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Chapter 1. Introduction and general aims 

Glasses and other dielectrics containing metal nanoparticles are very promising 
materials for photonics applications owing to their unique linear and nonlinear 
optical properties. These properties are dominated by the strong surface plasmon 
resonances (SPRs) of the metal nanoparticles. The SPs occur when the electron and 
light waves couple with each other at a metal-dielectric interface, and they are simply 
regarded as the collective oscillation of the nanoparticles (NPs) electrons. The 
spectral position of the SPRs in the compound materials can be designed within a 
wide spectral range covering the visible and near-infrared spectra by choice of the 
electronic properties of the metal and the dielectric matrix [1.1,1.2], or by 
manipulation of size [1.1, 1.3], shape [1.3, 1.4], and spatial distribution [1.5] of the 
metal clusters. This makes the composite materials very promising candidates for 
some applications in the field of photonics [1.6, 1.7, 1.8]. One of the main issues in 
this context is to structure the optical properties of such materials on a micro-, or 
even submicron scale. This aspect, in fact, occupies many researchers within the 
scientific community. The scientific interest covers from the study of optical 
subwavelength structures such as plasmonic waveguides based on metal 
nanoparticles [1.9, 1.10] to the much larger scale, micrometer scale, where the 
composite materials are appropriate for production of a number of standard and 
advanced optical elements such as: gratings, segmented filters, polarizers, etc. 

Recently, it was shown that laser-induced techniques represent a very powerful and 
flexible tool for (local) structuring of the optical properties of composite materials 
with metal nanoparticles [1.11, 1.12, 1.13, 1.14, 1.15, 1.16, 1.17, 1.18, 1.19]. 
Particularly, it was discovered that initially spherical silver nanoparticles embedded 
in soda-lime glass experience a persisting transformation of the shape when 
irradiated with intense fs laser pulses at a wavelength near to the SP resonance [1.15-
1.19]. This was macroscopically observed as an optical dichroism. The irradiation 
resulted in permanent polarization dependent colour changes.  

Although many pieces of knowledge about the mechanisms leading to this shape 
transformation have been collected in the last years, still further detailed 
investigations are needed to get a comprehensive picture of the physical processes 
behind.  

This thesis considers aspects of interactions of intense fs laser pulses with silver 
nanoparticles incorporated in soda-lime glass; and reveals new information 
concerning the processes arising by excitation of the silver nanoparticles by the laser 
pulses and leading to structural alterations. 
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The studies presented in the thesis aim to understand in details the mechanism of NP 
shape transformation, as well as, to optimize the technique of laser-induced 
modification of the optical properties of composite materials with metal 
nanoparticles for production of (sub-) micron structures with high polarization 
contrast and very broad tunable range of dichroism; that, in turn, will allow this 
technique to be used in many applications. 

For the sake of compactness, comprehensive reviews of optical properties of 
nanocomposites with metal particles are intentionally avoided. Thus, next chapter of 
the thesis (Chapter 2) will only briefly review some of these properties. Also 
throughout the thesis, wherever it was required, the necessary background is 
provided.  

In Chapter 3 an overview of the possible processes arising by interaction of the laser 
pulses with metal nanoparticles will be given. The calculations describing the energy 
relaxation in NP-Glass system in strong excitation regime will be developed; and the 
possible mechanism of the photoionization in our case will be discussed.  

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

The fifth chapter provides the key information needed for understanding the physical 
mechanism leading to the laser-induced transformation of silver nanoparticles 
embedded in glass. The series of experimental results, investigating the dependences 
of laser assisted shape modifications of Ag nanoparticles on the laser pulse intensity, 
excitation wavelength, temperature etc., are presented. At the end, the possible 
mechanism responsible for the observed effects is discussed. 

Afterwards, chapter 6 will present the results on production of polarized micro-
structures in the glass containing silver nanoparticles using laser irradiation 
technique. Based on the findings obtained in Chapter 5 and detailed analysis of the 
influence of NP concentration on the laser-induced shape transformation, a modified 
technique of irradiation, which enables the production of fine, micron size, 
polarization and wavelength selective structures with high polarization contrast and 
large dichroism will be considered.  

Chapter 7 then draws the thesis to its conclusions by giving 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 reveals novel optical phenomena 
indicating unrivalled optical properties of these materials. The linear and nonlinear 
optical response of metal nanoparticles is specified by oscillations of the surface 
electrons in Coulomb well formed by the positively charged ionic core. This type of 
excitations is called the Surface Plasmon (SP). In 1908 Gustav Mie [2.1] proposed a 
solution of Maxwell’s equations for spherical particles interacting with plane 
electromagnetic waves, which explains the origin of the SP resonance in extinction 
spectra and coloration of the metal colloids.  

During the last century optical properties of nanoparticles have been extensively 
studied and metalo-dielectric nanocomposites found various applications in different 
fields of science and technology [2.2, 2.3, 2.4, 2.5, 2.6, 2.7]. Since the optical 
properties of metal nanoparticles are governed by the surface plasmon resonance, 
they are strongly dependent on material, size, shape, concentration and distribution 
of the particles as well as on the properties of the surrounding matrix. Control over 
these parameters enables such metal-dielectric nanocomposites to become promising 
media for development of novel nonlinear materials, nanodevices and optical 
elements. 

Thus, in this section the SP resonance and main optical properties of the metal 
nanoparticles embedded in a dielectric media will be considered. Complete and 
excellent review of optical properties of nanostructured random media can be found 
in Ref. 2.8 and 2.9. 

 

2.1. Surface plasmon resonance of isolated metal nanoparticles. 

As it was mentioned above, exposure of a metal nanoparticle to an electric field 
results in a shift of the free conduction electrons with respect to the particles’ metal 
ion-lattice. The resulting surface charges of opposite sign on the opposite surface 
elements of the particles (see Fig. 2.1) produce a restoring local field within the 
nanoparticle, which rises with increasing shift of the electron gas relative to the ion 
background. The coherently shifted electrons of the metal particle together with the 
restoring field consequently represent an oscillator, whose behavior is defined by the 
electron density and the geometry of the particle. Throughout this text its resonances 
are called surface plasmons on metal nanoparticles.  
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Fig.2.1. Plasmon oscillations in metal sphere induced by electromagnetic wave. 
 

An exact analytical theoretical description of surface plasmons of spherical metal 
nanoparticles is part of Mie’s theory for the scattering and absorption of light by 
spheres [2.8, 2.10]. According to Mie-theory, the different eigenmodes of the 
spherical particles are dipolar or multipolar in character. For particles which are 
small compared to the local variations of the involved electromagnetic fields, the 
quasistatic approximation [2.8] is valid. It assumes the exciting field to be 
homogeneous and not retarded over the particle’s volume. Under these assumptions, 
the results of electrostatics can be applied by using the corresponding frequency 
depended dielectric function. In this case, the polarisability α and induced dipole 
moment p of the metal sphere embedded in dielectric can be given as [2.11]: 
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where  R is the radius of the nanoparticle, E0 the electric field strength of an incident 
electromagnetic wave, ε0 the electric permittivity of vacuum, εi(ω) and εh are the 
relative complex electric permittivity of metal and host matrix, respectively.  

In turn, the absorption cross section of a spherical metal inclusion placed in a 
transparent dielectric matrix, where the imaginary part of the relative complex 
electric permittivity approaches zero (Im[εh]→0) is then given as: 
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where )(´ ωε i and )(" ωε i are real and imaginary part of the electric permittivity of the 
metal, which in turn can be described by the Drude-Sommerfeld formula: 

γωω
ω

εωε
i

p
bi +

−+=
2

2

1)( .      (2.4) 

Here, γ  is a damping constant of the electron oscillations and εb  is the complex 
electric permittivity associated with interband transitions of the core electrons in 
atom. The free electron plasma frequency is given by: 
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where N is the density of the free electrons and m is the effective mass of an electron.  

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

[ ] Minimumihi →++ 2"2´ )(2)( ωεεωε .     (2.6) 

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

hSPi εωε 2)(´ −= .        (2.7) 

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

As it can be seen, Eq. 2.7 requires the real part of the dielectric function of metals to 
be negative. This is indeed the case for noble metals in the visible spectral region 
(Fig. 2.2 for Ag and Au). For a dielectric environment having εh = 2.25 surrounding 
the silver nanoparticle, the resonance condition is observed to occur at around 
400 nm, while for gold nanoparticles the resonance wavelength is around 540 nm. A 
consequence of this is the bright colours exhibited both in transmitted and reflected 
light.  

 
 
Fig. 2.2. (a) Dielectric constant of silver (solid and dashed lines) and the negative of the 
dielectric constant of a dielectric media (n = 1.5; εh = 2.25) fulfilling the SPR of 
nanoparticles condition (grey line). (b) Dielectric constant of gold (solid and dashed lines) 
and the negative of the dielectric constants of two dielectrics (n = 1.3; εh = 1.69, dash-dotted 
line) and (n = 1.5; εh = 2.25, grey line), both fulfilling the SPR of nanoparticles condition. 
The figure is adapted from Ref. 2.2. 
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Each of the noble metals has its specific surface plasmon absorption band. For 
instance, silver nanoparticles embedded in glass matrix exhibit SP band at about 
417 nm, as can be seen from the extinction spectra presented in Fig. 2.3. In turn, SP 
for Au and Cu nanoparticles is shifted in the red spectral range and peaked at 528 nm 
and 570 nm, respectively. The broad absorption bands below 500 nm for both Au 
and Cu containing nanocomposite glasses are associated with interband transitions, 
namely from d- to s-shell, of the core electrons in the metal atoms. However, for 
silver the interband resonance is peaked at 310 nm (4 eV) far away from the SP 
resonance [2.12].  

400 500 600 700 800
0

1

2

3

 

 

 Ag
 Au
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xt
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Fig. 2.3. Extinction spectra of glass containing spherical silver, gold and copper 
nanoparticles.  
 

Using Eq. 2.7 and by substituting the real part of the metal electric permittivity from 
Eq. 2.4, the position of the SP resonance can be expressed as follows: 

2
2

2

21]Re[
γ

εε
ω

ω −
++

=
hb

p
SP .      (2.8) 

As it can be seen in the Eq. 2.8, the core electrons have a significant influence on the 
surface plasmon and obviously define the position of the SP resonance in extinction 
spectra (Fig. 2.3) for different noble metals. On the other hand, the Eq. 2.8 
qualitatively describes a dependence of the SP resonance on the dielectric properties 
of the host matrix, into which the metal nanoparticles are incorporated. An increase 
of dielectric constant (refractive index) evokes the shift of absorption maximum 
towards long wavelengths [2.8, 2.13, 2.14] (as it could be expected from Fig. 2.2 and 
seen in Fig. 2.4). The curves in Fig. 2.4 represent the spectral positions of surface 
plasmon resonances of silver nanoparticles embedded in three different media: 
vacuum (εh=1), glass (εh=2.25), and TiO2 (εh=6.25). It is clearly seen that the SP 
resonance maxima are more red-shifted for nanocomposites with higher dielectric 
constant of the matrix.  
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Fig. 2.4. Halfwidth of the surface plasmon resonance of silver nanoparticles versus the 
respective peak energy for several embedding media and particles size. Parameters with 
curves are the nanoparticles size. The figure is adapted from Ref. 2.8. 

 

This Fig. 2.4 also shows that the position of the SP resonance depends on the size of 
metallic nanoparticles. In fact, its position remains quasi-constant for the 
nanoparticles with radius smaller than 15 nm, while the band halfwidth for these 
clusters differs by the factor of 4. This is often described as an intrinsic size effect 
[2.8, 2.15, 2.16]. If the particle size is below the dimension of the mean free path of 
the electrons in the metal (≈ 10-15 nm) [2.17], the electron scattering at the particle 
surface mainly increases the imaginary part of the dielectric function. For the smaller 
particles (> 1 nm) the spill-out of electrons from the particle surface should be taken 
into account, which results in an inhomogeneous dielectric function. As a result, very 
broad plasmon bands are observed for small nanoparticles (Fig. 2.4). 

On the other hand, increase in the radius of the nanosphere larger than 15 nm leads to 
the shift of the SP resonance towards longer wavelengths with simultaneous increase 
in the band halfwidth (Fig. 2.4 and Fig. 2.5). This effect for the larger particle is 
referred as the extrinsic size effect [2.8, 2.15, 2.18, 2.19, 2.20]. Here, higher-order 
(such as quadrupolar) oscillations of conduction electrons become important. In 
addition to the red shift and broadening of SP band, Fig. 2.5 for silver shows the 
second peak in extinction spectra, which is the result of these quadrupole effects. 

From the size dependence of the SP it is quite obvious that metal nanoparticle with 
nonspherical shape will show several SP resonances in the spectra. For instance, the 
ellipsoidal particles with axes a ≠ b ≠ c own three SP modes corresponding to 
polarizabilities along principal axes given as: 
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where Lk is the geometrical depolarization factor for each axis ( 1=∑ kL ). Moreover, 
increase in the axis length leads to the minimization of the depolarization factor. For 

the spherical particle 
3

1=== cba LLL . 

 

 

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

 

Thus, if the propagation direction and polarization of the electromagnetic wave do 
not coincide with the axes of the ellipsoid, the extinction spectra can demonstrate 
three separate SP bands corresponding to the oscillations of free electrons along axes 
[2.8]. For spheroids a ≠ b = c the spectra demonstrate two SP resonances. However, 
if the light is polarized parallel to one of the axis, only one single SP band 
corresponding to appropriate axis is seen (Fig. 2.6). Moreover, the band lying at 
higher wavelengths is referred to the long axis, while the small axis demonstrates 
resonance at shorter wavelengths compared to the single resonance of a nanosphere 
of the same volume. The spectral separation of the two surface plasmon bands of the 
ellipsoidal nanoparticle, as it was shown in the Ref. 2.21, depends strongly on its 
aspect ratio, which is defined as the ratio of the long to the short axes.  

Fig. 2.6 shows the calculated (using the Mie theory for spheroids [2.22]) polarized 
extinction spectra of prolate (a = b < c) and oblate (a = b > c) silver spheroids with 
different aspect ratios, which are embedded in glass. The volume of spheroids is 
equal to the volume of the nanosphere with radius of 15 nm. As the nanosphere 
shape is distorted to become a spheroid, two resonances of electron oscillations are 
created. The red-shifted (in respect to the original SP band of spherical silver 
nanoparticles which is lying at ~ 410 nm) bands are obtained for the light polarized 
along the long axis, while the blue-shifted bands refer to the short axis. The spectral 
gap between SP bands rises for the nanoparticles with higher aspect ratios. However, 
at the same time, it is clearly seen that for prolate and oblate spheroids having the 
same aspect ratio, the positions of SP resonances are different. Namely, the spectral 
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separation between SP bands is higher for the nanoparticles having zeppelin-like 
shape. 

 
 

Fig. 2.6. Calculated using the Mie theory for spheroids [2.22] polarized extinction 
spectra of prolate (a) and oblate (b) silver spheroids with different aspect ratios, which 
are embedded in glass. The volume of spheroids is equal to the volume of the nanosphere 
with radius of 15 nm. Dashed curves – polarization of the light is parallel to the long 
axis; solid line – parallel to the short axis. In insets, the shapes of spheroids are shown 
schematically. 

 

For many years now, the dichroic property of elongated metallic nanoparticles has 
been used for manufacturing of broad-band high-contrast polarizers [2.23]. This 
became possible owing to the fact that by appropriate choice of aspect ration between 
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the axes of the nanoparticles, the position of the SP resonance can be designed within 
a broad spectral range. This aspect will be discussed in more detail in the next 
chapters.  

 

2.2 Optical properties of nanocomposites with high fraction of metal 
nanoparticles. 

Increasing fraction of metal nanoparticles in a medium leads to the decrease of 
average particle distances. Thus, enhancement of the dipole moment of spherical 
metal NPs by excitation near to the SP resonance results in strong collective dipolar 
interactions between nanoparticles, which affect the linear and nonlinear optical 
properties of a nanocomposite material. For the purpose of this work it is sufficient to 
describe this effect in the approximation of the well known Maxwell-Garnett theory, 
which is widely applied to describe the optical properties of metal particles in 
dielectric matrices [2.9, 2.24, 2.25, 2.26]. Although it does not correctly take into 
account the multipolar interactions between nanoparticles considered in other works 
[2.27, 2.28], the Maxwell-Garnett theory can be used in the following because it 
describes quite well the position and shape of the SP resonance and its dependence 
on the metal filling factor [2.9].  

Thus, the effective dielectric constant εeff(ω) of a composite material with spherical 
metal inclusions having a fill factor f (volume of the silver inclusions per unit volume 
of the composite material f = VAg/Vtotal) is given by the expression: 
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where εi(ω) and εh are complex electric permittivities of the metal (given by the 
Eq. 2.4) and host matrix. 

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

)()( ωεω effninn =′′+′= .       (2.11) 

Hence, the absorption coefficient α and refractive index n  ́ of the medium with 
dielectric constant εeff(ω) can be expressed as 

)(Im
2 ωεωα effc

= ,       (2.12) 

)(Re)( ωεω effn =′ ,       (2.13) 

where c is the light velocity. Using Eqs. (2.10) – (2.13), the absorption cross-section 
and dispersion spectra [Fig. 2.7(a-b)] of glass with spherical silver nanoparticles can 
be calculated as a function of the volume filling factor of metal clusters in the glass 
matrix: εh = 2.3, ωp = 9.2 eV, γ = 0.5 eV [2.29], εb = 4.2 [2.26].  
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Fig. 2.7. (a) – Absorption cross-section, (b) – dispersion and (c) – reflection spectra of 
composite glass containing Ag nanoparticles calculated according to the Maxwell–Garnett 
theory.  

 

It is seen that the collective dipolar interactions between nanoparticles cause a 
broadening and red shift of the absorption band with increasing filling factor of silver 
inclusions in the glass matrix [Fig. 2.7(a)]. Also the effective refractive index of the 
composite glass changes with growing fill factor [Fig. 2.7(b)]: while at low content 
of silver nanoparticles in glass (f = 0.001) the refractive index is actually identical 
with that of clear glass (n' = 1.52), higher fill factor results in significant 
modifications of dispersion dependences of the composite glass. For f = 0.1, the 
refractive index varies between ~ 1.2 and 2.1 on the different sides of the SP 
resonance. Finally, as shown in Fig. 2.7(c), also the sample reflectivity R, for normal 
incidence given by 

2

1)(

1)(
)(

+
−=

ω
ωω

n

n
R        (2.14) 
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changes upon increasing the volume fill factor. In particular, in the visible range the 
main effect is an increase of reflectivity of the composite medium with increasing 
content of spherical Ag nanoparticles. 
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Chapter 3. Processes arising by interaction of the 
laser pulses with metal nanoparticles incorporated in 
dielectric media 

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

Depending on the laser parameters (e.g. weak and strong excitation regimes) and 
nanoparticle properties, one can expect various kinds of physical phenomena. Resent 
investigations of the laser pulse interaction with metal nanoparticles are mostly 
concentrated on the SP dynamics and the energy exchange (relaxation) mechanisms 
arising by it (see Ref. 3.1, 3.2, 3.3, 3.4, 3.5, 3.6 for a review). These studies employ 
weak laser pulses to excite the nanoparticles, thereby ensuring only weak electronical 
perturbations to the nanoparticle. In such a low perturbation regime, the changes 
induced to the surface plasmon bands of the nanoparticles are transient and totally 
reversible. For the strong excitation, however, the energy absorbed by the 
nanoparticle becomes very high, which creates big perturbation for the nanoparticle 
electrons resulting in persistent (irreversible) changes to the nanoparticle. In this 
regime the processes related to the heating and cooling of nanoparticles (e.g. e-e, 
e-ph scattering, etc.) have to be modified. At the same time, this strong excitation can 
open up additional channels of the energy relaxation in the form of e.g. hot electron 
and ion emissions (see for example Ref. 3.7, 3.8, 3.9, 3.10).  

As it was mentioned above, the intensities of the laser pulses used in this work are so 
high that it leads to the irreversible nanoparticles shape modification. Therefore, to 
explain the presented results, the possible mechanisms that could take place in the 
strong excitation regime will be discussed in this chapter. Even though it is 
impossible to account for all the complicated many-body interactions among 
electrons, phonons, ions, etc., in this regime, some theoretical estimations will be 
attempted.  

 

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

The absorption of a femtosecond laser pulse produces a coherent collective 
oscillation of the nanoparticle electrons [Fig. 3.1(a)]. During this quasi-instantaneous 
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process, the phase memory is conserved between the electromagnetic field and the 
electronic states, and the density of excited states depends on the spectral shape of 
the laser pulse. The corresponding electron distribution is non-thermal [3.11, 3.12, 
3.13] and lasts for few femtoseconds [3.1, 3.2]. Electrons having energies between 
EF−ћω and EF are excited above the Fermi energy with final energies between EF 
and EF+ћω. The excitation is sketched with rectangular-shaped boxes, whose 
dimensions are determined by the energy of the exciting laser pulse ћω as the length 
and the absorbed energy density as the width.  

 

Fig. 3.1. Sketch of the relaxation processes in a metallic nanoparticle. The figure is adapted 
from Ref. 3.1. 

 

The next step of the energy relaxation corresponds to a thermalization of the 
electrons. The occupied electronic states tend to a Fermi–Dirac distribution with a 
well defined temperature which depends on the laser pulse intensity. The phase 
coherence is lost and the collective modes have decayed into quasi-particle pairs. 
Figure 3.1(b) shows the equilibrated thermal Fermi distribution following the e-e 
scattering processes. The excited electrons possess high energies above the Fermi 
level, and the resulting temperature of the electronic system is much higher 
compared to the equilibrium temperature before the laser excitation. 
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Several time-resolved photoemission experiments, performed in noble metal films, 
have shown that the temporal scale of this thermalization process is of a few 
hundreds of femtoseconds [3.12, 3.14, 3.15, 3.16, 3.17]. For small particles, with a 
diameter typically less than a few tens of nanometers, the scattering time of the 
electrons at the particle surface is also around few hundreds femtoseconds. Voisin et 
al. [3.18] report an internal electron thermalization time of ≈ 350 fs for 12 nm radius 
Ag nanoparticles in a BaO-P2O5 matrix, which is comparable to the one determined 
from Ag films [3.19]. The time it takes for the internal thermalization decreases for 
smaller nanoparticles, for example, it is around 150 fs for 2 nm radius Ag 
nanoparticles embedded in an Al2O3 matrix. For the 9 and 48 nm Au nanoparticles in 
solutions, the decay lifetimes of 500 and 450 fs were found, respectively, for the 
internal electron thermalization [3.2]. The size dependence of the thermalization time 
is in good agreement with a simple model which phenomenologically introduces 
surface induced reduction of the Coulomb interaction screening due to the spillout 
and d-electron wave function localization effects [3.18, 3.20]. 

