a/c) Htfenanoparticles, which is proven
by the TEM image shown in the inset of Fig. 5.18ddy, subsequent irradiation
with increasing laser wavelength leads to very hdgihroism, and because of the
minimal losses for s-polarized light at 760 nm, pledarization contrast is also high.
It should be mentioned here that further red-gstfifthe p-polarized SP band can be
done by further irradiations with successively lentaser wavelengths at each step.
We have performed preliminary experiments with iedtirradiation at. = 800 nm,
which proved this idea. It is obvious that, by mopchoice of the irradiation
sequence and optimization of the pertinent lasearpaters, the range of dichroism
induced by this technique can be extended intdRhegion.

Original sample

S 535 nm

154 _— — = - P-Polarization
- --- S-Polarization

4 20 nm 535+670 nm
= —-—-P-Polarization

1.0+ ---- S-Polarization

Extinction

400 500 600 700 800
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Fig. 5.13. Polarized extinction spectra of sampiéth Ag nanoparticles irradiated firstly at

535 nm and subsequently at 670 nm laser pulse$® A0Bes per spot, peak pulse intensity

was 1.5 TW/cfn Inset: TEM image of deformed nanoparticles. Lgsaarization is given
as an arrow.
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5.2.3. “Residual” peak observed by long wavelengtdiation

Looking again at Figs. 5.10 to 5.13, one can sealieady mentioned small residual
peak in the region of 413 nm, being present in Ipatlarized spectra in all cases. The
central wavelength of these isotropic bands, whiah be undesirable for some
potential applications, is equal to the central @emgth of the SP band for spherical
particles. Therefore we can surmise that not alloparticles are being reshaped by
the irradiation. If this is correct, the applicatiof higher intensity should reduce the
residual peaks. Insofar the spectra in Fig. 5.18rmiag to the first irradiation (at
535 nm) confirm this assumption. Because of thehdrngpeak intensity of
1.5 TW/cnf compared to the other experiments the lower ange of the residual
peaks is observed. At the same time, as it has blessrved in previously, the laser
pulse intensity higher than needed for maximal mhiidm leads to partial destruction
of already modified nanopatrticles, resulting inraaller spectral gap than in the
optimal case.

Searching for means to remove or at least minirtingee isotropic absorptions, it has
to be analyzed if the non-deformed particles aretributed more or less

homogeneously throughout the whole particle-comgitayer or if they are mainly

concentrated in a special depth, for instanceeatdp or bottom of the nanoparticle
layer. In the first case, the desired removal & tbotropic peak requires either
special irradiation techniques or initial samplethwgpecial particle size distribution,

while in the second case one could possibly remitree layer containing non-

deformed particles mechanically.
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Fig.5.14. P-polarized extinction spectra of samplath Ag nanoparticles measured after
different etching time (see text).

To look for the location of non-transformed silvemoparticles in the glass, we have
etched an irradiated sample stepwise in HF acid] eecorded the optical
transmission spectra after each etching step. €&igut4 shows the p-polarized
extinction spectra obtained after different etchtimges. It is easily seen that the
amplitudes of the bands corresponding to both toamed and not transformed
nanoparticles are decreasing simultaneously witthieg time, but with two
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important differences: first, the peak extinctidrite transformed particles’ SP band
decreases much faster than the 413 nm absorpgoond, the peak position of the
SP band caused by the spheroidal nanoparticles $fafm 620 nm to 585 nm upon

etching. These observations indicate that (i) nefomined particles are present to
some extent throughout the whole particle layet vath higher concentration in the

depth, and (ii) the aspect ratio of the shape-faanmeed particles is highest directly at
the surface and decreases with distance from theplsasurface (see inset of
Fig. 5.14). So obviously, these effects are gowkrneinly by the decreasing

intensity of the laser pulses on their way throtighparticle layer.

Therefore, an increase of irradiation intensitypomber of pulses is not the best way
to remove the residual peak, because then thedglreansformed particles will
partially be destroyed, decreasing the preparedrizakion contrast again. Instead, it
seems favourable to apply subsequent irradiatiothéosamples, for instance first
with the wavelength close to SP resonance (andlydam the backside of the
sample) and then by pulses with longer wavelengshdescribed above.

5.2.4. Two wavelengths irradiation

In Chapter 5.2.2, we have shown that subsequeadiation of the nanoparticles
embedded in glass by tuning the wavelength of thees between irradiations to the
already modified SP resonance leads to the follgwelongation of the particles. In
this experiment the intensities of the pulses f@rg next subsequent irradiation was
in the same order of magnitude to the intensitydedefor NP shape transformation
(around 0.5-1.5 TW/cA). In this section, we will show the experiment,iethwas
performed on the sample simultaneously irradiatgdthie pulses at different
wavelengths; namely 532 and 800 nm. Moreover, ihensity of the green pulses
was around 1.4 TW/chwhile 800 nm pulses had the intensity of few osdef
magnitude lower. Figure 5.15 shows the spectrunthef laser pulses used in
experiment.
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Fig. 5.15. Spectrum of the laser pulses used irm@xent of simultaneous two wavelength
irradiation.
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The obtained results are presented in Fig. 5.1y 1000 pulses (for every

wavelength) leads to the similar results preserdbdve for the case of long
wavelength irradiation (Fig. 5.16, red curve). Rapaation band is peaked at
~570 nm, while s-polarized SP band is shifted tord§ion (not shown in Fig. 5.16).

At the same time, residual absorption at 410-420(distussed in Chapter 5.2.3) is
present. However, increasing the number of pulsdbd value of 2000 results in a
bleaching (amplitude decrease) of p-polarized SRdbat ~570 nm and an

appearance of additional band in the region of @60 (Fig. 5.19, blue, dashed
curve). Following rise of the writing density anfi@s the obtained results. Namely,
the amplitude of the band located in yellow reg®mecreasing with simultaneous
shift of the SP resonance to the shorter wavelengtiie the band located in the red
region has an inverse behavior (increase of thdiame and shift to the IR region)

(Fig. 5.16).
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Fig.5.16. P-polarized transmission spectra of thenple with Ag nanoparticles irradiated
simultaneously by the pulses at 532 and 800 nm.nbise in the spectra in the region of
800-900 nm is due to the edge of the working ggatigion in spectrometer.

The obtained results can be explained in the faligwvay. First 1000 pulses lead to
the transformation of initially spherical particlesthe prolate spheroids with aspect
ratio varying in the region of 2-2.5. Then, inciegsthe number of pulses, some
number of nanoparticles with the highest aspeab stairts to elongate further. As a
result, the sample contains lower (with respe¢hé&case of 1000 pulses irradiation)
number of particles with the aspect ratio of 2.9 adlditionally some number of
nanoparticles, which have the higher elongationec8pscopically, we see the
amplitude decrease of the band corresponded tdRisewith a/c ~ 2.5 and additional
band for higher elongated particles. Following @age of the writing density leads to
decrease of the number of nanopatrticles with agpdict of 2.5 (therefore, decrease
in amplitude) and the further rise of the amountarfger NPs with simultaneous
increase of elongation (increase of amplitude atdshift). Residual absorption at
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550 nm for the case of irradiation by 4000 pulsedue to the NPs with the lowest
aspect ratio, which can not be transformed fur(hee as an example Chapter 5.2.3).

However, the question “how is it possible?” islsbipen. One of the possible and
most probable effects, which can explain the oltiresults, is the electric field
enhancement and its dependence on the wavelengtingDthe irradiation of the
first 1000 pulses, the electric field enhancemergated by the green pulses,
enhances the directed photoionization of NP ancexisted processes are similar to
ones going by the usual irradiation (will be dismdg later), while the enhancement
for the 800 nm pulses is very weak. This irradiatshifts the SP resonance and band
of electric field enhancement factor more closethe wavelength of irradiation
(Fig. 2.6, Fig. 3.10 and Ref. 5.20, 5.21). Wherhdmnds (SPR and EFE) are on the
right side from the irradiation wavelength (aftedO0 pulses), the electric field
enhancement factor is very weak for the green pulshile its value is high enough
for the pulses at 800 nm. Thus, the pulses at 582are not very efficient for
directed photoionization, but they are strong ehotg excite the electrons of
nanoparticle. In turn, the weak pulses at 800 nmraz excite the nanoparticle, but
the high EFE factor enhances the directional idineof excited by the green pulses
nanoparticle. As a result, the further elongatibhBs is happening.

