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I ntroduction

| ntr oduction

From the Middle Ages coloration of glass or solai@ontaining colloids of
noble metals stirred attention of many researdtissvell known that silver particles
typically demonstrate yellow color while gold armpper colloids are responsible for
the red coloration of stained glass windows. Thet fexplanation of extinction
spectra and coloration of metal particles was edraut by Mie in 1908 [1.8]. Since
then optical properties of metal nanoparticles haxéensively been studied in
different fields of science and technology.

The linear and nonlinear optical properties of mhietananoparticles in
dielectrics are dominated by the strong surfacemtm resonances (SPR). Since
spectral position and shape of these SPR can hgnéddswithin a wide spectral
range throughout the visible and near infrared hpiae of the metal and the
dielectric matrix, or manipulation of size, shape spatial arrangement of the metal
clusters, these composite materials are very piogisandidates for a great number
of applications in the field of photonics. In thlasntext, laser-based techniques to
modify shape and arrangement of the metal clustersof great interest since they
provide a very powerful and flexible tool to contand optimize the linear and
nonlinear optical properties of these materials.

Recently, it has been shown [3.14] that the exoitabf the single spherical
Ag nanoparticles by fs laser pulses near to the 8RRRes a laser induced dichroism
in the composite glass indicating shape modifiecatbthe metal clusters. However,
the mechanism of the shape transformations seerne t@ry complicated and still
needs additional investigations. This thesis carsidome aspects of interactions of
intense fs laser pulses with silver nanoparticlesoliporated in soda-lime glass.
Presented hear investigations of the fs laser tedsisnodifications of Ag
nanoparticles in dependence on the laser pulsasitye excitation wavelength,
temperature as well as performed luminescence afakation dynamic studies
reveal new information concerning the processesngriby excitation of the silver
cluster near to the SPR and leading to structitedagions.

Additionally, effects of the fs and ns laser puleaghe system of aggregated
Ag nanospheres are shown here. For instance, engposthe compact packed metal
clusters to intense fs laser pulses demonstratesteopic structural modifications in
the sample, which in turn strongly dependent ontatton wavelength and affected
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I ntroduction

by collective interactions. On the other hand,ttre¥mal instabilities produced in the
samples by ns second laser pulses result in rigeofiperiodically distributed in the
glass chain-like silver structures. The possibleclmeaisms responsible for the
observed effects are discussed.

The last chapter of this thesis refers to the pissipplications of the fs laser
induced dichroism in the glass containing spherbasters. In turn, an opportunity
of the 3D anisotropic structuring as well as 3Dadstorage in these materials is
demonstrated and discussed. Moreover, proposediteeh could find many
additional applications in development of differ&® polarization and wavelength
selective microdevices such as polarizers, filteggtings, RGB and DWDM
devices, optical and plasmonic embedded circuits.



Chapter 1. Propagation of optical beams in comjgosiedium
containing metal nanoparticles

Chapter 1.

Propagation of optical beamsin composite
medium containing metal nanoparticles

In this chapter | review some of the basic linead aonlinear optics govern
the interaction of the intense laser radiation wittmedium. The linear and nonlinear
response of the medium strongly effects on thegmapon of electromagnetic wave
in the optical material and can even result in peemanent modification of its
physical properties. In turn, the linear and nogdin optical features of composite
materials with metal nanostructures are dominatedgwface plasma oscillations.
The fact that the surface plasmon (SP) stronglyedég on size, shape, distribution
of metal nanoparticles as well as on surroundinglediric matrix offers an
opportunity for manufacturing of new promising rniaear materials, nanodevises
and optical elements.

1.1. The Basics of the Linear and Nonlinear Wave | nteractions.
The starting point of the electromagnetic theory pmfopagation of

electromagnetic radiation in material media is tMaxwell’'s equations for the
macroscopic electromagnetic field, which may betemi (SI system)

Oxp =j+92. 1.1
ot
Oxg=-9B 1.2
ot
0D = p,, 31.
OmB=0, 1.4

where E is the electric field and the magnetic induction. The electric displacement

f), magnetic fieldH and the current densitil are defined by constitutive equations
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—

I5:£0 +I5:£O£I§, 15

H=2B-M, 1.6
Ho

i =0E 1.7

where P and M are the electric and magnetic polarizatioass the conductivity of
the medium, o is the density of external charges; afgdand y,are the electric

and magnetic permittivity in vacuum, respectively; is the relative dielectric
permittivity of the medium. For the sake of simpilicwe shall limit ourselves to the

non-magnetic mediaM = 0). Thus, after substitution of Eqs.1.5-.1.7 osH.1-1.4
the electromagnetic wave equation can be derived

; -
OE 0’E, , 0P _,

OxOxE+ ,uOJE+£0,uO e + U, pYe 1.8

Moreover, the optical polarizatioﬁ’ in EQ.1.8 induced in the medium by
propagating electromagnetic wave can be expressadiylor series:

P=gx® E+e,x? [EE+e,x® (EEE+...., 1.9

where yis a susceptibility tensor of (n+1) rank afids the propagating electric
field. The first term in EQ.1.9 describes lineaftgozation component while higher
terms are responsible for nonlinear contributionug; the wave equation Eq.1.8 can
be modified:

. OE 92E  8°P,
DXDXE+,UOJE+£O,UO(1+)((1)) e A atZNL =0, 1.10

where P, =£,x® (EE+¢&,x® (EEE+ ... The typical values ofy®and x® for

the usual kind of crystals arg® ~ 10° esu andy® ~ 10 esu. Therefore, for the
weak incident optical field the nonlinear contriloatin polarization can be neglected

(P;L - 0) and Eqg.1.10 becomes the well known ordinary weaypetion:

—

— 2 r
DXDXE+uOJ(2—tE+£OuO(1+)((1))(9aTE:O 1.11

In this case, the polarization response of a mediana given monochromatic
componenté(w,r of applied field is limited only by the electric npaittivity & ; the

other frequency components of the field do notatfém I5L (w) or E(w,r). If the

4



Chapter 1. Propagation of optical beams in comjgosiedium
containing metal nanoparticles

applied field is an intense laser field, the seeoand/or third-order polarization
components expressed by Eq.1.9 may no longer bleated. Then the nonlinear
term containingﬂ in Eq.1.10 can be recognized as a source thag¢métncoherent

radiation at a new frequency. Thus, nonlinear déion induced in the media by
propagating monochromatic electromagnetic wave espansible for optical
harmonic generation.

1.2. Propagation of a plain electromagnetic wave in a linear isotropic
medium. The dispersion, absor ption and reflection of light.

Let us consider propagation of a plain electrom#gveave with frequencyw in a
medium with linear susceptibilityy® . Here the intensity of the light is assumed to
be low enough to exclude the nonlinear interactidimis, only the first linear term
of the Eg.1.9 was taken into account. Denotingatttidtrary direction of propagation
as z and specializing the problem to one dimensiprtakingd/dx =d/dy =0, a
solution of the wave equation Eq.1.11 can be predgeas a plain electromagnetic
wave, which is propagating in the medium with thexeic field strength expressed
as

E(zt) = E,exp(kr —iat) = E,expikz—iat), 1.12

where Eo is an electric field amplitude of oscillating diexnagnetic wave and wave
vector k, which in general case can be given as

K =K'“+ik", 1.13

where k' and k" are real and imaginary part of the wave vectokifig in to
account Eq.1.13 we can rewrite Eq.1.12 as follow

E(zt) = E,expCk"z)explk'z-iat), 1.14

In turn, the Eq.1.14 clarifies the physical senfeeal and imaginary part of the
wave vector. Thus,k" is responsible for the damping of the electroméigneave
in the medium and defines the amplitude, whilertted park’ is combined with the
phase of the electromagnetic wave. Moreover, frown Eq.1.14 the absorption
coefficient can be expressed via imaginary pathefwave vector as

a =2K" 1.15

Substituting the electric vector Eq.1.12 in the wageaation Eq.1.11 and taking in to

account OxOxE =[O0E-?E=-02E (OE=0 in homogeneous with no
external chargesd; =0)) we obtain
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k? = &’ ,6(w) = %s(a)) , 1.16
where
e(w) =e+ie"= 0+ O (@) +i Y = @+ y @)+ @+ 2Y) 117
£, £,

is a relative complex dielectric permittivity ofethmedium anct:::l/ Ho&, IS the

light velocity in the vacuum, x®(w) = x'(w)+ix"(w )is the complex linear
susceptibility of the medium. Using the anharmarscillator model to the electronic
response of the medium in a oscillating electrédfi[1.1] the linear susceptibility
can be expressed via Lorenz function:

2
XO(w) = Ne 1.18

" meg[(of —aP) iyl

where N is the concentration of electrons, e —ghanf the electron, m — masse of
the electrong, is frequency of the electron motiopjs the damping term.

Moreover, real and the imaginary parts of the linsasceptibility (Eq.1.18) are
connected via Kramers-Kronig relation:

x(@==[2 0. 1.19
ml Q-w

By analogy with the complex wave vector (Eq.1.18) aising the Eq.1.16,
complex index of refractioof a medium can be defined as

N(w) =Nn'+in"=,/&(w), 1.20
where k'zﬁn' and k":ﬁn“. Hence, using the Egs.1.15,1.16 and 1.20 one can
c c
determine the absorption coefficient and refracinekex of the medium as
a(w) :%Imq/e(w), 1.21
n'(w) = Re\/&(w). 22.

At the same time, the Eq.1.16 testifies connedhietween wave vector and
the imaginary part of dielectric permittivity in Bgl7:

2k'k":£2£" 23
C

Thus, using the Eq.1.15 and expression for redlgdaefractive index it is possible
to derive the following expression for the absamptcoefficient:
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a=—¢&". 1.24

The EQ.1.24 indicates that imaginary part of theleditric permittivity is
responsible for the damping of the electromagnetige in the medium. Moreover,
as it was shown in the Eq.1.17, cbtnsists of two components: conduction electrons
in the medium define the first one; the second @nassociated with electron
transitions in atomic system described by the Lpraodel (Eq.1.18).

Therefore, the absorption coefficient and refraciivdex are defined by the
dielectric properties of the medium. Furthermore #ibsorption is responsible for
the attenuation of the amplitude of the electronetignwave propagating in the
medium and refractive index defines the phase o #lectromagnetic wave.
Moreover, effects observed on the boundary of tvedlian (refraction and reflection)
are also caused by linear optical response of #ianin turn, the energy reflection
coefficient by normal incidence can be expressaagufie complex refractive index
(Eq.1.20):

n(6) = n,(e)| L5
(@) +n,(e)] |

R(w) =

where n and n are the complex refractive indexes of the two maddirming a
separating boundary.

1.3. Nonlinear propagation of electromagnetic wave.

If the laser intensity is high, the wave equati@plELl is not valid any more.
Instead, one has to use the nonlinear wave equéqrl.10) and to take into
account higher polarization orders (Eqg.1.9). Irs tbase, the nonlinear interactions
results in polarization components with new frequies, which can be recognized as
a source emitting additional harmonics.

1.3.1 Second order susceptibility. Second Harmgaiteration (SHG).

Second order nonlineary is the most important phemam responsible for
optical Second Harmonic Generation (SHG), what altual the first nonlinear
effect discovered after invention of the laser, liocgiing conversion of the energy of
propagating in the nonlinear media electromagngtiue with frequencye to that
of a wave at2a ; parametric generation, where strong pump radiatiofrequency
«, induces in the nonlinear media two wavesaqt and «w,to be satisfied the

condition «; = &, + @, ; frequency up-conversion (sum frequency) of wavi¢h low
frequencyc;, to a signal of a higher frequeney, by mixing with a strong laser field
at «,, wherea, =«, +«,.

The nonlinear interaction of two optical fields foéquencies at, and «,,

respectively, in second order nonlinear media @eduthe nonlinear polarization
component ate, to be expressed according to the Eq.1.9 as:
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R = gy EMES, 1.26
R%:ai‘wz = goXiJFI"s:ai‘wz E]‘*{ Elwz ,

where )(ij;é is the second order susceptibility tensif? and E.> are the amplitudes
of two interacting fields given by

£ (2) =3{E, (¢4 +cc) 127
Ex(zt) = 3[Ex (20€“*™ +cc]

According to the Eq.(1.26) only media witck of center of symmetoan possess a
nonvanishing y; tensor. This follows from the requirement that in a

centrosymmetric crystal a reversal of the sign&@f and E;* must cause a reversal
in the sign of P“~*"*2 and not affect the amplitude:

Xit FPEPEE = -y (CEP) (B 1.28
This means y;*=0. Additionally, the fact that an order of electfield components
don’t play any role in Eq.1.26 testifies that, = ); . Thus, according to the
Kleinman’s conjecture [1.1] the second ordesceptibility tensory;, of third rank

come to second rank tensor with 10 independenficiefts. In turn, the tensay; is

determined by the poin-group of symmetry of nordineaedium.
According to the model of the anharmonic oscillatoa cubic potential [1.1]
the second order nonlinear optical susceptibilety be derived as

- DNé

. — 1.29
27 |(af - a?) +iay] (af - 4a?) +i2ay)

X (w,w2w) =

where N is the concentration of electrons, e —ghaf the electron, m — masse of
the electron, D is a constank), is frequency of the electron motioryis the

damping term. From EQgs.1.18 and 1.29 the secondr wdsceptibility can be
expressed via linear susceptibility by the well\wnaMiller’s rule:

X2 (w,020) = X (@) X P (@) X&) (203, 1.30

! ]

Here, xii () and xu"(2c) are the linear susceptibilities at fundamental &i
wavelengths, respectivelgj is a universal tensor defined by the symmetryhef t
nonlinear media. Expression Eg.1.30 proves thetfat second order nonlinearity
is strongly dependent on linear susceptibilitiesioflinear material at fundamental
wavelength and SH. Moreover, as it follows from E2ZPlverging of excitation
frequency « and/or SH 2« towards an absorption resonance evokes an
enhancement of second order nonlinear coefficreseveral orders of magnitudes.
According to the Eq.1.26 the nonlinear polarizatia, = «, +«, can be written as

8



Chapter 1. Propagation of optical beams in comjgosiedium
containing metal nanoparticles

R (2t) = £ 42 (W, 0, W) Ey (E, (D) (004 1o 1.31

Lets consider the case of SH generation, wherFw, =« and a, =2w.