Another important mechanism in the electron dynamics, which is shown in 
Fig. 3.1(c), is the energy transfer to the lattice. The hot electrons cool externally by 
electron-phonon (e-ph) interactions until the temperatures of the electron gas and the 
lattice are equilibrated. The resulting electronic temperature is lower than its peak 
value, but higher than the equilibrium temperature. Since the e-ph interactions occur 
on a time scale comparable to the internal electron thermalization, a clear separation 
between e-e and e-ph relaxation as sequential processes is therefore incorrect. It 
means that the non-thermal electrons of the Fig. 3.1(a) already interact with the 
phonons during the same time they scatter with themselves to achieve the Fermi 
distribution of Fig. 3.1(b). This simultaneous e-ph coupling is an important channel 
of electron relaxation, which heats the nanoparticle lattice in time.  

In the last years, many groups attempted to define the time scale of this 
thermalisation process in different combination of metals and matrixes [3.21, 3.22, 
3.23, 3.24, 3.25, 3.26, 3.27, 3.28]. Normally one can expect that the lattice heating 
takes longer time compared with the electronic heating, and the maximum lattice 
temperature cannot reach temperatures as high as electron temperatures since the 
electronic heat capacity is about 2 orders of magnitude smaller than the lattice heat 
capacity.  

In addition, Hartland et. al. show that the thermalisation time depends on the laser 
intensity [3.8, 3.29]. In the next sections the two temperature model (2TM, in 
literature also called TTM) that describes the thermal situations of electrons and 
phonons and the heat transfer between these two systems will be considered in more 
details. This model will be extended to include very high electronic temperatures to 
account for the conditions of strong excitation regime. 

The last step in the relaxation is the energy transfer to the dielectric matrix 
[Fig. 3.1(d)]. This transfer corresponds to the heat diffusion from the metal to the 
environment. It is therefore sensitive to the thermal conductivity of the surrounding 
medium; and as it will be shown later, it plays one of the important roles in the 
mechanism of nanoparticles shape transformation. Therefore, this process will be 
also considered more deeply in the next sections. 
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3.2. Electron-phonon coupling and electron heat capacity of silver 
under conditions of strong electron-phonon nonequilibrium 

Upon pulse interaction with the nanoparticle, the electrons heat up gradually to a hot 
electronic distribution. During and after their heating, the electrons couple with the 
nanoparticle lattice vibrations (the phonons) and heat up the nanoparticle. The heat 
gained by the nanoparticle lattice can be found from the heat lost by the electrons 
using the two-temperature model (2TM) [3.1, 3.30], where the heat flow between 
two subsystems (electrons and lattice) is defined by two coupled differential 
equations. 2TM is the commonly accepted theory to describe the energy relaxation 
mechanisms between electrons and lattice. The electronic system is characterized by 
an electron temperature Te and the phononic system by a lattice temperature Tl. The 
electron-phonon coupling factor G(Te) is responsible for the energy transfer between 
two subsystems. The heat equations describing the temporal evolution of Te and Tl 
are given as follows: 
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where Ce(Te) and Cl are the electronic and lattice heat capacities, respectively; S(t) in 
Eq. (3.1) is a source term describing the absorbed laser pulse energy per 
nanoparticle, which can be given as: 
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Here I is the peak pulse intensity, σabs is the absorption cross section of a single 
nanoparticle (≈ 3000 nm2 for a silver nanoparticle in a dielectric environment with 
refractive index of n = 1.52 [3.31]); VNP is the nanoparticle volume, and τFWHM 
determines the full width at half maximum of the temporal pulse profile.  

A key issue in the application of the models based on 2TM for quantitative 
description of the kinetics of the energy redistribution in the irradiated target is the 
choice of adequate temperature dependent thermophysical properties of the target 
material included in the 2TM equation for the electron temperature (Eq. 3.1), 
namely, the electron-phonon coupling factor, the electron heat capacity, and the heat 
conductivity. Due to the small heat capacity of the electrons in metals and the finite 
time needed for the electron-phonon equilibration, irradiation by a short laser pulse 
can transiently bring the target material to a state of strong electron-lattice 
nonequilibrium, in which the electron temperature can rise up to tens of thousand 
Kelvins, comparable to the Fermi energy, while the lattice still remains cold. At such 
high electron temperatures, the thermophysical properties of the material can be 
affected by the thermal excitation of the lower band electrons, which, in turn, can be 
very sensitive to the details of the spectrum of electron excitations specific for each 
metal. Indeed, it has been shown for Au that in the range of electron temperatures 
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typically realized in femtosecond laser material processing applications, thermal 
excitation of d band electrons, located around 2 eV below the Fermi level, can lead to 
a significant (up to an order of magnitude) increase in the electron-phonon coupling 
factor and positive deviations of the electron heat capacity from the commonly used 
linear dependence on the electron temperature [3.32, 3.33]. Thus, the approximations 
of a linear temperature dependence of the electron heat capacity and a temperature 
independent electron-phonon coupling factor, used in most of the current 2TM 
calculations, are inappropriate for the quantitative description of material response to 
a strong ultrafast laser excitation and should be reconsidered based on the analysis of 
the electronic structure of a given material. However, for the heat capacity of the 
nanoparticle lattice (Cl) the room temperature values are reasonable approximations, 
as Cl does not change so much as the temperature increases. For the case of silver, it 
is known that the change of Cl upon lattice temperature increase by 1500 K is less 
than 20% compared with its room temperature value of 3.5×106 Jm-3K-1 [3.34]. 

As it was mentioned, in the literature, Ce is commonly defined by a linear function of 
electron temperature in the form Ce(Te) = γTe, where γ is the electronic heat capacity 
constant. This expression for the electronic heat capacity is only valid at low electron 
temperatures, where the Sommerfeld expansion of the electronic free energy is 
commonly used. Electron heat capacity constant of the above expression is given as 

3)(22
FB gk επγ =  and defined by the value of the electron density of states (DOS) at 

the Fermi level, g(εF). Within the frame of free electron gas model, γ can also be 
associated with the free electron number density n and the Fermi energy as 

FBnk επγ 222=  [3.35]. 

However, the Sommerfeld expansion is no more valid at high electron temperatures, 
and the electron heat capacity calculation should include the full spectrum of the 
electron DOS by taking the derivative of the total electron energy density with 
respect to the electron temperature [3.35], as given in the following: 
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where g(ε) is the electron DOS at the energy level ε, µ is the chemical potential at Te, 
and f(ε,µ,Te) is the Fermi distribution function of the form 
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The evaluation of eTf ∂∂ / requires the knowledge of the chemical potential as a 
function of the electron temperature, µ(Te). From the conservation of the total 
number of electrons, the chemical potential can be obtained by setting the result of 
the integration of the product of the electron DOS and the Fermi distribution function 
at Te over all energy levels to be equal to the total number of electrons Ne [3.35] 
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Since Ce depends on the electron temperature, the electron-phonon coupling is also 
expected to have temperature dependence. The electron-phonon coupling was first 
analyzed within the free electron gas model by Kaganov et al. [3.36]. It was 
suggested that the electron-lattice energy exchange rate could be expressed in terms 
of the electron relaxation times at Te and Tl. At lattice and electron temperatures 
much higher than the Debye temperature and Te>>T l, the rate of energy transfer 
from the electrons to the lattice per unit volume can then be expressed as [3.30, 3.36] 
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where m is the effective electron mass, Cs is the speed of sound, n is the number 
density of electrons, and τ(Te) is the electron relaxation time defined as the electron-
phonon scattering time τe-ph, and evaluated under the assumption that the lattice 
temperature is equal to the electron temperature [3.36]. Electron-phonon scattering 
time is proportional to the inverse of the lattice temperature and when Te = Tl, then τe-

ph ~1/Te, which results in a constant value for the G factor given by Eq. 3.7. 

For this reason, G has been defined in the literature as a constant, temperature 
independent value that is found either by the above model or by best-fitting the 
values from the experimental results. Typical G values used for silver range between 
3×1016 to 3.5×1016 Wm-3K-1 [3.1, 3.37, 3.38].  

For the strong excitation, however, as it has been mentioned before, high electronic 
temperatures trigger the thermal excitation of the d-band electrons located below the 
Fermi level. For this reason dramatic changes are expected for the rate of the 
electron-phonon energy exchange. Therefore, the correct treatment of the G factor in 
the strong perturbation regime again requires the consideration of the full spectrum 
of electron DOS (as it was done above for the Ce). The resulting expression for the 
temperature dependent electron-phonon coupling factor can be given by [3.39] 
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where λ denotes the electron-phonon coupling constant, and the value of 2ωλ  is 

22.5 for silver. 

Taking into account the above given theory, it is possible to calculate the 
dependences of electron heat capacity and electron-phonon coupling factor on the 
electronic temperature. First of all, looking to the electron DOSs for silver 
[Fig. 3.2(a)] calculated with Vienna ab initio simulation package [3.39, 3.40], one 
can see the presence of prominent region of high density of states, associated with 
the d band located ~3 eV below the Fermi level. It is seen, that for the Fermi 
distribution functions at low electron temperatures, Te~0.1 eV (~103 K), the region of 
the electron DOS affected by thermal excitations (~kBTe) is similar to that of the free 
electron gas model, with only s electrons being excited. At higher electron 
temperatures, Te~1 eV (~104 K), a significant number of d band electrons can be 
excited and can make a substantial contribution to the thermophysical properties of 
the material. Indeed, at electron temperatures below ~5000 K the calculated chemical 
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potential follow the dependence predicted from the Sommerfeld expansion of the 
electron free energy in the free electron gas model with one free electron per atom. 
At higher electron temperatures, however, the thermal excitation of electrons from 
the high density of states edge of the d band to the lower density of states s band 
results in the increase of the chemical potential and large deviations from the 
prediction of the free electron gas model [Fig. 3.2(b)]. 

 
 

Fig. 3.2. (a) The electron DOS of silver obtained in the electronic structure calculation 
performed with VASP (solid line) and the Fermi distribution function shown for three 
different values of the electron temperature (dashed and dash-dotted lines). The Fermi 
distributions are shown centered at the Fermi level at zero temperature; (b)–(d) Electron 
temperature dependence of thermophysical properties of silver: (b) the chemical potential, 
(c) the electron heat capacity, and (d) the electron-phonon coupling factor. Solid lines show 
the results of the calculations performed with DOS obtained from VASP. Dashed lines in (c) 
and (d) show the commonly used approximations of the thermophysical material properties 
based on experimental measurements. Figure is adapted from Ref. 3.39.  

 

The temperature dependence of the Ce for silver is depicted in Fig. 3.2(c). The 
deviation between the linear temperature dependence of the Ce obtained from the free 
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electron gas model (dashed-dotted line) and the nonlinear temperature dependence of 
Ce calculated from Eq. 3.4 (solid line) is clearly seen above Te values of ~ 5000 K. 
The free electron gas model approximates the Ce values very well up to 5000 K 
(γ ≈ 63 Jm−3K−2 is used for Ag [3.41]), and indeed the calculations considering the 
full DOS (Eq. 3.4) follow closely the same linear dependence. However, further 
increase of the electron temperatures cause significant changes in the Ce as a result of 
the contributions coming from the core electrons, compared to the commonly used 
linear approximation. Therefore, usage of the linear Ce dependence in the 2TM could 
definitely result in an overestimation of the electron temperatures, which proves to be 
inappropriate for the strong excitation regime (when Te is higher than several 
thousands of Kelvins). This nonlinear behavior of the Ce for high electron 
temperatures depends strongly on the electron DOS and should be expected to have 
different behavior for different metals. Calculations on other noble metals (such as 
Cu and Au) also show an increase of the Ce values for higher Te [3.39], which is not 
necessarily the case for other metals. 

For the electron-phonon coupling term shown in Fig. 3.2(d) it is seen that it stays 
nearly constant up to electron temperatures of ~ 5000 K. At higher temperatures a 
significant strengthening of the G factor is observed when a large number of d-band 
electrons are thermally excited and contribute to the electron-phonon energy 
exchange. The enhancement of the electron-phonon coupling at high electron 
temperatures implies a faster energy transfer from the hot electrons to the lattice.  

A consequence of the temperature dependent electron-phonon coupling term is that 
the electron-phonon relaxation times (τe-ph) increase with increasing electron 
temperatures and hence the applied laser pulse energy [3.42, 3.43]. Therefore, 
slightly different electron-phonon relaxation results presented in the literature could 
be explained by the temperature dependence of the electron-phonon relaxation. 

 

3.3. Two temperature model for the strong excitation regime 

As it was already discussed, the strong irradiation regime creates huge electron-
phonon non-equilibrium conditions due to the very small heat capacity of electrons 
(at room temperature) and the finite time needed for the electron-phonon 
equilibration. Thus the high energy fs pulse transiently raises the Te over several 
thousands of Kelvins while the lattice still remains cold.  

Taking into account the wide range temperature dependences for the electron heat 
capacity Ce and electron-phonon coupling parameter G given in previous section, one 
can now solve the coupled heat equations (Eqs. 3.1 and 3.2) for the quantitative 
modeling of the energy relaxation dynamics followed by the strong irradiation of 
silver nanoparticles.  

As an illustration to this regime, Fig. 3.3(a) depicts the results of 2TM calculations 
for the case of a single silver nanoparticle excited by a 150 fs pulse with an intensity 
of 0.5 TW/cm2 (above the permanent nanoparticle shape modification threshold 
[3.44]) and central wavelength of 400 nm (ћω = 3.1 eV), i.e., close to the surface 
plasmon resonance. It is easily seen that, upon absorbing the laser pulse energy, the 
conduction electrons of the nanoparticle gain very high temperatures (~104 K) within 
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the pulse. Reaching the maximum Te, the hot electronic system heats the cold silver 
lattice to a region of temperatures above the melting point of (bulk) silver within a 
few picoseconds. The electronic and lattice temperatures meet at a value near 2000 K 
in 40 ps after the pulse interaction. This suggests the plausibility of the melting of 
nanoparticles in such a short time. Plech et al. observed by time-resolved X-ray 
scattering studies the melting of gold nanoparticles suspended in water within 100 ps 
after strong laser pulse excitation [3.45, 3.46]. However, it should be noticed here 
that these calculations do not take into account the energy transfer to the matrix and 
losses due to possible electron emission processes from the nanoparticle, which are 
additional cooling mechanisms of the electronic sea. The details of these cooling 
processes will be considered in the next sections. 
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Fig. 3.3. (a) Time evolution of electronic and lattice temperatures of a silver nanoparticle 
following the absorption of an intense fs laser pulse (around 20 mJ/cm2 of energy density). 
The dotted line at 1235 K marks the melting temperature of bulk silver; (b) The 
dependences of electronic (blue squares) and lattice (red circles) temperature maxima on a 
wide range of laser energy densities. 

 

Figure 3.3(b) shows the dependences of electronic and lattice temperature maxima 
on a wide range of applied energy densities (from very weak up to extreme 
irradiation conditions). The weak regime (up to Te values of 5000 K) shows a rapid 
increase in electronic temperature owing to the very low electronic heat capacity Ce 
in this interval. However, these electrons do not heat up the lattice efficiently due to 
the less e-ph coupling G. Further increases in the energy density of the pulses cause 
higher Te values, but the rise of electronic temperature slows down due to the 
increasing Ce value. The lattice temperatures are seen to increase with a higher slope 
in this regime as a result of the increasing efficiency of the G factor.  

As an example, it is useful to mention here that if one would employ standard linear 
values for Ce (i.e. Ce(Te) = γTe), the pulse of energy density 20 mJ/cm2 (used in the 
presented 2TM calculations) would induce the rise of electronic temperature higher 
than 105 K and the resulting Tl values would be much higher than the evaporation 
temperature, which are definitely not correct. 
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3.4. Heat transfer from the nanoparticle to the glass matrix 

The above given 2TM describes only the heat transfer between the electrons and the 
nanoparticle lattice. To get the complete “thermodynamical” picture of the 
nanoparticle and the surrounding glass system, this 2TM has to be extended by the 
heat transfer from the nanoparticle to the glass matrix. The excess energy of the 
nanoparticle is released to the surrounding via phonon couplings across the 
nanoparticle-glass interface [3.47, 3.48]. Therefore, cooling of the nanoparticle (and 
heating of the glass matrix) can be calculated considering energy flow from the hot 
particle to the glass through a spherical shell of infinitesimal thickness. Heat transfer 
from this first heated glass shell is then described by ordinary heat conduction. 
Because of the huge difference in thermal diffusivities of Ag (123 nm2/ps) and glass 
(0.5 nm2/ps), any temperature gradient within the NP can be neglected when 
calculating the transient temperatures in the glass around the nanoparticle (Fig. 3.4). 
The temporal and spatial evolution of temperature within the glass can then be 
calculated by the radial heat equation, where the rate of temperature change 
(∂T(r,t)/∂t) is proportional to the curvature of temperature density (∂2T(r,t)/∂r2) 
through the thermal diffusivity (χ) of the glass medium: 
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The time scales for the particle cooling range from tens of picoseconds to 
nanoseconds, depending on the laser excitation strength, the size of the nanoparticle 
and surrounding environment [3.48, 3.49].  

 

 

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

 

Figure 3.4 shows the radial temperature distribution in NP-glass system calculated 
numerically in the limit of the above-described ‘three temperature model’ (3TM) for 
two different times after irradiation. After ≈ 50 ps, i.e., when within a spherical NP 



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

 

 23 

with radius of 15 nm (red disk in Fig. 3.4) an equilibrated high temperature of 
≈ 2000 K has been established, the temperature of the surrounding glass matrix is 
still equal to room temperature (green line). It takes a few nanoseconds to establish a 
heat-affected zone (light magenta circular ring) of the order of 5 nm around the NP 
by energy dissipation into the glass (blue line).  

More details about the first ten nanoseconds of the time evolution of glass 
temperatures in different distances away from the nanoparticle are given in 
Fig. 3.5(a). In a distance of 1 nm from the NP surface the glass is heated up to 
Tmax ≈ 1050 K within approximately 1 ns after irradiation, then slowly cools down 
again. With increasing distance of the shells, the maximum temperature decreases 
and is reached considerably later. For instance, in a 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 radial temperature profiles in Fig. 3.5(b); 
here the NP is included, i.e., r = 0 denotes the center of an Ag nanoparticle. At 20 ns 
the temperatures of nanoparticle and nearest shells are around 450-500 K, while the 
temperature in a distance 150 nm is still equal to the room temperature. After only 
80 ns, however, the total energy is nearly homogeneously distributed and the 
temperature of the layer containing NPs is ≈ 330 K. These calculations have been 
done for a single metallic nanoparticle of 15 nm radius being surrounded by glass 
and irradiated by the pulses at 400 nm, with intensities of 0.5 TW/cm2. As an average 
radius of 150 nm glass surrounding an Ag NP corresponds to an Ag volume fill 
factor (volume of the silver inclusions per unit volume of the composite material) of 
10-3, the presented model calculations should reasonably describe the situation in 
samples with silver concentration in this range.  

 

 

Fig. 3.5. (a) Time evolution of glass temperatures in different shells away from 
nanoparticle calculated by 3TM. (b) Temperature distribution for longer times (more 
then 20 ns) after irradiation calculated by 3TM. 

 

Summarizing the above results one can conclude the following: (i) In the first few ns 
after the laser pulse the temperature of the NPs is above 1000 K, and the matrix 
temperature in the nearest shell up to a distance of 3 nm from the NP can reach or 
exceed the glass transition temperature [3.50]; this will cause softening of the glass, 
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which is needed for NP shape transformation [3.44]. (ii) After ≈ 80 ns the system has 
come to a steady state within the focal volume; from then on heat transfer into the 
rest of the sample has to be taken into account. It should be mentioned here that this 
model neglects any glass heating by laser-driven electron and ion emission (which 
can take place by strong excitation). However, such contributions will only be 
present within the first few picoseconds after the laser pulse, and will only affect a 
shell of few nanometers around the NP (it will be shown in Chapter 5). Thus, due to 
energy conservation the temperature evolution on the time-scale of several 
nanoseconds or slower discussed here should not be affected by this simplification.  

 

3.5. Photoemission from nanoparticles incorporated in dielectric 
media 

In previous sections the thermophysical processes arising by interaction of the laser 
pulses with nanocomposites were briefly discussed. This section is devoted to the 
possible electrophysical processes (such as photoemission of electrons and ions from 
the nanoparticles), which can take place in strong excitation regime. Therefore, at the 
first, the basics of the nonlinear ionization will be considered. Then, the following 
subsection will briefly describe the ionization of silver nanoparticles in glass and 
effect of surface plasmon on it. The electric field enhancement in the vicinity of the 
NP will also be discussed. In the last subsection, the attention will be focused on the 
possible ejection of ions from ionized (therefore positively charged), hot 
nanoparticle. All these processes can make strong influence on the energy (re-) 
distribution in NP-Dielectric system, and as it will be shown later, they are very 
important for the laser-induced nanoparticles shape transformation. 

 

3.5.1. Nonlinear ionization 

Under some circumstances the nonlinear interactions of the electromagnetic wave 
with matter can lead to permanent structural modifications in it. This, results in 
considerable changes of the linear and nonlinear optical properties of the exposed 
material. As used here, the most important mechanism responsible for the permanent 
modification of matter is the laser assisted ionization. 