It is also obviously that increasing the intengifythe IR pulses to the modification
threshold can lead to the over-excitation of NPicWwhvill result in destruction of the
last one. At the same time, if the intensities ofhbpulses will be lower that the
modification threshold, then the shape transforomawvill not be achieved.

At present, we perform the calculations of the specf electric field enhancement
for prolate spheroids (in our case), which prelianity confirm our assumptions.

5.2.5. Summary

In summary, we have found that laser induced shipesformation of Ag
nanoparticles is strongly dependent on the wavéten§ fs laser pulses used for
irradiation. The first striking observation is thansiderably off-resonant excitation,
i.e. irradiation with a laser wavelength shifted rexdhan 100 nm to the long
wavelength side of the SP resonance absorptionpbérgal nanoparticles (at
413 nm) can even more effectively transform thepsbaof the nanoparticles to
spheroids with large aspect ratios than near regéanteraction, in spite of the very
weak coupling to the SPR in this region. The spégap between the polarized SP
bands follows the increasing irradiation wavelesgtlp toA = 650nm, and then the
efficiency drops due to the finally vanishing caanglto the SPR and the decrease of
the electric field enhancement. This limit can bercome by subsequent irradiation
with longer wavelengths, which were shown to sthé p-polarized SP band further
to longer wavelengths. A band at 760 nm correspantth Ag nanoparticles with
aspect ratio a/c > 3 was prepared by subsequetiation with 150 fs pulses at
535 nm and 670 nm. Additionally, we have found tin&t similar elongation of the
nanoparticles can be obtained by simultaneousiatiad of the sample by the pulses
at two wavelengths (532 and 800 nm in our case)eb\er, the intensity of the
pulses at longer wavelength can (should) be muchllemthan the modification
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threshold. It was explained by the effect of EFHioh determines the directional
lonisation of nanoparticle. We have also found thaesidual absorption at 413 nm
observed after off-resonant irradiation indicatesnaall fraction of non-deformed
particles; an analysis of their spatial distribotsuggests that they can be removed
by an intermediate irradiation step with laser pslsesonant to the SPR of the non-
transformed particles.

In general, the proposed technique of subsequent s{multaneous) multi-
wavelength, off-resonant irradiation of metal-glasg@hocomposites has a huge
potential for preparing polarizing elements witlgthipolarization contrast at any
desired spectral position in the visible and n&aspectral range.

5.3. Effects of temperature on the laser induced ndifications of Ag
nanoparticles

In previous sections we have investigated the emibe of irradiation laser
parameters on the nanoparticles shape transformaftte studies presented in this
section will be focused on the effects of tempemtn the reshaping processes. As
it was discussed in Chapter 3, upon absorbing tleegg of the laser pulse, the
oscillating conduction electrons of the NP heathgsilver lattice through electron-
phonon (e-ph) couplings. The lattice gets to a Msoy state within a short time
(temperatures up to 2000 K) and it starts to h@athe surrounding glass matrix
gradually. In this sense, the softening of theglastrix around the NP is crucial for
the NP to have some degrees of freedom for theseace shape changes. On the
other hand, it is known that heating of the sangXposed by fs laser up to 600°C
corresponding to the transition temperature in doda glass causes a restoration of
spherical shape of the modified Ag nanoparticled355.22]. This allows us to
assume that the fs laser assisted modification @ occur in the nearest shells
where large transient, localized heating is presetile the further shells of
surrounding glass should be cold enough to keep ahisotropic shape of
nanoparticle.

Additionally to these effects, it has also beenwahan previous work [5.17], that
annealing at moderate temperatures after fs itiadianay cause modification of the
SPR bands (and thus also of NP shape and surr@unditrix). So, quite obviously
the continuous global sample temperature as wethegransient local heating and
cooling have considerable influence on the laséuged shape modification of
metallic NPs embedded in glass.

In this section we will address these questions icombined approach: first the
transient energy/heat flow in the NP-Glass systéter ds laser excitation will be
discussed, then experimental studies varying satepiperature and laser repetition
rate (heat accumulation in the focal volume) wdlgresented. Together these results
will demonstrate that, on one hand, the laser-iadunodification of NPs does occur
only when the local transient temperature in theiniy of the nanoparticle is
sufficiently high (typically exceeding the glasarisition temperature), while on the
other hand even relatively small global constaniperature increase of the matrix
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limits the anisotropy of reshaped nanoparticles,egen causes their (partial)
dissolution.

5.3.1. Modelling of the heat flow from a laser-¢adinanoparticle into
the glass matrix (including ejection of ions)

As it was shown in Chapter 3, following the absiomptof an intense femtosecond
laser pulse, the excited electrons of the NP refd® a quasi-equilibrated hot
electronic system via electron-electron scatteringjier establishing a thermal
system, the hot electrons cool down by sharingr teeergy with the lattice via
electron-phonon coupling, thereby heating up the Nie heat gained by the NP
lattice can be calculated from the heat lost bydieetrons using a 2TM compatible
with the strong excitation regime, the details dfieh were described previously
(Chapter 3).

The electronic temperature of a single silver NBviig a radius of R = 15 nm)
reaches around 10K upon absorption of a 100 fs pulse with 0.5 TW/cai
intensity, which corresponds to an absorbed enefgyound 3x13° J. Such a high
electronic temperature is enough to heat up théafiige to 2000 K. Afterwards, the
electronic and lattice temperatures cool down togreas the NP loses its energy to
the surrounding “cold” glass matrix. To account foe NP-glass thermodynamics,
we need to consider the cooling of the NP togettitr the heating of the glass in
the frame of the mentioned 3TM. On the NP-glassrfate, the heat flow from the
hot NP to the glass can be estimated step by krepigh concentrated spherical
shells. After the first shell of the glass is heatite following heat transfer deep into
the glass can be described by the radial heat ctinduEg. 3.19).

However, it is known for our strong excitation n@gi that the NP gets ionized by the
emission of electrons, which consequently forces NP to eject Afions to the
glass matrix [5.17]. Therefore, the NP loses a pfits volume within 20 ps after the
absorption of the laser pulse [5.23]. Comparedh® dsual heat conduction, ion
emissions are definitely more effective channelsapid energy transfer from the
NP, so that after the ion emissions one would exipigh temperature values for the
glass in a broader range. Therefore, the aboveaidedc3TM calculations are valid
only for a “closed system,” and we have to modife 3TM by taking the fast
contributions of ion emissions into account.

As the ions are distinguishable classical partjcles can employ the Boltzmann
distribution to designate the amount of energyiedrby each emitted ion. In other
words, the distribution plots the fractional numhbsr emitted particlesdN; with
respect to their corresponding enerBy It is known from the results of ion
implantation experiments that Agpns having 7-10 keV of energy can penetrate up
to 10 nm deep in the glass [5.24, 5.25], if thesgle initially at room temperature.
Additionally, the ionic penetration depths increas@&h the increasing glass
temperature [5.24, 5.26]. Therefore, we assume tiatethe emitted ions possess
energy values fronk; = 0 to 10 keV i( denotes a continuous set of energy states
between these two values) with a maximum penetratepth ofd = 10 nm in glass.
According to the exponential nature of the Boltzmalistribution, it is clear that a
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high fraction of ions will possess very less enesgiand only very few of the ions
will have the maximum energy values. Additionaltpe total number of ions
N=%N; emitted from the NP depends on the strength oflaker irradiation. The

area under the Boltzmann distribution for each gynetatek; gives a part of the total
energy taken out by the ions. As the penetratigrthdeof the ions depend on their
initial energies, we can simply match these pawriakrgy values with the spatial
ranged = 0-10 nm of the emitted ions. Therefore, we &t the spatial distribution
of the energy that is transferred into the glasgrimaThis energy distribution
indicates that the highest amount of the energytechfrom the NP is located close
to the surface of the NP; however, only small pogi of the energy are transferred
to the further spherical shells of the glass. A& #nd, we can convert the ionic
energy into the glass temperature together wittcéheulation of the heat conduction
in the glass.