Substituting Eg.1.31 and Eqg.1.25 in Eq.1.10 aftenpg mathematical derivations
and assuming non-conducting med@a=0), we obtain coupled wave equation for
SHG:

dBy __i

g — )(k.,) (0 w20)E,E, €%, 1.32
z

where wave vector mismataik =k, — 2k, . This equation describes the evolution of

the electric field amplitude of SH in the depth ohhnear crystal. Similar equations
can be arrived for cases of sum and differenceurges. Integration of Eq.1.32
trough the crystal length L and taking in to acdotime boundary condition
E3(z=0)=0 one can obtain:

1_eiAkL

W
E. (L)=2= ¥ (w w20WE, E, ——— 1.33
3k( ) Cn)(ku ( )E1| 2] Ak

Using a relation for the intensity

=1 [ EE—CSO Ik 1.34
2\ Uy

the Eq.1.33 gives the output intensity for SH

| @) — of

cn

L2 sin®(AkL/2)

, 1.35
(DKL/2)?

()(k.,)) (@,w20)1

where | is the intensity for fundamental frequency radiatidccording to the
Eq.1.35 the efficient SHG requirdee phase-matchingonditions

26, 5,

Ak = k> - 2k? === (n*” -n®) =0, 1.36
c

where n” and n* are the refractive indexes at fundamental and i®Huencies in
nonlinear media. However, the nonlinear frequerayversion is continually limited
by the availability of suitable nonlinear materialhe phase-matching is the most
restrictive requirement placed on a crystal anduced the number of potential
crystals to only a few hundred out of over 1300@wn crystals. The method of
quasi phase matching in materials with specialogécal modulation of refractive
indexesn® and n*” and/or nonlinear coefficient is important for os@ming the
restriction of satisfying the conventional phaseaahieng requirement and extending
the range of utility of existing crystals.
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1.3.2 Third-order nonlinearities.

In this part, | briefly consider optical phenomeraaused by the third term of
the material polarization in Eq.1.9. The third ardenlinearities are responsible for
such processes as the optical and dc Kerr effectlettric field assisted SHG, self
focusing, third-harmonic generation, stimulatedllBuin and Raman scattering,
optical phase conjugation and two photon absorpt8ome of them definitely are
playing significant role by interaction of intenfselaser pulses with composite glass.

For the sake of simplicity, lets consider a cenmasietric medium, where
second order nonlinear susceptibility® = . @Thus, the material polarization

becomes:
P=g,x® +P, @ =g,(x¥ + y© [EE)E 1.37

where y® and y® are linear and cubic nonlinear susceptibilities ofiedium,E is

the electric field strength of the incident eleatemnetic wave . Using the Eq.1.5 we
can define the relative dielectric permittivity as

+
g:£=1+)((1) +)((3)|E|2. 1.38

0

According to Eq.1.22 for the refractive index asgwaming that the nonlinear term is
relatively small the Eq.1.38 follows to:

EIN=G
L XVE

n=n,
2n
0

=n,+n,l, 1.39

@
X

5 is the nonlinear refractive index, |

wheren, is the linear refractive index, =

0
is the electromagnetic wave intensity given by B#11Thus, the Eq.1.39 indicates
that the medium with cubic nonlinearity demonssadependence of the refractive
index on the light intensity. In general, the thindler nonlinear susceptibility

x®can be presented by analogy wjtf as a complex parameter

@ n

X (@, @) = XV (@, @, 0) +ix P (@, @) . 1.40
Moreover, the real and the complex parts are cdadega nonlinear Kramer-Kronig
relation [1.2]:

. _27x0"(Q,w, @)
X (@)= | G2 1.41

0

In analogy with linear case, it can be shown [1L3] that imaginary part of the
cubic nonlinear susceptibility is responsible foe tdamping of the electromagnetic
wave due to two-photon absorption in the medium:

10
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a(@)=a® (@) =2

(@, w,~w)l , 1.42
Cé‘OX (W, w,,~w,)

where a®(w )is the nonlinear absorption coefficient, | is imgéy of light given

by Eq.1.34. According to Eq.1.42, increase of #set intensity can evoke nonlinear
absorption in the medium with cubic nonlinearityusad by two-photon absorption.
Therefore, the nonlinear refractive index as wslladsorption coefficient linearly

depends on the laser intensity.

On the other hand, the optical Kerr effect exprésbg the EQ.1.39 is
responsible for such phenomena as self-focusingaroflaser beam, self-phase
modulation of an laser pulse, optical bistabilifyttee nonlinear medium.

The self-focusing of the intense laser beam arism® a variation of the
intensity in the beam profile. Thus, if the laseain profile is characterized by the
Gaussian function and, s positive (most materials), the refractive indexthe
center of the beam is considerably higher comptardtle wings. These alterations
create a positive acting lens, which focuses thebelrhe self-focusing results in
beam size decrease and following rise of the imttensthe beam center. If the beam
size finally achieves a diffractive limit, a filamieis formed. On the other hand, if
the intensity is high enough, the electron plasamalee induced acting as a negative
lens, which prevents following focusing of the beam

In contrast to the self-focusing, where the intgndieam profile leads to
special variation of the refractive index, the g#iaise modulation arises due to
temporal intensity modulation resulting in the aetive index varying with time.
This produces, in turn, a time dependent phaseatilfie laser pulse [1.4]. The laser
pulse in slowly-varying envelope approximation ¢engiven as

E(zt) :%[Eo(z,t)eprkz—iwot)+c.c.], 1.43

whereE,(z,t )describes the envelope of the laser pulse. Thk#mganto account
Eq.1.39 the phase of the laser pulse (Eqg.1.43peanritten as

Azt) =kz—-wpt :ﬂz(no +n,1(z1)) -, 1.44
o
where the laser pulse intensity according to Eg.1.33 given by

I(zt) = cggno |Eo(z,t)|2. Thus, the high laser pulse intensity can resulidditional

phase shift caused by nonlinear refractive indéxceSthe frequency of the wave is

w= —%, the phase modulation Eq.1.44 leads to a frequera™ulation

N,z

a(t) =

)
—1(z1). 1.45
5 (20

According to the Eq.1.45, the spectrum of the phHse modulated field is
broadened leading to supercontinuum generatiot. [1.4

11
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The suppercontinuum generation opens wide oppdsrior ultrafast laser
spectroscopy. In turn, we applied this techniqu@ump-probe experiments, where
white light created by 150 fs laser pulses in sappblate was used as a probe pulse
for modification dynamics measurements in nanocai@@lass (Chapter 3, Section
3.4). Moreover, the supercontinuum generation endtass could result in induced
ionization and colour center formation caused blsi photon absorption of the
blue wing of the broadened pulses [1.5].

1.4 Nonlinear ionization.

In previous section | have considered nonlinearnpheena induced in a
medium by intense laser radiation. However, undemes circumstances the
nonlinear interactions of the electromagnetic waitt matter can lead to permanent
structural modifications in it. This, results iorsiderable changes of the linear and
nonlinear optical properties of the exposed mdteres used here, the most
important mechanism responsible for the permanesdifination of matter is the
laser assisted ionization.

lonization of dielectrics requires transition oéetrons from valence band to
conduction band. Thus, if the photon energy of texicn wave is less than the
energy gap between valence and conduction bandsjothzation due to single
photon absorption is excluded. As it was shown abowrease of the light intensity
leads to enhancement of two-photon absorption i@ thedium with cubic
nonlinearity. Thus, ionization of the dielectricnche induced even by intense laser
excitation at wavelengths far away from the fundataleabsorption edge due to two-
photon (multi-photon) absorption caused by nonlinacesses in the material.

One has to distinguish two classes of nonlineaizaiion mechanisms:
photoionization and avalanche ionization [1.6], ethresults in plasma formation
responsible for nonlinear phenomena and structneoaifications in dielectrics.

1.4.1 Photoionization.

Photoionization refers to direct excitation of tkedectrons by the laser field.
Moreover, the ionization caused by nonlinear alsmmpof several photons is
describing ashe multi-photon ionizatior(Fig.1.1A). On the other hand, according to
Eq.1.34 increase of the laser intensity refersréavg of the electric field strength of
the electro-magnetic wave. In turn, strong eledigtds can suppress the Coulomb
well of the electron bonded with an atom. If théodmation of the electron potential
energy is high enough (1.1B), the valence eledinonels through the short potential

Multi-Photon ionization
y>1.5 tunnel ionization

A 4

C y-1.5

Fig.1.1 Photoionization of the electron placed aulomb well: A — two-photon ionization; B —
tunnelling ionization, C — intermediate state.
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barrier and becomes free. This mechanism of phoiation is callecthe tunnel
ionization As a fact, the both types of the photoionizati@pend on material, laser
frequency and intensity. Moreover, the probabibfythe one or another ionization
mechanism is predicted by the Keldysh parameté&t:[1.

1

mcne, E_ |2
:ﬁ){%} , 1.46
e

where « is the laser frequency, | is the laser intensityand e are the reduced mass
and charge of the electron, c is the light velgcit is the refractive index of
material, & is the energy gap between valence and conducéiod im the material.
Thus, if the Keldish parameter is higher that Ifgn photoionization is caused
predominantly by multi-photon processes (Fig.1l.1&)therwise, by Keldish
parameter below of 1.5 the tunnel ionization is miogportant. If the Keldish
parameter near to 1.5 results apparently in a maxwf the both mechanisms
(Fig.1.1C).

The EQ.1.46 testifies that multi-photon ionizati® more favourable at
higher laser frequencies. On the other hand, hagerl intensity and low laser
frequency lead to the tunnel ionization.

1.4.2. Avalanche ionization.
The free electrons induced by photoionization ttesula broad absorption
band and the laser radiation can be absorbed Iynigdahe plasma density becomes

high enough. Indeed, according the Drude modektéetric permittivity of the free
electron carrier can be given as

50)_1_—60‘2) 1.47
(@)= W +iyw' '

where W, =

is the plasma frequency, N — is the free electt@msity, e and m
me,

are the charge and reduced mass of the electyons a damping parameter

associated with Drude scattering time. According Hqg.1.24 the absorption of a
medium depends on imaginary part of the complegtetepermittivity and for the
free electron plasma we obtain

&"(w) :—a)ﬁy 1.48

W +y?)

It is obvious that absorption of the free carrigecreases with growth of the
free electron density, which in turn depends onldiser intensity and ionization rate.
Following absorption of the laser radiation by ftee electrons leads to rapid plasma
heating moving the conduction electrons to higheergy states. If resulting
electrons energy exceeds the bottom of the cormlutiand by more than the band
gap energy between valence and conduction bancahfee electron can transfer
saved energy to an electron in valence band viaetastic collisions. As an
outcome, we receive two electrons in the bottorarfduction band, each of which
can be involved in the collisional ionization agalius, the electron plasma density
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grows in this case quickly proportional to expomanfunction of time [1.6]. This
mechanism of ionization is calléte avalanche ionizatiomAs it can be seen from
the discussion, the avalanche ionization requiresies seed electrons in the
conduction band, which can be produced by photeaiiun of impurities and
defects in the matrix.

Following plasma relaxation leads to the energydfer from the electrons to
the lattice. It has to be pointed out that the gpéransfer occurs in time scales much
shorter as the thermal diffusion time. Nevertheléssthe laser pulses with duration
longer than several tens ps the energy transfemrsagn time scale of the pulse
duration. Then the energy is transported out oettEosed area by thermal diffusion.
If the temperature of the irradiate region overcentbe melting or fraction
temperature, the damage of the surface can bevachiln the case of intense fs laser
pulses the avalanche ionization leads to the exerhigh electron density and
energy of the laser pulse effectively depositeghlasma. Only after laser pulse is
gone the plasma energy is transferred to the éatBance the energy transfer is much
faster than the thermal diffusion time, inducedatibh by ultra-short laser pulses
occurs with minor thermal defects.

1.5 Optical properties of nanocomposites containing metal
nanoparticles.

The theoretical discussion and derivations performabove for a
homogeneous medium are valid also for the nanocsitgmonaterials. However,
interaction of an electromagnetic wave with nanadtires reveals novel optical
phenomena indicating unrivalled optical propertedsthese materials caused by
different intrinsic and extrinsic size effects imetclusters with size less than the
wavelength. For instance, in this section | willnsmler interaction of the metal
clusters with external electromagnetic wave.

It is well known that the linear and nonlinear opti response of metal
nanoparticles are specified by oscillations of sheface electrons in Coulomb well
formed by the positively charged ionic core. Thipe of excitations is called the
surface plasmon (SP). In 1908 Mie [1.8] proposedlation of Maxwell's equations,
which explains the origin of the SP resonance tmeton spectra and coloration of
the metal colloids. During the last century optipabperties of metal nanoparticles
has extensively been studied and metalo-dielecticocomposites found various
applications in different fields of science andhealogy [1.9-1.11]. Strong effect of
the size, shape, distribution of the nanopartiakesvell as of the environment on the
SP resonances offers an opportunity for developneénvery promising novel
nonlinear materials, nanodevices and optical elésndry manipulation of the
nanostructural properties of the metal particles.