Ionization of material requires transition of electrons to (above) the vacuum level. 
The absorption of a photon with energy higher than the ionization energy 
(Ephoton ≥ Ei) leads to the photoionization of the material, where an electron escapes 
from atom’s potential energy. Such single photon ionization processes can take place 
independent of the laser intensity (i.e., high photon flux), but of course the degree of 
ionization will be much higher for high intensities. Therefore, when the laser 
frequency is high enough, the atomic or bulk properties of the material (such as the 
dipole moment and absorption) are linearly dependent on the laser intensity. If the 
photon energy of excitation wave is less than the ionisation energy, the ionization 
due to single photon absorption is excluded. However, increase of the light intensity 
leads to enhancement of two-photon absorption in the medium. Thus, ionization of 
the material can be induced even by intense laser excitation at wavelengths far away 
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from the fundamental absorption edge due to two-photon (multi-photon) absorption 
caused by nonlinear processes in the material. One has to distinguish two classes of 
nonlinear ionization mechanisms: photoionization and avalanche ionization [3.51], 
which results in plasma formation responsible for nonlinear phenomena and 
structural modifications in dielectrics. 

Photoionization refers to direct excitation of the electrons by the laser field. 
Moreover, the ionization caused by nonlinear absorption of several photons is 
described as the multi-photon ionization [Fig. 3.6(a), rot arrows]. On the other hand, 
increase of the laser intensity refers to growths of the electric field strength of the 
electro-magnetic wave. In turn, strong electric fields can suppress the Coulomb well 
of the electron bonded with an atom. If the deformation of the electron potential 
energy is high enough [Fig. 3.6(b)], the electron tunnels through the short potential 
barrier and becomes free. This mechanism of photoionization is called the tunnel 
ionization. These both types of the photoionization depend on material, laser 
frequency and intensity.  
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Fig. 3.6. (a) Single photon (with energy hυ1) and multi-photon (with energy hυ2) ionization. 
(b) Sketch showing the possibility of tunnelling ionization. The atomic potential of the atom 
is deformed by the laser field. 

 

Strong laser interaction with nanoparticles depends on the kinetic energy of the 
electrons oscillating in the field, and the ionization energy of the nanoparticle atoms. 
In this context, two parameters are commonly used to characterize the laser 
interaction with the particle: Ponderomotive energy [3.52] and Keldysh parameter 
[3.53, 3.54]. Considering an electron in the inhomogeneously oscillating 
electromagnetic field tieEtE ω−⋅=)(  of the laser, the electron experiences a force that 
originates from second-order terms of the Lorentz force on the nanoparticle. This is 
called as the ponderomotive force and given by 
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,       (3.10) 

where e is the electron charge, m is the electron mass, E is the amplitude of the 
electric field, and ωL is the laser frequency. From the force equation, the 
ponderomotive energy can be found ( UF −∇= ) as 
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Replacing the E-field amplitude with the laser intensity ( ) 2
0 2 EcI ε=  this energy can 

be written as follows 
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which describes the cycle-averaged oscillation energy of the electron. As it is seen in 
Eq. (3.12), the ponderomotive energy is wavelength (λ = 2πc/ωL) and intensity 
dependent. It grows up quadratically with the wavelength and linearly with the 
intensity. Replacing the e and m punitively, it can be given neatly in the form 

[ ] [ ]2142 /1034.9 cmWImU p µλ⋅= .      (3.13) 

Having stated the laser frequency (or wavelength) and intensity dependence of the 
ponderomotive energy, now it is possible to relate this information with the Keldysh 
parameter γ, which is a practical parameter to distinguish between the tunnel and 
multi-photon ionisation: 
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2
=γ .        (3.14) 

The Keldysh parameter relates the ionization potential of the atom Ei to the 
ponderomotive energy of the electrons. According to the equations (3.13) and (3.14), 
the Keldysh parameter increases with increasing laser frequency, and when γ >> 1 
i.e. Ei >> U p, ionization occurs by multi-photon absorption. When γ ≤ 1, field 
ionization (tunnelling or above barrier) dominates. 

The free electrons induced by photoionization result in a broad absorption band and 
the laser radiation can be absorbed linearly if the plasma density becomes high 
enough. Indeed, according to the Drude model the electric permittivity of the free 
electron carrier can be given as 
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p =  is the plasma frequency, N is the density of the free electrons and 

m is the effective mass of an electron; γ is a damping parameter associated with 
Drude scattering time. The absorption of a medium depends on imaginary part of the 
complex electric permittivity and for the free electron plasma it is  
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It is obvious that absorption of the free carrier increases with growth of the free 
electron density, which in turn depends on the laser intensity and ionization rate. 
Further absorption of the laser radiation by the free electrons leads to rapid plasma 
heating, moving the conduction electrons to the higher energy states. If resulting 
electrons energy exceeds the bottom of the conduction band by more than the band 
gap energy between valence and conduction band, the hot free electron can transfer 
saved energy to an electron in valence band via non-elastic collisions. As an 
outcome, one receives two electrons in the bottom of conduction band, each of which 
can be involved in the collisional ionization again. Thus, the electron plasma density 
grows in this case quickly proportional to exponential function of time [3.51]. This 
mechanism of ionization is called the avalanche ionization. As it can be seen from 
the discussion, the avalanche ionization requires some seed electrons in the 
conduction band, which can be produced by photoionization of impurities and 
defects in the matrix. For the case of nanocomposites with metallic nanoparticles, 
electrons, which were emitted from nanoparticle, can seed the avalanche ionisation in 
surrounding dielectric media. 

Further plasma relaxation leads to the energy transfer from the electrons to the lattice 
(matrix). It has to be pointed out that the energy transfer occurs in time scales much 
shorter as the thermal diffusion time. Nevertheless, for the laser pulses with duration 
longer than several tens of ps the energy transfer occurs on time scale of the pulse 
duration. Then the energy is transported out of the exposed area by thermal diffusion. 
If the temperature of the irradiate region overcomes the melting or fraction 
temperature, the damage of the surface can be achieved. In the case of intense fs laser 
pulses the avalanche ionization leads to the extremely high electron density and 
energy of the laser pulse effectively deposited in plasma. Only after laser pulse is 
gone the plasma energy is transferred to the lattice. Since the energy transfer is much 
faster than the thermal diffusion time, induced ablation by ultra-short laser pulses 
occurs with minor thermal defects. 

 

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

In the last years the SP assisted photoelectron emission from supported Ag 
nanoparticles has been extensively studied upon excitation with intense ultrashort 
laser pulses [3.55, 3.56, 3.57, 3.58, 3.59, 3.60, 3.61, 3.62]. The electron work 
function from the silver clusters defined as an energy gap between the Fermi level 
and the energy of the free electron in the vacuum is of about 4.3 eV [3.57, 3.60, 
3.63]. Moreover, it was testified that excitation near to the SP resonance extremely 
enhances the two-photon photoemission yield from the Ag nanoparticles [3.62]. 

In the composite glass containing metal nanoparticles, probability of the SP assisted 
photoemission can be strongly affected by a structure of electron energy manifold in 
the host matrix. In turn, an energy level scheme of the soda-lime glass with 
embedded Ag nanoparticles can be presented as a junction of the dielectric with a 
metal (Fig. 3.7). The valence band maximum of the glass lies 10.6 eV below the 
vacuum level. The lowest energy level of the conduction band in the glass is placed 
1.6-1.7 eV below the energy of the free electron in vacuum. Thus, an energy gap 
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between the Fermi level in the silver inclusion (4.3 eV) and conduction band in the 
glass is about 2.7 eV and consequently any radiation with photon energy >2.7 eV 
could evoke a tunnel transition of the electrons from the silver inclusion in to 
conduction band of the surrounding glass matrix, even by single photon absorption. 

 
Fig. 3.7 Energy level scheme of the electrons in the composite glass containing silver 
inclusions. The red dotted line indicates a non-thermal distribution of the electrons in Ag 
nanoparticle caused by excitation of SP resonance. The green one –distribution of the 
electrons after thermalization. The Figure is adapted from Ref. 3.64. 

 

Excitation of the Ag nanoparticles near to the SP resonance (~3 eV) by the fs laser at 
400 nm (3.1eV) leads to a non-thermal distribution of the electrons in the conduction 
band of the metal (Fig.3.26, red dotted line). Since the maximal electron energy in 
this case exceeds the bottom of the conduction band of the matrix in 0.4 eV, the 
electron injection in the conduction zone of the glass could be possible. At the same 
time, upon the two-photon plasma excitation, the electrons can overcome the 
ionization energy level and without any obstacles penetrate into the glass matrix. In 
turn, the injection of the electrons from metal inclusions into the conduction band of 
the surrounding matrix is obviously the origin of a rise of conductivity in the 
composite glass with Ag nanoparticles upon fs laser irradiation near to the SP 
resonance [3.65]. 

Electrons being emitted during the laser pulse interaction will be driven by the 
strong, oscillating electric field and therefore generate an anisotropic distribution of 
emission directions, obviously given by the electric field oscillations (polarization) of 
the laser pulse. The anticipated 100 fs pulses at λ = 400 nm correspond to 75 full 
oscillation cycles with mostly very high amplitudes. A simple estimation shows that 
a conduction band electron of the nanoparticle can gain a linear acceleration of 
around 1020 m/s2 upon encountering a linear-polarized pulse of 0.3 TW/cm2 intensity 
(corresponding to an electric field amplitude of 109 V/m) within the half plasmon 
period. This is indeed huge electric field amplitude on the nanoparticle. In the 
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absence of any damping, the above acceleration can push the electron approximately 
0.1 nm away from the nanoparticle surface. However, in the case of SP excitation, 
the oscillation amplitudes of the surface plasmon waves can overcome the excitation 
amplitude by typically two orders of magnitude (for silver nanoparticles with 
R ≈ 15 nm) [3.66, 3.67, 3.68]. This leads to a strong enhancement of the local 
electromagnetic field in the vicinity of the nanoparticle. By excitation with polarized 
light the E-field enhancement (Fig. 3.8) occurs in special points on the surface. 
Namely, in the case of spherical nanoparticles, the field is enhanced on the poles of 
the nanoparticle, depending on the polarization direction of the exciting light. 
However, in the case of non-spherical particles, it is induced mostly at the tips and 
corners of the particles [3.63, 3.66, 3.69]. It should be also mentioned here that the 
local E-field enhancement (EFE) depends on the wavelength (Fig. 3.9); and as it can 
be seen, in the direction of the laser polarization it has the maximum at longer 
wavelength than the SP resonance. In the case of non-spherical (spheroids) particles 
the full spectrum of electric field enhancement factor is shifted to the long 
wavelength region (Fig. 3.10). 

 
 

Fig. 3.8. E-field contours for radius 30 nm Ag spheres in a vacuum. Two cross-sections are 
depicted. (a) The plane containing the propagation and polarization axes and (b) the plane 
perpendicular to the propagation axis. Labeled points 1 and 2 illustrate locations for 
Fig. 3.9. The figure is adapted from [3.66]. 
 

As a result of the enhanced electric field at the particle-glass interface, the 
conduction band electron (discussed above) can move away from the nanoparticle 
surface to approximately 10 nm. Electrons driven so far away from the nanoparticle 
have left the region of the strongest field enhancement, and will thus experience a 
weaker backward force due to the reversed field of the next half plasmon period, and 
may finally be trapped in the glass matrix. These numbers make plausible that under 
the specified conditions there is a non-negligible probability for emission of even 
'cold' electrons. Increase of the electric field in the vicinity of the nanoparticle could 
strongly suppress energy levels on the metal-dielectric junction and induce effective 
electron carrier flow from the surface of nanoparticle parallel to the laser 
polarisation. The anisotropy in this case is determined by anomalous distribution of 
the local electric field over nanosphere (Fig. 3.8). On the other hand, the electric field 
in the vicinity of the metal cluster could overcome a breakdown threshold of the 
glass resulting in the high density electron plasma formation and even ablation of the 
glass matrix on the poles of the nanosphere.  
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Figure 3.9. Comparison of extinction efficiency, surface-averaged E-field enhancement, and 
E-field enhancement for specific points for radius 30 Ag spheres in a vacuum. The two points 
chosen are point 1, along the polarization direction, and point 2, at a 45° angle relative to 
the polarization direction and in the x-z plane. The figure is adapted from [3.66]. 

 

 

 

Figure 3.10. Electric field enhancement factor vs wavelength for a prolate spheroid having a 
major axis of 200 nm and an aspect ratio of 2:1. The results include a T-matrix result (solid), 
Dipole-Dipole Aproximation (DDA) with rough surface (dotted), DDA with exact spheroid 
surface (dashed), and modified long wavelength approximation (MLWA) (dash–dot). The 
figure is adapted from [3.70]. 
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Further thermalization of the electrons with characteristic time of a few hundreds of 
femtoseconds obviously restricts the photoemission processes. However, in the case 
of strong excitation the energy of some electrons could be high enough to jump in the 
conduction band of the glass [3.71]. As it was shown above, the maximal electronic 
temperature after e-e scattering can be higher than 104 K. The electrons are 
thermalized to form a hot Fermi distribution (Fig. 3.11, the red solid curve). As it can 
be seen, the high energy tail of the high Te Fermi distribution exceeds the energy 
needed for nanoparticle electrons to penetrate into the glass conduction band (red 
area, >2.6 eV). Therefore, even in the time when the pulse is gone, there is a 
probability of ‘hot’ electron emission. As the directionality of the pulse is no more 
there, this thermal emission of electrons is isotropic. However, if the pulse is still 
present, these electrons can be driven by the electric field in direction of laser 
polarisation.  

As a result, irradiation of the silver nanoparticles embedded in glass by the strong 
laser pulses can lead to two different types of electron emission processes, which 
could be classified according to their nature of occurrence as 'pulse-enhanced' or 
'purely thermal'; the first being anisotropic and the second are isotropic. The isotropic 
purely thermal electron emissions start after the pulse has gone away and continue to 
happen as long as the electrons possess high temperatures (few ps). The pulse-
enhanced electron emission processes, on the other hand, comprise a ‘direct’ and a 
‘pulse-enhanced thermal’ electron emission component. The direct electron emission 
processes are the fastest that happen within the first few plasmon oscillation periods. 
The second component of the pulse-enhanced electron emissions is thermal in nature, 
owing to the increased electron temperatures along the plasmon oscillation 
directions. Therefore, at the end, when the emitted electrons will be trapped in the 
conduction band(s) of the glass, the pulse-enhanced ionisation will lead to a non-
homogenous electron concentration along the poles of the nanoparticle (along laser 
polarization), while the purely thermal electron emission homogeneously spreads the 
electrons in the surroundings of nanoparticle. In next chapter it will be shown that 
this anisotropic ionisation is one of the most important processes in the laser-induced 
nanoparticles shapes transformation.  
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Fig. 3.11. Changes in the Fermi distribution of the electronic system following an ultrashort 
laser pulse irradiation at an energy of 3.1 eV, which excites electrons below the Fermi level 
to high energies (represented by the arrows). The resulting hot electronic distribution is 
shown with the solid curve. 



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

 

 32 

3.5.3. Emission of ions (small clusters) from nanoparticle 

As one can expect, the ionisation of nanoparticles leads to a redistribution of the 
charges in NP-Glass system. The nanoparticle gets positively-charged (due to the 
emitted electrons) and hot over time (due to e-ph scattering, Chapter. 3.3 ). Therefore 
it becomes unstable electrically and thermally. So it is obvious that after a few 
picoseconds electric potential and thermal energy can overcome the binding energy 
of Ag ions, which are being emitted into the surrounding glass matrix [3.10, 3.72, 
3.73]. Experimentally, Podlipensky et al. [3.73] show by luminescence study the 
presence of Ag ions in the glass matrix emitted upon femtosecond laser irradiation. 
Additionally, by transmission electron microscopy (TEM) of the glasses with silver 
nanoparticles irradiated by fs laser pulses it was observed that this ion emission leads 
to partial dissolution of the nanoparticles, creating small Ag aggregates around the 
remaining nanoparticle [3.74, 3.75].  

The physical concept behind these ion emission processes is mainly the so called 
Coulomb explosion [3.72], which is a direct consequence of the nanoparticle 
charging. The repulsive Coulomb forces among the accumulated charges lead to the 
dissolution (destruction) of the nanoparticle. Even extreme cases of nanoparticle 
dissolution mechanisms were observed for nanoparticles in aqueous medium [3.8], 
where not only the ions but also some small fragments could leave the nanoparticle 
because of the soft surrounding. Nevertheless, independent of the way it happens, the 
total volume of the nanoparticle is reduced over time due to material ejections.  

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

In the following these isotropicaly emitted ions can meet the already trapped 
electrons (result of NPs ionisation) and annihilate (recombine) with them to the 
atoms (or small silver clusters), which are seen in the TEM images [3.74, 3.75]. 

The experimental observations and analysis regarding these electron and ion 
emission processes, and how they lead to the NP shape transformation will be 
presented and discussed in the following chapters. 
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Chapter 4. Experimental technique 

In the following sections the laser systems, samples, irradiation as well as 
spectroscopic techniques used in this work will be briefly discussed. 

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

The samples for experiments prepared as intermediate product for manufacturing of 
broadband polarizers were provided by CODIXX AG [4.1]. 

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

 

4.1. Preparation and characterization of glass samples containing 
silver nanoparticles 

In this work the nanocomposites with silver nanoparticles are studied. In turn, 
samples containing silver clusters were prepared by Ag-Na ion exchange method 
with following annealing in reduction atmosphere. Modification of ion exchange and 
reduction conditions (annealing time, temperature and etc.) strongly affects size and 
distribution of silver nanoparticles in the glass substrate.  

The samples were prepared from soda-lime float glass (72.5 SiO2, 14.4 Na2O, 0.7 
K2O, 6.1 CaO, 4.0 MgO, 1.5 Al2O3, 0.1 Fe2O3, 0.1 MnO, 0.4 SO3 in wt%) by Ag+-
Na+ ion exchange. For the ion exchange process glass substrate is placed in a mixed 
melt of AgNO3 and KNO3 at 400°C [4.2, 4.3]. The thickness of the glass substrate, 
time of the ion exchange process and weight concentration of AgNO3 in the melt 
determine the concentration and distribution of Ag+ ions in the glass. Following 
thermal annealing of the ion exchanged glass in H2 reduction atmosphere, typically at 
400-450°C, results in the formation of spherical silver NPs [4.2]. As could be 
expected, size and distribution of Ag nanoparticles in the depth of the glass sample 
depend strongly on temperature and time of Na-Ag ion exchange as well as on the 
annealing time. In our case, the spherical Ag nanoparticles of 30-40 nm mean 
diameter [Fig. 4.1(a)] are distributed in a thin surface layer of approximately 6 µm 
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thickness (total thickness of glass plate 1 mm). The fill factor f of Ag NPs is defined 
as volume of the inclusions per unit volume of the composite material (f=VAg/Vtotal).  

 

 

Figure 4.1. (a) TEM picture of typical spherical silver nanoparticles in nanocomposite glass. 
(b) SEM picture of the cross section of glass sample containing spherical silver 
nanoparticles (Ag particles are reproduced as white spots). The gradient of the volume 
filling factor of Ag nanoparticles is shown in superimposition (The x-axis was adjusted to the 
length scale of the picture). 

 

Figure 4.1(b) shows the SEM picture of the cross section of the sample, where silver 
particles are reproduced as white spots. To obtain an information about the 
distribution of silver NPs in the depth of the glass, surface layers of various 
thicknesses from the sample were removed by etching in 12% HF acid for different 
retention times. After this procedure SEM images were recorded for all etched 
surfaces [examples given in Fig. 4.2(a), increasing etching time from (i) to (iv)], as 
well as optical transmission spectra [see Fig. 4.2(b)]. The area fraction of silver 
derived from the SEM pictures was then converted to a volume fill factor assuming a 
typical electron penetration depth of 500 nm. The result is given as superimposed 
curve in Fig. 4.1(b), showing the highest silver content of f = 0.028 directly below 
the glass surface. Within a few micrometers the fill factor then decreases strongly 
with increasing distance from the surface.  

Figure 4.2(b) depicts the corresponding transmission spectra with the same lettering 
as in Fig. 4.2(a). However, it should be noticed that the optical spectra integrate over 
the whole particle-containing layer. Thus, for the original sample the absorption 
around SP resonance is very high, discouraging any detailed analysis of the spectral 
band shape. The same holds for absorption after the shortest etching time 
[Fig. 4.2(a), curve (i)]; however at least, one can estimate for this case an extinction 
peak wavelength in the range of 420-440 nm. Further etching of the sample results in 
fading of the absorption band caused by the decrease of thickness of the silver-
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containing layer. Additionally, spectrum (i) indicates that the upper most metal-rich 
layers are responsible for a shift of the red wing of the SP band towards longer 
wavelengths.  

 

 

Fig. 4.2. (a) SEM pictures of etched samples with Ag nanoparticles (volume fill factor: i – 
0.01; ii – 0.006; iii – 0.004; iv – 0.001). (b) Extinction spectra of samples with spherical 
silver nanoparticles after different time of etching in 12% HF acid. Lettering of the spectra 
is according to the SEM pictures shown in Fig. 4.2(a). The samples with lower fill factor 
have higher transmission.  

 

For samples etched for longer times resulting in maximum residual filling factor of 
less than 0.004, the evolution of the spectra with etching time is shown in more detail 
in the inset of Fig. 4.2(b). It is seen that decrease of fill factor (longer time of 
etching) leads to a slight shift of the SP band maxima to shorter wavelengths. This is 
well compatible with the Maxwell–Garnett theory (Chapter 2.2), which predicts a 
red-shift of the SP band for the samples with higher fill factors [4.4, 4.5, 4.6].  

It should be mentioned here that for the study of photomodification shape 
transformation of single nanoparticles presented in the Chapter 5 the etched samples 
with the fill factor of 10-3 were used. However, the experiments presented in Chapter 
6 were performed on the samples with high filling factor (f~0.01). 