Comprising these aspects, we can now calculatsphtal temperature distributions
in the glass for different scenarios of heat tranfiom the NP. Figure 5.17(a) shows
the numerical calculations for several differentersrios. The dashed curve
corresponds to the usual heat conduction from tReat\Na time of t = 30 ps after the
NP lattice reaches its maximum temperatdigi{c). Because of the huge difference
in thermal diffusivities of Ag (123 nffps) and glass (0.5 rffps), any temperature
gradient within the NP can be neglected. As the diusivity of glass is very low,
the heat transfer is observed to affect only a veayrow volume of glass
surrounding the NP. This means that the coolinthefNP happens rather slowly by
the heat conduction alone.
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Fig. 5.17. (a) Temperature distribution in the NRgs system for different scenarios:
pure heat conduction (HC) at 30 ps after the ihifigqc. IS established, HC together with
the emission of 300 ions and 800 ions again atsdrae time. (b) Temporal evolution of
glass temperature for different spherical shellsr@unding the NP (R = 15 nm) for the
above case of 800 ions + HC.

On the other hand, one can estimate from the abueationed Boltzmann
distribution that 400 keV of energy will be takeat drom the NP if approximately
300 ions are emitted by a single pulse irradiatibims energy corresponds around
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20% of the absorbed laser pulse energy, whichaissferred to a broad volume of
glass by the ions within a short time. The rademhperature distribution of the NP-
glass system for this case of ion emissions isrgive the dash-dotted curve of
Fig. 5.17(a), again at a time of 30 ps after theximam Tice IS established.

Comparing with the case of the pure heat conductitors clearly seen that ion
emissions cool down the NP and heat up the glash mare effectively.

In this context, it is reasonable to expect tha tdmperature values of the glass
matrix will depend strongly on the number of endtiensN. As an illustration, we
consider a stronger laser irradiation case thggérs higher number of ion emissions
from the NP. It is estimated, for instance, th&58f the absorbed laser pulse energy
is taken out from the NP when 800 ions are emitted the glass. The radial
temperature distribution in the glass for this cftbe solid curve starting from
1000 K in Fig. 5.17(a)] shows that the NP lose$ bfits temperature, and the glass
a few nm away from the NP surface reaches trangibigher temperatures than the
NP itself. It is observed that a broad sphericalezof glass, up to 10 nm from the NP
surface, is heated within a very short time owmghie high number of emitted ions.

Figure 5.17(b) shows the temporal evolution of glasmperatures in different

spherical radii away from the center of the NPtha case of 800 ion emissions with
heat conduction. The temperature of the glag®atl6 and 17 nm are observed to
have high temperature values for short times becatishe accumulation of a high

number of emitted ions around these spherical shdlhe temperature values
decrease as the heat diffuses deep in the glasdioee The glass temperatures at
R=18 and 19 nm start from lower values, as comparnaiss number of ions are

located there. It is observed that these sheltshré@ir maximum temperature values
later in time as the heat from inner shells arrives

Summarizing this part we can say that ion emissavadast cooling mechanisms for
the NP and they extend the heated glass volumedawably compared with the
ordinary heat conduction. The temperatures of thesg3 nm around the NP surface
exceed the glass transition temperaturecd50 K for the first 100 ps of time
interval. This enables the softening of the gladsch is indeed necessary for the NP
shape transformations to take place.

5.3.2. Irradiation of preheated samples

Here, we will show the experimental results obtdify irradiation of preheated
samples.

As was discussed above, the irradiation of silv@®sNy fs laser pulses leads to
changes in extinction spectra and results in dtisygiof the SP band of spherical Ag
nanoparticles (peaked at 413 nm) into two polaopatdependent bands
[Fig. 5.18(a)]. The observed dichroism is assodiatgth formation of prolate Ag
NPs uniformly oriented parallel to the laser pdation (Chapter 5.1.1). The spectral
gap between these SP bands is defined by the asgiedbetween the principal NP’s
axes.
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Figure 5.18(a) shows polarized extinction spectfaaosample irradiated by
300 pulses per spot with a peak pulse interigity 0.8 TWi/cnf at laser wavelength
/=400 nm at room temperature. In this case, tpelarized SP band is centered at
507 nm while the s-polarization band is peaked ha UV region at 383 nm.
However, irradiation of a preheated sample usiegstime laser parameters changes
the extinction spectra [Fig. 5.18(b)]. At a tempera of 125°C, both SP bands are a
little shifted towards longer wavelength and, intjgalar, are broadened and show
considerably decreased amplitudes. A further irseaf the global sample
temperature to 200°C results in almost completadhi@g of the plasmon bands
[solid lines in Fig. 5.18(b)]. Concomitantly, thesidual SP bands are further
broadened, nearly making the induced dichroismpghiear. So the first important
experimental finding is that already relatively lt@mperature increase (with respect
to the glass transition temperature) dramaticallgnges the results of the laser-
induced NP shape modification.
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Fig. 5.18. Polarized extinction spectra of originahd irradiated samplesi€400 nm,
300 pulses per spot, repetition rate 1 kHz, pedkeintensity J = 0.8 TW/crf): (a) room
temperature; (b) 125 and 200°C.

To better understand the influence of temperataréhe laser-induced modification
of Ag NPs embedded in glass, we have measureddiagized spectra of samples
irradiated at various temperatures from 100°C t6°C7in steps of 5-10°C. The
results in parametrized form are presented in &i$f9. The spectral gap between
maxima of polarized SP bands can be used as aoxapate measure of the NPs’
aspect ratio. The changes of the band integralsg;hwinclude the amplitudes and
bandwidths changes, are directly proportional theogption changes of the system.

Looking at Fig. 5.19(a) first, one can recognizee¢ghtemperature intervals with
different behaviour of the SP band center positibmghe first interval from 100°C
to +80°C the positions of the bands are nearlyteohst= 508 nm and= 384 nm for
the p- and s-polarization bands, respectively. Thmmards higher temperature (here
up to =130°C), the p-polarized SP band occurs at a régkdh position
(4Amax= 20 nm), while almost no shift of the s-polarizedntl is seen. Further
increase of the sample temperature leads to adbifieef the p-polarized band with
respect to the low-temperature limit. The behawabthe band integrals is given in
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Fig. 5.18(b). Here again almost no temperature midgEce is observed in the above
defined first interval (100°C to +80°C), similar ttee behavior of the band centers.
At higher temperatures >80°C, however, the banegmls of p-polarized SP bands
start to decrease very rapidly, mainly due to desirey amplitude. The amplitudes of
the s-polarization bands decrease very similany,ah temperatures abowel20°C
this effect is partially compensated by spectradadening (compare Fig. 5.18),
which results in no further decrease of the batebials above this temperature.
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Fig. 5.19. (a) Temperature dependence of polaredthction spectra band centers; (b) The
corresponding temperature dependence of band iategr

It should be mentioned here that we have also doniar series of irradiations with
modified laser parameters (intensity and numbgutées applied); the results were
comparable to those given above, i.e. the temperatependence does not depend
on the actual irradiation conditions.

5.3.3. Irradiation with different laser repetitioates

Behaviour analogous to the spectral changes shoviaigi 5.19 has been observed
also in a series of totally different experimeritee sample was irradiated at room
temperature by fs pulses of different temporal s, which was achieved by
varying the laser repetition rate. Figure 5.20 sh@welected results in parametrized
form, i.e. the band centers [Fig. 5.20(a)] anditled integrals [Fig. 5.20(b)] derived
from the polarized extinction spectra band as atfan of laser repetition rate. In
Fig. 5.20(a) it is clearly seen that increasing ldser repetition rate from 1 kHz to
10 kHz first leads to a small red shift of the pgozed band, but for rate20 kHz
both polarized SP bands are shifting back towangsariginal band of spherical
nanoparticles. The corresponding band integralsdaceeasing monotonously with
increasing repetition rates. At 100 kHz we haveeoled complete bleaching of the
bands.

If we increased the writing density, i.e. the numblkepulses applied on average per
sample position, the observed decreases of absorpiid spectral gap occurred
already at lower repetition rates. For instanceybtiog the writing density to
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600 pulses per spot, already=a0 kHz repetition rate the bands were bleached so
strongly that the analysis of SP bands was disgearaStill, however, the spectra
obtained by irradiation at 1 kHz were very similarthose observed for 300 pulses
per spot.
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Fig. 5.20. (a) Dependence of polarized extinctipectra band centers on repetition rate; (b)
The corresponding dependence of band integrals.