1.5.1. Surface plasmon resonance of metal nanapesti effect of size, shape and
surrounding matrix.

Propagating electromagnetic wave in the medium wtorporated spherical
metal nanoparticle causes displacement of conductiectrons relative to the
positively charger ionic core (Fig.1.2), which eeskinduced dipole oscillating with
frequency of the incident wave. If the radius c# #phere is much smaller than the
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wavelength of the electromagnetic wave, electrmstgiproximation [1.12] is valid
and the dipole moment of the embedded in dielespiwre can be given as:

- — &l@)-¢, =
W) =a€ E. (w) =4 R0 E (), 1.49
p(w) o Eo(@) N e (@) + 2, o(@)

where a is the polarisability of the
sphere, R is the radius of the
nanoparticle, k the electric field
strength of an incident
electromagnetic  wave,&, the

electric permittivity of vacuum,
&(w)and ¢, are the relative

e complex electric permittivity of

Fig.1.2 Plasmon oscillations in metal sphere inducedmetal and host matrix,
by electromagnetic wave. respectively. If the metal inclusion

is placed in a transparent dielectric
matrix owing the electric permittivity with predonaint real partifn[¢,] - B then

using the Eq.1.24 the absorption cross sectiom®fspherical nanoparticle can be
derived from 1.49 and written as

w

where &'(« ) and €, " (a ) are real and imaginary part of the electric pemity of
the metal, which in turn can be described by thederSommerfeld formula:

&"(w)

Im[a ()] =127R° e, . _
[6.' () +2¢,]" + & " (w)

o(w) = 1.50

wz
E(w) =g +1-——F—, 1.51
W +iyw
where y is a damping constant of the electron oscillatiand &, is the complex
electric permittivity associated with interbandnigsdions of the core electrons in

2
atom. The free electron plasma frequency is givernd) = Ne , Where N is the
\} me,

density of the free electrons and m is the effecthass of an electron. Moreover, for
the noble metals (Cu, Ag, Au) calculated plasmguency is about of 9eV. As it can

be seen from the Egs.1.49 and 1.50, the well knghenresonance occurs at the SP
frequencyag,under the followingcondition:

[&'(wsp) + 26,17 + & " (wsp)? — Minimum. 1.52

If the imaginary part of the metal electric permity is small in comparison with
& '(«w) or has small frequency dependence, then condtgph.52 can be written:
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3,0 &' (wgp) = —2¢,,. 1.53
— Ag:glass

25F Au:glass Thus, if the condition Eq.1.53 is
. Y, e Cu:glass complied, the dipole moment and

local electric field in 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.
- On the other hand, in extinction
0 =00 500 600 700 800 spectra the SP absorption band occurs
Wavelength, nm (Fig.1.3), which is spgcmed by _the
type of the metal. For instance, silver
Fig.1.3 Extinction spectra of glass samplesnanoparticles embedded in glass
containing spherical Ag, Au and Cu nanoparticles. matrix own the SP band peaked at
about of 417 nm, while SP for Au and
Cu nanoparticles is shifted in red spectral rangkeentered at 548 nm and 570 nm,
respectively. A broad absorption bands below of 58® in the gold and copper
containing nanocomposite glass are associated imi¢ghband (from d- to s-shell)
transitions of the core electrons in metal atonr.tRe silver the interband resonance
is peaked at 4 eV (310 nm) far away from the SBrrassce [1.13].
In turn, position of the SP resonance can be dérifrem the EQ.1.53
substituting the real part of the metal electrimméivity given by the Eq.1.51:

Extinction

o’

- P
Re(,) +1+2¢,

-y, 1.54

SP

As it can be seen in the Eg.1.54, the core elestioave a significant
influence on the surface plasmon and define obiyoossition of the SP resonance
in extinction spectra (the Fig.1.3) for differerghte metals. On the other hand, the
Eq.1.54 qualitatively describes a dependence ofSfRaesonance on the dielectric
properties of the host matrix, which the metal ®uss incorporated in: increase of
the dielectric constant (refractive
index) evokes shift of the

08 absorption maximum towards long
wavelengths (the Fig.1.4) [1.9,
o6} 1.14, 1.15].

The Fig.1.4 demonstrates
also dependence of the SP
resonance on the radius of the

halfwidth I {eV]
o
Y

Q
N

- —O— vacuum{e, = 1)

o e sy Lo metal nanoparticle. Thus, as it is
o L =0 Titanocicel <, -6.26) . . shown in the Fig.1.4, position of
2.8 2.8 3 3.2 3.4

the SP resonance remains quasi
constant for the Ag nanoparticles
Fig.1.4 Dependence of the SP resonance of Awith radius smaller than 15 nm,
nanoparticles on size and dielectric matrix. Thigife  while band halfwidth differs for
is adopted from the Ref.[1.9]. these clusters by factor 4. In turn,
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Fig.1.6 Dependence of the spectral gap
Fig.1.5 Polarized extinction spectra of the between SP resonance modes of spheroidal
spheroidal Ag nanoparticle in soda-lime glass. Ag nanoparticle on aspect ratio between
axes. The figure is adopted from the
Ref.[1.16].

increase in the radius of the nanosphere larger 1banm leads to the shift of the SP
resonance towards long wavelengths with simultapemecrease in the band
halfwidth. According to the mean free-path modePB], such behaviour of the SP
maximum can be explained by an influence of thesteluradius on the damping
constant and consequently on the electric perntittiof the metal inclusion (the

Eq.1.51).

On the other hand, from the size dependence dbEhé’s quite obvious that
metal nanoparticle with nonspherical shape willvglsgveral SP resonances in the
spectra. For instance, the ellipsoidal clustert akesa # b #c own three SP modes
corresponding to polarizabilities along principaéa given as:

a, () = ﬂabc £(6) =&,

, 1.55
3 &, t[& (@) + &, ],

where L is the geometrical depolarization factor for eaakis (ZLkzl).

Moreover, increase in the axis length leads tomti@mization of the depolarization
factor. For the spherical particle, =L, =L, :%.

Thus, if the propagation direction and polarizatiwinthe electromagnetic
wave do not coincide with the axes of the ellipsdite extinction spectra can
demonstrate three separate SP bands [1.9]. Foragheazb=c the spectra
demonstrate two SP resonances. However, in pothliglet parallel to the one of the
axes the spectra demonstrate single SP band condisg to appropriate axis
(Fig.1.5). Moreover, the band in the red side femed to the long axis, while the
small axis demonstrate resonance in UV. The sdegamabetween the SP modes, as
it was shown in the Ref.[1.16], rises with increa¢he aspect ratio between axes of
the spheroid (Fig.1.6).
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The dichroic properties of oblong metal nanopagtchre efficiently used by
CORNING and CODIXX AG for manufacturing of broadnoghigh contrast (~f
polarizers on the basis of glass containing Ag paricles. Moreover, the position
of the absorption band maximum can be shifted iry \@oad spectral range by
appropriate aspect ratio between axes of the cldsieen in this case by the glass
stretching parameters.

1.5.2 Optical properties of aggregated Ag nanodes.

Increasing fraction of metal clusters in a mediweads to decrease of the
average particle distances. Thus, enhancementeofiiftole moment of spherical
metal cluster by excitation near to the SP resamamsults in strong collective
dipolar interactions between nanoparticles, whitfleca the linear and nonlinear
optical properties of a nanocomposite material. fher purpose of this work it is
sufficient to describe this effect in the approxiioa of thewell known Maxwell-
Garnett theory, which is widely applied to describe optical properties of metal
grains in dielectric matrices [1.9, 1.10, 1.17,8].1Although it does not correctly
take into account the multipolar interactions betweananoparticles considered in
other work [1.19-1.21], the
Maxwell-Garnett theory can be

8
-1 fill factor '_1’2 used in the following because it
10— 7 410 describes quite well the position

w O ! 5 and shape of the surface plasmon
o 08c resonance and its dependence on
£t 1 < the metal fill factor [1.22].
g 4 05'%_ Moreover, propagation of the
g 3 '04§ opti(_:al beams can be conside_red
s ol 1 2 as in the homogeneous medium
x 0.2 with an  effective electric

+ permittivity.

0 ——— In  turn, the effective

400 500 600 700 800
Wavelength, nm

dielectric constante,(w) of a

composite material with spherical
metal inclusions having a fill

Fig.1.7 Absorption spectra and dispersion of metalo- factorf is given by the expression:

composite glass with Ag nanopatrticles calculated by
Maxwell-Garnett theory.

(Ei (C‘*) +2£h) +2f (gi (a) _5h)

h , 1.56
(gi (w) + 2£h) - f (gi (w) _gh)

‘9eff (C{)) =&

where € (a ) is &,are complex electric permittivities of the metalvén by the
Eq.1.51) and host matrix. Substituting the Eq.2dbEQ.1.55 and using Egs.1.21 and
1.22 the absorption spectra and dispersion for regleAg nanoparticles can be
calculated as a function of the volume fill factfr metal inclusions in the glass
matrix (£,=2.3, «,=9.2 eV, y=1x10s* [1.9], & =4.2 [1.18]). The (normalized)
absorption spectra shown in Fig. ldemonstrate that the collective dipolar

interactions between nanoparticles cause a significroadening and red shift of the
absorption band with increasing fill factor of ghvinclusions in the glass matrix. At
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the same time, fill factor strongly
70 effects on effective refractive
| ' index of composite glass. As it can
be seen on the Fig.1.7, at low

(o2}
o

(=]

°\_ 50 content of the silver inclusions in
%‘ 40 the glass (f=19) the refractive

5 index is about of 154
QL 3 corresponding to clear glass. On
& 20- the other hand, higher fill factor

results in significant modifications
of dispersion dependences of
composite glass and the refractive
index varies from 0.5 up to 6 in
whole visible spectral range.
Demonstrated alterations of the
Fig.1.8 Calculated reflection spectra of metalo- ~ absorption spectra and dispersion
composite glass with Ag nanoparticles calculated bgause obviously a variation of
Maxwell-Garnett theory. reflection properties as function of
the filling factor. Calculations of
the reflection spectra according to the Eq.l1.2%argjeindicate increase in the
reflectivity of the composite medium with Ag spteali nanoparticles by growth of
the metal content (Fig.1.8).

In conclusion, the SP resonance defines the lirear nonlinear optical
properties of composite materials containing metatoparticles. The SP assisted
local field enhancement in vicinity to the surfamfenanoparticle is responsible for
high optical nonlinearity in plasmonic materials.turn, the SP can be affected by
the size, shape, distribution of metal clusters/al$ as by the dielectric properties of
the host matrix. This offers an opportunity foratien of novel promising materials
with special physical properties.

=
o o

300 400 500 600 700 800 900
Wavelength, nm
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Chapter 2. Technique of the experiment

Chapter 2.

Technique of the experiment

2.1 Laser system used for photomodifications of Aganoparticles.

The experiments presented in this work were cumigdusing a commercial
system of mode-locked Ti-sapphire laser with regemne amplification produced
by “Spectra Physics”. The laser system is schealtishown in Fig.2.1. The main
part of the system consists of the Kerr lens maod&dd Ti:sapphire oscillator
(“Tsunami”) pumped by 5W cw diode-pumped Nd:YY@ser with intercavity
doubling at 532 nm. The ¥i Al,O; (sapphire) has been known as an active media
since 88 when Moulton demonstrated for the first time thasp [2.1,2.2] and cw
laser generation [2.3] on the Ti:sapphire. Absorptband centred at 520 nm and
broad luminescence band in the spectral range @100 nm are associated with
electron transition between ground stife and excited statéE of octahedrally
coordinated T ions in ALO; crystal (see Fig.2.1). Extremely broad lumineseen
band defines tuning range of Ti:sapphire laser fren@nm till 1200 nm [2.4].
Moreover, the broad amplification band allows thiage in mode-locked operation

Motorized X-Y
translational stac
Ag:glass

D sample

Crargy 1200

-

L A ¥
A0 s D SN0 WG W
Wirvelezg | m)

Fig.2.1 Set up of the “Spectra Physics” Ti:sapph&edr system. Scheme of electron transitions
between laser energy levels of octahedrally coarid T+ ion in AbO;crystal, absorption and
emission spectra.
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pulses as short as ~5 fs [2.5-2.8]. To daté’:Sapphire is the most common and
commercially available tunable solid-state lasestesl mode-locked Ti:sapphire laser
with pulse duration of 80 fs and energy of up tonl2 repetition rate of 82 MHz,

tuning range of 720-840 nm was used. The tuningeamas only restricted due to
set of selective dielectric mirrors used in theetasavity.

In order to increase the pulse energy from osoillap to 1 mJ we used the
regenerative amplifier “Spitfire”on the basis of Ti:sapphire crystal. The principle
of the amplification lies as follows. An intensenmu pulse produces the high
population inversion in the laser crystal. Theneadspulse coming in the system
stimulates the electron transitions from the upaser level, takes off the population
inversion and induces stimulated emission. Theegfarhole energy emerged by
electron transitions is deposited in the seed puiséSpitfire” in order to enhance
the amplification efficiency the seed pulse makpegraximately 20 passes through
the Ti:sapphire crystal placed in the cavity. Imttamplifier was pumped at 527 nm
by Q-switched Nd:YLF intercavity doubled laser wphlse energy of 10 mJ, pulse
width about of 200 ns and repetition rate 1kHzotlmer hand, to prevent a damage of
the laser crystal, the chirped seed pulse fronllagmi have to be stretched formally
in order to decrease the peak pulse intensity ercirstal. After amplification pulse
Is compressed again. Splitting and compressionpea®rmed using system of two
gratings and mirrors. Such technique allows toivecthe pulses with duration about
of 150 fs, energy up to 1 mJ (peak power ~6 GW)@uige repetition rate of 1 kHz.

Using the nonlinear frequency conversionf intense laser pulses derived
from Ti:sapphire system the radiation with wavekllsgin the spectral range from
UV to IR can be achieved. First, using second haimgeneration (SHG) in KDP
crystal with 1 mm thickness the pulses with wavgtha of 380-420 nm were
achieved. Following sum frequency (SF) of the SH &mdamental radiation in
KDP crystal gives the wavelengths 250-280 nm. @merohand, using optical
parametric generation in BBO crystal by pumpinghwitulses at 800 nm from
Ti:sapphire system the radiation in the spectnafjeal.2-1.6um (signal) and 1.6-2.4
pum (idler) was received. Following SF of signal daddamental frequencies results
in radiation in 490-700 nm spectral range. Thus,whole UV and visible spectral
range can be used for the study of Ag nanopartest@sedded in glass.