 

4.2. Laser systems used for nanoparticles’ shape transformation 

The experiments presented in this work were mainly carried out using a commercial 
system of mode-locked Ti-sapphire laser with regenerative amplification produced 
by “Spectra Physics”. The laser system is schematically shown in Fig. 4.3. The main 
part of the system consists of the mode-locked Ti:sapphire oscillator “Tsunami” 
pumped by 5W cw diode-pumped Nd:YVO4 laser with intercavity doubling at 
532 nm. The Ti:Sa has been known as an active media since 80th when Moulton 
demonstrated for the first time the pulse [4.7, 4.8] and cw laser generation [4.9].  
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The broad amplification band [4.10] allows to achieve in mode-locked operation, 
pulses as short as ~5 fs [4.11, 4.12, 4.13, 4.14, 4.15] that makes Ti:Sa lasers the most 
common and commercially available tunable solid-state lasers. In this work, mode-
locked Ti:sapphire laser with pulse duration of 80 fs and energy of up to 12 nJ, 
repetition rate of 82 MHz, tuning range of 720-840 nm was used. The tuning range 
was only restricted due to set of selective dielectric mirrors used in the laser cavity. 

In order to increase the pulse energy from oscillator up to 1 mJ the regenerative 
amplifier “Spitfire”  was used. The working principle of the amplifier is based on 
chirped pulse amplification [4.16]. The regenerative amplifier consists of three parts: 
namely the stretcher, the amplifier and the compressor. First of all, the seed pulses 
from the oscillator are stretched in time to ensure a safe amplification process. In 
other words, the stretching of the pulses decreases the peak pulse intensity and 
prevents a damage of the laser crystal. Then, these pulses are amplified in the 
amplifier cavity. An intense pump pulse produces the high population inversion in 
the laser crystal. Then a seed pulse coming in the system stimulates the electron 
transitions from the upper laser level, takes off the population inversion and induces 
stimulated emission. Therefore, whole energy emerged by electron transitions is 
deposited in the seed pulse. In “Spitfire” in order to enhance the amplification 
efficiency the seed pulse makes approximately 20 passes through the Ti:sapphire 
crystal placed in the cavity. In turn, the “Spitfire” was pumped at 527 nm by 
Q-switched Nd:YLF intercavity doubled laser with pulse energy of 10 mJ, pulse 
width about of 200 ns and repetition rate 1 kHz. After amplification pulse is 
compressed again. Stretching and compression were performed using a system of 
two gratings and mirrors. Such technique allows to obtain pulses with duration of 
about 150 fs, energy up to 1 mJ (peak power ~6 GW) and pulse repetition rate of 1 
kHz.  
 

 

 

Fig. 4.3. The scheme of the main laser system used in this work. SHG – Second Harmonic 
Generation; OPA – Optical Parametric Amplifier, namely - Travelling-wave Optical 
Parametric Amplifier of Superfluorescence (TOPAS); SF – Sum Frequencies Generation; 
NOPA – Noncollinear Optical Parametric Amplifier. 
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Using the nonlinear frequency conversion of intense laser pulses derived from 
Ti:sapphire system the radiation with wavelengths in the spectral range from UV to 
IR can be achieved.  

First, using second harmonic generation (SHG) in Type-I Beta Barium Borate 
(BBO) crystal with 0.5 mm thickness the high energy infrared pulses (centered at 
λ = 800 nm with ∆λ ~ 20 nm) were transformed to the pulses with wavelengths of 
380-420 nm and pulse duration of 150 fs.  

On other hand, using optical parametric generation [as an example 4.17] in BBO 
crystal [Travelling-wave Optical Parametric Amplifier of Superfluorescence 
(TOPAS)] by pumping with pulses at 800 nm from Ti:sapphire system the radiation 
in the spectral range 1.2-1.6 nm (signal) and 1.6-2.4 nm (idler) was obtained. 
Following summation of the signal and fundamental (800 nm) frequencies in BBO 
Type-II crystal allowed to produce the 150 fs pulses tunable in 490-560 nm spectral 
range.  

Additionally, to obtain the pulses in the visible spectral rage (470-700 nm) with the 
shorter pulse duration (around 30 fs), the Noncollinear Optical Parametric Amplifier 
(NOPA) [4.18] was used. 

For experiments related to the study of the influence of laser repetition rate on the NP 
shape transformation, the second harmonic of an Yb:KGW laser (“Pharos”) 
operating at 1030 nm and generating 300 fs pulses with the repetition frequency of 
50-350 kHz was used. 

As a result, the usage of above described systems gave the possibility to excite the 
nanoparticles embedded in glass by the strong fs pulses in a broad spectral range. 

To characterize the pulses, a “home-made” Self Diffraction FROG system [basic 
theory of FROG can be found in Ref. 4.19, 4.20, 4.21] was used. As an example, 
Fig. 4.4. shows the SD-FROG traces measured from NOPA. 
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Fig. 4.4. SD-FROG traces of the pulses from NOPA: a) uncompressed pulses at λ = 535 nm 
(pulse duration τ=150 fs); b) compressed pulses at λ = 528 nm (τ=33 fs). 
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4.3. Irradiation technique 

To investigate the laser-induced modifications of Ag nanoparticles embedded in 
soda-lime glass the laser beam was focused by the lens or objective on the sample 
placed on the X-Y translation stage driven by computer. The focus of the lens, beam 
width, writing density (actually pulse number per spot area), as well as wavelength 
and intensity of the laser pulses have been chosen according to the goals of the 
experiments. The irradiation was performed in two different modes that allowed to 
obtained small (few hundred µm), separate, single spots on the sample with modified 
NPs (Fig. 4.5, top-left), as well as the big areas (few mm) which can be seen in 
Fig. 4.5, top-right. In the first case, X-Y translation stage is not used during 
irradiation, while to get the big areas, the sample has to be continuously moved as it 
is shown in Fig. 4.5 (bottom part), so that the squares are written line by line. The 
vertical distance between horizontal lines have to be chosen so that the lines are 
overlapped making the square areas homogeneously modified. In such mode, the 
velocity of the translation stage defines the number of applied pulses. The high 
velocity results in almost isolated spots (Fig. 4.5, SS), while slower sample 
movement leads to an overlap of the pulses in space (Fig. 4.5, MS). 

 

 
Fig. 4.5. (top) – irradiated by fs laser spots (left), fields (right) on the sample containing Ag 
nanoparticles; (bottom) – the schemes of the fields irradiation. 

 

4.4. Temperature dependent irradiation 

To study the effect of temperature on the laser-induced nanoparticles shape 
transformation, an experiment with pre-heating/cooling of the sample was employed. 
For this investigation the sample was placed in the vacuum chamber with a heat-sink 
which can be electrically heated. Cooling of the sample was possible by help of 
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liquid nitrogen. The temperature T was controlled by a thermocouple connected to 
the heat-sink; and was varied between -100 and +200°C. The vacuum chamber was 
mounted on a motorized X-Y translation stage and, as it was described above, moved 
continuously so that square areas of 1.5×1.5 mm2 size were written line by line. 

 

4.5. Spectroscopic technique  

As it was mentioned above and will be shown in the next chapters, irradiation of 
glass samples containing Ag nanoparticles by fs laser pulses leads to the 
modifications of the NPs shape as well as surrounding matrix. These permanent laser 
induced modifications result in changes of spectral properties of the composite glass 
with silver nanoparticles. Thus, analyzing the obtained optical spectra, it is possible 
to characterize the transformations occurring in the sample. 

In this work, the transmission spectra measurements were done using several 
spectrometers (setups). Two beams transmission spectrometer Shimadzu UV-3100 
operating in spectral range of 200-1500 nm was used to measure the transmission 
spectra from the sample area with size more than 1x1 mm2. To polarize the light in 
spectrometer and thereby measure the polarized transmission spectra, a Glan prisms 
placed in the spectrometer were employed. In turn, the investigation of the optical 
changes for smaller areas was done by MSP 400 microscope spectrometer. This 
spectrometer allows to measure the spectra with 1 µm spatial resolution.  

 

4.6. Technique used for investigation of intensity dependence 

To study intensity dependences of Ag nanoparticle shape transformation a setup for 
position resolved transmission spectra measurements (which was proposed by 
A. Podlipensky [4.22]) has been built [Fig. 4.6 (a)]. In this experiment, the sample 
was irradiated by the laser beam, which was focused in a single spot of the size of 
~200 µm. By help of the measured, approximately Gaussian intensity distribution of 
the laser beam, any position within an irradiated spot can be rescaled to the intensity 
applied in that place. The principle is shown in Fig. 4.6(b), giving on the left-hand 
side a projection of the spectrometer entrance slit (rectangle) on the modified spot. 
Lenses L2 and L3 were chosen so, that the slit width of 100 µm was small compared 
to the size of the (enlarged) spot image, and spectral changes in horizontal direction 
within the slit are negligible. Since wavelength dispersion is done in the horizontal 
plane, the (vertical) position in the slit can thus be correlated to the laser beam 
intensity in the same position [right-hand side of Fig. 4.6(b)]. Recording the 
transmitted light with a CCD camera in the focal plane of the polychromator, 
intensity-dependent spectra are obtained simultaneously. The spectrometer (ISP) was 
a Jobin Yvon imaging spectrograph CP140 coupled with a CCD (TE/CCD-1024-
EM/EEV30-11/UV from Roper Scientific). The modified areas on the sample were 
illuminated by a broadband light source (LS). In order to measure polarized 
transmission spectra, a polarizing prism P was used. Fig. 4.7 shows an example of 
the images obtained on CCD for different polarizations. In order to calibrate the 
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image in real sizes the micro scale with scaling factor of 50 µm was employed. For 
the wavelength calibration of the spectrometer a Hg-Cd spectral lamp was used.  

 

 

 

 

Fig. 4.6. (a) The scheme of the setup for the measurements of spatially resolved transmission 
spectra. LS – light source, L1, L2, L3 – lenses, S – sample, P – polarizer, ISP – imaging 
spectrometer; (b) Enlarged image of modified area and Gaussian intensity profile of the 
laser beam. 

 

 
 

Fig. 4.7. Position (intensity) resolved polarized transmission spectra of silver nanoparticles 
embedded in glass, which where irradiated by fs laser pulses. 
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4.7. Technique used for optical determination of NPs shape 

To determine 3D shape of nanoparticles one can think that the simplest way is just to 
look on this NP from all three directions by the eyes [for nanoscale it is of course 
possible using transmission electron microscopy (TEM)]. However, for the samples 
used in this work the preparation for TEM is very complicated and the side view 
TEM is almost impossible, because the sample has only 2 µm thick layer containing 
nanoparticles from the edge. On the other hand, the solution can be found through 
the usage of the optical transmission spectra measured from all directions. As it was 
discussed in Chapter 2.1, the optical properties of nanocomposites with metallic 
nanoparticles depend on the shape of the latter. It was shown that if the nanoparticles 
have non-spherical shape, then an optical dichroism appears. Moreover, if the NPs 
have a spheroidal shape, the spectral gap between polarized extinction spectra is 
strongly correlated with the aspect ratio of these spheroids. Therefore, carefully 
analysing the optical transmission spectra measured from three directions, it is 
possible to determine the shape of nanoparticles.  

In this work, in order to determine the 3D shape of nanoparticles after irradiation by 
fs laser pulses the following procedure was used: The laser beam was propagated in 
z-direction [Fig. 4.8(a)], and focused on the sample with a spot size of about 200 µm. 
Moving the sample continuously on a motorized X-Y translation stage (as it was 
described in Section 4.3), 3×3 mm2 areas were written line by line. For the linear 
polarized pulses two squares with identical irradiation parameters, but different laser 
polarization Lx and Ly (along x and y axes) were produced. 

 

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

 

Then, optical transmission spectra of all irradiated areas were recorded twice, namely 
with probe light in the direction of the fs laser beam and perpendicular to it. For the 
later case a thin slice (thickness ≈ 20µm) was cut from the sample, as sketched in 
Fig. 4.8(b), and polished. The spectra were measured with a MSP 400 microscope 
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spectrometer. The geometry, polarization directions of laser irradiation and recording 
of transmission spectra will be described later by a notation referring to the 
coordinate system given in Fig. 4.8. As the ultrashort laser pulses were always 
propagated in z-direction, we need only one subscript to specify the (linear) laser 
polarization by Lx or Ly, respectively. The optical spectroscopy is described by a two 
index notation where the subscript defines the polarization direction and the 
superscript the propagation direction of the probe light. For instance, Sz

y  means y-

polarized probe light propagating in z-direction. Over all, by irradiating pairs of areas 
with orthogonal polarization (Lx and Ly), we gain access to 3 orthogonal projections 
of the transformed particles, which allows the complete 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 of numerous solids can readily be 
modified by making use of vastly different laser sources. In this context irradiation of 
dielectrics containing metallic nanoparticles (NPs) by pulsed lasers has opened up a 
promising route towards designing nanocomposite materials with special properties 
tailored for various applications [5.1, 5.2, 5.3]. The optical properties of such 
materials are determined by the surface plasmon (SP) resonance of the metal clusters. 
For a given application, these SP resonances can be tuned within a wide spectral 
range from visible to near infrared, by correct choice of electronic properties of metal 
clusters and dielectric matrix. Furthermore, the SP band also strongly depends on 
size, shape, concentration and distribution of the nanoparticles [5.4, 5.5]. Thus, the 
laser-induced techniques to modify size, shape and arrangement of the metal clusters 
[5.6, 5.7, 5.8, 5.9, 5.10, 5.11, 5.12, 5.13, 5.14] provide a very powerful and flexible 
tool to control and optimize the linear and nonlinear optical properties of 
metallodielectric composites. 

Recently, it was discovered that a permanent transformation of initially spherical 
metal nanoparticles embedded in soda-lime glass into ellipsoidal (or more general, 
non-spherical) shapes can be made by irradiation with intense fs laser pulses near to 
the SP resonance [5.10 - 5.14]. Moreover, the dichroism in the spectra was strongly 
connected to the laser polarisation and inversely changed by irradiation in “single-
short” and “multi-short” regimes [5.14]. However, the mechanism responsible for the 
anisotropic shape transformations of the spherical Ag nanoparticles seems to be very 
complicated and still needs detailed investigations.  

In this chapter the attention will be focused on the study of processes arising by 
interactions of intense fs laser pulses with spherical Ag nanoparticles in soda-lime 
glass and leading to anisotropic shape transformation of the last ones. First, the 3D 
shape of nanoparticles after laser-induced transformation will be optically analysed. 
The experimental results presented in this chapter also include the studies of 
polarization and intensity dependences of laser induced shape transformations of the 
silver nanoparticles, effect of the excitation wavelength, writing density and the 
temperature on the laser induced dichroism. Limiting factors of laser-induced NPs 
shape modification, as well as a technique of irradiation, which prevents the 
destruction of nanoparticles and leads to increase of the NPs elongation will be 
discussed too. 
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5.1 Influence of the laser polarization, pulse intensity and number of 
pulses applied on nanoparticles’ shape 

As it was mentioned above, the former investigations performed by M. Kaempfe, 
A. Podlipensky et al. [5.10-5.14] demonstrate a dichroism in composite glass with 
initially spherical Ag nanoparticles induced by irradiation with intense, linearly 
polarized fs laser pulses at wavelengths near to the SP resonance. Moreover, single-
shot (high intensity) and multi-shot (low intensity) irradiations resulted in an 
inversion of the dichroism in extinction spectra. However, after irradiation of NPs by 
the pulses with circular polarization, no dichroism was observed [5.11].  

To understand the reason of this dichroism inversion (and absence), first in this 
section, the shapes of laser-transformed nanoparticles will be investigated for each 
type of irradiation.  

In the second subsection, effect of the laser pulse intensity, pulse writing density on 
the laser-induced dichroism (NPs shape modification) in soda-lime glass containing 
spherical Ag nanoparticles will be consider. The results presented there will help in 
understanding comprehensive picture of the physical processes behind the laser-
induced shape transformation. In particular, the following questions will be 
answered: (i) Is there a single pulse intensity threshold for deformation, or can lower 
intensity be compensated by irradiating more pulses? (ii) At which intensity / number 
of pulses applied does the transition from prolate to oblate shape occur, and which 
particle shapes are produced there? (iii) What happens with the particles going to 
very high irradiation intensity and / or large number of pulses applied to one spot?  

 

5.1.1. Optical 3D shape analysis of nanoparticles after laser induced 
deformation 

The method used for nanoparticles 3D shape determination was described in details 
in Chapter 4.7. The geometries of irradiation and transmission spectra measurements 
are assigned by the L and S notations, respectively; (Sz

y  means y-polarized probe 

light propagating in z-direction). 

 

Shape of nanoparticles after irradiation by linearly polarized pulses 

As it was mentioned above, an ultra-short laser pulses can transform initially 
spherical silver nanoparticles embedded in soda-lime glass into non-spherical shape. 
Macroscopically, this effect is observed as optical dichroism. The principal axes of 
this dichroism depend on the laser polarization and on the irradiation conditions: 
using a series of pulses of relatively low intensity (only slightly above threshold for 
shape transformation), a red-shifted SP band is observed with light polarized parallel 
to the fs laser [Fig. 5.1(b)], whereas for single laser shots at higher intensity the 
dichroism is reversed [Fig. 5.1(a)]. This observation corresponds well to the particle 
shapes found by TEM. As shown in Fig. 5.1(c-d), we find elliptical central particles 
(surrounded by a more or less pronounced halo of small particles) oriented with their 
major axis along the laser polarization at lower intensity [Fig. 5.1(d)], and orthogonal 
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to it at higher intensity [Fig. 5.1(c)]. Both optical spectra and TEM images, however, 
do only give information about a projection of the particle shapes in a plane 
orthogonal to the observation direction. So the real shapes of transformed particles in 
3D space could be either prolate or oblate spheroids, or even other shapes without an 
axis of symmetry are possible. 

 
 

Fig. 5.1. Polarized extinction spectra of original and irradiated samples, and TEM images of 
deformed nanoparticles: a) single shot regime, Ip = 3 TW/cm2; b) multi-shot regime 
(1000 pulses per spot), peak pulse intensity Ip = 0.6 TW/cm2; c) TEM image of nanoparticle 
irradiated in single-shot regime; d) TEM image of nanoparticle irradiated in multi-shot 
regime. 

 

To determine the 3D shape one has to compare the optical transmission spectra 
measured from all three directions. We start the discussion by comparing pairs of 
spectra Sz obtained normal to the original surface. The transmission spectra, being 
similar to ones shown in Fig. 5.1(a-b), are given for multi-shot (left-hand side of 
Fig. 5.2) or single-shot regime (right-hand side of Fig. 5.2). As expected, spectra 
referring to the same irradiation conditions are almost identical, except for the 
reversed dichroism (e.g. z

yy
z
xx SLSL =  and z

xy
z
yx SLSL = ). The explanation for the 

dichroism is the anisotropic shape of the silver clusters: as the projection in the x-y 
plane is approximately an ellipse [Fig. 5.1(c-d)], the spectral separation of the 
observed SP resonances is correlated with the aspect ratio of the particles, the 
stronger red-shifted band being associated with the major axis [5.15]. So it is obvious 
that, qualitatively, nanoparticles irradiated in multi-shot mode are more elongated 
than in the single-shot regime.  
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Fig. 5.2. Polarized extinction spectra Sz. The projection of nanoparticles shape on x-y plane 
is schematically shown in inset.  

 

A detailed discussion about the shape of the particles is possible by looking at the 
third axis. The corresponding spectra Sx are given in Fig. 5.3. Again the pairs of areas 
irradiated with different laser polarization Lx or Ly are given on the left (right)-hand 
side for multi- and single-shot regime, respectively. As the spectra in Fig. 5.2(a) and 
Fig.  5.3(a) are almost identical, and in Fig. 5.3(b) no dichroism is seen ( x

z
x
y SS ≈ ), it is 

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

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

If one assumes that the volume of nanoparticles remains constant during shape 
change, then after transformation into oblate or prolate spheroids the minor axis 
should be smaller than the radius of initially spherical particles. Theoretical 
calculations for spheroids [5.15, 5.16] show that in this case the extinction band 
corresponding to the short axis is blue-shifted with respect to the SP band of 
spherical particles (peaked at 418 nm). The spectra in Fig. 5.2(a) and 5.2(b) (multi-
shot mode) match this expectation, at least qualitatively. In the single-shot regime, 
however, even the SP band of the minor axis is red-shifted with respect to the SP 
band of the initially spherical particles [Figs. 5.2(c) and 5.2(d)]. This discrepancy can 
be solved by dropping the assumption of volume conservation: as Fig. 5.1(c, d) 
clearly shows, a halo of small silver particles surrounds the particle after shape 
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change [5.12]. Luminescence studies proved that also Ag ions are in the vicinity of 
the particles [5.17]. Thus, the halo can modify the dielectric constant of the particles’ 
surroundings, which will in general change the SP resonances. In particular, an 
increase of the host dielectric constant (which is expected for Ag ions) results in a 
red-shift of the SP resonance band. 

 
 

Fig. 5.3. Polarized extinction spectra Sx. 

 

We have thus tried to predict the spectral positions of the SP bands observed in our 
experiments by theoretical calculations based on the Modified Long Wavelength 
Approximation (MLWA) [5.15], where we varied the dielectric constant ε of the 
glass and the aspect ratio a/c of the particles. To account for the loss of silver atoms 
needed for halo formation, we also included a variable volume reduction ∆V. Within 
the MLWA we could match the experimentally observed SP band positions by using 
the following parameters: (i) ε = 2.7, a/c  = 1.8, ∆V = 6% in multi-shot mode, and 
(ii) ε = 3.0, a/c  = 1.1, ∆V = 10% in single-shot mode. The relevance of these best fit 
parameters is limited, because it is unknown if Ag ions or the small halo clusters 
dominate the refractive index change; in the latter case strong dispersion (not 
accounted for in the calculations) would have to be considered. Nonetheless, several 
interesting qualitative conclusions can be drawn: First, the calculations clearly 
indicate that the red-shift of both the z

xS  and z
yS  spectra in the single-shot irradiation 

mode can be ascribed mainly to the refractive index increase of the particle 
surroundings due to the halo. Second, the relative trend of larger volume loss and 
larger refractive index increase in single-shot mode is compatible with Fig. 5.1(c, d); 
and it is reasonable that the higher irradiation intensity in single-shot mode ejects 
more material in the glass matrix. Finally, also the trend of aspect ratios reflects the 
results of TEM studies at least qualitatively. For more details the size distribution 
would have to be included in the calculation.  
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Fig. 5.4. The scheme of deformed nanoparticles shapes. 