5.3.4. Interpretation of the experimental data @andnmary

To find an explanation for the experimental findingf this work, we have to
combine some of the proposed in Chapter 3 possielghanisms which can lead to
NP shape transformation by laser irradiation. iatdn of nanoparticles by
ultrashort laser pulses leads first to field-driveectron emission from the metal
particles; these ejected electrons are trappechennatrix (forming, e.g., color
centers) close to the poles of the sphere. Thenipthized nanoparticles can emit Ag
ions in statistical directions. As the glass maisistill cold (at ambient temperature)
at this time, the mobility of silver cations wilelrestricted; so a dense cationic shell
in the vicinity of the distorted silver NP will bssrmed. Within this positively
charged shell, the silver cations can meet trappledtrons which are mostly
concentrated at the poles. This can lead tb rguction and precipitation of silver
atoms at the poles of the main patrticle, resulimg prolate shape of the NP. Silver
atoms which are situated relatively far away fréra main nanoparticle may locally
precipitate to each other forming a region of v@mnall clusters around NP (halo).

Having in mind this (proposed, possible) pictutee effect of heating the sample
before irradiation becomes obvious: for an incrdageatrix temperature the

diffusion mobility of silver ions increases alseatling to an enlarged radius of the
cationic shell. Accordingly, the concentration dfver cations in the immediate

surroundings of a NP will decrease resulting inoadr precipitation rate. These
processes are well-suited to understand the speclranges observed when
irradiating preheated samples.

Apparently, in the temperature range from -100@8C3the ionic mobility is too low
to cause significant diffusion of the emitted iofsherefore, both the produced
shapes of the nanoparticles [as an example seeifftagle on Fig. 5.21(a)] and the
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pertinent SP bands are fairly constant in thismegiAt slightly higher temperature,
i.e. in the range of 100-120°C, the optical extorct spectra start to show
characteristic changes: the more prominent effectecrease of the band integrals.
This can be understood assuming that now the niypbiliAg ions has increased so
far that the radius of the cationic shell growrtltonsequently the precipitation rate
of silver atoms or clusters to the main particleggdown, and the reduced volume of
the resulting reshaped NP leads to smaller optbabrption. The second effect,
moderate red shift of both polarized SPR bandsjrcéims case be attributed to those
Ag cations which are a little further away from thain NP, but still close enough to
each other to precipitate as small clusters. Tohksters will form an extended halo
region which, via increasing the effective refraetindex around the NP, can explain
the observed small red-shift (Chapter 5.1.1). Risire temperature further, the again
increased mobility of the silver cations allowsrtheo diffuse so far away from the
nanoparticle that reduction and precipitation rades diminished more and more.
Concomitantly, partial and finally total dissoluti@f the Ag NPs will occur instead
of shape transformation to prolate spheroids. &@1(b) proves this assumption and
shows an example of partially dissolved NP. Addialby, this figure confirms that
roughly 50% of the NP volume is dissolved by ionssions after applying 300 laser
pulses. These experimental findings urge us toidenshe effect of ion emissions
on the NP-glass system as it was introduced inasebt3.1 [see Fig. 5.17(a) for 800
emitted ions and Fig. 5.17(b)].

Considering the above given calculations on theadyos of heat flow, we can
conclude that transient heating and cooling withishell of 5-10 nm around the NP
are crucial for the question if shape change aaligion occurs: the results of heat
conduction calculations show that, starting fram= 300 K, the temperature in
distances of 6-7 nm from the NP surface remains below 500 kst time, while

in the nearest shells of the matrix (distance fidbh< 6-7 nm) high temperatures up
to >1000 K can be reached. Apparently this situatsorequired to promote the NP
shape transformation on one hand, but protect theoparticles from total
dissolution on the other hand. Any change of patareeextending the spatial range
around the NPs where temperatures clearly abov& %@@ur, at least transiently,
seems to enable particle dissolution. This holds the temperature-dependent
studies in this work as well as for experimentshwitonsiderably higher laser
intensity, which also resulted in partial dissadati of the NPs, as shown in
Chapter 5.1.2.

(a) (b)

o »

40 nm 40 nm
I —

Fig. 5.21. TEM images of nanoparticles irradiaté€d) at room temperature; (b) at 150 °C.
Polarization of laser light is show as an arrow.
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If this picture is correct, it should also proviae explanation for the results observed
by irradiation of NPs by laser pulses with differeepetition rates, i.e. we have to
look for a connection between the temporal separadf the laser pulses and the
local sample temperature. The connection can bedf@onsidering the heat flow
from the focal volume (which in beam directionimited by the thickness af 2 um

of the layer containing NPs) to the cold partshef sample. The total thickness of the
glass substrate is 1 mm. Using these parameter&£qn®.9 (equation describing
heat transfer), we have calculated the temperaccamulation in the focal volume
as a function of pulse repetition rate and numbeputses applied. The pertinent
temperature risdT in the focal volume as a function of number ofsaglis shown in
Fig. 5.22(a). It is clearly seen that every pulsaeases the temperature in the focal
volume. Applying 300 pulses to one spot with tenap@eparation of 1 ms (1 kHz
repetition rate) result in a temperature rise afulb0-60 K, while the same number
of pulses at 100 kHz repetition rate increasestéhgerature by more than 300 K.
Figure 5.22(b) shows the dependence on the lagmstitien rate ofAT after
300 pulses.

350 350
(&) ——1kHz (b) ——300Pulses
3007 —— 100 kHz 300
250+ 2504
2007 2200}
21501 5150
100+ 1001
50
0 i | 50-- | L f
0 100 200 300 O 25 50 75 100
Number of pulses Repetition rate [kHz]

Fig. 5.22. (a) Increase of the temperature in fogalme as a function of applied number of
pulses for the cases of irradiation at 1 and 10 k) Increase of the temperature in focal
volume applying 300 pulses at different repetitiates.

These simulations are in very good agreement wiih experimental results:
Fig. 5.22(b) tells that irradiation of nanopartglby 300 pulses at repetition rates
below 10 kHz leads to relatively small increasdevhperature in the focal volume
(< 130 K for 300th pulse). As shown in Fig. 5.19stlis typically the constant
temperature where NP dissolution begins. For repetirates above 10 kHz this
region ofA4T > 100K is reached increasingly earlier, which dtiatause a reduced
spectral gap and higher degree of NP dissoluticiactty behaviour of this type is
seen in the experimentally obtained dependencé@taser repetition rate shown in
Fig. 5.20. Finally, also the observation that ahkignumber of pulses let the
dissolution process appear already at lower repetrates is nicely compatible with
this calculations, since, e.g., in the case of @dses the first 300 prepare a
considerable temperature rigd which enables dissolution by the ‘second half’ of
the pulse train.
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In conclusion, in this subchapter we have investigahe thermal processes arising
by interaction of intense fs laser pulses withesilmanoparticles in soda-lime glass.
We used an extended three temperature model toastradial temperature profiles
of a NP and the surrounding glass as a functionoé after excitation by a laser

pulse of sufficient intensity to cause NP shapensi@mation by successive

irradiation with = 300 pulses. Our calculations show that a singlsepoauses a

temperature increase exceediig= 200 K only in a limited shell of less than 7 nm
distance around the NP. Experimentally, we fourad tltadiating samples preheated
to 150-200°C results in dissolution of Ag nanopdes and complete bleaching of SP
resonance. A similar effect was observed for iaidn at room temperature at
higher repetition rate, which can be explained leathaccumulation in the focal

volume.

Putting all findings together, we conclude thatititended transformation of initially
spherical NPs to prolate shapes with high aspedai gy irradiation with a few
hundred laser pulses requires a special spatioagahgvolution of the matrix
temperature: the heat-affected zone reaching eratigitemperatures abowe500 K
around a nanoparticle should apparently be limited few nanometers. Then the
increased mobility of emitted Ag ions enables thecpsses of shape transformation
within that shell, while the cooler outer shellgyent the ions from drifting farther
away from the NP. The latter obviously happens wtheninitial sample temperature
lies above 100°C, which can also be reached bynaglation of the absorbed energy
in the focal volume applying high laser repetitiates. In this case the emitted Ag
cations seem to drift so far away from the NP thay can not diffuse back to a NP
and recombine with it, but rather precipitate whtrey are, forming an enlarged
halo region. This process readily explains the ofeskdissolution of the NPs after
irradiation with some hundred fs laser pulses.

5.4. Limiting factors of laser-induced dichroism incomposite glasses
with silver nanoparticles

In this section, we want to point out all possitdasons, which are limiting the laser-
induced dichroism in composite glasses with silwanoparticles and lead to
destruction of the last ones.

As it was shown in the previous section the maatdiaresulting in NPs destruction
(dissolution) is the temperature of the surroundgtgss matrix. Therefore, it is
obvious that all processes leading to the heatintpeo glass make influence on the
nanoparticle shape transformation and destruction.