2.2 Irradiation technique using laser Gaussian beam

To study the laser-induced modifications of Ag naenticles embedded in
soda-lime glass the laser beam was focused byetiedr objective on the sample
placed on the X-Y translation stage driven by cotapurhe focus of the lens, beam
width, writing density (actually pulse number pposarea), as well as wavelength
and intensity of the laser pulses have been chasearding to the goals of the
experiments. Since the modifications in the contpoglass described in this work
were induced by focused laser beam with Gaussiamsity distribution, it is quite
reasonable to introduce here the basic terms amatiegs of the Gaussian optics.
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In general, the Gaussian beam is a
result of the solution of the three
dimensional wave equation and
characterises the transversal
electromagnetic modes (TEM) generated
in the laser cavity. For the TEfimode
(the one from an infinite set of solutions),
the intensity profile of the beam is
expressed by the Gauss function:

17e? - 0135
i

o i an 1(r) =1 exp(——zrz) 2.1
\(“é'l'u:] V _r'h_r'_T ™ ! :‘r I-_,lr i IW“Z|] .II "I ! I! 0 az ' '
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il '1_£_L_|_L,ﬂ4_.t:fj;£%,' ,'! :I i
. L where } is a peak intensity, r is the

Fig. 2.2 Gaussian beam: (top) the intensity diStanc_e from the beam center ands a
profile; (bottom) the mode size distribution  Spot size of the laser beam. The peak

along the propagation direction. intensity of the Gaussian beam is defined
as:
2P
lo =—, 2.2
T

where P is the laser pulse power or output powartffe CW laser). According to
the EqQ.2.1 the intensity distribution across to lder beam has a Gaussian form
(Fig.2.2 top). Moreover, the beam spot sizecorresponds to the distance from the
center of the laser spot to the point, where thenity drops down by factof ésee
the top of the Fig.2.2). At the same time, the s is not invariant in direction of
the wave propagation (bottom of the Fig.2.2) ardkiscribed by:

N

W(2) = @, 1+( Az J , 2.3

g, n

where A is the laser wavelength, z is the coordinates galtin the propagation
direction, «, is the beam waist, n refractive index of the mediuwhich the

radiation is propagating in. According to the E8,2he range, where the laser spot
size does not exceed the value\ﬁ, is called the confocal parameter, b, which is
given as:

2
bzzm:o”. 2.4

The radius of the curvature of wave front of thai€adan beam can be detemined as:

2 2
R(2) = 2 1+(”’5"0 ”J . 25
Az
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The divergence of the beam at large values of Dbeanritten as:

6 A 2.6
z T,

As it can be seen, the EQq.2.6 characterises thi@actibn limited divergence of the
laser beam. However, one has to notice that akh#ons presented above are valid
only in the case of the TEQM mode. Generation of the high order modes and
distortion of the wave front due to lens aberragjothermal effects, nonlinear
interactions in the matter lead to the degradaticthe laser beam quality. In order to
describe the mode structure of the ordinary laseanb the M parameter is
introduced [2.9, 2.10]. The Mactor is generally accepted as a figure of nferit
estimation of the beam “quality”. Thus, using thé fdctor the beam waist of the
multimode Gaussian laser beam can be expressed as:

W, = Md,, 2.7

where a,is the TEMyo mode waist. Substituting the Eq.2.7 in Egs.2.1vikGeceive
the basic equations for characterization of ordinaser beam:

2r?
I(r)= Ioexp(—W), .82
23\ |2
W(z):vvoll{x/vjzj } , 2.9
n
0
2
p=2M N 2.10
M 2
f=M? A : 2.11
rNVO

The last equation indicates that thé fdctor characterizes the deviation of
the laser beam divergence from the diffractiontlir®in the other hand, according to
the Eq.2.11 the Rlof the laser beam can be significantly improvechbgimization
of the laser beam size for example using the béwmpess [2.11] or even pinholes.

Thus, using EQ.2.9-2.11 we can determine the pammef the ordinary
laser beams propagating in the lens like mediuror ifistance, the spot waist,

(see the Fig.2.3) of the laser beam produced bypswith focus length f is given as:

fA

M2
@ =20 me A g A 2.12
i 2 Ty, N TIN.A
1+[ MZJ
TE,n
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where Ais the laser wavelengthy,, is the spot size of the laser beam on the lens

(see the Fig.2.3), n is the refractive index of thedium. N.A. is the numerical
aperture of the lens. According to the Eq.2.12thim case of the single mode laser,
when the M=1, we obtain a diffraction limited laser beam spaiist. Degradation
of the beam quality (which is characterized by @ase of the divergence) leads to
the increase of the spot size in the focus byabeof M.

In experiment, M can be easily estimated by measurement of the bexist
produced by a lens and comparison with the diffoactimited one. In our case, the
laser radiation at 400 nm used for modificatiorthed composite glass was focused
by the 300 mm focus length lens yielding the waighe focus not less as 60 um. At

Fig.2.3. Focusing of the Gaussian beam.

the same time, the diffraction limited beam waistading to Eq.2.12 (with k1)
give the magnitude about of 12 um. This testiffet the beam quality factor in our
case was not less than 5.

In experiments related to the studyimiensity dependences of laser induced
modifications the sample was placed before the focus and e ot size on the
sample was about of 12fm. Irradiation of single spots on the samples was
performed with various parameters (pulse energjseptrequency, pulse number,
laser polarization) and modified region was invgestiéd (Fig. 2.4).

For creation of the fine dichroitic structures demsiwated in the Chapter 4,

-
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Fig. 2.4 Irradiated spots on the glass sample
containing Ag nanoparticles.

Fig. 2.5 Irradiated by fs laser homogenous
fields on the glass sample containing spherical
Ag nanoparticles

we used a mirror objective with N.A.=0.28. Accomlito estimated Kifactor to be
not less as 5 the resulted beam wais in the foamsnot be less as 2 um. This
restricts the minimal size of created structures.tife same time, the nonlinear
dependence of the induced modifications on ther lpsése intensity allows to
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achieve the smaller modification spot than theradfion limit of the laser spot size
predicted by Eq.2.12.

In experiments concerned with the study of wavedlertdgpendences of the
laser induced modifications the irradiation withldser was performed in multishot
regime. Using X-Y translational stage the sampls waving in the plane, which is
perpendicular to direction of the laser beam. Ralhg this technique, the
homogeneous fields usually of size 3x3 mm werediated (Fig.2.5). Moreover,
writing density by irradiation of homogeneous fieldan be varied by appropriated
choice of the laser beam width, scan speed of dhgpke and laser pulse repetition
rate.

2.3 Spectroscopic technique.

As it will be shown in the next chapters, irradiati of glass samples
containing Ag nanoparticles by laser pulses witlvelength near to the SP band
leads to the modifications of the shape and armraegé of the metal nanoparticles
as well as surrounding matrix. These permanent lageced modifications result in
changes of spectral properties of the compositesghath silver nanoparticles. Thus,
in our experiments we used experimental data obdigirom transmission, reflection,
and luminescence spectra in order to charactdéresgransformations occurring in the
sample.

As it has been shown in the Chapter 1, the metabperticles demonstrate
strong absorption as well as strong scatteringgenspectral range near to the surface
plasmon resonance. Increase of fill factor of metasters in glass sample results
additionally in growth of reflection coefficient. h€refore, transmission optical
spectra include all three components. In turn,data analysis transmission spectra
were recalculated in extinction coefficients definas natural logarithm from
transmission.

In this work, we used two techniques fdransmission spectra
measurements In order to study the wavelength dependencesasérl induced

Fig.2.6 Projection of the image of modified spotlom $lit of spectrograph (left image) allows to
measure intensity dependent transmission spectagsaof the spot. Intensity calibration was
performer by intensity profile measurements ofGlaeissian laser beam (right).

modifications transmission spectra of the samptegaining Ag nanopatrticles were
measured in spectral range 200-1500 nm using t@mbdransmission spectrometer
Shimadzu UV-3100. Using a Glan prism placed in gpectrometer the polarized
spectra were measures from the sample area witosEx3mm.

On the other hand, to study intensity dependended\g nanoparticle
modifications a set-up fgrosition resolved transmission spectmr@geasurementfas
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been built. Samples were
irradiated by laser beam with
Gaussian intensity distribution.
Using experimental data of the
laser beam profile and
measurements of the transmission
spectra across the modified spot
(Fig.2.6) we obtain a dependence
of the spectra on the laser
intensity.

The spectrometer was formed by a
Jobin Yvon imaging spectrograph
CP140 coupled with a CCD

Transmission

Position, pix

400 450 500 550 600 650
Wavelength, nm

slit 250 um, A=505 nm 1 pix=3.78um (TE/CCD-1024-EM/EEV30-
W s 11/UV from Roper Scientific).
' The measurements were
0.8- performed in visible spectral range
IS 400-800nm, where the quantum
B 061 efficiency of this CCD varies only
= by 6% owing to the low
c 0,41
@ temperature of the detector (-
= o2 20°C) and a UV/AR coating to
enhance ultraviolet sensitivity.
0100 5 P A A Modified area on the sample was

Dix illuminated by broadband light
source and focused on the slit of

Fig.2.7. A: Position resolved polarized transmission spectrograph by objective. The

spectra. B: Calibration of spectromenter for pasiti position of objective is chose so
resolved transmission spectra measurements. e i
that the slit size of 10Qum is

much less than the size of the
modified area image (Fig.2.6 left). In such case cwt only the thin central region of
the spot image where spectral changes perpendiuthe slit are negligible while
the spectra along to the slit are defined by Gaussiofile of the laser beam (Fig.2.6
right). Thus, we specialize the problem to one disnan. In order to split the image
in two polarisations a polarize prism was placettomt of the spectrograph deriving
0- and e- images separated on the slit of speepbgiThus, on the CCD we receive
transmission spectra like (Fig.2.7a) simultaneotsiyboth polarizations. In order to
calibrate the image in real sizes the micro scatk scaling factor of 5um and/or
the slit with size of 25Qum were used (Fig.2.7b). Thus, 1 pixel on the CCD in
vertical direction corresponds approximately to $i& um on the sample. For
wavelength calibration of spectrometer a Hg-Cd spetamp was used.

The reflection spectraof the composite glass studied in this thesis were
measured using a “Carl Zeiss” Axioplan2 imagingnoscope coupled with “J&M
TIDAS” spectrometein spectral range of 400-800 nm. By variation of #lit size
and geometry in the spectrometer it is possiblméasure spectra from the area on
the sample with size down to 10x{ifn’.

The luminescence spectravere measured within the range of 400-780 nm
using the same spectrograph coupled with CCD addtaction of position resolved
transmission spectra. The photoluminescence o$dhgles were excited at 266 nm
or 400 nm (third and second harmonic wavelengtmfibe Ti:sapphire laser) and
focused by system of lenses on the slit of thetspg@ph.

26



Chapter 2. Technique of the experiment

2.4 Relaxation dynamics measurements.
To study dynamic of the
ﬂ- 400 nm laser assisted modifications in
1905 Ttz composite glass a series of pump-
probe experiments has been
Reference spectrometer performed. The experimental set up

- is shown on the Fig.2.8. SH
‘Delay radiation at 400 nm with temporal

~ = Sapphire plate pulse width typically of 150 fs
+SUDBLCONTI A derived from Ti:sapphire laser
system was divided in two parts.
First one was used as pump. The
Signal spectibme gsacond part was passed through a
fourfold delay line and then
focused onto the sapphire plate for
supercontinuum generation [2.12]
in spectral range between 300 and
Fig.2.8 Set up for supercontinuum pump-probe 600 nm'_ln_ turn, achieved broad-
experiments. band radiation was used as a probe
pulse. By the help of an appropriate
dye solution (DASPI and Coumarin
152 in methanol) as a filter, the initial radiatian400 nm is suppressed in order to
smooth the spectrum of supercontinuum. Finallystiygercontinuum is split into two
equal parts. One part passes the sample at thdesamiihe excited spot, the other
one serves as a reference. Both parts are thertarexhby Si photodiode arrays after
identical polychromators providing for each laséotsthe complete spectrum of
transient changes of the sample’s optical densitiieachosen delay time. The chirp
of supercontinuum is determined by reference measents on fused silica; the
obtained information is then used to correct thta dar delay time zero at each
frequency position of the obtained transient datad].
Using system oA/2 wave plate at 400 nm and polarizer energy ofpiirap
pulses was changed. In the case of high pulse energucing permanent
modifications the sample in experiment was moviagMeen each two laser shorts.

2.5 Preparation and characterization of glass sameé containing Ag
nanoparticles.

In this work we studied Ag nanoparticles embeddedsada-lime glass
matrix. In turn, samples containing silver clustevere prepared by Ag-Na ion
exchange method with following annealing in reductatmosphere. Modification of
ion exchange and reduction conditions (annealimgeti temperature and etc.)
strongly affects size and distribution of silvempparticles in the glass substrate.
Transmission Electron Microscopy (TEM) and ScanniBtectron Microscopy
(SEM) of original and modified samples was perfodnbg Dr. H. Hofmeister (Max-
Planck-Institute of Microstructure Physics, Hallepnd Mr. F.Syrowotka (IWZ
Materialwissenschaft , Halle).

27



Chapter 2. Technique of the experiment

Ag:glass (thickness 21 pm)
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Wavelength, nm
Fig. 2.9 Transmission electron microscopy of Ag Fig. 2.10 Extinction spectra of monodisperse
nanoparticles in monodisperse glass samples glass samples with Aganoparticles

For sample preparation soda lime glass (72.47%,S1®.36 NaO, 0.7 KO,
6.1 CaO, 4.05 MgO, 1.49 ADs3, 0.133 FeO3, 0.131 MnO, 0.37 S§weight %) was
used as substrate. For Ag-Na ion exchange a glass is placed at 400C in a
mixed melt of AQNQ@ and KNG [2.14, 2.15]. Moreover, thickness of the glass
substrate, time of ion exchange and weight conaBatr of AQNQG in the melt
determine the concentration and distribution of” Agns in the glass sample.
Following annealing of ion exchanged glass withhhig® ion concentration in H
reduction atmosphere at 400-460leads to formation of spherical nanoparticles
[2.14]. In experiments we used two different saftsamples prepared in different
ion-exchange conditions: monodisperse and polydsgpe

The monodispersesamples were prepared by the group of Dr. K.-IgBe
using ion exchange for a long time yielding homagers distribution of silver
cations in the glass substrate. Following silvetuation results in formation of
nanoparticles with mean diameter about of 30 nny.P™) and distributed in the
sample with filling factor about of 1D In turn, the fill factor of silver clusters is
defined as a volume of inclusions in unit volume admposite material. An
extinction spectrum of silver containing glass skmwith thickness of 2lum
demonstrates an absorption band peaked at 413 dnassociated with localised
surface oscillation of free electrons in Ag nandipkes called surface plasmon (SP)
(Fig. 2.10). As it can be seen in the spectrajesilnanoparticles demonstrate
extremely high extinction cross section about @&10"° cn¥, which exceeds the
geometrical cross section of silver clusters almosgiiree orders of magnitude.