 

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

 

Shape of nanoparticles after irradiation by circularly polarized pulses 

Previous experiments (done by M. Kaempfe et al.) using circularly polarized pulses 
for irradiation of silver nanoparticles in glass show no dichroism in the optical 
spectra measured with light propagating in the same direction as the laser pulses (i.e., 
along the surface normal) [5.11]. Also transmission electron microscopy images 
measured in a plane perpendicular to the laser do not give any hint to anisotropy of 
the NP shapes. As the examples presented in Fig. 5.5 show, the nanoparticles stay 
approximately spherical after irradiation, but have the characteristic halo of small 
silver clusters (particles) being a typical concomitant phenomenon of fs laser induced 
NP shape transformation.  

Comparing Figs. 5.5(a) and (b) one gets the impression that the particle radius after 
shape change has increased. This could be explained by the assumption of a 
flattened, oblate NP; of course the TEM images alone discourage this conclusion, 
since they stem from different locations on the sample (different NPs).  

Fig. 5.6(a) shows the extinction spectra Sz
x  and Sz

y  from a sample irradiated by 

circular polarized pulses and measured normal to the original surface. It is seen that 
both spectra are nearly identical. The broad SP bands are centered at around 460 nm. 
The obtained results are comparable to those published earlier [5.11], where no 
dichroism was observed. At that time, the red shift of the bands was supposed to be a 
result of halo (very small silver particles and ions in surrounding of the main 
nanoparticle) formation only, while the main particles were believed to stay 
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spherical. If this were true the whole spectral change would have to be attributed to 
changes of host (glass) dielectric constant. Although it is known, in principle, that an 
increase of the glass dielectric constant leads to a red-shift of the SP bands [5.4, 5.5], 
such strong effects as observed in Fig. 5.6(a) would require much larger changes 
(ε ~ 4) than have been concluded in previous subsection for nanoparticles irradiated 
by linearly polarized pulses. 

 
 

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

 

An alternative explanation for the red-shifted SP band is the assumption that, roughly 
spoken, flattened disks are produced upon fs laser irradiation. It is well-known, both 
from Mie theory [5.16] and experiments on supported NPs on surfaces [5.6] that 
oblate spheroids show red-shifted (blue-shifted) SP bands for polarization along the 
major (minor) axes, compared to the SP band of spheres with the same volume. In 
our case, the long axes of the spheroid should lie within the x-y plane, and the short 
axis in z-direction, to be compatible with TEM results (Fig. 5.5) and the spectra of 
Fig. 5.6(a). Then, in y-z (and/or x-z) plane dichroism should be seen. Moreover, the 
SP band corresponding to the minor axis then must be expected to be blue-shifted 
with respect to the SP band of the spherical particles (peaked at 413 nm), while the 
absorption band connected with the major axis should be similar to those measured 
in x-y plane [5.15, 5.16].  

The polarized extinction spectra Sx
y  and Sx

z , given in Fig. 5.6(b), prove all these 

predictions. It can be seen that the position and the shape of the Sx
y  spectrum 

measured 0.5 µm from the surface (short-dashed, blue line) are very similar to the Sz
y  

spectrum, while the Sx
z  band has a peak around 370 nm. The Sz

y  spectrum integrates 

over the whole layer, while Sx
y  only refers to a slice located at some distance below 

the surface. This is the reason for the slight difference. The xS  spectra measured 
further away from the surface [Fig. 5.6(b) dashed and solid lines] show, on average, 
smaller shifts of both SP bands with respect to the original one. It can be explained 
by the fact that on its way through the NP layer, the laser pulses intensity is 
diminished, leading to different degrees of shape transformation in different depths. 
Furthermore, also size and concentration of the NPs are not constant across the 
particle-containing layer due to the process of Ag nanoparticle preparation. This may 
also contribute to the depth variation of the spectra shown in Fig. 5.6(b). We have 
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also measured the spectra in y-direction and found that they match the xS ones very 
well. This proves the rotational symmetry of the NPs after shape transformation.  

 
 

Fig. 5.6. Polarized extinction spectra Sz and Sx. Inset: Representation of nanoparticles’ 
shape after transformation. 

 

Over all, our results provide strong evidence that silver nanoparticles have been 
transformed to oblate spheroids with their symmetry axes parallel to the propagation 
direction of circularly polarized fs laser pulses [inset of Fig. 5.6(b)]. Using Mie 
theory for spheroids [5.16] we have estimated the aspect ratio of shape-transformed 
particles, and found that it varies from 1.6 to 1.9 within the depth of the NPs 
containing layer.  

All these findings, as it will be shown later, strongly support the assumption that the 
photoionization of NPs by directional electron emission along the electric field 
vector of the laser light is the one of the most important processes in laser-induced 
shape transformation of metal nanoparticles in glass. 

 

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

For measurements of the intensity dependences we used a technique of space 
resolved transmission spectra described in details in the Chapter 4.6. In combination 
with laser beam profile measurements the space resolved spectra were correlated 
with local laser pulse intensities (see Chapter 4.6). 

We have produced various dichroic areas on the sample by irradiating different 
numbers of laser pulses (ranging from 1 to 5000) to the same spot. The huge number 
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of spectra resulting from the described analysis can only be shown here in a 
parametrized form (see below). Nonetheless, to demonstrate the quality of the spectra 
and explain the parametrization, a few examples are shown in Fig. 5.7. Figs. 5.7(a, c) 
represent the case of multi-shot, Figs. 5.7(b, d) that of single shot irradiation. In 
general, the original SPR band peaked at λ = 413 nm splits into two polarization 
dependent bands upon irradiation, but with significant dependence on peak pulse 
intensity and number of pulses applied. Fig. 5.7(a) shows multi-shot irradiation 
(1000 pulses at 0.6 TW/cm2), which produces bands on different sides of the original 
SPR band: for polarization parallel to that of the laser (p-polarized, blue line), the 
peak position is shifted to longer wavelengths, while for perpendicular polarization 
(s-polarized, red line) the band is observed at a shorter wavelength.  

 
 

Fig. 5.7. Polarized extinction spectra of original and irradiated samples: a) multi-shot 
regime (1000 pulses per spot), peak pulse intensity Ip = 0.6 TW/cm2; b) single shot regime, 
Ip = 3 TW/cm2; c) multi-shot (5000 pulses per spot), Ip = 1.2 TW/cm2; d) single shot, 
Ip = 3.5 TW/cm2. 

 

This can be explained on the nanoscale by prolate silver spheroids with their 
symmetry axes oriented along the laser polarization (see previous section) [inset in 
Fig. 5.7(a)]. In the single-shot case [Fig. 5.7(b), referring to 3 TW/cm2], the 
s-polarized band has a larger red-shift than the p-polarized band. Additionally, both 
bands are red-shifted in this case. These spectra are due to oblate Ag particles [inset 
in Fig. 2(b)], again with their symmetry axes oriented along the (horizontal) laser 
polarization [5.18]. At even higher intensities and, in particular, in the multi-shot 
regime, the spectral shifts are becoming smaller and the band integrals decrease. 
These effects, which are obviously indicating – at least partial – destruction of the 
silver nanoparticles, are most clearly seen in Fig. 5.7(c) (representing 5000 pulses at 
1.2 TW/cm2), but tentatively also in the single-shot regime [Fig. 5.7(d), 
3.5 TW/cm2]. 
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In general, the examples of Fig. 5.7 show clearly that the laser-induced shape 
transformations of Ag nanoparticles and the observable spectral parameters 
connected with it (orientation of dichroism, peak position and integrated extinction 
of the SPR bands) are strongly depending on the peak pulse intensity and the number 
of pulses irradiated to one spot. In order to elucidate the key parameters for the 
obviously different reshaping mechanisms, we have determined the SP peak central 
wavelengths as a function of local intensity from various spots irradiated with 
different number of laser pulses. 

These results, a selection of which is presented in parametrized form in Fig. 5.8, 
show that laser-induced spectral changes start at intensities of 0.2-0.3 TW/cm2. For 
single-shot irradiation [Fig. 5.8(a)], increase of pulse intensity above this threshold 
leads to shift of both SP bands towards longer wavelengths. First, in the region of 
~0.32 TW/cm2 one observes a rather weak dichroism, where the p-polarized SP band 
has the stronger red-sift. At approximately 2 TW/cm2 the extinction is becoming 
isotropic again, seen as crossing of the curves for s- and p-polarization at λ = 427 nm. 
Above 2 TW/cm2 a reversed dichroism is observed, i.e. the s-polarization band is 
now more red-shifted than the p-band. The maximum spectral gap between p- and s-
polarized SP bands (peaks at 430 nm and 450 nm, respectively) is found at 
~3.2 TW/cm2. At still higher intensity beyond 3.2 TW/cm2 (not shown on the 
Fig. 5.8) the SP bands move back toward shorter wavelengths, and the integrated 
band extinction decreases, indicating (partial) destruction of the silver nanoparticles. 

Irradiating 25 pulses to one spot [Fig. 5.8(b)] we find in general a similar peak pulse 
intensity dependence of the induced dichroism with the two characteristic intensity 
ranges. There are, however, some important differences compared to the single-shot 
case: (i) the dichroism (spectral spacing between the polarization dependent bands) is 
much larger in the low intensity range (below 2 TW/cm2); (ii) between 0.3 and 
1.3 TW/cm2 the s-polarized SP band is blue-shifted relative to the original SP peak at 
413 nm; (iii) the region of reversed dichroism has shrunk considerably, because 
already from ~2.3 TW/cm2 on bleaching of the extinction (particle destruction) starts. 
In such cases the analysis of the SP peak central wavelengths was halted (grey 
regions in Fig. 5.8). 

If the number of pulses irradiated to one spot is further increased one observes that 
the maximum dichroism grows and is reached at lower peak pulse intensity 
[Figs. 5.8(c-f); note the scales change from Fig. 5.8(c) to 5.8(d)]. The crossing point 
of the curves for the p- and s-band, however, remains approximately constant around 
2 TW/cm2, while the region of beginning particle destruction comes down to lower 
intensity step by step to finally ~0.7 TW/cm2 at 5000 pulses per spot [Fig. 5.8(f)]. 
Thus, for 100 or more pulses per spot we can only observe the low intensity region of 
spectral changes with the corresponding dichroism, because following increase of 
intensity leads to destruction of nanoparticles and results in a bleaching of SP bands. 
The maximum dichroism recognized in our experiments was found in the case of 
5000 pulses, where, at the pulse intensity of 0.65 TW/cm2, the p- and s-bands are 
peaked at 525 nm and 390 nm, respectively. It should be mentioned here that even 
more than 5000 pulses per spot do not increase the induced dichroism further. 
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Fig. 5.8. Dependences of the SP maximum in polarized extinction spectra of soda-lime glass 
with spherical Ag nanoparticles on laser pulse intensity by irradiation at 400 nm. Red circles 
– s-polarization, blue squares – p-polarization, light gray area – region of the SP bleaching. 

 

As was shown previously and also in ref. 5.10, 5.11, 5.12, 5.13, 5.17, the principal 
persistent modifications induced by fs laser pulses do not only comprise the 
transformation of nanoparticle shapes, but also the generation of a surrounding 
region of small Ag particles (‘halo’). While the first effect explains the splitting of 
the SP band (dichroism), the second one causes, in a first approximation, a modified 
matrix refractive index which may lead to isotropic spectral shift of the SP bands 
[5.18]. In this work we have observed both band splitting and spectral shifts as a 
function of both peak intensity of the fs laser pulses and irradiation density (number 
of pulses per spot). The first important result was that, independent of the number of 
pulses applied, there exist two special intensities I1 ≈ 0.2 TW/cm2 and 
I2 ≈ 2 TW/cm2. For intensities I < I 1 there is no spectral change at all, and at I = I 2 
only spectral shift of the SP band to long wavelengths is observed. In the intensity 
region I1 < I < I 2, dichroism is found with the larger red-shift for the p-polarized SP 
band, while for I > I 2 a reversed dichroism is seen. This indicates that the processes 
of shape transformation are controlled by the laser pulse intensity (energy density per 
pulse), while the number of pulses applied mainly accumulates the changes caused 
by each single pulse. 

Looking in more detail to the low-intensity region I1 < I < I 2 first, the dichroism 
observed there could be associated with a transformation of the original silver nano-
spheres to prolate spheroids with their long axis oriented parallel to the laser 
polarization (see previous section). Anticipating volume conservation for the silver, 
Mie theory predicts for this case blue- (red-) shift of the SPR of the short (long) 



 
Chapter 5. Laser induced shape transformation of Ag nanoparticles embedded in 
soda-lime glass 

 

 54 

particle axis, the spectral spacing between the two bands being correlated to the 
aspect ratio of the nanoparticle. So the growth of dichroism with increasing number 
of pulses can be explained by successive increase of the particles’ aspect ratio. A red-
shift of both bands however, as observed for 1 pulse for all intensities or at I > 
1.5 TW/cm2 at 25 or 50 pulses, can only be explained by additional modification of 
the host matrix in the vicinity of the nanoparticle which was shown in ref. 5.17. So it 
is obvious to assign the increasing general red-shift for higher pulse intensities to a 
growing influence of the halo. 

In the high-intensity region I > I 2, oblate spheroids with their symmetry axes (short 
axis) along the laser polarization are produced (Chapter 5.1.1). Again the fact that 
both SP bands are red-shifted indicates significant modification of the particle 
surroundings, because otherwise the short axis should show a blue-shifted SP band. 

To get an idea about the nanoscopic modifications in the region around 
I2 ≈ 2 TW/cm2, and in the region of beginning particle destruction (where SP band 
extinction starts to decrease again), transmission electron microscopy is quite 
instructive. It should be mentioned however that it is not possible to assign an exact 
local irradiation intensity to a special TEM image. Fig. 5.9 shows two examples for 
particle shapes found after single-shot irradiation in the high intensity regime; 
Fig. 5.9(a) refers to intermediate intensity (around I2), Fig. 5.9(b) to very high 
intensity (significantly above I2). In the first case, a fairly spherical particle with a 
limited halo region is seen. In contrast, at very high intensity there is on one hand a 
non-spherical central Ag particle, but a much larger region of small silver fragments. 
Considering that this image was taken after one laser pulse only, it is quite plausible 
that after several pulses of sufficiently high intensity the particles are destroyed 
completely and the pertinent SPR band vanishes. In our experiments, total bleaching 
of the samples has been observed at intensities higher than 1.2 TW/cm2 applying at 
least 5000 pulses per spot. We interpret this finding as complete destruction of the 
Ag nanoparticles into small fragments without distinct SPR. 

On the low-intensity side, in particular if one irradiates the sample with many pulses 
only slightly above the modification threshold (0.2 - 0.3 TW/cm2), the maximum 
spectral shift (and thus the maximum particle aspect ratio) achievable is limited 
[5.13], because due to successive particle deformation the SP band polarized along 
the laser polarization moves out of resonance decreasing the interaction with the 
laser pulses.  

 

 

Fig. 5.9. TEM of Ag nanoparticles in soda-lime glass after irradiation: (a) in the region 
around I2 ≈ 2 TW/cm2, (b) partially destructed nanoparticle. 
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5.1.3. Summary 

In this subchapter we have shown that laser induced shape transformation of silver 
nanoparticles embedded in glass can only be achieved using fs pulses of a minimum 
peak pulse intensity of 0.2 TW/cm2. In the case of linearly polarized pulses, above 
this threshold, two main intensity ranges can be distinguished macroscopically by a 
reversal of the observed dichroism, which is caused by different shapes of the 
nanoparticles: in the low intensity range (between 0.2 TW/cm2 and 2 TW/cm2) 
uniformly oriented, prolate spheroids with different aspect ratios are produced, while 
applying intensities above 2 TW/cm2 results in oblate spheroids. Directly at 
2 TW/cm2 no dichroism, but only red-shift of the surface plasmon bands is seen, 
plausibly explained by spherical particles with halo, which have been recognized in 
TEM images. Increasing the number of pulses increases the induced dichroism for 
the low intensities and leads to total destruction of the silver nanoparticles for high 
intensities.  

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

As one can see, the observed anisotropic shape modifications are strongly correlated 
with the laser polarisation indicating obviously nonlinear interaction of the SP with 
intense laser electromagnetic fields. In other words, the processes, which define a 
preferable orientation of the nanoparticles, should occur at time scales about of the 
laser pulse duration. At the same time, the thermal effects induced by the laser 
excitation of spherical Ag nanoparticles can only result in isotropic changes. 
Therefore, taking into account these finding and the discussion given in Chapter 3, 
one can suggest that the main process responsible for the NP shape modification 
have to be the directed (pulse-enhanced) electron emission from nanoparticle. In 
turn, depending on irradiation conditions, this electron emission can trigger some 
other processes, which at the end lead to the different shapes of nanoparticles.  

 

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

In this section, we will consider the excitation of silver nanoparticles embedded in 
soda lime glass at different wavelengths and how it is affected on the induced 
dichroism. As it was shown in previous section, resonant irradiation close to the 
initial SP band in the multi shot regime can induce spectral gaps of up to 180 nm, 
and the position of p-polarized SP band (observed with light polarized parallel to the 
laser polarization) can be varied in the region of 420-530 nm. Larger dichroism or 
larger induced red-shift of the p-polarized SP band is not possible by near-resonant 
excitation: any further increase of intensity or number of pulses applied to one 
sample position leads to bleaching of the SP bands, which can be explained by 
(partial) nanoparticle destruction [5.19]. As many possible applications for optical 
elements prepared by proposed technique require polarization contrast at larger 
wavelengths in the visible and near IR spectral range, it is attractive to look for ways 
to meet this needs. 
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We will show that tuning of the irradiation wavelength is a very powerful parameter 
for reshaping Ag nanoparticles to large aspect ratios. First, we have found that even 
rather strongly red-shifted excitation (with respect to the initial SP band) can, in spite 
of the low remaining SP absorption in this region, still very effectively induce a 
nanoparticle shape transformation to spheroids; in particular, such 'off-resonant' 
irradiation can create an even larger dichroism than resonant excitation. Second, we 
will demonstrate that subsequent irradiation by increasing laser wavelengths 
increases the particles' aspect ratio and thus the induced dichroism further, allowing 
to shift the p-polarized SP band down to the near infrared region. At the end, we will 
show the results of simultaneous irradiation of the sample by the pulses with 
different wavelengths, which results in a similar elongation of nanoparticles as it is 
obtained by subsequent irradiation.  

 

5.2.1. Long wavelength irradiation 

It should be mentioned here that all experimental results shown below have been 
conducted in the multi shot regime (Chapter 5.1). Figure 5.10 gives a first example 
for “off-resonant” excitation. We will use this notion in the following to characterize 
a situation where the laser wavelength is considerably larger than the maximum of 
the SP resonance. The polarized extinction spectra in Fig. 5.10 were measured on a 
sample containing Ag nanoparticles which was irradiated by 1000 pulses per spot at 
λ = 550 nm with a peak pulse intensity of 1.2 TW/cm2. The effect of this irradiation 
is similar to the one obtained by resonance excitation, namely, the original SP band 
of the spherical Ag nanoparticles peaked at λ = 413 nm splits into two polarization 
dependent bands. However, in this case, the p-polarized SP band (seen with light 
polarized parallel to the laser polarization) is peaked at 620 nm, while the 
s-polarization (perpendicular to laser) is shifted to shorter wavelengths, overlapped 
by a small residual absorption at 413 nm. This large spectral gap of p- and 
s-polarized bands leads to a good polarization contrast at 620 nm, i.e., low and high 
transmission for p- and s-polarization, respectively. In analogy to previous 
experiments, we can easily conclude that also in case of “off-resonant excitation” the 
nanoparticles are transformed into prolate spheroids (Chapter 5.1.1). From the 
spectral gap between the maxima of polarized extinction bands being significantly 
larger than in case of resonant excitation, it is obvious that the aspect ratio of the 
reshaped nanoparticles is also larger than for resonant excitation.  

Additionally, similar to the case of resonant irradiation, the particle elongation and 
the corresponding magnitude of induced dichroism can be tuned by variation of the 
peak pulse intensity and/or by number of pulses per spot. Figure 5.11 illustrates the 
effect of different writing densities for samples irradiated at 550 nm with peak pulse 
intensity of 1.3 TW/cm2. Only the p-polarized extinction spectra are shown. It is 
clearly seen that, increasing the number of applied pulses from 200 to 1000, both 
peak wavelength and integrated extinction of the p-polarized band are increasing, 
while the absorption peak in s-polarization moves slightly to shorter wavelengths 
(not shown in Fig. 5.11). For further increase of the writing density, however, the 
p-polarized SP band starts to shift back towards shorter wavelengths, accompanied 
by decrease of amplitude and increase of bandwidth. This bleaching, which was 
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interpreted in previous section as partial destruction of the silver nanoparticles is 
clearly seen in the spectrum obtained after shining 4000 pulses per spot on the 
sample. Again the off-resonant irradiation behaves very similar to the resonant case: 
up to a certain amount of pulses per spot, the dichroism can be increased by applying 
a larger number of pulses to the sample, but beyond this value (in the range of 1000 
pulses/spot) the maximal spectral shift is limited by beginning destruction of the 
nanoparticles. 

 
Fig. 5.10. Polarized extinction spectra of samples with Ag nanoparticles irradiated at 
550 nm in multi-shot regime (1000 pulses in single spot), peak pulse intensity was 
1.2 TW/cm2. 

 

 
Fig. 5.11. P-polarized extinction spectra of original and irradiated sample with Ag 
nanoparticles; irradiation at 550 nm with different number of pulses applied, peak pulse 
intensity was 1.3 TW/cm2. 