From the results obtained by the study of intendé@pendence and the calculations
given above it is evident that the first factorthe intensity of the laser pulses, or
more correctly, the amount of absorbed energy.ebs® of this parameter leads to
the rise of the shell with high temperature, whithurn, results in enlarged radius of
cationic shell and following dissolution. It shoulte mentioned here, that this
argument is correct only in multi-shot, relativdlgw intensity case. The high
intensity, single shot mode will be considerechia hext chapter.
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It is also known that the irradiation of the comipmglasses with nanoparticles leads
to the formation of many different “colour centeesid defects in the glass, such as
trapped electrons and holes [5.14], silver ions ama@ll positively charged silver
clusters [5.14, 5.17], as well as the neutral eltssand very small particles (halo)
[5.10, 5.14, 5.18, 5.22] etc. All of them, in prijpal, have the absorption bands in the
UV and visible regions [5.4, 5.14, 5.27], as a lethey can absorb the irradiation
laser light and thereby heat the glass matrix.im@ the most critical one (or at least
to exclude some of them) we performed the followexgeriment. The sample was
irradiated by the pulses at 600 nm having suchnsitg that applying 1000 pulses
the maximal dichroism is observed [Fig. 5.23(akegr curve], while 2000 pulses
lead already to the partial destruction of the IffHg. 5.23(a), black curve]. Then,
the area, which was irradiated by 1000 pulses, agasn exposed to irradiation by
1000 pulses. So, one can say that this area wadiated with the same parameters
like the second area with partial destruction ofoparticles. However, the measured
spectrum shows that further elongation is prestnat,band is little bit more red-
shifted [Fig. 5.23(a), red curve]. Increasing thienet between irradiations
(1000+1000 pulses) to 180 min resulted in an ewgel shape transformation
[Fig. 5.23(a), blue curve]. Therefore, one can bahe that these defects, which lead
to destruction of NPs, are not stable and disajppgan the time. To determine the
time, in which it is happening, we have measuredektinction spectra in different
time after irradiation [Fig. 5.23(b)]. It is seemat the spectra are not changing so
much, however carefully looking to the maximum & Band one can see that the
amplitude of the band is increasing and SPR ig littoving to the blue. After ~1 h
we have not observed any difference in spectrarefbee, because of the much
longer “life” time of the silver ions and small shers we can exclude them from the
list of the main factors leading to destructiors@dilution) of nanopatrticles.

Additionally, it should be noted here that the $éotime annealing of the sample at
200-400°C also remove these meta-stable defedtg][&nd the following irradiation
dose not lead to destruction of nanoparticles.

(a) (b)

—— 2000 pulses = —2 min

—— 1000 pulses — 15 min
—— 1000+1000 (30 min) —— 30 min
—— 1000+1000 (180 min) —— 60 min

Extinction

500 550 600 650 700 750 800 400 500 600 700 800
Wavelength [nm] Wavelength [nm]

Fig. 5.23. (a) P-polarized extinction spectra oé ttamples irradiated by the pulses at 600
nm under different irradiation conditions (see jextb) P-polarized extinction spectra
measured in different time after irradiation.
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At the end of this section, we want to consider adeditional factor, which also
limits the laser induced dichroism in compositesglavith silver nanoparticles,
namely, the directional ionisation of NPs. It isvimus that if the ejection of
electrons will be isotropic, then the elongatiomahopatrticles is impossible. Such a
case can take place when the electric field witlerdhance the hot electrons to fly in
the direction of the laser polarisation. As it vaseady briefly discussed, the EFE
factor depends on the wavelength (Chapter 3.5dt)tHe case of (prolate) spheroids,
the spectrum of EFE factor shifts to the red redieig. 3.10) like SPR. Therefore,
when the wavelength of irradiation is lying in tidue wing of electric field
enhancement band, then the coupling of them damgreatically by the following
elongation of nanoparticle; and at the end (whek Eetor is very small at the laser
wavelength), it results in the strong quenchinghaf directional ionisation. As one
could see from the results in our case, the elomgatf nanoparticles always stops,
when the wavelength of irradiation is lying in tlidue wing of SPR (EFE).
Therefore, it allows us to conclude that the vepalvelectric field enhancement at a
wavelength of irradiation can be the main factamiting the laser-induced
dichroism.

5.5. Mechanism of the anisotropic shape modificatis of spherical
Ag nanopatrticles in soda-lime glass upon fs laseradiation

The aim of this last section of the current chaptdo summarize experimental data
and to propose the mechanism of the SP assistpé shadifications of spherical Ag
nanoparticles embedded in soda-lime glass by éxuitavith intense ultra-shot laser
pulses. Performed investigations of the effectsom@anying the anisotropic
modifications in the composite glass allow us tanifest the following experimental
facts:

 The laser assisted modifications occur only by oppate laser pulse
intensity (higher than 0.2-0.3 TW/érhy excitation at 400 nm);

« The shape of transformed silver particle (prolat®ldate) is defined by the
laser pulse intensity used for irradiation; the bemof laser pulses plays
mostly accumulative role;

* The anisotropic shape modifications are stronglgretated with the laser
polarisation indicating obviously that the processehich define a preferable
orientation of the nanoparticles, should occuiraetscales about of the laser
pulse duration. Therefore, one can suggest tham#ia process responsible
for the NPs shape have to be the directed (pulbaer@ed) electron emission
from nanoparticle;

* Fading and following total disappearance of theb&fd in extinction spectra
at higher peak pulse intensities or high numbepustes indicate that the
partial destruction or dissolution of silver NPsimwolved in modification
mechanism;

* Modification of the NPs shape stops when the wanggle of irradiation is
lying in the blue wing of SPR (EFE). However, supgant irradiation by the
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pulses at longer wavelength (or simultaneous tweelemgths irradiation)
leads to the further shape transformation. All ¢hdémding allow us to
presume that the electric field enhancement detersnithe directional
ionisation and plays a key role in a mechanism B$§ Nhape transformation;

» Positive charged shell of the silver cation (residilion emisson) is playing
apparently also a key role in the shape modificatiopreheating of the
sample up to 150-200°C increases the mobility & $ilver cations and
prevents formation of the cation shell in the vityirof the cluster leading to
total dissolution of the Ag nanoparticles upon tasadiation.

As one can see, the experimental data testify ratbeplex mechanism of the fs

laser assisted modifications of Ag nanoparticlesoiporated in glass. Therefore,

before discussion of this mechanisms leading todifferent, intensity dependent

shape transformations, it is useful to briefly nredhthe physical processes, which can
occur by the interaction of the laser light witmoparticles.

A first point is the temperature rise caused by laser pulse. Following the intense
and resonant laser irradiation, the energy absoblyeithe nanoparticles conduction
electrons causes a rapid increase in the electtemperature. Electrons rapidly
relax into a quasi-equilibrated hot electron systesithin several hundreds of
femtoseconds [5.28, 5.29] via electron-electronttegag. After establishing a
thermal electron system, the hot electrons coolrdbysharing their energy with the
nanoparticles lattice via electron-phonon (e-ph)ptimgs [5.29], thereby heating up
the particle. The estimations of maximal electraamd lattice temperature, based on
the 2TM (Chapter 3.3), give values in the rang@®fK for the electron system and
a lattice temperature close to the vaporizationpenature for bulk silver. Although
the real temperature of a nanoparticle is expettidse much lower (because of the
nanoparticle energy losses caused by the electnoth i@an emission, see
Chapter 5.3.1), one can conclude that in the coafs#issipation of the absorbed
laser energy the nanoparticles and as a resuthiteediate surroundings experience
a strong transient ‘temperature’ increase, whichtigeast connected with strongly
enhanced local mobility of electrons, ions and aom

Another important effect is the photoionization tbe silver nanoparticles during
exposure to intense fs laser pulses. The physgiea is that the SPR enhances the
electric field of the laser pulse close to an Ag¢tipke by a few orders of magnitude,
with the highest fields located at the poles (wehpect to laser polarization) of the
nanospheres [5.15]. This can lead to enhancedtededready hot electron emission
from the particle surface [5.30, 5.31], preferdhtiparallel to the laser polarization.
But also an isotropic, thermal electron emissios toabe regarded in the time of the
electron-phonon system thermalization. The anipgtrof the direct, laser-driven
electron ejection is thought to provide the preféet direction for the following
particle shape transformation. Possibly the higéttek field in the vicinity of the
metal nanoparticle can even exceed the breakdoveshbld of glass resulting in
high-density electron plasma formation and eveatadi of the glass matrix on the
poles of the nanosphere. Regardless whether tipisehs, the free electrons in the
matrix will lead to formation of colour centers gpped electrons) in the
surroundings of the Ag nanoparticle [5.17], whitlowld also play an important role
for the particle shape modifications. The free tetats as well as the colour centers
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have strong absorption at SP resonance [5.14] whmdjht result in resonant
coupling of SP oscillations to the matrix [5.32]in&ly, the ionized positively
charged core of the Ag nanopatrticles is unstabtetha Coulomb forces will eject
silver cations, which form a cationic shell in thieinity of the nanopatrticle [5.17].
Clearly the radius of such a cationic shell is dateed by the diffusion length of the
silver cations and thus strongly depends on thal lemnperature.