The polydispersesamples were provided for experiments by CODIXX AG
prepared as intermediate product for manufactuahdproadband polarizers. The
samples were prepared from a float soda-lime gédss using the Ag-Na ion
exchange method. The spherical Ag nanoparticlé20ef0 nm mean diameter were
distributed in thin surface layers of approximatélym thickness. In particular, the
fill factor of Ag nanoparticles near to the surfagck some samples prepared by
CODIXX AG was up to 0.7 and strongly decreasedadepth, as shown in the Fig.
2.11.
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Fig. 2.11. SEM picture of cross section of &
polydisperse glass sample with spherical
Ag nanopatrticles. Fill factor gradient in the
depth.

oo @

In order to determine the fill
factor gradient of Ag nanoparticles in
the depth, the samples were etched in
12% HF acid with different detention 2F,
time. Then thickness, Scanning Electron
Microscopy (SEM) and extinction . . .
spectra of the samples were measured. 400 500 600 700
For instance, the Fig.2.12 presents SEM Wavelength, nm
images and extinction spectra of therig. 2.12. SEM pictures of etched in 12% HF
sample used for 3D structuringsamples with Ag nanoparticles and
presented in the Chapter 5. As is clearl orresponding extinction spectra (a — the fill
seen in the SEM pictures of Fig. 2.120a8t2°_rf(lg;036_ )0'25; ¢-018d-008e-
(increasing etching time from (a) to (f))
and in the graph in the inset of Fig. 2.12
giving the pertinent fill factors estimated, theser content has its highest valuefof
= 0.29 directly below the glass surface, and thesrehses strongly within a distance
of a few microns. In Fig. 2.12 the correspondindirestion spectra are presented,
with the same lettering ((a) to (f)) as in SEM iraagAs can be seen, the original
samples show a strong and broad SP band corresgpndi the spherical Ag
nanoparticles incorporated in the glass matrix \wigh fill factor up to 0.29. Etching
of the sample in HF acid results in fading of thesaption band caused by the
decrease of thickness of the silver-containingragie well as by the decreasing fill
factor of nanoparticles in the sample. Moreoveg, ¢lttinction spectra indicate that
the uppermost metal-rich layer (thickness < 1 fim, 0.15) is responsible for a shift
of the red wing of the SP band towards longer wenvgths. This is well compatible
with the predictions of Maxwell-Garnett theory (@iber 1, Section 1.5), which
predicts a shift of the peak position of the SPd&wmm =410 nm (f<< 1) to
= 460 nm for the highest fill factor ¢ 0.3) observed experimentally. However, a
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detailed analysis of the original sample’s SP biambt possible due to its very large
extinction. This observation can only be taken dssa hint to an inhomogeneous
broadening caused by the spatial gradient of thersfill factor in the sample.
Moreover, the broadening and shift of the SP resom@owards long wavelength by
increasing fill factor of Ag nanoparticles refleaise of contribution of collective
interactions between metal clusters in glass matrix

Additionally, decrease in the fill factor in theplk of the glass substrate
allows us to use the etching technique to prepanepkes with low will factor of
silver nanoparticles (SEM on the Fig.2.12), which turn were used to study
photomodification of single nanoparticles presemteitie Chapter 3.
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Chapter 3.

Photomodification of single Ag
nanoparticles embedded in soda-lime glass

In the last two decades growth of the interest to research on synthesis of
composite materials containing metal nanoparticles is motivated by the rise of
various potential applications in different fields of science and technology [3.1-3.3].
For instance, linear and nonlinear optical properties of such materials driven by
surface plasma (SP) oscillations of the metal clusters offer the metalodielectric
composites as promising media for development of novel nonlinear materials,
nanodevices and optical elements. The SP resonance is very specific for different
metals and strongly dependents on size, shape, distribution and concentration of the
nanoparticles as well as on the surrounding dielectric matrix. Thus, the laser-based
techniques to modify shape and arrangement of the metal clusters [3.4-3.15] are of
great interest since they provide a very powerful and flexible tool to control and
optimize the linear and nonlinear optical properties of metalodielectric 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 [3.12-3.16]. 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 [3.14]. However, the mechanism responsible for the
anisotrpic shape transformations of the spherical Ag nanoparticles seems to be very
complicated and still needs detailed investigations.

In this chapter your attention will be focused on study of processes arising by
interactions of intense fs laser pulses with single spherical Ag nanoparticles in soda
lime glass. Under “single nanoparticles’ we consider a situation, when a volume
concentration of silver inclusions is low enough and the collective interactions
between nanoparticles can be neglected. The experimental results presented here
include studies of 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, dynamics of the laser induced
modifications and luminescence study of modified composite glass. Interaction of
intense fs laser pulses with host glass matrix resulting in ionization and colour center
formation was also studied in this chapter.
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3.1 Transfor mation of the spherical shape of Ag nanoparticles: effect
of thelaser polarization, pulseintensity and wavelength.

As it was mentioned above, the recent investigations performed by M.
Kaempfe et al. [3.12-3.16] demonstrate a dichroism in composite glass with initially
spherical Ag nanoparticles induced by irradiation with intense fs laser pulses at
wavelengths near to the SP resonance. Moreover, single-shot and multi-shot
irradiation resulted in an inversion of the dichroism in extinction spectra. However,
fs laser induced modifications of spherical Ag nanoparticles can be effected by
various factors such as the laser pulse intensity, number of shots per spot, laser
wavelength, temperature as well as size, distribution of silver clusters and glass
matrix composition. In this part, we will consider effect of the laser pulse intensity,
pulse writing density and excitation wavelength on the laser-induced dichroism in
soda-lime glass containing spherical Ag nanoparticles.

For measurements of the intensity dependences we used a technique of space
resolved transmission spectra described in details in the Chapter 2. In combination
with laser beam profile measurements the space resolved spectra were correlated
with local laser pulse intensities (see Chapter 2). Effect of the excitation wavelength
on the induced modifications was studied using exposure of the broad fields on the
samples described also in the Chapter 2. Irradiation was performed using Ti:sapphire
mode-locking laser with regenerative amplification by 150 fs laser pulses in a
spectral range of 267-800 nm. Furthermore, it has to be mentioned that the laser
pulse intensity used in experiments was much below the damage threshold of soda-
lime glass to be about of 1.5x10"W/cm?[3.17-3.18].

3.1.1. The laser induced dichroism: effect of the laser pulse intensity and writing
density on the anisotropic shape modifications.

In order to study the intensity dependences of the laser induced modifications
in composite glass with spherical Ag nanoparticles the irradiation was carried out by

25 25
L a) p-polarisation . b) p-polar_isat_ion
s-polarisation s-polarisation
20r original sample 2.0 original sample

O 4 00 | 1 1 1 1 1
400 450 500 550 600 650 700 400 450 500 550 600 650 700

Wavelength, nm Wavelength, nm

Fig.3.1. Polarised extinction spectra of samples with Ag nanoparticles. original sample and
irradiated at 400 nm: a) in single shot regime, peak pulse intensity was 2.4TW/cnv( peak fluency
360 mJ/cn); b) in multi-shot regime (100 pulses in single spot), peak pulse intensity was
0.42TWicn(peak fluency 63 md/cn)
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150 fslaser pulses at 400 nm near to the SP resonance in single-shot as well asin the
multi-shot mode. Asit can be seen in Fig.3.1a, exposure in single-shot mode results
in a splitting of the SP band of spherical Ag nanoparticles peaked at 418 nm in two
polarization dependent bands slightly shifted toward long wavelengths:. at 445 nm for
p-polarisation (parallel to the laser polarisation); at 460 nm for s-polarisation
(perpendicular to the laser polarisation). However, in order to induce visible
dichroism we used the peak pulse intensity as high as 2.4 TW/cm? (spectra measured
in the centre of a modified spot on the sample). For the sake of simplicity let us call
such type of dichroism as “blue-side dichroism” (p-polarised SP band is shifted in
blue side of the spectrarelative to the s- polarised one).

At the same time, the multi-shot irradiation (a number of pulses usually >100
per spot) allows us significantly to reduce the laser pulse intensity to observe the
anisoptropy in the sample. Moreover, in multi-shot irradiation, as it's shown in the
Fig.3.1b, the SP band for p-polarisation is shifted towards long wavelengths up to
500 nm while s-polarised SP band is peaked at 400 nm, demonstrating inversion of
the dichroism in comparison with the single-shot mode. Such type of dichroism we
will call below as “red-side dichroism”.

Observed fs laser induced dichroism in nanocomposite glass with spherical
Ag nanoparticles (red-side and blue-side as well) can be explained by anisotropic
modifications of the shape of the silver clusters. Moreover, as it was shown in
Chapter 1, the spectral gap between SB peaksin p- an s-polarizations is defined by
the aspect ratio (length to width) of the prolong metal clusters. In fact, the
Transmission Electron Microscopy (TEM) (Fig.3.2) explicitly testifies formation of

A W B C 0nm|- D

Fig.3.2. Transmission Electron Microscopy of Ag nanoparticlesin soda-lime glass: A—original
sample with spherical nanoparticles; B —irradiated sample in single pulse mode (I~2TW/cn?); C and
D —irradiated samplein multi-shot mode (I~0.5TW/cn). The laser polarisation shown asarrow is
valid for all demonstrated cases.
oblong uniformly oriented Ag nanoparticles in irradiated samples. Moreover, by
single shot irradiation Ag nanoparticles have been aligned perpendicular to the laser
polarisation (Fig.3.2B), while multi-shot mode resulted in elongation of silver
clusters parallel to the electric field vector (Fig.3.2C). At the same time, in the
single-shot as well asin the multi-shot irradiation a part of particles, asit can be seen
in the fig.3.2D, did not change the form demonstrating only formation of aggregated
small metal clusters in the surrounding and define the isotropic contribution in
extinction spectra.

An interesting phenomenon of orientation rotation of the silver clusters by
single-shot and multi-shot irradiation obviously represents the different polarisation
dependent mechanisms resulting in anisotropic shape modifications of spherical Ag
nanoparticles. Moreover, as it has already been mentioned, the pulse intensity in
single-shot and multi-shot modes differs by factor of 6 and can apparently play akey
role in generation of blue-side and red-side dichroism.
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Fig.3.3. Dependence of SP maximum position in
polarized extinction spectra of soda-lime glass
with spherical Ag nanoparticles on laser pulse

intensity by irradiation at 400 nm; A — single-shot

irradiation; B -- 10 pulses per spot; 100 — pulses
per spot.

Indeed, a dependence of the

SP maxima in polarised extinction
spectra of modified samples on the
laser pulse intensity presented in
Fig.3.3 completely testifies our
assumption. As it can be seen in the
fig.3.3A, the laser induced changes in
the extinction spectra by single-shot
irradiation were detected only by
overshoot of the intensity threshold of
approximately 0.2 TW/cm?.
Following increase of the pulse
intensity leads to the shift of both p-
ans s polarised bands towards long
wavelength. Moreover, pulse
intensities in the range of ~0.3-1.5
TW/cm? induce the wesak red-side
dichroism observed in multi-shot
irradiation: p-polarised SP band is
shifted a little bit farther towards long
wavelengths relative to the SP peak
for s-polarization. Near to the 1.5
TW/cm?  extinction spectra are
isotropic and only higher intensities
extinction spectra indicate the blue-
side dichroism of the SP resonance.
By intensity of about 2.4 TW/cm? we
reach the maximal spectral gap
between p- and s-polarised SP bands
peaked a 445 nm and 460 nm,
respectively (Fig.3.1a). Following rise
of the pulse intensity led to the blue
shift of both SP resonances with
simultaneous bleaching and
broadening of SP bands in the spectra
indicating obviously destruction of the
silver nanoparticles (Fig.3.4).

The multi-shot irradiation with
writing density of 10 pulses per spot
doesn’'t change the intensity
dependence of the induced dichroism
(Fig.3.3B). As well as in the case of
singleshot mode it can be
characterised by two intensity ranges
leading to the red-sde (0.2-1.4
TW/cm?) and blueside (1.4-2.4
TW/cm?) dichroism.  However, in
contrast to the single shot irradiation,
increase of the number of laser pulses
significantly improves the laser
induced dichroism in glass with Ag
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Fig.3.4 Extinction spectra of spherical Ag
nanoparticlesin soda-lime glassirradiated by 150
fs laser pulses at 400 nm with various peak pulse
intensities.

nanoparticles.

Irradiation of the samples with
100 pulses (Fig.3.3C) doesn’t indicate
any changes in extinction spectra for
intensities below of 0.2 TwW/cm?
which is in the good agreement with
single-shot and 10 shots irradiation.
However, in contrast to the both
previous cases, increase of the pulse
intensity leads to a shift of s-polarised
SP band in opposite directions relative
to the origina SP peak at 418 nm,
while SP in p-polarisation moves
towards long wavelengths. When the
laser pulse intensity exceeds 0.6
TW/cm? the s-polarised SP band
moves in the red spectra range
leading to decrease in dichroic
contrast (Fig.3.4).

Furthermore, intensity
dependence of the extinction spectra
demonstrates destruction of the Ag
nanoparticles upon exposure to
intense fs laser pulses near to the SP
resonance. As it can be seen from
Fig.3.4 laser induced dichroism in the
composite glass is accompanied by
broadening and bleaching of the SP
bands in extinction spectra especially
for high pulse intensities. The rise of
the pulse number accelerates these
processes. For instance, by irradiation
with intensity of 2.4 TW/cm?, increase
in shot number (Fig.3.4) results in the
total disappearance of the SP peak in
extinction spectra indicating
destruction of the silver clusters. The
broad residual absorption could be
associated with the colour centre
formation as well as by residual silver
species and micro-defects induced in
matrix.