 

The results discussed so far showed that irradiation of the samples at λ = 550 nm 
with optimum laser intensity and number of pulses leads to a larger spectral gap 
between the SP bands than resonant excitation at λ = 400 nm can do. Therefore, one 
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should expect a further increase of the induced dichroism when samples are being 
irradiated with even more off-resonant, longer wavelengths. We have also looked 
into this effect. Figure 5.12 shows three examples for p-polarized extinction spectra 
of samples irradiated at different wavelengths, here λ = 490 nm, 560 nm, and 
610 nm. The parameters of irradiation (laser intensity and number of pulses per spot) 
were chosen so that for each laser wavelength the maximal spectral shift was 
reached. It is clearly seen that in fact irradiation with the longer wavelengths leads to 
a larger red-shift of the p-polarized SP band. However, moving the irradiation 
wavelength further beyond 610 nm, the efficiency of nanoparticle shape 
transformation decreases more and more, and finally the laser pulses do not evoke 
any measurable extinction changes anymore. For our samples this was the case for 
λ ≥ 670 nm; for instance, even the very strong laser fundamental at 800 nm does not 
cause dichroism when irradiated on a sample with original, spherical Ag 
nanoparticles. 

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

 

The obvious conclusion from the above results is that there is a threshold in 
absorption efficiency, which limits the long wavelength irradiation. This and all other 
findings are in a good agreement with theory. As it was shown, the extinction 
efficiency decreases rapidly for wavelengths longer than SP resonance and at 800 nm 
it becomes almost zero (see for example Fig. 3.9). At the same time, the E-field 
enhancement, which is present in the long wavelength region (Fig. 3.9 and Fig. 3.10), 
increases the probability of direct electron emission and makes the shape 
transformation of nanoparticles possible even for off-resonant excitation. And, as 
long as absorption efficiency and laser intensity are high enough to emit ions from 
the particles and transform their shape at least a little bit after the first pulse, the 
process is expected to work, because even very minor changes per pulse shift the 
p-polarized SP band closer to resonance with the irradiation wavelength and so, step 
by step, increase the efficiency of shape transformation for the next pulse. The 
process then will go on until the excitation wavelength is located considerably far in 
the blue wing of the p-polarized SP band. From then on the same mechanisms like in 
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the case of resonant excitation lead to particle destruction and limit the spectral gap 
achievable by single-wavelength irradiation.  

 

5.2.2. Subsequent irradiation 

As one could see in previous section, the long wavelength irradiation leads to the 
higher elongation of nanoparticles. However, this type of irradiation has also the 
limit as in the case of resonance excitation. Nevertheless, we have found that this 
limitation can be overcome by multi-wavelength irradiation, i.e. subsequent 
irradiations of the same sample area by different laser wavelengths. If in particular 
after the first step the laser is tuned to another off-resonant position on the long-
wavelength side of the already modified SP resonance, much larger dichroism 
compared to single-wavelength irradiation can be prepared. As an example, Fig. 5.13 
shows the extinction spectra of a sample which was first irradiated at 535 nm, then at 
670 nm with polarization parallel to the long axis of the already modified particles. It 
is clearly seen that the p-polarized band shifts in the second step further from peak 
position 560 nm to 760 nm. At the same time, the absorption peak in s-polarization 
shifts to shorter wavelengths. This large spectral gap between s- and p-polarized 
bands corresponds to an aspect ratio of (a/c) > 3 of the nanoparticles, which is proven 
by the TEM image shown in the inset of Fig. 5.13. Clearly, subsequent irradiation 
with increasing laser wavelength leads to very high dichroism, and because of the 
minimal losses for s-polarized light at 760 nm, the polarization contrast is also high. 
It should be mentioned here that further red-shift of the p-polarized SP band can be 
done by further irradiations with successively longer laser wavelengths at each step. 
We have performed preliminary experiments with a third irradiation at λ = 800 nm, 
which proved this idea. It is obvious that, by proper choice of the irradiation 
sequence and optimization of the pertinent laser parameters, the range of dichroism 
induced by this technique can be extended into the IR region. 

 
Fig. 5.13. Polarized extinction spectra of samples with Ag nanoparticles irradiated firstly at 
535 nm and subsequently at 670 nm laser pulses, 1000 pulses per spot, peak pulse intensity 
was 1.5 TW/cm2. Inset: TEM image of deformed nanoparticles. Laser polarization is given 
as an arrow. 
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5.2.3. “Residual” peak observed by long wavelength irradiation 

Looking again at Figs. 5.10 to 5.13, one can see the already mentioned small residual 
peak in the region of 413 nm, being present in both polarized spectra in all cases. The 
central wavelength of these isotropic bands, which can be undesirable for some 
potential applications, is equal to the central wavelength of the SP band for spherical 
particles. Therefore we can surmise that not all nanoparticles are being reshaped by 
the irradiation. If this is correct, the application of higher intensity should reduce the 
residual peaks. Insofar the spectra in Fig. 5.13 referring to the first irradiation (at 
535 nm) confirm this assumption. Because of the higher peak intensity of 
1.5 TW/cm2 compared to the other experiments the lower amplitudes of the residual 
peaks is observed. At the same time, as it has been observed in previously, the laser 
pulse intensity higher than needed for maximal dichroism leads to partial destruction 
of already modified nanoparticles, resulting in a smaller spectral gap than in the 
optimal case.  

Searching for means to remove or at least minimize these isotropic absorptions, it has 
to be analyzed if the non-deformed particles are distributed more or less 
homogeneously throughout the whole particle-containing layer or if they are mainly 
concentrated in a special depth, for instance at the top or bottom of the nanoparticle 
layer. In the first case, the desired removal of the isotropic peak requires either 
special irradiation techniques or initial samples with special particle size distribution, 
while in the second case one could possibly remove the layer containing non-
deformed particles mechanically.  

 
Fig.5.14. P-polarized extinction spectra of samples with Ag nanoparticles measured after 
different etching time (see text). 

 

To look for the location of non-transformed silver nanoparticles in the glass, we have 
etched an irradiated sample stepwise in HF acid, and recorded the optical 
transmission spectra after each etching step. Figure 5.14 shows the p-polarized 
extinction spectra obtained after different etching times. It is easily seen that the 
amplitudes of the bands corresponding to both transformed and not transformed 
nanoparticles are decreasing simultaneously with etching time, but with two 



 
Chapter 5. Laser induced shape transformation of Ag nanoparticles embedded in 
soda-lime glass 

 

 61 

important differences: first, the peak extinction of the transformed particles' SP band 
decreases much faster than the 413 nm absorption; second, the peak position of the 
SP band caused by the spheroidal nanoparticles shifts from 620 nm to 585 nm upon 
etching. These observations indicate that (i) non-deformed particles are present to 
some extent throughout the whole particle layer, but with higher concentration in the 
depth, and (ii) the aspect ratio of the shape-transformed particles is highest directly at 
the surface and decreases with distance from the sample surface (see inset of 
Fig. 5.14). So obviously, these effects are governed mainly by the decreasing 
intensity of the laser pulses on their way through the particle layer.  

Therefore, an increase of irradiation intensity or number of pulses is not the best way 
to remove the residual peak, because then the already transformed particles will 
partially be destroyed, decreasing the prepared polarization contrast again. Instead, it 
seems favourable to apply subsequent irradiation to the samples, for instance first 
with the wavelength close to SP resonance (and ideally from the backside of the 
sample) and then by pulses with longer wavelengths as described above. 

 

5.2.4. Two wavelengths irradiation 

In Chapter 5.2.2, we have shown that subsequent irradiation of the nanoparticles 
embedded in glass by tuning the wavelength of the pulses between irradiations to the 
already modified SP resonance leads to the following elongation of the particles. In 
this experiment the intensities of the pulses for every next subsequent irradiation was 
in the same order of magnitude to the intensity needed for NP shape transformation 
(around 0.5-1.5 TW/cm2). In this section, we will show the experiment, which was 
performed on the sample simultaneously irradiated by the pulses at different 
wavelengths; namely 532 and 800 nm. Moreover, the intensity of the green pulses 
was around 1.4 TW/cm2, while 800 nm pulses had the intensity of few orders of 
magnitude lower. Figure 5.15 shows the spectrum of the laser pulses used in 
experiment. 

500 600 700 800
0

500

1000

1500

2000

In
te

ns
ity

Wavelength, nm
 

Fig. 5.15. Spectrum of the laser pulses used in experiment of simultaneous two wavelength 
irradiation.  
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The obtained results are presented in Fig. 5.16. Applying 1000 pulses (for every 
wavelength) leads to the similar results presented above for the case of long 
wavelength irradiation (Fig. 5.16, red curve). P-polarization band is peaked at 
~570 nm, while s-polarized SP band is shifted to UV region (not shown in Fig. 5.16). 
At the same time, residual absorption at 410-420 nm (discussed in Chapter 5.2.3) is 
present. However, increasing the number of pulses to the value of 2000 results in a 
bleaching (amplitude decrease) of p-polarized SP band at ~570 nm and an 
appearance of additional band in the region of 750 nm (Fig. 5.19, blue, dashed 
curve). Following rise of the writing density amplifies the obtained results. Namely, 
the amplitude of the band located in yellow region is decreasing with simultaneous 
shift of the SP resonance to the shorter wavelength, while the band located in the red 
region has an inverse behavior (increase of the amplitude and shift to the IR region) 
(Fig. 5.16).  
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Fig.5.16. P-polarized transmission spectra of the sample with Ag nanoparticles irradiated 
simultaneously by the pulses at 532 and 800 nm. The noise in the spectra in the region of 
800-900 nm is due to the edge of the working grating region in spectrometer. 

 

The obtained results can be explained in the following way. First 1000 pulses lead to 
the transformation of initially spherical particles to the prolate spheroids with aspect 
ratio varying in the region of 2-2.5. Then, increasing the number of pulses, some 
number of nanoparticles with the highest aspect ratio starts to elongate further. As a 
result, the sample contains lower (with respect to the case of 1000 pulses irradiation) 
number of particles with the aspect ratio of 2.5 and additionally some number of 
nanoparticles, which have the higher elongation. Spectroscopically, we see the 
amplitude decrease of the band corresponded to the NPs with a/c ~ 2.5 and additional 
band for higher elongated particles. Following increase of the writing density leads to 
decrease of the number of nanoparticles with aspect ratio of 2.5 (therefore, decrease 
in amplitude) and the further rise of the amount of longer NPs with simultaneous 
increase of elongation (increase of amplitude and red-shift). Residual absorption at 
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550 nm for the case of irradiation by 4000 pulses is due to the NPs with the lowest 
aspect ratio, which can not be transformed further (see as an example Chapter 5.2.3). 

However, the question “how is it possible?” is still open. One of the possible and 
most probable effects, which can explain the obtained results, is the electric field 
enhancement and its dependence on the wavelength. During the irradiation of the 
first 1000 pulses, the electric field enhancement created by the green pulses, 
enhances the directed photoionization of NP and the existed processes are similar to 
ones going by the usual irradiation (will be discussed later), while the enhancement 
for the 800 nm pulses is very weak. This irradiation shifts the SP resonance and band 
of electric field enhancement factor more close to the wavelength of irradiation 
(Fig. 2.6, Fig. 3.10 and Ref. 5.20, 5.21). When both bands (SPR and EFE) are on the 
right side from the irradiation wavelength (after 1000 pulses), the electric field 
enhancement factor is very weak for the green pulses, while its value is high enough 
for the pulses at 800 nm. Thus, the pulses at 532 nm are not very efficient for 
directed photoionization, but they are strong enough to excite the electrons of 
nanoparticle. In turn, the weak pulses at 800 nm can not excite the nanoparticle, but 
the high EFE factor enhances the directional ionization of excited by the green pulses 
nanoparticle. As a result, the further elongation of NPs is happening.  

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

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

 

5.2.5. Summary 

In summary, we have found that laser induced shape transformation of Ag 
nanoparticles is strongly dependent on the wavelength of fs laser pulses used for 
irradiation. The first striking observation is that considerably off-resonant excitation, 
i.e. irradiation with a laser wavelength shifted more than 100 nm to the long 
wavelength side of the SP resonance absorption of spherical nanoparticles (at 
413 nm) can even more effectively transform the shapes of the nanoparticles to 
spheroids with large aspect ratios than near resonant interaction, in spite of the very 
weak coupling to the SPR in this region. The spectral gap between the polarized SP 
bands follows the increasing irradiation wavelengths up to λ ≈ 650nm, and then the 
efficiency drops due to the finally vanishing coupling to the SPR and the decrease of 
the electric field enhancement. This limit can be overcome by subsequent irradiation 
with longer wavelengths, which were shown to shift the p-polarized SP band further 
to longer wavelengths. A band at 760 nm corresponding to Ag nanoparticles with 
aspect ratio a/c > 3 was prepared by subsequent irradiation with 150 fs pulses at 
535 nm and 670 nm. Additionally, we have found that the similar elongation of the 
nanoparticles can be obtained by simultaneous irradiation of the sample by the pulses 
at two wavelengths (532 and 800 nm in our case). Moreover, the intensity of the 
pulses at longer wavelength can (should) be much smaller than the modification 
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threshold. It was explained by the effect of EFE, which determines the directional 
ionisation of nanoparticle. We have also found that a residual absorption at 413 nm 
observed after off-resonant irradiation indicates a small fraction of non-deformed 
particles; an analysis of their spatial distribution suggests that they can be removed 
by an intermediate irradiation step with laser pulses resonant to the SPR of the non-
transformed particles.  

In general, the proposed technique of subsequent (or simultaneous) multi-
wavelength, off-resonant irradiation of metal-glass nanocomposites has a huge 
potential for preparing polarizing elements with high polarization contrast at any 
desired spectral position in the visible and near IR spectral range.  

 

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

In previous sections we have investigated the influence of irradiation laser 
parameters on the nanoparticles shape transformation. The studies presented in this 
section will be focused on the effects of temperature on the reshaping processes. As 
it was discussed in Chapter 3, upon absorbing the energy of the laser pulse, the 
oscillating conduction electrons of the NP heat up the silver lattice through electron-
phonon (e-ph) couplings. The lattice gets to a very hot state within a short time 
(temperatures up to 2000 K) and it starts to heat up the surrounding glass matrix 
gradually. In this sense, the softening of the glass matrix around the NP is crucial for 
the NP to have some degrees of freedom for the necessary shape changes. On the 
other hand, it is known that heating of the sample exposed by fs laser up to 600°C 
corresponding to the transition temperature in soda-lime glass causes a restoration of 
spherical shape of the modified Ag nanoparticles [5.13, 5.22]. This allows us to 
assume that the fs laser assisted modification have to be occur in the nearest shells 
where large transient, localized heating is present, while the further shells of 
surrounding glass should be cold enough to keep the anisotropic shape of 
nanoparticle.  

Additionally to these effects, it has also been shown in previous work [5.17], that 
annealing at moderate temperatures after fs irradiation may cause modification of the 
SPR bands (and thus also of NP shape and surrounding matrix). So, quite obviously 
the continuous global sample temperature as well as the transient local heating and 
cooling have considerable influence on the laser induced shape modification of 
metallic NPs embedded in glass.  

In this section we will address these questions in a combined approach: first the 
transient energy/heat flow in the NP-Glass system after fs laser excitation will be 
discussed, then experimental studies varying sample temperature and laser repetition 
rate (heat accumulation in the focal volume) will be presented. Together these results 
will demonstrate that, on one hand, the laser-induced modification of NPs does occur 
only when the local transient temperature in the vicinity of the nanoparticle is 
sufficiently high (typically exceeding the glass transition temperature), while on the 
other hand even relatively small global constant temperature increase of the matrix 
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limits the anisotropy of reshaped nanoparticles, or even causes their (partial) 
dissolution. 

 

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

As it was shown in Chapter 3, following the absorption of an intense femtosecond 
laser pulse, the excited electrons of the NP relax into a quasi-equilibrated hot 
electronic system via electron-electron scatterings. After establishing a thermal 
system, the hot electrons cool down by sharing their energy with the lattice via 
electron-phonon coupling, thereby heating up the NP. The heat gained by the NP 
lattice can be calculated from the heat lost by the electrons using a 2TM compatible 
with the strong excitation regime, the details of which were described previously 
(Chapter 3). 

The electronic temperature of a single silver NP (having a radius of R = 15 nm) 
reaches around 104 K upon absorption of a 100 fs pulse with 0.5 TW/cm2 of 
intensity, which corresponds to an absorbed energy of around 3×10-13 J. Such a high 
electronic temperature is enough to heat up the Ag lattice to 2000 K. Afterwards, the 
electronic and lattice temperatures cool down together as the NP loses its energy to 
the surrounding “cold” glass matrix. To account for the NP-glass thermodynamics, 
we need to consider the cooling of the NP together with the heating of the glass in 
the frame of the mentioned 3TM. On the NP-glass interface, the heat flow from the 
hot NP to the glass can be estimated step by step through concentrated spherical 
shells. After the first shell of the glass is heated, the following heat transfer deep into 
the glass can be described by the radial heat conduction (Eq. 3.19). 

However, it is known for our strong excitation regime that the NP gets ionized by the 
emission of electrons, which consequently forces the NP to eject Ag+ ions to the 
glass matrix [5.17]. Therefore, the NP loses a part of its volume within 20 ps after the 
absorption of the laser pulse [5.23]. Compared to the usual heat conduction, ion 
emissions are definitely more effective channels of rapid energy transfer from the 
NP, so that after the ion emissions one would expect high temperature values for the 
glass in a broader range. Therefore, the above described 3TM calculations are valid 
only for a “closed system,” and we have to modify the 3TM by taking the fast 
contributions of ion emissions into account. 

As the ions are distinguishable classical particles, we can employ the Boltzmann 
distribution to designate the amount of energy carried by each emitted ion. In other 
words, the distribution plots the fractional number of emitted particles Ni with 
respect to their corresponding energy Ei. It is known from the results of ion 
implantation experiments that Ag+ ions having 7-10 keV of energy can penetrate up 
to 10 nm deep in the glass [5.24, 5.25], if the glass is initially at room temperature. 
Additionally, the ionic penetration depths increase with the increasing glass 
temperature [5.24, 5.26]. Therefore, we assume here that the emitted ions possess 
energy values from Ei = 0 to 10 keV (i denotes a continuous set of energy states 
between these two values) with a maximum penetration depth of d = 10 nm in glass. 
According to the exponential nature of the Boltzmann distribution, it is clear that a 
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high fraction of ions will possess very less energies, and only very few of the ions 
will have the maximum energy values. Additionally, the total number of ions 

∑=
i

iNN  emitted from the NP depends on the strength of the laser irradiation. The 

area under the Boltzmann distribution for each energy state Ei gives a part of the total 
energy taken out by the ions. As the penetration depths of the ions depend on their 
initial energies, we can simply match these partial energy values with the spatial 
range d = 0-10 nm of the emitted ions. Therefore, we arrive at the spatial distribution 
of the energy that is transferred into the glass matrix. This energy distribution 
indicates that the highest amount of the energy emitted from the NP is located close 
to the surface of the NP; however, only small portions of the energy are transferred 
to the further spherical shells of the glass. At the end, we can convert the ionic 
energy into the glass temperature together with the calculation of the heat conduction 
in the glass. 

Comprising these aspects, we can now calculate the spatial temperature distributions 
in the glass for different scenarios of heat transfer from the NP. Figure 5.17(a) shows 
the numerical calculations for several different scenarios. The dashed curve 
corresponds to the usual heat conduction from the NP at a time of t = 30 ps after the 
NP lattice reaches its maximum temperature (Tlattice). Because of the huge difference 
in thermal diffusivities of Ag (123 nm2/ps) and glass (0.5 nm2/ps), any temperature 
gradient within the NP can be neglected. As the heat diffusivity of glass is very low, 
the heat transfer is observed to affect only a very narrow volume of glass 
surrounding the NP. This means that the cooling of the NP happens rather slowly by 
the heat conduction alone. 

 
 

Fig. 5.17. (a) Temperature distribution in the NP-glass system for different scenarios: 
pure heat conduction (HC) at 30 ps after the initial Tlattice is established, HC together with 
the emission of 300 ions and 800 ions again at the same time. (b) Temporal evolution of 
glass temperature for different spherical shells surrounding the NP (R = 15 nm) for the 
above case of 800 ions + HC. 

 

On the other hand, one can estimate from the above mentioned Boltzmann 
distribution that 400 keV of energy will be taken out from the NP if approximately 
300 ions are emitted by a single pulse irradiation. This energy corresponds around 
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20% of the absorbed laser pulse energy, which is transferred to a broad volume of 
glass by the ions within a short time. The radial temperature distribution of the NP-
glass system for this case of ion emissions is given by the dash-dotted curve of 
Fig. 5.17(a), again at a time of 30 ps after the maximum Tlattice is established. 
Comparing with the case of the pure heat conduction, it is clearly seen that ion 
emissions cool down the NP and heat up the glass much more effectively. 

In this context, it is reasonable to expect that the temperature values of the glass 
matrix will depend strongly on the number of emitted ions N. As an illustration, we 
consider a stronger laser irradiation case that triggers higher number of ion emissions 
from the NP. It is estimated, for instance, that 50% of the absorbed laser pulse energy 
is taken out from the NP when 800 ions are emitted into the glass. The radial 
temperature distribution in the glass for this case [the solid curve starting from 
1000 K in Fig. 5.17(a)] shows that the NP loses half of its temperature, and the glass 
a few nm away from the NP surface reaches transiently higher temperatures than the 
NP itself. It is observed that a broad spherical zone of glass, up to 10 nm from the NP 
surface, is heated within a very short time owing to the high number of emitted ions. 

Figure 5.17(b) shows the temporal evolution of glass temperatures in different 
spherical radii away from the center of the NP for the case of 800 ion emissions with 
heat conduction. The temperature of the glass at R = 16 and 17 nm are observed to 
have high temperature values for short times because of the accumulation of a high 
number of emitted ions around these spherical shells. The temperature values 
decrease as the heat diffuses deep in the glass over time. The glass temperatures at 
R = 18 and 19 nm start from lower values, as comparably less number of ions are 
located there. It is observed that these shells reach their maximum temperature values 
later in time as the heat from inner shells arrives. 

Summarizing this part we can say that ion emissions are fast cooling mechanisms for 
the NP and they extend the heated glass volume considerably compared with the 
ordinary heat conduction. The temperatures of the glass 3 nm around the NP surface 
exceed the glass transition temperature of ≈ 850 K for the first 100 ps of time 
interval. This enables the softening of the glass, which 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 obtained by irradiation of preheated 
samples. 