All the effects mentioned above are transient phera which are controlled either
directly by the electric field of the laser pulseindirectly by the temperature rise
induced by it. Thus the pulse intensity is doulstlédse decisive parameter for the
shape transformation of the metal nanopatrticled,iais obvious to assume that the
prevalence of individual processes, due to thdfemint intensity dependence, leads
to the characteristic intensity regions found inater 5.1.2. Based on these
qualitative conclusions and the experimental resulesented above, we suggest the
following mechanisms to be mainly responsible fdne t different shape
transformation of silver nanoparticles in soda-liglass in the different intensity
regions.

In the low intensity region (i.e. betweén= 0.2 TW/cnt andl, = 2 TW/cnf in
Chapter 5.1.2) SP field enhancement stimulatesfastest process, field-driven
electron emission from the surface of the metaiiglas [Fig. 5.24(a)]. The emission
process happens within a few fs [5.33], i.e. withtelay against the laser pulse. The
ejected electrons will then be trapped in the métirming colour centers close to
the poles of the sphere (for linear polarized m)ls&he ionized nanoparticles are
likely to emit Ag ions in statistical directionsn iparticular when after a few
picoseconds electron thermalization and heat tearisfthe silver lattice is finished.
The resulting positively charged shell of silveti@as [5.17] around the particle
meets trapped electrons which are mostly conceutrat the poles. After some
picoseconds they can recombine to Ag atoms [F&#(6)] which finally diffuse
back to the nanoparticle and precipitate mainlthatpoles. Silver atoms which are
situated relatively far away from the main nanopbatcan locally precipitate to each
other forming very small clusters (halo). In muhet mode, remaining silver ions
may also act as trapping centers for the electhbmisg emitted by the next laser
pulse [Fig. 5.24(c)]. Possibly also the fact tHat&ons are favourably being trapped
close to the poles, while ions which are mostlycsmrated around equator (because
the purely thermal emission of electrons leadseis lelectrons available for ion
annihilation there), may cause local electric fididtributions which influence the
directional properties of electron and ion emission following laser pulses. All
these processes lead obviously to a step-by-staptlyiof the Ag particles along the
laser polarization, explaining the observed prokgteeroidal shape [Fig. 5.24(d)].
Especially, in the growing process most of the vemyall silver clusters having
precipitated above the poles (defined by the laséarization) become closer to the
main nanoparticle and can be incorporated in iiragahile the clusters situated
around equator contribute only to the halo formma{i.18]. At the same time, it is
obvious that in the case of circular polarizatiba totating electric field should lead
to precipitation around the equator of a NP rathan at the (no longer defined)
poles and the halo is forming in perpendicularctiom (direction of propagation).

With increasing peak pulse intensity we expect @igbmperature, thus larger radius
of the cationic shell. In this case, the farthdssters located even in direction of
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laser polarization can not diffuse back to the nm@noparticle, and in consequence a
larger halo region is observed. This is perfecthmpatible with the observed
intensity dependence: from typically 1.5 TWfcron, we observed decreasing
dichroism and increasing isotropic red-shift, whazn be attributed to the growing
influence of the halo (via refractive index increadt should be mentioned that all
the processes discussed require the presence igida ionic matrix. This may
explain why up to now the laser-induced transforomabf metal nanoparticles has
only been observed in glass nanocomposites.

Modification in low intensity mode

Fig. 5.24. Laser assisted shape transformationhef metal nanospheres in the case of
irradiation by linearly polarized laser pulses.

For the high intensity range (above 2 TWfcri@hapter 5.1.2) we suggest that, in
addition to the processes already discussed, thehigh local electric field at the
poles of the sphere along the laser polarizationazxelerate the free electrons so
strongly that they induce a high density plasmaglanche ionization of the glass
[Fig. 5.24(e)]. The following plasma relaxationrtséers energy from electrons to the
lattice (e-ph interaction) on a time scale mucheiathan the thermal diffusion time.
This can finally result in ablation of the materaad the interface between glass and
metal inclusion leading to partial destruction &k tnanoparticle on the poles
[Fig. 5.24(f)], or direct emission of the plasmargmnents further away into the
matrix. In any case that process produces oblaterghan prolate particle shapes
(for linear polarization). It seems very plausibdeanticipate that the characteristic
intensity producing isotropic spectral changes ofily= 2 TWi/cnf) marks the
balance between (i) the processes leading to [eargcowth along the laser
polarization and (ii) the beginning plasma formatai the particle / matrix interface
counteracting this growth.
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In conclusion, in this section we discussed possibéchanism of the laser induced
shape modifications of spherical Ag nanoparticiededded in soda-lime glass. The
main point of the proposed scenario is the SP tasls{$ield-driven) photoelectron
emission of the electrons from the metal surfacenugxcitation with 150 fs laser
pulses. The following development of the processesgly depends on the applied
laser pulse intensity: slightly above the modificat threshold the Coulomb
explosion and anisotropic ripening of the Ag nambtples results in shape
transformation of the particles parallel to theelapolarisation; intense laser pulses
evoke the dense electron plasma on the glass-itgeiace, which leads to ablation
and compression of silver nanosphere resulting mentation of the NP
perpendicular to the laser polarisation.
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Chapter 6. Towards the production of sub-micron
polarizing structures

As it was shown in previous chapters the shapekeoiitially spherical Ag NPs in
glass can be permanently modified by femtosecosdr laradiation; that in turn
leads to the optical dichroism induced in the cosigoglass. The amount of
dichroism (spectral gap between the two polarissdmances), being correlated with
the aspect ratio (ratio of long and short axisjhef NPs, depends on the irradiation
parameters such as wavelength, peak intensity amber of laser pulses applied.
Varying these parameters, quite different optiagahibism can be achieved, which
lets this technique of ultrashort laser pulse iaadn appear as very attractive for the
production of polarization and wavelength selectim&cro-devices. To achieve
considerably high polarization contrast for suchapeing elements, the total
extinction of the shape-transformed NPs must beespondingly high. This
obviously requires the initial nanocomposite maierio have high concentration of
NPs. So far, however, it has not been studied msieally how the shape
transformation and the resulting optical propertiebave as a function of increasing
NP content.

Therefore, in the first section of this chapterwitt present a detailed analysis of the
influence of NP concentration on the optical préipsrof composite materials after
irradiation. Based on the findings of this analysie propose a modified technique
of several repeated irradiation and annealing stepgh enables the production of
high polarization contrast polarizers using initiglass-metal nanocomposites
containing spherical NPs with high volume fillinactor.

And in the second section, the examples of (subrpolarizing structures will be
presented. Such structures open up the possibiliggroduction of micro-devices,
where the wavelength and polarization of the lighimportant. As an example, it
can be used in spectrometers that will allow ggtthot only the spectrum of
transmitted (reflected) light, but also informatialmout the polarization of the light at
each wavelength.

6.1. Influence of nanoparticles concentration on ker-induced
dichroism in composite glasses

The first goal of this work is to understand howe thhaser-induced shape
transformation of Ag nanoparticles and the resglspectral gap between polarized
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SP bands depend on the volume content of the NiRsafiorementioned theoretical
considerations (Chapter 2.2) suggest a slight dseref absorption, and increase of
reflectivity at 400 nm (wavelength of irradiatiotmwards higher filling factor. These
effects alone would imply that the interaction aght with the silver NPs is
somewhat stronger in samples with lower fillingtéac which should lead to larger
separation between S- and P-Polarized SP bandk [Eking into account the
measured gradient of Ag content (Chapter 4.1), woeld anticipate an — at least
slightly — larger dichroism in deeper sample laysmng with the decrease of filling
factor. However, it is also obvious that becauséhef absorption by nanoparticles
located in the upper layers (close to the surfabe)laser pulse energy is decreasing
on its way in the depth of the sample. Hence, NRsited in deeper layers will be
exposed to considerably weaker pulses resulting less effective shape
transformation and thus smaller separation betywedarized SP bands.