Thus, the experimental data
testify that the destructive processes
are involved in the mechanism of the
laser assisted deformation of the Ag
nanoparticles. Moreover, the red-side
and blue-side dichroism is defined
rather by the laser pulse intensity
indicating different intensity
dependent mechanisms leading to the

35



Chapter 3. Photomodification of single Ag nanoparticles embedded in
soda-lime glass

formation of oblong Ag nanoparticles aligned parallel and perpendicular to the laser
polarisation, respectively. The number of shots in such case enhances mostly effect
of single shot modifications. It's very important to notice that an intensity range
between red-side and blue-side dichroisms results in isotropic changes of the
extinction spectra, which could be related to modified nanoparticles with spherical
shapes (Fig.3.2D). Thus, using the laser beams with Gaussian intensity distribution
could lead to generation of nanoparticles with different types of modified shapes.
However, even by top-hat intensity profiles enhancement and localisation of the light
intensity in the glass sample could be additionally expected due to nonlinear
interactions of laser pulses with intern microdefects and inclusions in the glass
resulting in inhomogeneous intensity distribution in excited volume.

The formation of the small silver clusters in the surrounding of the distorted
nanoparticle, which can be seen in TEM pictures (Fig.3.2), also testifies the
destruction of the silver clusters. Moreover, the red shift of the SP peaksin extinction
spectra for the pulse intensities higher as 0.5-0.6 TW/cm? could be caused by the
dipole-dipole interactions between distorted silver nanoparticle and surrounding
metal clusters. In the range of 0.2-0.6TW/cm? SP bands of modified samples
represent shift in opposite directions relative to the original SP band of spherical
nanoparticles peaked at 418 nm. The rise of the pulse number in this case increases
first the spectral gap between s- and p-polarised SP bands and then the system reach
a steady state without any following spectral aterations. Obviously, under these
circumstances induced red shift of the SP resonance for p-polarization far away from
the excitation wavelength restricts the excitation of SP and following elongation of
the silver clusters.

3.1.2 Angular dependences of the laser induced dichroism.

As it has been shown above, the fs laser irradiation of Ag nano-spheres near
to the SP resonance induces the elongation of the cluster shape. However, presented
transmission electron microscopy does not answer a question, whether fs laser pulses
result only in plain shape transformations (elongated disks) or silver nanoparticles
have a form of spheroids (ellipsoids). In order to clarify this point, we performed a
series of irradiations with incident angle about of 60 deg. Irradiation was carried out

p-polarization E
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Fig.3.5. Extinction spectra of the glass samples with Ag nanoparticles: black solid line — original

sample with spherical nanoparticles; dashed lines - irradiated at 400 nm with 150 fslaser pulsesin

multi-shot mode at normal incidence; solid lines - under incident angle of 60 deg. Laser polarization

is parallel to the incidence plain. Scheme of the irradiation at an angle (top) and perpendicular
(bottom) to the surface.
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at 400 nm in multi-shot mode, peak pulse intensity of ~ 0.5 TW/cm?, and laser
polarization paralel to the plane of incidence. As a result, irradiated samples
demonstrated the laser induced dichroism, which was strongly dependent on the
angle of observation. For instance, extinction spectra measured in direction
perpendicular to the surface of the sample (solid line spectrain Fig.3.5) indicatein s-
polarisation a SP band peaked at 380 nm, while two resonances can be seen in the p-
polarisation centred at 380 nm and 510 nm. Change of the observation angle leads to
the alteration of the extinction spectra. At angle near to the 60 deg (incident angle by
irradiation) the extinction spectra are analogous to the case of the irradiation at
normal to the surface: p-polarisation demonstrates single SP band at 510 nm (dashed
spectra) and SP band in s-polarisation is centred at 380 nm. At the same time, the
irradiated sample looks to be isotropic by observation at approximately -30 deg
(approximately perpendicular to the direction of the irradiation). Such angular
behaviour of the extinction spectra could be explained by formation of elongated
silver nanoparticles uniformly oriented at an angle to the surface but parallel to the
laser polarisation (Fig.3.5). In this case, the short wavelength maximum in the
spectra for p-polarisation can be associated with the third axis of the cluster in
direction of the laser beam propagation. Moreover, from the spectral positions of the
short wavelength SP bands in s- and p-polarisations (peak at ~ 380 nm) we can
conclude that two small axis are amost equal. In other words, the fs laser pulses
cause transformation of the metallic nanospheres in spheroids.

On the other hand, if the laser polarization is perpendicular to the plain of
incidence (actually parallel to the surface), extinction spectra don’t demonstrate the
short wavelength peak in p-polarisation and are similar to the spectra at normal angle
irradiation indicating elongation of the nanoparticles along to the surface.

Therefore, we can conclude here that elongation of the Ag nanoparticles is
strongly defined by the laser polarization and variation of the laser incident angle
allowsto produce spheroids with any given orientation in the glass.

3.1.3 Subsequent modifications by multicolour irradiation.

In this paragraph, we continue the study of the fs laser assisted
modifications of Ag nanoparticles in soda lime glass. In particular, we will consider
the excitation of silver clusters at different wavelengths affected on the induced
dichroism. Foremost, we have to notice that all observed induced anisotropic
modifications of Ag nano-spheres described above occurs by excitation of Ag
nanoparticles at wavelengths near to the SP resonance. The spectral gap between the
SP bands in polarized spectra, which is defined by the aspect ratio of the elongated
clusters, can be tuned by variation of the peak pulse intensity and/or by the writing
density (number pulses per spot). However, increased pulse intensity besides with the
spectral shift leads to the destruction of the silver nanoparticles and bleaching of the
SP bands, what actually undesirably decreases contrast of the induced dichroism. At
the same time, shift of the SP band away of the laser wavelength upon multi-shot
exposure to fs laser pulses with low peak intensity restricts the excitation of silver
nanoparticles and the system comes to a steady state, where increasing number of
pulses doesn’t evoke any alterations in the extinction spectra. The far range spectral
shift of the SP band could be apparently achieved by tuning of the laser wavelength
towards SP resonance resulting in subsequent modifications of Ag nanoparticles.
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In order to testify our assumption a glass sample with spherical Ag
nanoparticles was irradiated first at | = 400 nm in multi-shot regime (peak pulse
intensity about of 0.5 TW/cm?, writing density about of 3600 pulses per spot). As
can be seen from Fig. 3.6 the original plasmon band peaked at 413 nm (solid line) is
split into two polarization dependent bands (dashed curves) at 390 nm and 480 nm
for s (perpendicular to the laser polarization) and p - polarization (parallel to laser),
respectively. These two bands are attributed to SP resonances along short and long

— original sample
irradiation at 400 nm
p-polarisation
- - - s-polarisation
1r subsequent irradiation
at 550 nm
p-polarisation
----- s-polarisation

Extinction coefficient

MU T ol S s

400 500 600 700
Wavelength, nm

Fig.3.6 Extinction spectra of the glass sample
containing single spherical Ag nanoparticles:
solid curve - spectrum measured before
irradiation; dashed curves - spectra obtained
after irradiation by intense fs pulses at 400 nm;
dotted curve - spectra after subsequent
irradiation at 550 nm. Vertical arrows are
indicating pump wavel engths.

12F original sample
3 p-polarisation
s-polarisation

10F

Extinction coefficient

400 500 600 700 800
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Fig.3.7. Extinction spectra of Ag nanoparticles
irradiated by polarised fslaser pulses at 267 nm.

axis of the modified (oblong) silver
clusters, which have a preferential
orientation parallel to the laser
polarization. The same area of the
sample was then irradiated at 550 nm
with appropriate laser polarization for
excitation of SP in the absorption
band centered a 480 nm (laser
polarization parallel to the long axis of
the oblong silver cluster). This leads
to afurther modification (Fig. 3.6) and
additional red-shift of the SP band
corresponding to the long axis of the
modified nanoparticles (p-
polarization) to 630 nm. At the same
time, a blue-shift of the absorption
peak in s polarization to 360 nm
indicates an increase of the aspect
ratio of the ellipsoids. On the other
hand, appearance of the second peak
at about of 412 nm in p - polarization
can be attributed to a quadrupole
contribution in the SP resonance. It
should be noticed here that irradiation
of the modified (ellipsoidal) as well as
of the origina (spherica) Ag
nanoparticles under the same
circumstances (peak pulse intensity,
writing density) but at wavelengths
sufficiently far away from the SP
resonance (transparent spectral range)
did not evoke any measurable
extinction changes.

3.1.4 Modifications induced by fs
laser pulses at 267 nm (interband
effect).

Silver nanoparticles demon-
strate an additional absorption band in
the UV spectral range with maximum
of ~ 310 nm corresponding to the
interband transitions of the electrons
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(see Chapter 1). Thus, irradiation of composite glass with embedded Ag
nanoparticles at 267 nm (the sum frequency of SH (400 nm) and fundamental
radiation (800 nm)) with peak pulse intensity of ~ 0.33 TW/cm? (energy fluency of
49 mJcm?) and writing density of ~ 10* shots/spot leads to transformation of the
extinction spectra. In turn, as it can be seen in Fig.3.7, the intensity of the SP band
decreases by the factor 3 and at the same time demonstrates induced dichroism: p-
polarised absorption band shifts towards long wavelengths up to 421 nm, while
absorption maximum for s-polarisation moves to 407 nm. Like in the case of
excitation near to the SP resonance, such weak dichroism could be associated with
Ag nanoparticles elongated in direction parallel to the laser polarisation. On the other
hand, bleaching of the SP band in the spectra indicates destruction of the silver
clusters upon exposure to UV laser pulses. However, it's gtill a question, if the
observed modifications are caused by excitation of the Ag nanoparticles in interband
or fundamental absorption in the soda-lime glass plays here arole.

3.1.5 Femtosecond laser induced dichroism in composite glass with spherical Ag
nanoparticles: first summary of the experimental data.

As it was discussed aready in Chapter 1, fs laser pulse with moderate pulse
energy can have extremely high peak intensity. In other words, electric field
amplitude of the electromagnetic wave becomes very high in magnitude. Under these
circumstances, exposure of a medium to the laser pulses could result in various
nonlinear phenomena and even evoke structural modifications caused by multiphoton
and tunnel ionisation. In Chapter 1 it was mentioned that the SP resonance of the
metal nanoparticle is responsible for the local field enhancement in vicinity of the
cluster, what in turn enhances the nonlinearity of the composite medium.

The experimenta data presented above consider shape transformations of the
spherical Ag nanoparticles in soda-lime glass upon exposure to fs laser pulses at
wavelengths close to the SP resonance. As it was demonstrated, all observed laser
induced modifications occur only in the given laser pulse intensity range (>0.2
TW/cm?). Moreover, so called “red-side” and “blue-side” dichroism or in other
words orientation of the modified silver clusters parallel or perpendicular to the
laser polarisation is defined by the laser pulse intensity used for irradiation of the
sample. The writing density (number pulses per spot) results in the accumulation of
the induced modifications. However, it's quite obvious that by the multi-shot
irradiation the laser induced spectral changes are playing a feedback role and
restrict modification of the cluster shape. For instance, shift of the SP band towards
long wavelengths for p-polarisation (red-side dichroism) is obviously limited by
decreasing absorption from pulse to pulse at the excitation wavelength. Thus, for the
laser pulse intensities less as 0.6 TW/cm? modifications reach a steady state when
following rise of the pulse number doesn’t indicate some spectral alterations.
However, tuning of the laser again towards the SP resonance stimulates subsequent
modifications.

Observed anisotropic shape modifications are strongly combined, as it was
demonstrated, 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.
Moreover, the experimentally observed fading of the SP band in extinction spectra
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with increase in peak pulse intensity allows us to suppose that partial destruction or
dissolution of Ag nanospheresisinvolved in the shape modification mechanism.

It's well known, that interaction of metal nanoparticles with intense laser
pulses close to the SP resonance leads to the enhancement of the photoelectron
emission from the cluster surface [3.19-3.29]. Even excitation of composite glass
with Ag nanoparticles by ns laser pulses near to the SP causes a destruction of metal
clusters accompanied by enhanced photocurrent [3.19] indicating a photovoltaic
effect. Thus, it rather plausible to assume that interaction of intense fs laser pulses
with silver inclusions in soda-lime glass results in SP assisted ionisation of metal
clusters leading to the shape deformation and dissolution of the Ag nanoparticles.
Moreover, by excitation of the SP with intense fs laser pulses the photoelectrons
driven by the field on the surface of the metal nanoparticle, i.e. the superposition of
the external field and induced polarisation, could assign the preferential direction for
the modifications.

The laser pulse intensity of about 0.2 TW/cm? (the threshold of the laser
assisted modifications in the composite glass with Ag nanoparticles) could result in
the photoionization of the silver clusters as well as glass matrix caused by
multiphoton absorption. Moreover, such intensity corresponds to the electric field
amplitude of electromagnetic wave to be in order of 6.1x10° V/cm. Taking in to
account the fact that excitation of Ag nanoparticles was performed near to the SP
resonance, the enhancement of the local field in several orders of magnitude in
comparison with incident wave makes the tunnel ionization probable.

On the other hand, it's quite obvious that the oblong shape of the Ag
nanoparticle is fixed by surrounding solid matrix. 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 [3.14]. This
allows us to assume that the fs laser assisted modification occurs under temperatures
below of transition point. Otherwise, if the laser pulses result in the melting of the
surrounding glass, keeping of the anisotropic shape by Ag nanoparticle is
improbable.

Furthermore, the intense laser radiation can cause also the ionization of the
glass matrix leading to structural transformationsin it. Moreover, as it will be shown
after, the soda-lime glass exposed to the fs laser pulses reveals an induced dichroism
in visible spectral range caused by colour center formation. This can affect the
electric permittivity of the glass and influence on the SP resonance of the
incorporated metal clusters.
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3.2 Modification of soda-lime glass by 150 fs laser pulses at 400 nm.
Colour centresin theglass.