As was discussed above, the irradiation of silver NPs by fs laser pulses leads to 
changes in extinction spectra and results in a splitting of the SP band of spherical Ag 
nanoparticles (peaked at 413 nm) into two polarization dependent bands 
[Fig. 5.18(a)]. The observed dichroism is associated with formation of prolate Ag 
NPs uniformly oriented parallel to the laser polarization (Chapter 5.1.1). The spectral 
gap between these SP bands is defined by the aspect ratio between the principal NP’s 
axes.  
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Figure 5.18(a) shows polarized extinction spectra of a sample irradiated by 
300 pulses per spot with a peak pulse intensity Ip = 0.8 TW/cm2 at laser wavelength 
λ = 400 nm at room temperature. In this case, the p-polarized SP band is centered at 
507 nm while the s-polarization band is peaked in the UV region at 383 nm. 
However, irradiation of a preheated sample using the same laser parameters changes 
the extinction spectra [Fig. 5.18(b)]. At a temperature of 125ºC, both SP bands are a 
little shifted towards longer wavelength and, in particular, are broadened and show 
considerably decreased amplitudes. A further increase of the global sample 
temperature to 200ºC results in almost complete bleaching of the plasmon bands 
[solid lines in Fig. 5.18(b)]. Concomitantly, the residual SP bands are further 
broadened, nearly making the induced dichroism disappear. So the first important 
experimental finding is that already relatively low temperature increase (with respect 
to the glass transition temperature) dramatically changes the results of the laser-
induced NP shape modification. 

 

 

Fig. 5.18. Polarized extinction spectra of original and irradiated samples (λ=400 nm, 
300 pulses per spot, repetition rate 1 kHz, peak pulse intensity Ip = 0.8 TW/cm2): (a) room 
temperature; (b) 125 and 200ºC.  

 

To better understand the influence of temperature on the laser-induced modification 
of Ag NPs embedded in glass, we have measured the polarized spectra of samples 
irradiated at various temperatures from 100ºC to 170ºC in steps of 5-10ºC. The 
results in parametrized form are presented in Fig. 5.19. The spectral gap between 
maxima of polarized SP bands can be used as an approximate measure of the NPs’ 
aspect ratio. The changes of the band integrals, which include the amplitudes and 
bandwidths changes, are directly proportional the absorption changes of the system.  

Looking at Fig. 5.19(a) first, one can recognize three temperature intervals with 
different behaviour of the SP band center positions. In the first interval from 100°C 
to +80ºC the positions of the bands are nearly constant at ≈ 508 nm and ≈ 384 nm for 
the p- and s-polarization bands, respectively. Then, towards higher temperature (here 
up to ≈ 130ºC), the p-polarized SP band occurs at a red-shifted position 
(∆λmax ≈ 20 nm), while almost no shift of the s-polarized band is seen. Further 
increase of the sample temperature leads to a blue-shift of the p-polarized band with 
respect to the low-temperature limit. The behavior of the band integrals is given in 
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Fig. 5.18(b). Here again almost no temperature dependence is observed in the above 
defined first interval (100°C to +80ºC), similar to the behavior of the band centers. 
At higher temperatures >80ºC, however, the band integrals of p-polarized SP bands 
start to decrease very rapidly, mainly due to decreasing amplitude. The amplitudes of 
the s-polarization bands decrease very similarly, but at temperatures above ≈ 120°C 
this effect is partially compensated by spectral broadening (compare Fig. 5.18), 
which results in no further decrease of the band integrals above this temperature. 

 

 

Fig. 5.19. (a) Temperature dependence of polarized extinction spectra band centers; (b) The 
corresponding temperature dependence of band integrals. 

 

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

 

5.3.3. Irradiation with different laser repetition rates 

Behaviour analogous to the spectral changes shown in Fig. 5.19 has been observed 
also in a series of totally different experiments: the sample was irradiated at room 
temperature by fs pulses of different temporal separation, which was achieved by 
varying the laser repetition rate. Figure 5.20 shows selected results in parametrized 
form, i.e. the band centers [Fig. 5.20(a)] and the band integrals [Fig. 5.20(b)] derived 
from the polarized extinction spectra band as a function of laser repetition rate. In 
Fig. 5.20(a) it is clearly seen that increasing the laser repetition rate from 1 kHz to 
10 kHz first leads to a small red shift of the p-polarized band, but for rates ≥20 kHz 
both polarized SP bands are shifting back towards the original band of spherical 
nanoparticles. The corresponding band integrals are decreasing monotonously with 
increasing repetition rates. At 100 kHz we have observed complete bleaching of the 
bands.  

If we increased the writing density, i.e. the number of pulses applied on average per 
sample position, the observed decreases of absorption and spectral gap occurred 
already at lower repetition rates. For instance, doubling the writing density to 
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600 pulses per spot, already at ≈ 20 kHz repetition rate the bands were bleached so 
strongly that the analysis of SP bands was discouraged. Still, however, the spectra 
obtained by irradiation at 1 kHz were very similar to those observed for 300 pulses 
per spot. 

 

 

Fig. 5.20. (a) Dependence of polarized extinction spectra band centers on repetition rate; (b) 
The corresponding dependence of band integrals. 

 

5.3.4. Interpretation of the experimental data and summary 

To find an explanation for the experimental findings of this work, we have to 
combine some of the proposed in Chapter 3 possible mechanisms which can lead to 
NP shape transformation by laser irradiation. Irradiation of nanoparticles by 
ultrashort laser pulses leads first to field-driven electron emission from the metal 
particles; these ejected electrons are trapped in the matrix (forming, e.g., color 
centers) close to the poles of the sphere. Then, the ionized nanoparticles can emit Ag 
ions in statistical directions. As the glass matrix is still cold (at ambient temperature) 
at this time, the mobility of silver cations will be restricted; so a dense cationic shell 
in the vicinity of the distorted silver NP will be formed. Within this positively 
charged shell, the silver cations can meet trapped electrons which are mostly 
concentrated at the poles. This can lead to Ag+ reduction and precipitation of silver 
atoms at the poles of the main particle, resulting in a prolate shape of the NP. Silver 
atoms which are situated relatively far away from the main nanoparticle may locally 
precipitate to each other forming a region of very small clusters around NP (halo).  

Having in mind this (proposed, possible) picture, the effect of heating the sample 
before irradiation becomes obvious: for an increased matrix temperature the 
diffusion mobility of silver ions increases also, leading to an enlarged radius of the 
cationic shell. Accordingly, the concentration of silver cations in the immediate 
surroundings of a NP will decrease resulting in a lower precipitation rate. These 
processes are well-suited to understand the spectral changes observed when 
irradiating preheated samples.  

Apparently, in the temperature range from -100 to 80ºC the ionic mobility is too low 
to cause significant diffusion of the emitted ions. Therefore, both the produced 
shapes of the nanoparticles [as an example see TEM image on Fig. 5.21(a)] and the 
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pertinent SP bands are fairly constant in this regime. At slightly higher temperature, 
i.e. in the range of 100-120ºC, the optical extinction spectra start to show 
characteristic changes: the more prominent effect is decrease of the band integrals. 
This can be understood assuming that now the mobility of Ag ions has increased so 
far that the radius of the cationic shell grows; then consequently the precipitation rate 
of silver atoms or clusters to the main particle goes down, and the reduced volume of 
the resulting reshaped NP leads to smaller optical absorption. The second effect, 
moderate red shift of both polarized SPR bands, can in this case be attributed to those 
Ag cations which are a little further away from the main NP, but still close enough to 
each other to precipitate as small clusters. These clusters will form an extended halo 
region which, via increasing the effective refractive index around the NP, can explain 
the observed small red-shift (Chapter 5.1.1). Rising the temperature further, the again 
increased mobility of the silver cations allows them to diffuse so far away from the 
nanoparticle that reduction and precipitation rates are diminished more and more. 
Concomitantly, partial and finally total dissolution of the Ag NPs will occur instead 
of shape transformation to prolate spheroids. Fig. 5.21(b) proves this assumption and 
shows an example of partially dissolved NP. Additionally, this figure confirms that 
roughly 50% of the NP volume is dissolved by ion emissions after applying 300 laser 
pulses. These experimental findings urge us to consider the effect of ion emissions 
on the NP-glass system as it was introduced in section 5.3.1 [see Fig. 5.17(a) for 800 
emitted ions and Fig. 5.17(b)]. 

Considering the above given calculations on the dynamics of heat flow, we can 
conclude that transient heating and cooling within a shell of 5-10 nm around the NP 
are crucial for the question if shape change or dissolution occurs: the results of heat 
conduction calculations show that, starting from T = 300 K, the temperature in 
distances of ≥ 6-7 nm from the NP surface remains below 500 K at any time, while 
in the nearest shells of the matrix (distance from NP < 6-7 nm) high temperatures up 
to >1000 K can be reached. Apparently this situation is required to promote the NP 
shape transformation on one hand, but protect the nanoparticles from total 
dissolution on the other hand. Any change of parameters extending the spatial range 
around the NPs where temperatures clearly above 500K occur, at least transiently, 
seems to enable particle dissolution. This holds for the temperature-dependent 
studies in this work as well as for experiments with considerably higher laser 
intensity, which also resulted in partial dissolution of the NPs, as shown in 
Chapter 5.1.2.  

 

 

Fig. 5.21. TEM images of nanoparticles irradiated: (a) at room temperature; (b) at 150 ºC. 
Polarization of laser light is show as an arrow. 
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If this picture is correct, it should also provide an explanation for the results observed 
by irradiation of NPs by laser pulses with different repetition rates, i.e. we have to 
look for a connection between the temporal separation of the laser pulses and the 
local sample temperature. The connection can be found considering the heat flow 
from the focal volume (which in beam direction is limited by the thickness of ≈ 2 µm 
of the layer containing NPs) to the cold parts of the sample. The total thickness of the 
glass substrate is 1 mm. Using these parameters and Eq. 3.9 (equation describing 
heat transfer), we have calculated the temperature accumulation in the focal volume 
as a function of pulse repetition rate and number of pulses applied. The pertinent 
temperature rise ∆T in the focal volume as a function of number of pulses is shown in 
Fig. 5.22(a). It is clearly seen that every pulse increases the temperature in the focal 
volume. Applying 300 pulses to one spot with temporal separation of 1 ms (1 kHz 
repetition rate) result in a temperature rise of about 50-60 K, while the same number 
of pulses at 100 kHz repetition rate increases the temperature by more than 300 K. 
Figure 5.22(b) shows the dependence on the laser repetition rate of ∆T after 
300 pulses.  

 

 

Fig. 5.22. (a) Increase of the temperature in focal volume as a function of applied number of 
pulses for the cases of irradiation at 1 and 100 kHz. (b) Increase of the temperature in focal 
volume applying 300 pulses at different repetition rates. 

 

These simulations are in very good agreement with our experimental results: 
Fig. 5.22(b) tells that irradiation of nanoparticles by 300 pulses at repetition rates 
below 10 kHz leads to relatively small increase of temperature in the focal volume 
(< 130 K for 300th pulse). As shown in Fig. 5.19 this is typically the constant 
temperature where NP dissolution begins. For repetition rates above 10 kHz this 
region of ∆T > 100K is reached increasingly earlier, which should cause a reduced 
spectral gap and higher degree of NP dissolution. Exactly behaviour of this type is 
seen in the experimentally obtained dependence on the laser repetition rate shown in 
Fig. 5.20. Finally, also the observation that a higher number of pulses let the 
dissolution process appear already at lower repetition rates is nicely compatible with 
this calculations, since, e.g., in the case of 600 pulses the first 300 prepare a 
considerable temperature rise ∆T which enables dissolution by the ‘second half’ of 
the pulse train.  
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In conclusion, in this subchapter we have investigated the thermal processes arising 
by interaction of intense fs laser pulses with silver nanoparticles in soda-lime glass. 
We used an extended three temperature model to estimate radial temperature profiles 
of a NP and the surrounding glass as a function of time after excitation by a laser 
pulse of sufficient intensity to cause NP shape transformation by successive 
irradiation with ≈ 300 pulses. Our calculations show that a single pulse causes a 
temperature increase exceeding ∆T = 200 K only in a limited shell of less than 7 nm 
distance around the NP. Experimentally, we found that irradiating samples preheated 
to 150-200ºC results in dissolution of Ag nanoparticles and complete bleaching of SP 
resonance. A similar effect was observed for irradiation at room temperature at 
higher repetition rate, which can be explained by heat accumulation in the focal 
volume.  

Putting all findings together, we conclude that the intended transformation of initially 
spherical NPs to prolate shapes with high aspect ratio by irradiation with a few 
hundred laser pulses requires a special spatio-temporal evolution of the matrix 
temperature: the heat-affected zone reaching transiently temperatures above ≈ 500 K 
around a nanoparticle should apparently be limited to a few nanometers. Then the 
increased mobility of emitted Ag ions enables the processes of shape transformation 
within that shell, while the cooler outer shells prevent the ions from drifting farther 
away from the NP. The latter obviously happens when the initial sample temperature 
lies above 100°C, which can also be reached by accumulation of the absorbed energy 
in the focal volume applying high laser repetition rates. In this case the emitted Ag 
cations seem to drift so far away from the NP that they can not diffuse back to a NP 
and recombine with it, but rather precipitate where they are, forming an enlarged 
halo region. This process readily explains the observed dissolution of the NPs after 
irradiation with some hundred fs laser pulses. 

 

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

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

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

From the results obtained by the study of intensity dependence and the calculations 
given above it is evident that the first factor is the intensity of the laser pulses, or 
more correctly, the amount of absorbed energy. Increase of this parameter leads to 
the rise of the shell with high temperature, which in turn, results in enlarged radius of 
cationic shell and following dissolution. It should be mentioned here, that this 
argument is correct only in multi-shot, relatively low intensity case. The high 
intensity, single shot mode will be considered in the next chapter. 
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It is also known that the irradiation of the composite glasses with nanoparticles leads 
to the formation of many different “colour centers” and defects in the glass, such as 
trapped electrons and holes [5.14], silver ions and small positively charged silver 
clusters [5.14, 5.17], as well as the neutral clusters and very small particles (halo) 
[5.10, 5.14, 5.18, 5.22] etc. All of them, in principal, have the absorption bands in the 
UV and visible regions [5.4, 5.14, 5.27], as a result they can absorb the irradiation 
laser light and thereby heat the glass matrix. To find the most critical one (or at least 
to exclude some of them) we performed the following experiment. The sample was 
irradiated by the pulses at 600 nm having such intensity that applying 1000 pulses 
the maximal dichroism is observed [Fig. 5.23(a), green curve], while 2000 pulses 
lead already to the partial destruction of the NPs [Fig. 5.23(a), black curve]. Then, 
the area, which was irradiated by 1000 pulses, was again exposed to irradiation by 
1000 pulses. So, one can say that this area was irradiated with the same parameters 
like the second area with partial destruction of nanoparticles. However, the measured 
spectrum shows that further elongation is present, the band is little bit more red-
shifted [Fig. 5.23(a), red curve]. Increasing the time between irradiations 
(1000+1000 pulses) to 180 min resulted in an even larger shape transformation 
[Fig. 5.23(a), blue curve]. Therefore, one can conclude that these defects, which lead 
to destruction of NPs, are not stable and disappearing in the time. To determine the 
time, in which it is happening, we have measured the extinction spectra in different 
time after irradiation [Fig. 5.23(b)]. It is seen that the spectra are not changing so 
much, however carefully looking to the maximum of SP band one can see that the 
amplitude of the band is increasing and SPR is little moving to the blue. After ~1 h 
we have not observed any difference in spectra. Therefore, because of the much 
longer “life” time of the silver ions and small clusters we can exclude them from the 
list of the main factors leading to destruction (dissolution) of nanoparticles.  

Additionally, it should be noted here that the shorter time annealing of the sample at 
200-400°C also remove these meta-stable defects [5.17] and the following irradiation 
dose not lead to destruction of nanoparticles. 

 

 

Fig. 5.23. (a) P-polarized extinction spectra of the samples irradiated by the pulses at 600 
nm under different irradiation conditions (see text). (b) P-polarized extinction spectra 
measured in different time after irradiation. 
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At the end of this section, we want to consider one additional factor, which also 
limits the laser induced dichroism in composite glass with silver nanoparticles, 
namely, the directional ionisation of NPs. It is obvious that if the ejection of 
electrons will be isotropic, then the elongation of nanoparticles is impossible. Such a 
case can take place when the electric field will not enhance the hot electrons to fly in 
the direction of the laser polarisation. As it was already briefly discussed, the EFE 
factor depends on the wavelength (Chapter 3.5.2). For the case of (prolate) spheroids, 
the spectrum of EFE factor shifts to the red region (Fig. 3.10) like SPR. Therefore, 
when the wavelength of irradiation is lying in the blue wing of electric field 
enhancement band, then the coupling of them damps dramatically by the following 
elongation of nanoparticle; and at the end (when EFE factor is very small at the laser 
wavelength), it results in the strong quenching of the directional ionisation. As one 
could see from the results in our case, the elongation of nanoparticles always stops, 
when the wavelength of irradiation is lying in the blue wing of SPR (EFE). 
Therefore, it allows us to conclude that the very weak electric field enhancement at a 
wavelength of irradiation can be the main factor limiting the laser-induced 
dichroism.  

 

5.5. Mechanism of the anisotropic shape modifications of spherical 
Ag nanoparticles in soda-lime glass upon fs laser irradiation 

The aim of this last section of the current chapter is to summarize experimental data 
and to propose the mechanism of the SP assisted shape modifications of spherical Ag 
nanoparticles embedded in soda-lime glass by excitation with intense ultra-shot laser 
pulses. Performed investigations of the effects accompanying the anisotropic 
modifications in the composite glass allow us to manifest the following experimental 
facts: 

• The laser assisted modifications occur only by appropriate laser pulse 
intensity (higher than 0.2-0.3 TW/cm2 by excitation at 400 nm); 

• The shape of transformed silver particle (prolate or oblate) is defined by the 
laser pulse intensity used for irradiation; the number of laser pulses plays 
mostly accumulative role;  

• The anisotropic shape modifications are strongly correlated with the laser 
polarisation indicating obviously that the processes, which define a preferable 
orientation of the nanoparticles, should occur at time scales about of the laser 
pulse duration. Therefore, one can suggest that the main process responsible 
for the NPs shape have to be the directed (pulse-enhanced) electron emission 
from nanoparticle; 

• Fading and following total disappearance of the SP band in extinction spectra 
at higher peak pulse intensities or high number of pulses indicate that the 
partial destruction or dissolution of silver NPs is involved in modification 
mechanism; 

• Modification of the NPs shape stops when the wavelength of irradiation is 
lying in the blue wing of SPR (EFE). However, subsequent irradiation by the 
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pulses at longer wavelength (or simultaneous two wavelengths irradiation) 
leads to the further shape transformation. All these finding allow us to 
presume that the electric field enhancement determines the directional 
ionisation and plays a key role in a mechanism of NPs shape transformation; 

• Positive charged shell of the silver cation (result of ion emisson) is playing 
apparently also a key role in the shape modifications; preheating of the 
sample up to 150-200°C increases the mobility of the silver cations and 
prevents formation of the cation shell in the vicinity of the cluster leading to 
total dissolution of the Ag nanoparticles upon laser irradiation. 

As one can see, the experimental data testify rather complex mechanism of the fs 
laser assisted modifications of Ag nanoparticles incorporated in glass. Therefore, 
before discussion of this mechanisms leading to the different, intensity dependent 
shape transformations, it is useful to briefly remind the physical processes, which can 
occur by the interaction of the laser light with nanoparticles. 

A first point is the temperature rise caused by one laser pulse. Following the intense 
and resonant laser irradiation, the energy absorbed by the nanoparticles conduction 
electrons causes a rapid increase in the electronic temperature. Electrons rapidly 
relax into a quasi-equilibrated hot electron system within several hundreds of 
femtoseconds [5.28, 5.29] via electron-electron scattering. After establishing a 
thermal electron system, the hot electrons cool down by sharing their energy with the 
nanoparticles lattice via electron-phonon (e-ph) couplings [5.29], thereby heating up 
the particle. The estimations of maximal electronic and lattice temperature, based on 
the 2TM (Chapter 3.3), give values in the range of 104 K for the electron system and 
a lattice temperature close to the vaporization temperature for bulk silver. Although 
the real temperature of a nanoparticle is expected to be much lower (because of the 
nanoparticle energy losses caused by the electron and ion emission, see 
Chapter 5.3.1), one can conclude that in the course of dissipation of the absorbed 
laser energy the nanoparticles and as a result its immediate surroundings experience 
a strong transient ‘temperature’ increase, which is at least connected with strongly 
enhanced local mobility of electrons, ions and atoms. 

Another important effect is the photoionization of the silver nanoparticles during 
exposure to intense fs laser pulses. The physical idea is that the SPR enhances the 
electric field of the laser pulse close to an Ag particle by a few orders of magnitude, 
with the highest fields located at the poles (with respect to laser polarization) of the 
nanospheres [5.15]. This can lead to enhanced directed already hot electron emission 
from the particle surface [5.30, 5.31], preferentially parallel to the laser polarization. 
But also an isotropic, thermal electron emission has to be regarded in the time of the 
electron-phonon system thermalization. The anisotropy of the direct, laser-driven 
electron ejection is thought to provide the preferential direction for the following 
particle shape transformation. Possibly the high electric field in the vicinity of the 
metal nanoparticle can even exceed the breakdown threshold of glass resulting in 
high-density electron plasma formation and even ablation of the glass matrix on the 
poles of the nanosphere. Regardless whether this happens, the free electrons in the 
matrix will lead to formation of colour centers (trapped electrons) in the 
surroundings of the Ag nanoparticle [5.17], which should also play an important role 
for the particle shape modifications. The free electrons as well as the colour centers 
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have strong absorption at SP resonance [5.14] which might result in resonant 
coupling of SP oscillations to the matrix [5.32]. Finally, the ionized positively 
charged core of the Ag nanoparticles is unstable and the Coulomb forces will eject 
silver cations, which form a cationic shell in the vicinity of the nanoparticle [5.17]. 
Clearly the radius of such a cationic shell is determined by the diffusion length of the 
silver cations and thus strongly depends on the local temperature.  