To clarify which process is dominating, we prepasedample by pre-etching, to
have a limited maximum absorption, approximatelynasase (iii) shown in Fig. 4.2,
then we irradiated it for maximum dichroism, andafly removed the upper layers
of that sample successively by the etching proedescribed in chapter 4.1. After
each etching step, the polarized transmission ispaot a reference spectrum from a
non-irradiated area on the sample were recorded. pbsition of the transmission
minima of the latter can be used as a measurehé@average filling factor in the
respective depth. The resulting spectra directtgratradiation and after the first
etching are presented in Fig. 6.1. It is seen dftat etching the amplitudes of both
SP bands decrease by 7-10%. This fading of therpii®o bands is expected due to
the decrease of thickness of the NP-containingrjay®e same effect was already
shown before for spherical nanopatrticles [Fig. #)RHowever, the positions of SP
bands are also changed. The p-polarization barfts ¢hy roughly 6 nm to shorter
wavelengths (peak at 494 nm), while the centraledength of the s-polarization
band shifts by a smaller amount=ol nm to the red.
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Fig. 6.1. Polarized transmission spectra of irradid samples. The spectra were measured
from the same irradiated area: solid lines — ditgafter irradiation; dashed lines — after
10 s of etching.
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To make the complete series of data better visike,show in Fig. 6.2 only the

values of band centers for p- and s-polarizatioalidssquares and circles,

respectively), and the band integrals for p-pokian (open rhombs); the latter was
normalized by the integrals of the SP bands from ribn-irradiated regions. For

comparison, also the peak transmission value of rédference band is given

(triangles). Clearly the spectral gap between dg-@polarized bands decreases with
increasing time of etching, mainly due to the béiét of the p-polarized band.

Removing the upper layers until the reference SRllbes a minimum transmission
of = 26% shift the central wavelength of the p-polatiband from 500 to 480 nm,

while the changes for s-polarized band are less h@em. The p-polarized band

integrals are observed to be more or less consknin these results we can
conclude that the decrease of laser pulse inteapity travelling through the particle

layer has the dominant influence on the magnitddéRoshape transformation.
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Fig. 6.2. (a) SP band positions and p-polarizatioand integrals of irradiated sample
measured after different times of etching; (b)\hkies of sample transmission minima from
a non-irradiated area after every etching.

To investigate the influence of the volume fillifector separately, we had to use a
different approach: we prepared 6 samples with eddfit concentration of
nanoparticles and irradiated them all with the sdaser parameters. The initial
transmission spectra of these samples are thosereel in the inset of Fig. 4.2(b).
The behaviour of the same parameters as discussédgi 6.2 is illustrated in
Fig. 6.3. As one can see, the p-polarization bamdHe sample with highest filling
factor is peaked at 501 nm, while the central waivgih of the s-polarized SP band
is located around 386 nm. For the next two sampltslower NP concentration the
distance between polarized bands increases a IHibsvever, for the next three
samples with successively lower Ag filling facttire spectral gap and band integrals
decrease considerably.
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Fig. 6.3. (&) The central wavelengths of polarizé® bands and p-polarization band
integrals for six samples having different fillif@ctors and irradiated with the same laser
parameters; (b) the values of sample transmissiiminma from non-irradiated areas.

The last finding is in contrast to the expectatfoom Maxwell Garnett theory
(Chapter 2.2), where we predicted a stronger las&lP interaction and thus an
increase of the spectral gap between polarized é&dsbfor decreasing fill factor.
However, as it was shown above, the laser indubaegestransformation of NPs is
limited. When the highest aspect ratio of nanopkagiis achieved, a further increase
of interaction strength between laser light and IbHis to their partial destruction.
Spectroscopically this destruction is seen in taegmission spectra as a shift of both
polarized SP bands back towards the original bandpompanied by bleaching and
broadening [see for example Fig. 5.7(c)].

Collecting all arguments given above, we can dbscthe observed results as
follows. Since the laser irradiation parametersenmdre same for all samples, the
behaviour of the spectra demonstrated in Fig. $ @owviously due to the changes in
absorption (and/or reflection) caused by changeth@fNPs’ filling factor. For the
first three samples (highest concentrations of part@les) the increase of
absorption in fact leads to the expected highee@spatios of NPs, enlarging also the
spectral gap between the polarized SP bands. Edhtbe samples with lower filling
factor the interaction strength between laser pulsed NPs is becoming too high
that results in a partial destruction of the namtiglas, which is seen as decrease of
dichroism with simultaneous bleaching of SP bands.

Overall, the results discussed so far make cleatr ithadiating composite glasses
with high content of metal NPs with the goal toiagk a good dichroism with the
high polarization contrast is a difficult task. ©ne hand, the laser pulses should be
strong enough to modify the nanopatrticles in deéggers; on the other hand, too
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high intensity irradiation leads to partial destroie of NPs. However, we have
found that this destruction can be annulled oreatst reduced utilizing repeated
irradiation, where the sample is heated for 1 h2@0°C between subsequent
irradiations. This annealing of the sample remos@®ur centers and other meta-
stable laser-induced defects in the glass [6.2]|chvbtherwise would absorb part of
the laser pulse energy [6.3], thereby heat the Bgnipcreasing the mobility of
electrons and silver ions, and as a result leatissnlution of NPs [6.4]. At the same
time, because of successive particle deformatienSR band polarized along the
laser polarization moves out of resonance decrgasie@ NPs interaction with the
laser pulses. By combination of these two proce@sésiction of meta-stable defects
and shift of the p-polarized band out of resonative)destruction of nanoparticles in
the upper layers is strongly reduced, while theraye energy interacting with the
NPs located in deeper layers increases. The negudffect is illustrated by Fig. 6.4,
which shows polarized transmission spectra of apsamith high filling factor
measured after only one and after six succesgiadiations (from both sides of the
sample): after the first irradiation the p-polatiaa band is only shifted to center
wavelength < 450 nm, while repeated irradiations la@ating the sample in between
causes a much larger spectral gap.

1time irradiated:
80+ P-Polarization
| —— S-Polarization
6 times irradiated:

X 60 - - - P-Polarization i
c - - - S-Polarization -
(=] d ,
—— 7
2 ’
= 40 ’
» 7/
c /
= /
20 /
N
oD

T ¥ T Y T ¥ ¥ T L T v
400 450 500 550 600 650 700
Wavelength [nm]

Fig. 6.4. Polarized transmission spectra of irragid sample having high filling factor:
(solid lines) — measured after first irradiationgddgshed lines) — measured after sixth
irradiation.

Finally we can make use of the finding that muléwslength irradiation of the same
sample area by pulses with successively longer agths (as it was shown in
Chapter 5.2.2 and Ref. 6.5, 6.6) can shift the laspred band much farther leading
to considerably increased dichroism or high polditn contrast, respectively. As an
example, Fig. 6.5 shows polarized transmission tspecf the same sample as
already discussed in Fig. 6.4. After the first diedion series at a wavelength of
400 nm, a second irradiation step at 550 nm, wdlanzation parallel to the long

axis of the already modified particles, was perfedmClearly the p-polarized band
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shifts further to a peak position of 600 nm, raaglin high polarization contrast at
this wavelength: in the region of 550-650 nm, ttesmission for p-polarized light
is close to zero, while for s-polarization it isoand 60%. It should be mentioned
here also that we have tested the effect of furin@diation steps at longer
wavelength (e.g. 800 nm), which shift the p-polediZSP band further into the IR
region; because of the minimal losses for s-padarizight, these subsequent
irradiation also increase the polarization contfagher.

80 +

—— P-Polarization
—— S-Polarization

60

40+

Transmission [%]

204
0 '\I T A T T '/
400 450 500 550 600 650 700
Wavelength [nm]

Fig. 6.5. Polarized transmission spectra of the gienmaving high filling factor subsequently
irradiated by pulses at 400 and 550 nm.