It is known that the laser intensities of about 10" W/cm? lead to spectral
changes in the transparent soda-lime glass caused by formation of color centers
[3.30-3.32]. Moreover, generation of the color centers is characterised by the
dielectric constant changes and can affect the position of the SP resonance in the
extinction spectra of the composite glass. At the same time, ionization of the glass
matrix and color centers formation can be involved in the processes of the shape
modification of Ag nanoparticles.

Color center formation has been known since the XIX century and was
extensively studied by expose to grays, UV radiation [3.33] as well as to intense
laser pulses [3.30-3.32]. Whereas optical damage in glass is characterised by the
formation of plasma and irreversible structural dislocations, the color centers
formation takes a form of uniform slight discoloration of the medium through which
the beam has been passed. The intern defects in the glass matrix or crystal
(vacancies, interstitial ions and impurity ions of wrong valence) are characterised by
an effective charge, which is able to attract and bind electrons and positive holes,
which have been released in the matrix by exposure. Most of the electrons quickly
recombine with the holes, that is, the electrons fall back into the stripped ions and
reconstitute the normal ions. If before the recombination a free electron wanders near
an interstitial cation or an anion vacancy, this positively charged defect can trap the
electron in its Coulomb field. The positive holes that escape early annihilation aso
wander through the glass and are trapped at negatively charged defects, such as
cation vacancies or interstitial anions. Moreover, trapped electrons or holes do not
annihilate the charge of the defect but are only overlapping the surrounding of the
vacancies or ions to an appreciable extent. Such trapped-electron or trapped-hole
centers can be destroyed by warming the sample or by illuminating it with light of
the appropriate wavelength. However, trapping of electrons by metal cations in the
matrix leads to the reduction processes [3.35] and can bring even to a precipitation of
metal colloids [3.32-3.34]. In such case, coloration in visible spectral range is
determined by the SP band of meta clusters. In contrast with trapped electron and
hole centers, which were discuss above, colloids mostly don't demonstrate a
thermoinduced bleaching in extinction spectra.

It should be mentioned that the concentration of the defects playing the role
of trapping centers, strongly depends on composition of the glass. Thus, in the single
component glass such as SiO, the substitution in the glass “random network” of AI**
for Si*" results in the creation of O vacancies or the simultaneous incorporation of
aluminium cation interstitially playing a role of electron trapping centers. Formed
charge imbalance in the matrix can be partially compensated by non-bridging oxygen
contained in alkali silicate glasses in sufficient amounts. The non-bridging oxygen
atoms together with cation vacancies are responsible for formation of hole-trapping
centersin soda-lime glass [3.36].
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Fig.3.8. Schematic representation of the soda-lime glass, irradiated at 400 nm: s-
color center formation and destruction polarisation(red solid line) and p-polarisation (green

solid line), heated at 150 °C for 3h glass (dash line).

Thus, formation of color centers requires a generation of mobile charge
carriers in the glass via the photoinduced excitation of electrons from the vaence
band of silicate glass to the levels situated above the electron mobility threshold
(Fig.3.8). For akali-silicate glasses this threshold is placed in the region of the
fundamental absorption age (Ei~5.4€V) formed by transitions between levels in
quasimolecular complexes Si-O™"Na' (L-centers). Nonbriging oxygen defects © Si-O
in silica are responsible for 4.8 eV absorption [3.36]. Hence, exposure of glasses to
radiation with photon energy less than intrinsic absorption age cannot cause
photoionization of glass matrix. However, irradiation with high power laser pulses
with hn<E; causes the multiphoton ionization of the glass matrix and formation of
color centers [3.30-3.32]. On the other hand, sensitivity of the glasses can be
significantly enhanced by impurities incorporated in the glass (like Ce*, Fe**, Tb*",
Eu** and so on), which form intermediate electron energy levels in the band gap of
the glass matrix. Hence, ionization of impurities in the photosensitive glasses
requires lower photon energies to induce electron transitions from intermediate
energy levels in conduction band. In turn, the metal inclusions with Fermi energy
level placed between valence and conduction bands can play a role of donor of
electrons.

In our experiments, the original glass substrate (72.47 SiO,, 14.36 N&O, 0.7
K20, 6.1 Ca0, 4.05 MgO, 1.49 Al,O3, 0.133 Fe,03, 0.131 MnO, 0.37 SO3, weight
%) used for Na-Ag ion-exchange and Ag nanoparticles preparation was irradiated by
150 fs laser pulses a 400 nm with pesk pulse intensity about of 2.4 TW/cm®.
Irradiation was performed in multi-shot mode with writing pulse density of
approximately 4x10° pulses per spot. As it can be seen in the Fig 3.9, the original
glass sample is absolutely transparent in visible spectral range and demonstrates a
wing of absorption band centred in NIR about of 1100 nm and attributed to
impurities of Fe*"[3.34]. The irradiation with fs laser pulses leads to coloration of
glass in whole exposed volume characterised by a strong rise of the absorption in UV
and visible spectra range (Fig.3.9). The extinction spectra of exposed glass
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demonstrate two broad absorption bands centred at 430 nm and 640 nm
corresponding to the trapped hole color centers (H, and Hy) [3.31-3.35]. The broad
spectra in visible region as well as the absorption in UV can be associated with
contribution of other types of trapped electron and hole centers presented in the
Table 3.1.

Table 3.1 Spectroscopic parameters of the absorption
bands of intrinsic Color Centers in Soda Lime Glass
according to Ref. 3.34)

Peak Position, | Peak Position, | Halfwidth, | Charge | Designation

ev nm eV State

0.9 1380 0.4 + H;
1.6 770 0.7 =
2.0 620 0.5 + H,
2.1 580 0.8 E,
24 517 0.45 + Hs
2.85 435 11 + Hy
3.2 388 0.45 - Es
3.7 335 0.8 - E,
4.1 302 0.9 + Hs
4.75 261 0.9 + He
5.2 238 1.05 Es
5.8 214 0.8 + H,

Moreover, extinction spectra reveal an induced dichroism in the glass sample
after irradiation by fs laser pulses indicating higher absorption in s-polarisation in
contrast to the p-polarised spectra. This can be explained by anisotropic optical
bleaching of H, centers associated with laser polarisation dependent reorientation of
those centers demonstrated by Glebov et a. [3.37]. However, Glebov and co-workers
demonstrated effect of polarised laser irradiation at 435 nm on color centers induced
by UV light. In our case, irradiation of glass samples at 400 nm by 150 fs laser pulses
results in formation of color centers via multiphoton absorption. The following
interaction of the fslaser pulses with H, hole trapped centers owing to the absorption
peak at ~420 nm causes the bleaching and reorientation of them.

The spectral modifications
in the glass induced by exposure at
400 nm are stable a room
temperature retaining coloration
unchangeable up to severa years.
However, thermal development of
the irradiated glass at 150°C for 3
hours leads to the fading of the
induced absorption  (Fig.3.9)
indicating recombination of color
centers.

Similar spectral
modifications were observed by
irradiation of glass a 267 nm
(Fig.3.10). However, in
comparison with excitation at 400
nm penetration depth of the laser
at 267 nm is much lower due to
strong absorption in glass and

0.4

original glass

- - - irradiation at 267 nm

400 500 600 700
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Fig.3.10 Extinction spectra of soda-lime glass before
and after irradiation by 150 fs laser pulses at 267 nm

800
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formation of color centers, which occurs only in the thin surface region. In the
spectra two absorption peaks at 420 nm and 620 nm attributed to the hole trapped
centers can be still resolved but their contribution in the spectra is much lower in
comparison with the 400 nm excitation. This indicates apparently decrease of the
proportion of the hole and electron trapped centers, which for example could be
explained by contribution of Fe?* (absorption pesks at 4.4eV and 5.1eV) to
generation of free electrons by excitation at 267 nm (4.7eV) [3.32, 3.35, 3.38, 3.39].
It's well known that electron trapped centers are not stable at room temperature and
the coloration in the glass induced at 267 nm disappeared in couple of days, while
absorption bands formed by exposure to 400 nm were relative stable at 20 °C and
bleaching was activated at 150 °C. Moreover, irradiation at 267 nm doesn't
demonstrate the anisotropic modifications of the soda-lime glass, which support the
assumption of the polarisation dependent bleaching of the hole trapped centers by
exposure to 400 nm.

In summary, the irradiation of the soda-lime glass with 150 fs laser pulses at
400 nm, below the fundamental absorption edge, results in multiphoton ionization of
glass matrix and in the formation of trapped electron and hole color centers
indicating induced absorption in UV and visible spectral range. Moreover, observed
laser polarisation dependent dichroism in modified glass was associated with
anisotropic bleaching and reorientation of the hole trapped centers H,. Trapped color
centers are not stable to the heating and temperature treatment at 150 °C for 3h
results in discoloration of the exposed region. Thus, obtained data indicate that the
laser pulse intensities typical for Ag nanoparticle modifications at 400 nm also leads
to the structural anisotropic transformations in the host matrix. In turn, effect of color
centers formation on the extinction spectra of modified samples containing Ag
nanoparticle can appear in two ways. First, induced absorption spectra of color
centers in composite glass add to the absorption of silver clusters. Second, the color
centers situated near to the surface of Ag nanoparticle increases the polarizability of
the surrounding and will affect the surface plasma oscillations via dipole-dipole
interactions as well as via influence of static effective charge redistribution shifting
the SP peaks toward long wavelengths. Moreover, taking into account that the
irradiation of Ag nanoparticles embedded in the glass was carried out near to the SP
resonance, the enhancement of the local electromagnetic field can result in
acceleration of the ionisation of the matrix near to the surface of metal cluster
leading to formation of color centers, defects and even high ionised plasma (if the
magnitude of the field is high enough) in the surrounding.



Chapter 3. Photomodification of single Ag nanoparticles embedded in
soda-lime glass

3.3 Effect of the temperature on the laser induced modifications of
Ag nanoparticles.

As it was shown in section 3.1, excitation of spherical Ag nanoparticlesin
soda-lime glass at SP resonance by intense fs laser pulses results in polarisation
dependent shape elongations. However, the mechanism of this laser induced
deformation has not yet been elucidated in detail. A crucial question in this
context is the possible ionization of the nanoparticles by intense femtosecond
laser pulses. Moreover, asit was demonstrated in the Section 3.2, fs laser pulses at
400 nm with intensities exceeding the threshold of the laser induced modifications
of the composite glass can stimulate the multiphoton ionization in the host glass
matrix. This results in generation of trapped electron and hole color centers
responsible for the induced absorption and dichroism in visible spectral range.
Thus, the processes of color center formation could also be involved in the
mechanisms of shape transformation of Ag nanoparticles. In turn, the color
centers evoke modification of dielectric properties of the surrounding of the silver
clusters and could affect on the surface plasma oscillations. Moreover, since the
color centers are not stable by increase of the temperature, the temperature
treatment of the exposed sample could reveal information according the laser
assisted electron photoemission from Ag nanoparticles. On the other hand, the
cluster ionization should lead to increase of silver ions content in the glass.

Since silver ions in glass as well as structural changes in the glass matrix
can be identified by their characteristic photoluminescence, we have performed a
series of luminescence measurements, combined with thermal treatment, of
several samples: neat glass (i), ion-exchanged glass (ii), glass containing silver
nanoparticles before (iii) and after
4 (iv) laser induced deformation.
I The study is completed by
extinction spectra demonstrating
the effect of annealing on the | atter
type of samples. In the following
it will be shown that the
luminescence data  provide
interesting new information on the
role of Ag nanoparticle ionization
in the process of ther laser
induced shape modification.

In(T)

N I B v 3.3.1 SP bands modification by
400 500 600 700 temperature treatment

Wavelength, nm

The glass samples with
spherical Ag nanoparticles used in
the experiment were irradiated by
150 fs laser pulses at 400 nm in
multi-shot mode. The peak pulse
intensity was ~ 0.5TW/cm?. Using X-Y translational stage a homogeneous field with
size of 3x3 mm? was written with pulse density of ~ 4x10* shots/mm?.

Fig.3.11. Extinction spectra of original (spherical)
and oblong (after irradiation by intense fs pulses at
400 nm) Ag nanoparticlesin soda-lime glass.
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Under these conditions the effect of the laser irradiation on the extinction
spectra, as shown in the Fig.3.11, is a splitting of the original plasmon band at 413
nm in two polarization dependent bands centered at 390 nm and 540 nm for s
(perpendicular to the laser polarization) and p-polarization (parallel to the laser
polarization), respectively. As it was discussed in the Section 3.1, these two bands
can be attributed to the SP resonances of the modified (oblong) silver clusters.

After irradiation, samples were heated in oven at 100°C, 200°C and 400°C
and it was observed that the extinction bands due to the surface plasmon resonances
of the elongated Ag nanoparticles are modified during temperature treatment
(Fig.3.12). Upper, center and lower panel refer to 100°C, 200°C and 400°C, and the
different curves (as specified in the legend of Fig. 3.12) represent the spectra
measured before and after 5, 15, 45, 60, and 120 min of annealing. Common to all
temperatures is a continuous reduction of the band width with simultaneous blue
shift of both p- and s-polarization bands, accompanied by an increase of the
maximum absorption strength. As it

before annealing
lgF————— 5 min annealing can be seen, the changes occur much

E E 15 min annealing faster at higher temperatures, so
o *@' ------ min annealin '
12 _ dD - gg min annea:@ng that, eg., a 400°C no more
0.9t 7 N omnaeaing | moifications are observed after 45
0.6 min. In contrast to these findings,
0.3 extinction spectra of non-irradiated
0.0 L sampl&e_ with  spherical  Ag
1.2f nanoparticles do not change at all
—~09F during thermal handling.
=0k -
o6k Observed changes in the

extinction spectra of the irradiated
composite glass induced by
88 S temperatures much below the glass
Or % transition temperature to be about of
15E ‘ 600 °C and silver melting point
1 05 exclude the reshaping of the metal
TE nanoparticles observed by M.
0.5¢ /7 Kaempfe [3.14] and can be
00— interpreted  in terms  of
modifications of the dilver
nanoparticle surrounding. Moreover,
acceleration of the modification

0.3

Wavelength, nm

Fig.3.12. Extinction spectra of samples with Ag processes at temperature about of

nanoparticles after irradiation by intense fs pulses at
400 nm, and thermal treatment (as specified in the
figure).