All the effects mentioned above are transient phenomena which are controlled either 
directly by the electric field of the laser pulse or indirectly by the temperature rise 
induced by it. Thus the pulse intensity is doubtless the decisive parameter for the 
shape transformation of the metal nanoparticles, and it is obvious to assume that the 
prevalence of individual processes, due to their different intensity dependence, leads 
to the characteristic intensity regions found in Chapter 5.1.2. Based on these 
qualitative conclusions and the experimental results presented above, we suggest the 
following mechanisms to be mainly responsible for the different shape 
transformation of silver nanoparticles in soda-lime glass in the different intensity 
regions. 

In the low intensity region (i.e. between I1 ≈ 0.2 TW/cm2 and I2 ≈ 2 TW/cm2 in 
Chapter 5.1.2) SP field enhancement stimulates the fastest process, field-driven 
electron emission from the surface of the metal particles [Fig. 5.24(a)]. The emission 
process happens within a few fs [5.33], i.e. without delay against the laser pulse. The 
ejected electrons will then be trapped in the matrix forming colour centers close to 
the poles of the sphere (for linear polarized pulses). The ionized nanoparticles are 
likely to emit Ag ions in statistical directions, in particular when after a few 
picoseconds electron thermalization and heat transfer to the silver lattice is finished. 
The resulting positively charged shell of silver cations [5.17] around the particle 
meets trapped electrons which are mostly concentrated at the poles. After some 
picoseconds they can recombine to Ag atoms [Fig. 5.24(b)] which finally diffuse 
back to the nanoparticle and precipitate mainly at the poles. Silver atoms which are 
situated relatively far away from the main nanoparticle can locally precipitate to each 
other forming very small clusters (halo). In multi-shot mode, remaining silver ions 
may also act as trapping centers for the electrons being emitted by the next laser 
pulse [Fig. 5.24(c)]. Possibly also the fact that electrons are favourably being trapped 
close to the poles, while ions which are mostly concentrated around equator (because 
the purely thermal emission of electrons leads to less electrons available for ion 
annihilation there), may cause local electric field distributions which influence the 
directional properties of electron and ion emission for following laser pulses. All 
these processes lead obviously to a step-by-step growth of the Ag particles along the 
laser polarization, explaining the observed prolate spheroidal shape [Fig. 5.24(d)]. 
Especially, in the growing process most of the very small silver clusters having 
precipitated above the poles (defined by the laser polarization) become closer to the 
main nanoparticle and can be incorporated in it again, while the clusters situated 
around equator contribute only to the halo formation [5.18]. At the same time, it is 
obvious that in the case of circular polarization the rotating electric field should lead 
to precipitation around the equator of a NP rather than at the (no longer defined) 
poles and the halo is forming in perpendicular direction (direction of propagation). 

With increasing peak pulse intensity we expect higher temperature, thus larger radius 
of the cationic shell. In this case, the farthest clusters located even in direction of 
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laser polarization can not diffuse back to the main nanoparticle, and in consequence a 
larger halo region is observed. This is perfectly compatible with the observed 
intensity dependence: from typically 1.5 TW/cm2 on, we observed decreasing 
dichroism and increasing isotropic red-shift, which can be attributed to the growing 
influence of the halo (via refractive index increase). It should be mentioned that all 
the processes discussed require the presence of a rigid, ionic matrix. This may 
explain why up to now the laser-induced transformation of metal nanoparticles has 
only been observed in glass nanocomposites.  

 

 

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

 

For the high intensity range (above 2 TW/cm2, Chapter 5.1.2) we suggest that, in 
addition to the processes already discussed, the very high local electric field at the 
poles of the sphere along the laser polarization can accelerate the free electrons so 
strongly that they induce a high density plasma by avalanche ionization of the glass 
[Fig. 5.24(e)]. The following plasma relaxation transfers energy from electrons to the 
lattice (e-ph interaction) on a time scale much faster than the thermal diffusion time. 
This can finally result in ablation of the material on the interface between glass and 
metal inclusion leading to partial destruction of the nanoparticle on the poles 
[Fig. 5.24(f)], or direct emission of the plasma components further away into the 
matrix. In any case that process produces oblate rather than prolate particle shapes 
(for linear polarization). It seems very plausible to anticipate that the characteristic 
intensity producing isotropic spectral changes only (I2 ≈ 2 TW/cm2) marks the 
balance between (i) the processes leading to particle growth along the laser 
polarization and (ii) the beginning plasma formation at the particle / matrix interface 
counteracting this growth. 



 
Chapter 5. Laser induced shape transformation of Ag nanoparticles embedded in 
soda-lime glass 

 

 79 

In conclusion, in this section we discussed possible mechanism of the laser induced 
shape modifications of spherical Ag nanoparticles embedded in soda-lime glass. The 
main point of the proposed scenario is the SP assisted (field-driven) photoelectron 
emission of the electrons from the metal surface upon excitation with 150 fs laser 
pulses. The following development of the processes strongly depends on the applied 
laser pulse intensity: slightly above the modification threshold the Coulomb 
explosion and anisotropic ripening of the Ag nanoparticles results in shape 
transformation of the particles parallel to the laser polarisation; intense laser pulses 
evoke the dense electron plasma on the glass-metal interface, which leads to ablation 
and compression of silver nanosphere resulting in orientation of the NP 
perpendicular to the laser polarisation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Chapter 5. Laser induced shape transformation of Ag nanoparticles embedded in 
soda-lime glass 

 

 80 

 



 
 
Chapter 6. Towards the production of sub-micron polarizing structures 

 

 81 

Chapter 6. Towards the production of sub-micron 
polarizing structures 

As it was shown in previous chapters the shapes of the initially spherical Ag NPs in 
glass can be permanently modified by femtosecond laser irradiation; that in turn 
leads to the optical dichroism induced in the composite glass. The amount of 
dichroism (spectral gap between the two polarized resonances), being correlated with 
the aspect ratio (ratio of long and short axis) of the NPs, depends on the irradiation 
parameters such as wavelength, peak intensity and number of laser pulses applied. 
Varying these parameters, quite different optical dichroism can be achieved, which 
lets this technique of ultrashort laser pulse irradiation appear as very attractive for the 
production of polarization and wavelength selective micro-devices. To achieve 
considerably high polarization contrast for such polarizing elements, the total 
extinction of the shape-transformed NPs must be correspondingly high. This 
obviously requires the initial nanocomposite materials to have high concentration of 
NPs. So far, however, it has not been studied systematically how the shape 
transformation and the resulting optical properties behave as a function of increasing 
NP content.  

Therefore, in the first section of this chapter we will present a detailed analysis of the 
influence of NP concentration on the optical properties of composite materials after 
irradiation. Based on the findings of this analysis, we propose a modified technique 
of several repeated irradiation and annealing steps, which enables the production of 
high polarization contrast polarizers using initial glass-metal nanocomposites 
containing spherical NPs with high volume filling factor. 

And in the second section, the examples of (sub)micro-polarizing structures will be 
presented. Such structures open up the possibility of production of micro-devices, 
where the wavelength and polarization of the light is important. As an example, it 
can be used in spectrometers that will allow getting not only the spectrum of 
transmitted (reflected) light, but also information about the polarization of the light at 
each wavelength.  

 

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

The first goal of this work is to understand how the laser-induced shape 
transformation of Ag nanoparticles and the resulting spectral gap between polarized 
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SP bands depend on the volume content of the NPs. The aforementioned theoretical 
considerations (Chapter 2.2) suggest a slight decrease of absorption, and increase of 
reflectivity at 400 nm (wavelength of irradiation) towards higher filling factor. These 
effects alone would imply that the interaction of light with the silver NPs is 
somewhat stronger in samples with lower filling factor, which should lead to larger 
separation between S- and P-Polarized SP bands [6.1]. Taking into account the 
measured gradient of Ag content (Chapter 4.1), one would anticipate an – at least 
slightly – larger dichroism in deeper sample layers along with the decrease of filling 
factor. However, it is also obvious that because of the absorption by nanoparticles 
located in the upper layers (close to the surface), the laser pulse energy is decreasing 
on its way in the depth of the sample. Hence, NPs situated in deeper layers will be 
exposed to considerably weaker pulses resulting in less effective shape 
transformation and thus smaller separation between polarized SP bands.  

To clarify which process is dominating, we prepared a sample by pre-etching, to 
have a limited maximum absorption, approximately as in case (iii) shown in Fig. 4.2, 
then we irradiated it for maximum dichroism, and finally removed the upper layers 
of that sample successively by the etching procedure described in chapter 4.1. After 
each etching step, the polarized transmission spectra and a reference spectrum from a 
non-irradiated area on the sample were recorded. The position of the transmission 
minima of the latter can be used as a measure for the average filling factor in the 
respective depth. The resulting spectra directly after irradiation and after the first 
etching are presented in Fig. 6.1. It is seen that after etching the amplitudes of both 
SP bands decrease by 7-10%. This fading of the absorption bands is expected due to 
the decrease of thickness of the NP-containing layer; the same effect was already 
shown before for spherical nanoparticles [Fig. 4.2(b)]. However, the positions of SP 
bands are also changed. The p-polarization band shifts by roughly 6 nm to shorter 
wavelengths (peak at 494 nm), while the central wavelength of the s-polarization 
band shifts by a smaller amount of ≈ 1 nm to the red.  

 

 

Fig. 6.1. Polarized transmission spectra of irradiated samples. The spectra were measured 
from the same irradiated area: solid lines – directly after irradiation; dashed lines – after 
10 s of etching. 
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To make the complete series of data better visible, we show in Fig. 6.2 only the 
values of band centers for p- and s-polarization (solid squares and circles, 
respectively), and the band integrals for p-polarization (open rhombs); the latter was 
normalized by the integrals of the SP bands from the non-irradiated regions. For 
comparison, also the peak transmission value of the reference band is given 
(triangles). Clearly the spectral gap between s- and p-polarized bands decreases with 
increasing time of etching, mainly due to the blue-shift of the p-polarized band. 
Removing the upper layers until the reference SP band has a minimum transmission 
of ≈ 26% shift the central wavelength of the p-polarized band from 500 to 480 nm, 
while the changes for s-polarized band are less then 5 nm. The p-polarized band 
integrals are observed to be more or less constant. From these results we can 
conclude that the decrease of laser pulse intensity upon travelling through the particle 
layer has the dominant influence on the magnitude of NP shape transformation. 

 

 

Fig. 6.2. (a) SP band positions and p-polarization band integrals of irradiated sample 
measured after different times of etching; (b) the values of sample transmission minima from 
a non-irradiated area after every etching. 

 

To investigate the influence of the volume filling factor separately, we had to use a 
different approach: we prepared 6 samples with different concentration of 
nanoparticles and irradiated them all with the same laser parameters. The initial 
transmission spectra of these samples are those presented in the inset of Fig. 4.2(b). 
The behaviour of the same parameters as discussed in Fig. 6.2 is illustrated in 
Fig. 6.3. As one can see, the p-polarization band for the sample with highest filling 
factor is peaked at 501 nm, while the central wavelength of the s-polarized SP band 
is located around 386 nm. For the next two samples with lower NP concentration the 
distance between polarized bands increases a little. However, for the next three 
samples with successively lower Ag filling factor, the spectral gap and band integrals 
decrease considerably.  
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Fig. 6.3. (a) The central wavelengths of polarized SP bands and p-polarization band 
integrals for six samples having different filling factors and irradiated with the same laser 
parameters; (b) the values of sample transmission minima from non-irradiated areas. 

 

The last finding is in contrast to the expectation from Maxwell Garnett theory 
(Chapter 2.2), where we predicted a stronger laser – NP interaction and thus an 
increase of the spectral gap between polarized SP bands for decreasing fill factor. 
However, as it was shown above, the laser induced shape transformation of NPs is 
limited. When the highest aspect ratio of nanoparticles is achieved, a further increase 
of interaction strength between laser light and NP leads to their partial destruction. 
Spectroscopically this destruction is seen in the transmission spectra as a shift of both 
polarized SP bands back towards the original band, accompanied by bleaching and 
broadening [see for example Fig. 5.7(c)]. 

Collecting all arguments given above, we can describe the observed results as 
follows. Since the laser irradiation parameters were the same for all samples, the 
behaviour of the spectra demonstrated in Fig. 6.3 is obviously due to the changes in 
absorption (and/or reflection) caused by changes of the NPs’ filling factor. For the 
first three samples (highest concentrations of nanoparticles) the increase of 
absorption in fact leads to the expected higher aspect ratios of NPs, enlarging also the 
spectral gap between the polarized SP bands. For the three samples with lower filling 
factor the interaction strength between laser pulses and NPs is becoming too high 
that results in a partial destruction of the nanoparticles, which is seen as decrease of 
dichroism with simultaneous bleaching of SP bands.  

Overall, the results discussed so far make clear that irradiating composite glasses 
with high content of metal NPs with the goal to achieve a good dichroism with the 
high polarization contrast is a difficult task. On one hand, the laser pulses should be 
strong enough to modify the nanoparticles in deeper layers; on the other hand, too 
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high intensity irradiation leads to partial destruction of NPs. However, we have 
found that this destruction can be annulled or at least reduced utilizing repeated 
irradiation, where the sample is heated for 1 h at 200°C between subsequent 
irradiations. This annealing of the sample removes colour centers and other meta-
stable laser-induced defects in the glass [6.2], which otherwise would absorb part of 
the laser pulse energy [6.3], thereby heat the sample, increasing the mobility of 
electrons and silver ions, and as a result lead to dissolution of NPs [6.4]. At the same 
time, because of successive particle deformation the SP band polarized along the 
laser polarization moves out of resonance decreasing the NPs interaction with the 
laser pulses. By combination of these two processes (reduction of meta-stable defects 
and shift of the p-polarized band out of resonance) the destruction of nanoparticles in 
the upper layers is strongly reduced, while the average energy interacting with the 
NPs located in deeper layers increases. The resulting effect is illustrated by Fig. 6.4, 
which shows polarized transmission spectra of a sample with high filling factor 
measured after only one and after six successive irradiations (from both sides of the 
sample): after the first irradiation the p-polarization band is only shifted to center 
wavelength < 450 nm, while repeated irradiations and heating the sample in between 
causes a much larger spectral gap. 

 

 

Fig. 6.4. Polarized transmission spectra of irradiated sample having high filling factor: 
(solid lines) – measured after first irradiation; (dashed lines) – measured after sixth 
irradiation.  

 

Finally we can make use of the finding that multi-wavelength irradiation of the same 
sample area by pulses with successively longer wavelengths (as it was shown in 
Chapter 5.2.2 and Ref. 6.5, 6.6) can shift the p-polarized band much farther leading 
to considerably increased dichroism or high polarization contrast, respectively. As an 
example, Fig. 6.5 shows polarized transmission spectra of the same sample as 
already discussed in Fig. 6.4. After the first irradiation series at a wavelength of 
400 nm, a second irradiation step at 550 nm, with polarization parallel to the long 
axis of the already modified particles, was performed. Clearly the p-polarized band 
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shifts further to a peak position of 600 nm, resulting in high polarization contrast at 
this wavelength: in the region of 550-650 nm, the transmission for p-polarized light 
is close to zero, while for s-polarization it is around 60%. It should be mentioned 
here also that we have tested the effect of further irradiation steps at longer 
wavelength (e.g. 800 nm), which shift the p-polarized SP band further into the IR 
region; because of the minimal losses for s-polarized light, these subsequent 
irradiation also increase the polarization contrast further. 

 
 

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

 

6.2. Micro-polarized matrixes 

Considerng all observations discussed above, we have tried to produce micro-
polarizing structures on the nanocomposite glass containing silver nanoparticles. To 
achieve spots with the size of few micrometers requires focusing with sufficiently 
high numerical aperture. In this experiment the beam size was enlarged to 15 mm 
and then focused with lenses with 55 or 80 mm focal length.respectively. We have 
irradiated the sample by pulses at λ = 515 nm; the laser parameters were chosen so 
that the maximum dichroism is obtained. The result of irradiation is presented in Fig. 
6.6. The matrix consists of spots (modified area) with a size of around 3 µm and a 
distance of 15 µm between them. The spots are seen when polarization of the light 
(in microscope) is parallel to the laser polarization. If the light is polarized 
perpendicularly to the laser polarization, the spots disappear. The irradiated areas 
have a green colour in p-polarisation because of extinction at around 600 nm [see for 
example Fig. 5.10].  

The next example is shown in Fig. 6.7. Here, again parameters of irradiation were the 
same for every spot. However, the pattern of the structure, in this case, consists of 
three irradiated and one non-irradiated spots (Fig. 6.7 marked by red square) and the 
laser polarization is rotated on 45° and 90° for every next irradiated spot in pattern. 
The four photos shown in Fig. 6.7 are taken from the same area on the sample. The 
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only difference is the polarization of light in the microscope, which for every case is 
shown as an arrow. The colour of the spots is darker than in previous case, because 
the irradiated sample had a higher filling factor, which leads to the broader extinction 
(see for example Fig. 6.5). 

 
 

Fig. 6.6. Polarized matrix made by laser irradiation of silver nanoparticles embedded in 
glass. Polarization of the light is parallel to the laser polarization. If the light is polarized 
perpendicularly to the laser polarization, the spots are disappearing. The size of one spot is 
around 3 µm.  
 

 
 

Fig. 6.7. Polarized microstructure made by laser irradiation of silver nanoparticles 
embedded in glass. Parameters of irradiation (except laser polarization) are the same for 
every spot. The pattern of the structure (marked by red quadrate) consists of three spots 
irradiated with laser polarization rotated on 45° for every next spot and one non-irradiated 
area. Polarization of the light in microscope is shown as an arrow. 

 

The last example presented in Fig. 6.8 shows similar structure as was shown in 
Fig. 6.7. Again, the pattern consists of three irradiated and one non-irradiated spots 
and the laser polarization is rotated on 45° and 90° for every next irradiated spot in 
pattern. However, in this case parameters of irradiation for every spot were different. 

100 µµµµm 

100 µµµµm 
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The rise in number of pulses leads to the red shift of p-polarized SP band and as a 
result the colour is changed from brown to green (Chapter 5.1.2). On the other hand, 
rotation of the probe light polarization leads to the changes of spots’ colours, so that 
the spot which has red colour in one polarization becomes yellow-brown for the light 
polarized in perpendicular direction.  

 
 

Fig. 6.8. Polarized microstructure made by laser irradiation of silver nanoparticles 
embedded in glass. Parameters of irradiation are different for every spot in the pattern. The 
pattern of the structure again consists of three spots irradiated with laser polarization 
rotated on 45° for every next spot and one non-irradiated area. Polarization of the light in 
microscope is shown as an arrow. 

 

6.3. Summary 

In this chapter we presented first a detailed study on the question, how polarizing 
areas with large dichroism and high polarization contrast can best be prepared with 
the method of laser-induced shape transformation of metal nanoparticles at high 
concentration in glass. Several experiments were employed to understand the 
limiting factors on the observed amount of dichroism in this case. The obtained 
experimental results showed that the glasses with silver NPs with high volume 
fraction behave different compared with the samples with low metal content. 
Namely, it was shown that the rise of NPs concentration results in decrease of 
interaction strength between NP and laser pulses (400 nm). Furthermore, the 
absorption of the laser light by NPs located in upper layers prevents the shape 
modification of nanoparticles in deeper layers. Comprising these and previous 
findings, we identified that a multiple irradiation procedure with increasing 
wavelength, interrupted by annealing in between two irradiation cycles is the best 
method to achieve large dichroism and high polarization constant in composite 
glasses with silver nanoparticles. Such technique permits production of micro-
polarizing structures in visible and near IR spectral regions. At the end, we have 
shown few examples of such micro-polarizing structures (with the spot size of about 
3 µm) made by laser irradiation on nanocomposite glass with silver nanoparticles, 
which can be used in polarization and wavelength selective micro-devices.  
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Chapter 7. Summary of the work 

The experimental results presented in this thesis are mostly concentrated on the 
investigation of the laser-induced shape modification of initially spherical silver 
nanoparticles incorporated in glass and the processes leading to the different NPs 
shapes. A detailed understanding of all these processes helps to optimize the 
technique of NPs shape transformation based on laser irradiation, and as a result, to 
modify the optical properties of composite glasses with metal nanoparticles as it is 
needed for every special application. 

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

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

The fact that the laser assisted elongation of nanoparticles stops when the excitation 
wavelength is located considerably far in the blue wing of the p-polarized SP band 
together with results obtained in experiment with simultaneous irradiation of the 
sample by two wavelengths allowed us to conclude that the very weak electric field 
enhancement at a wavelength of irradiation can be the main factor limiting the laser-
induced dichroism. This limit can be overcome by subsequent irradiation tuning the 
irradiation pulses to the longer wavelengths. 
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Taking into account the theoretical estimations and experimental results observed by 
the study on temperature dependence we can conclude that the intended 
transformation of initially spherical NPs to prolate shapes with high aspect ratio by 
irradiation with a few hundred laser pulses requires a special spatio-temporal 
evolution of the matrix temperature: the heat-affected zone reaching transiently 
temperatures above ≈ 500 K around a nanoparticle should apparently be limited to a 
few nanometers.  

According to the all acquired experimental results and calculations we also proposed 
the possible deformation mechanisms based on the transient phenomena which are 
controlled either directly by the electric field of the laser pulse or indirectly by the 
temperature rise induced by it. Formation of the prolate spheroids with the long axis 
parallel to the laser polarization in the low intensity range for multi-shot irradiation 
could be explained by combination of the photoionization and metal particle 
precipitation on the poles of the nanosphere. The intensity-dependent extension of 
the cationic shell around the nanoparticle and the photoelectron emission in direction 
of the laser polarization play a key role here. In the case of high intensities (above 
2 TW/cm2) and low number of pulses (less than 40), dense electron plasma formation 
at the poles of the sphere and following thermal expansion or even ablation of the 
glass matrix dominate, leading to transformation of nano-spheres to oblate spheroids. 

All these findings allowed us to optimize the technique of laser-induced modification 
of optical properties of the nanocomposite glasses with silver nanoparticles and to 
show that this technique is a very good tool for production of micro-polarizing 
structures (polarization and wavelength selective devices) with high polarization 
contrast and broad tunable range of dichroism; some of the examples of which were 
presented in Chapter 6.  
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