6.2. Micro-polarized matrixes

Considerng all observations discussed above, we hagd to produce micro-
polarizing structures on the nanocomposite glassagang silver nanoparticles. To
achieve spots with the size of few micrometers iregufocusing with sufficiently
high numerical aperture. In this experiment thenbedze was enlarged to 15 mm
and then focused with lenses with 55 or 80 mm fémadth.respectively. We have
irradiated the sample by pulsesiat 515 nm; the laser parameters were chosen so
that the maximum dichroism is obtained. The restitradiation is presented in Fig.
6.6. The matrix consists of spots (modified aredhwa size of around 3 um and a
distance of 15 pm between them. The spots arewbken polarization of the light
(in microscope) is parallel to the laser polariaati If the light is polarized
perpendicularly to the laser polarization, the spdisappear. The irradiated areas
have a green colour in p-polarisation because wfieion at around 600 nm [see for
example Fig. 5.10].

The next example is shown in Fig. 6.7. Here, aganameters of irradiation were the
same for every spot. However, the pattern of thactire, in this case, consists of
three irradiated and one non-irradiated spots @if.marked by red square) and the
laser polarization is rotated on 45° and 90° foergwnext irradiated spot in pattern.
The four photos shown in Fig. 6.7 are taken frommgame area on the sample. The
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only difference is the polarization of light in th@croscope, which for every case is
shown as an arrow. The colour of the spots is daHhan in previous case, because
the irradiated sample had a higher filling fact@hich leads to the broader extinction
(see for example Fig. 6.5).

Fig. 6.6. Polarized matrix made by laser irradiatiof silver nanoparticles embedded in
glass. Polarization of the light is parallel to th&ser polarization. If the light is polarized
perpendicularly to the laser polarization, the spate disappearing. The size of one spot is
around 3um.

EEe

=

S & 8 2 % a8 s
(& & 8 8 & & &
EEEEETEEY

3
| & & 8 & 8 & &
EERNEEEES

. & .

TEXEEXEY
i 8 8 8 88 & 8
L & 8 8 & 8 & & 4
L & 8 8 8 8 & &
L& 8 & & 8 & & ¢
L8 8 & & 8 & 8 4
I8 8 8 & & & &4
I 8 8 8 2 8 8 & 8 B8 & & 8 5 oa &

ol

Fig. 6.7. Polarized microstructure made by laseradtiation of silver nanoparticles
embedded in glass. Parameters of irradiation (ekdagper polarization) are the same for
every spot. The pattern of the structure (markedduy quadrate) consists of three spots
irradiated with laser polarization rotated on 453rfevery next spot and one non-irradiated
area. Polarization of the light in microscope i®sm as an arrow.

The last example presented in Fig. 6.8 shows sinsilaicture as was shown in
Fig. 6.7. Again, the pattern consists of threediated and one non-irradiated spots
and the laser polarization is rotated on 45° antdf@0every next irradiated spot in
pattern. However, in this case parameters of iatazh for every spot were different.
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The rise in number of pulses leads to the red siifi-polarized SP band and as a
result the colour is changed from brown to greenafiier 5.1.2). On the other hand,
rotation of the probe light polarization leads lhe thanges of spots’ colours, so that
the spot which has red colour in one polarizatieacdmes yellow-brown for the light
polarized in perpendicular direction.

10 um

Fig. 6.8. Polarized microstructure made by laseradtiation of silver nanoparticles
embedded in glass. Parameters of irradiation arféedent for every spot in the pattern. The
pattern of the structure again consists of threetsprradiated with laser polarization
rotated on 45° for every next spot and one nondiated area. Polarization of the light in
microscope is shown as an arrow.

6.3. Summary

In this chapter we presented first a detailed stoilythe question, how polarizing
areas with large dichroism and high polarizationtrast can best be prepared with
the method of laser-induced shape transformatiomefal nanoparticles at high
concentration in glass. Several experiments wer@l@rad to understand the
limiting factors on the observed amount of dichmoign this case. The obtained
experimental results showed that the glasses witlersNPs with high volume
fraction behave different compared with the sampleth low metal content.
Namely, it was shown that the rise of NPs concéntraresults in decrease of
interaction strength between NP and laser puls@® (@m). Furthermore, the
absorption of the laser light by NPs located in empfayers prevents the shape
modification of nanoparticles in deeper layers. @adeing these and previous
findings, we identified that a multiple irradiatioprocedure with increasing
wavelength, interrupted by annealing in between imadiation cycles is the best
method to achieve large dichroism and high poléomaconstant in composite
glasses with silver nanoparticles. Such technigaemjis production of micro-
polarizing structures in visible and near IR spactegions. At the end, we have
shown few examples of such micro-polarizing strregu(with the spot size of about
3 um) made by laser irradiation on nanocomposite glafis silver nanoparticles,
which can be used in polarization and wavelengictge micro-devices.
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Chapter 7. Summary of the work

The experimental results presented in this themsnaostly concentrated on the
investigation of the laser-induced shape modifaratof initially spherical silver
nanoparticles incorporated in glass and the preseksading to the different NPs
shapes. A detailed understanding of all these psmse helps to optimize the
technique of NPs shape transformation based on ilaadiation, and as a result, to
modify the optical properties of composite glasaéih metal nanoparticles as it is
needed for every special application.

At the first, the dependence of the nanopartichegss on the laser polarization was
studied. It was found, that irradiation of the NBsthe laser pulses with circular
polarization leads to the transformation of inlfiakpherical particles to oblate
spheroids with the symmetry axis parallel to thepgigation direction. In the case of
linearly polarized light, however, the NPs shape loa modified to either prolate or
oblate spheroid with symmetry axis parallel to kager polarization. The shape in
this case is defined by the laser peak pulse iitfensed for irradiation. Pulse
intensities slightly above the modification threlshtead to elongation of the silver
nanoparticle parallel to the laser polarizatiorolgie spheroid). On the other hand,
increase in the peak pulse intensity in one ordemagnitude results in oblate
spheroids, but in this case, with the short axralfe to the laser polarization. These
results allowed us to conclude that the main p®cesponsible for the different NPs
shape transformation is the directional photoicmira

We have also found that laser induced shape tranafon of Ag nanoparticles is
strongly dependent on the wavelength of fs laséygsuwised for irradiation. The first
striking observation is that, considerably off-neant excitation (i.e. irradiation with
a laser wavelength shifted more than 100 nm tdahg wavelength side of the SP
resonance absorption of spherical nanoparticles4(& nm)) can even more
effectively transform the shapes of the nanopa&ditb spheroids with large aspect
ratios than near resonant interaction, in spitthefvery weak coupling to the SPR in
this region.

The fact that the laser assisted elongation of paricles stops when the excitation
wavelength is located considerably far in the bhieg of the p-polarized SP band
together with results obtained in experiment wittmudtaneous irradiation of the

sample by two wavelengths allowed us to conclud¢ tie very weak electric field

enhancement at a wavelength of irradiation carhbartain factor limiting the laser-

induced dichroism. This limit can be overcome bsaquent irradiation tuning the
irradiation pulses to the longer wavelengths.
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Taking into account the theoretical estimations experimental results observed by
the study on temperature dependence we can condhde the intended
transformation of initially spherical NPs to pr@athapes with high aspect ratio by
irradiation with a few hundred laser pulses requige special spatio-temporal
evolution of the matrix temperature: the heat-adczone reaching transiently
temperatures above500 K around a nanoparticle should apparentlyirogdd to a
few nanometers.

According to the all acquired experimental resaltd calculations we also proposed
the possible deformation mechanisms based on déinsiémt phenomena which are
controlled either directly by the electric field tfe laser pulse or indirectly by the
temperature rise induced by it. Formation of thelgie spheroids with the long axis
parallel to the laser polarization in the low irdgy range for multi-shot irradiation

could be explained by combination of the photoiation and metal particle

precipitation on the poles of the nanosphere. Ttensity-dependent extension of
the cationic shell around the nanoparticle andptieoelectron emission in direction
of the laser polarization play a key role heretha case of high intensities (above
2 TW/cnt) and low number of pulses (less than 40), deresgireh plasma formation

at the poles of the sphere and following thermadagsion or even ablation of the
glass matrix dominate, leading to transformationario-spheres to oblate spheroids.

All these findings allowed us to optimize the teicue of laser-induced modification
of optical properties of the nanocomposite glassiis silver nanoparticles and to
show that this technique is a very good tool foodoiction of micro-polarizing

structures (polarization and wavelength selectiegiaks) with high polarization
contrast and broad tunable range of dichroism; sohtlke examples of which were
presented in Chapter 6.
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