100 °C dlows us to assume a
contribution of the trapped color
centers, which are not resistant to
the heating.

3.3.2. Luminescence study of the temperature induced modifications
The luminescence studies of the irradiated samples could help us in
understanding of origins for the temperature induced modifications in the

surrounding matrix and clarify the processes caused by interaction of Ag
nanoparticles with ultrashort laser pulses.
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The first examples for luminescence spectra, as given in Fig.3.13, refer to the
original glass (dash-dotted curve), ion-exchanged samples before annealing (dashed
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Fig.3.13. Luminescence  spectra  (excitation
wavelength 266 nm) of Ag":glass samples 1 and 2 (see
text for details), original glass and glass with Ag
nanoparticles.
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Fig.3.14 Energy band diagram of the non-bridging
oxygen centersin the soda lime glass.

and solid curves), and an
annealed, but not irradiated
sample containing spherical silver
nanoparticles (dotted curve); the
excitation wavelength in al cases
was 266 nm. Ag’ ions in soda-
lime glass are known to show
upon UV-excitation a green-
yellow luminescence due to the
spin-forbidden electronic
transition from the °D manifold to
the ground state 'S, [3.40,3.41].
Corresponding to this expectation
the ion-exchanged sample 1 shows
under excitation a 266 nm a
luminescence band peaked at 540
nm (solid curve).

If this sample is being
annealed in  H; reduction
atmosphere, the formation of Ag
nanoparticles leads to a shift of the
emission band to » 520 nm (dotted
curve), reflecting the decrease of
the concentration of Ag" ions
[3.41]. This interpretation is
confirmed by the very good
coincidence of this (‘yelow’)
emission band with the spectrum
of an ion-exchanged glass with
Ag’ ion concentration decreased
by a factor of 10 (sample?2,
dashed curve). At the same time,
the Ag-Na ion exchange method
leads to an inhomogeneous
distribution of Ag" ions in the
depth of the glass sample.
Therefore, the shoulder observed

near to 430 nm in the emission spectra can be explained by silver ions with lower
concentration in the depth of the glass substrate [3.41].

The second, stronger emission band obtained from the sample containing
spherical silver nanoparticles (peaked at 700 nm), was detected also from original
clear glass (dash-dotted line). This band could be associated with nonbridging
oxygen defects in the glass, which were studied in details in Ref. [3.42]. As it was
mentioned in the Section 3.2, nonbridging oxygen anions ° Si-O" are assigned as the
cause of the 4.8 eV absorption and playing a key role in formation of hole trapped
centers. Thus, illumination of soda-lime glass at 267 nm results in excitation of
nonbriging oxygen anion and following electron transition from excited state on the
energy levels of neighbouring electron trapping centers (Fig.3.14). Formed trapped
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hole centers are in excited state and following transition in ground state enegy level
is accompanied by luminescence at 700 nm. However, electron and hole trapped
centers are not stable and the system rapidly comesin theinitial state. It isimportant
to notice that the concentration of nonbridging oxygen centers is strongly dependent
on impurities in the glass matrix [3.33]. It is rather plausible to assume that during
the ion exchange process (which is connected with heating) most of these defects are
‘healed’, while reduction of the silver ions and aggregation to Ag nanoparticles may
create new defects, in particular in the vicinity of nanoparticles. This scenario would
explain the behaviour of the emission band at 700 nm.

When the sample containing silver particles is irradiated by intense 400 nm

laser pulses in the above described

500y b . way to modify the clusters, the

[ efore heating .

oo 25 min, 400°C . luminescence  observed  upon

L 60 min, 400°C I excitation at 266 nm changes to

I Y the shape shown in Fig.3.15 as

i solid curve; compared to the

2N emisson  spectrum  before

‘destructive’ irradiation (dotted

curve in Fig.3.13), mainly the

intensity of the band around 700

nm is decreased. Therma

treatment of the sample (1 hour at

400°C) again increases the

A T R T intensity of this luminescence

400 500 600 700 band a 700 nm, which can be

Wavelength, nm explained by modifications of the

Fia315  Lumi . o glass matrix. At the same time, the

g.3.15. uminescence  spectra  (excitation . . .

wavelength 266 nm) of samples with Ag nanoparticles ~ 0and attributed to the silver ions

irradiated by intense fs laser pulses, before and after ~ does not show significant spectral

heating. changes. So the experiments at

266 nm excitation wavelength

alone can not prove the ionization of silver clusters during laser induced shape
modifications.

We have performed additional luminescence experiments with an excitation
wavelength of 400 nm, where the photon energy is too low to excite
photoluminescence of Ag® ions, but sufficient to observe luminescence around 600
nm due to very small charged clusters like Ag,", Ag”*, Ags" and Ags> [3.40]. No
noticeable luminescence intensity was observed from clear glass and samples
containing silver nanoparticles, even if they have been irradiated by the intense
pulses for deformation. Also heating of samples with spherical nanoparticles does
not evoke the luminescence upon 400 nm excitation.

However, in case of previoudly irradiated samples the situation changes
dramatically under thermal treatment. the Fig.3.16 shows the evolution of the
lumi nescence spectra obtained from such a sample at 3 different temperatures (upper
panel: 100°; center panel: 200°C; lower panel: 400°C). The individua spectra are
labeled with small letters (a) to (e) referring to 5, 15, 45, 60 and 120 minutes of
annealing at the given temperature.
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Fig.3.16. Luminescence spectra  (excitation
wavelength 400 nm) of irradiated samples with Ag
nanoparticles, annealed at 100 °C (upper panel),
200 °C (center panel), 400 °C (lower panel) for 5
min (a), 15 min (b), 45 min (c), 60 min (d), 120 min
(e).

At al temperatures a broad
emission band around 600 nm
develops during heating, but on
quite different time scales: at 100°C
the intensity of luminescence rises
for the first 15 min, then decreases
again until it has vanished after 2
hours; with increasing time, the
maximum of this luminescence band
shifts from 540 nm to longer
wavelengths. At 200°C the increase
and following fading of the
luminescence happens more rapidly
and the equilibrium is achieved after
60 min; finaly, a 400°C the
emission reaches its maximum
intensity within 5 min, and already
after 15 min no measurable
luminescence around 600 nm was
detected any more. In addition,
Fig.3.16 clearly shows that the
maximum luminescence intensity is
higher at higher temperatures. It is
interesting to compare these spectra
with one obtained from glass after
Na-Ag ion exchange (sample 1),
again with an excitation wavelength

of 400 nm. As plotted in Fig.3.17, this sample with high Ag doping concentration
yields a very similar strong luminescence band at 600 nm indicating the presence of
the Ag:", Ag,”", Ags™ and Ags”" species [3.40]. It is an obvious conclusion that the
orange luminescence from irradiated samples containing deformed nanoparticles
originates from those small silver ion complexes, which are being formed during

600

=) L1 =400 nm Ag':glass
“3, - sample 1
2

2

2400

£

@

O

c

o}

@ 200

Q

£

E

=

4

O L

RN IS ST SR VAT TR [T TR VT TR W N W S
500 600 700
Wavelength, nm
Fig.3.17. Luminescence spectra  (excitation
wavelength 400 nm) of Ag”:glass (sample 1).

heating of samples with high silver
ions concentration. The position of
the emission band of small silver
clusters (Ag—Ags) depends strongly
on thelr size and ionization state
[3.43]. The emisson band
maximum is shifted to the red
spectral range when the number of
atoms in a cluster increases. Thus,
the observed shape modifications of
the emission band at 600 nm in the
spectra of irradiated samples could
be explained by inhomogeneous
spectral broadening due to a wide
distribution of silver species in size
and charge (Ag", n=2, 3, ..;
k=1,2.).
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3.3.3. Effect of the temperature on the laser assisted modifications.

In the previous section, we demonstrated that the temperature treatment of the
irradiated samples by fs laser pulses stimulates the spectral changes caused by
structural modifications in the composite glass with silver nanoparticles. Obtained
results raise a question how the temperature will effect on the irradiation procedure
and laser induced modification of spherical Ag clusters. To answer this question the
laser exposure of the glass samples with embedded Ag nanoparticles was performed

at different temperatures.

1.2 o Irradiation by 150 fs laser pulses

[ p_folar_ 250(? a 400 nm was carried out in

1.0 — s-polar. 25°C multi-shot mode using the same

p-polar. 200°C technique and parameters as for

c o8y | s-polar. 200°C the samples studied in the section

2 0.6 3.3.1. However, the peak pulse

e | intensity here was about of 0.4
2 o4 TW/em?.

W As it can be seen in the

0.2 fig.3.18, laser excitation at room

i temperature leads to the similar

00l results reported above: SP band

400 500 600 700 peaked at 413 nm splits in two

Wavelength, nm polarisation dependent bands with

maxima at 380 nm and at 510 nm

Fig.3.18. Extinction spectra of soda-lime glass with for s and  p-polarisation,

Ag nanoparticles irradiated at 400 nm at room  respectively. On the other hand,

temperature (25°C) and heated up to 200°C. preheating of the sample up to 200

°C and following irradiation under

the same circumstances did not

demonstrate the induced dichroism in extinction spectra and led to an absolute

bleaching of the original SP band, which in turn could be explained by total
destruction of the silver clustersin the heated glass upon fslaser irradiation.

3.3.4. Interpretation and discussion of the temperature assisted effects.

The results presented above give evidence that Ag* ions are produced in the
glass matrix in the course of laser induced deformation of silver nanoparticles: the
occurrence of a strong luminescence band around | = 600 nm under excitation at 400
nm, which was only observed for irradiated samples (containing oblong Ag
nanoparticles), clearly indicates the formation of the mentioned small silver ion
species Ag,’, Ags® etc.; as those can not be created from Ag clusters purely
thermally, they are obviously due to clustering and partial reduction of previously
produced Ag" ions. It is quite reasonable that these ions are produced during the laser
induced ‘destruction’ of nanoparticles, since enhanced photoelectron emission has
been observed upon excitation of Ag nanoparticles by fs laser pulses near the SP
resonance [3.19-3.29]. In the course of this ionization the positively charged core of
ionized clusters will no longer be stable, and due to the Coulomb forces Ag ions will
leave the clusters and form a local positive charge near to the surface of a particle.
However, in our experiments using an excitation wavelength of 266 nm for
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luminescence there was no unambiguous proof for an increase of concentration of
free dlver ions after high-intensity irradiation (compare Fig.3.14). The most
plausible explanation for this problem is the fact that the emitted silver ions remain
in the immediate vicinity of the silver clusters, producing a rather high local
concentration of Ag'-ions; for such a situation strong luminescence quenching was
observed [3.41]. In addition, the non-irradiated samples containing Ag nanoparticles
still show a relatively intense emission at 520 nm due to the residual free silver ions
in the sample, which is present after annealing in reduction atmosphere (where the
formation of silver species is limited and emission at 600 nm was not detected
[3.44]) and formation of silver clusters, but also after laser irradiation and repeated
annealing (Fig.3.14). So it is reasonable that silver ions produced during irradiation
close to the silver particles do not cause remarkable changes of the Ag'-ion
luminescence band centered at 520 nm (under excitation at 266 nm).

Putting the above arguments together, it is obvious that the broadband
luminescence observed after heat treatment around 600 nm (excitation at 400 nm)
must be attributed to small silver ion species (like Ag,’, Ags", Ags®"), which are
produced from silver ions created near to the Ag nanoparticles during laser induced
ionization and Coulomb explosion. This conclusion is supported by the fact that
luminescence at 600 nm was not detected in original samples with spherical
nanoparticles subjected to heating. At this point it should be mentioned that color
centers, which appear in the original transparent soda-lime glass by intense laser
irradiation at 400 nm, as it was discussed above, disappear completely after
annealing at 150 °C for 120 min. Apparently, heating initiates the dissociation of the
electron trapping centers in glass and reduction of silver ions, and the consecutive
formation of the small charged Ag clusters. This fact and the relatively low
activation temperature of 100°C for modification processes allows us to suppose an
influence of the trapped electron color centers on formation of silver ion species.
When the annealing temperature is increased up to 200°C and 400°C, the
dissociation of color centers is accelerated, and the evolution of the observed
luminescence spectra reflects the formation and ripening of charged silver ion
aggregates. Fading of luminescence with time is a result, apparently, of growth of
the small ionized silver clusters playing the role of nucleation centers for silver
colloids [3.40] and finally of their coalescence with the original silver particles
(Ostwald ripening).

This interpretation is confirmed by the effects of the heating on the extinction
spectra of irradiated samples with Ag nanoparticles, i.e., narrowing and blue-shift of
the SP bands (Fig. 3.12), which are obviously caused by modifications in the
surroundings of silver particles: after irradiation by intense laser pulses causing
particle deformation, there will be silver ions near to the remaining particles, and
photoel ectrons catched by trapping centers in the glass matrix. While the silver ions
in the vicinity of Ag particles may affect their plasma oscillation via a DC electric
field, the photoelectrons catched in trapping centers in the glass could change the
polarizability of the cluster surroundings and thus the effective dielectric constant of
the matrix. Both effects will contribute to broadening and red-shift of the surface
plasmon bands, where the broadening may aso be due to the inhomogeneous
distribution of local environments. Apparently, the effect of heating then is the
dissociation of the electron trapping centers and reduction of silver ions, followed by
aggregation of small ionic silver clusters. Finaly, these silver ion species will diffuse
back to the remainder of the original (disrupted) nanoparticle and reaggregate with it,
probably forming larger species before their final coalescence. The latter can be
concluded comparing the temporal evolution of both extinction spectra (Fig. 3.12)
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and luminescence at 600 nm (Fig. 3.16) under temperature treatment: as long as the
luminescence is rising, the extinction bands show only very weak changes, the more
significant changes, in particular the increase of extinction strength, are observed
when the luminescence is aready decreasing or even practicaly vanished. This is
most evident at the higher temperatures (200°C and 400°C); in the latter case no
more spectral changes are observed after 45 minutes indicating that the surroundings
of the Ag nanoparticlesisin an equilibrated state already. For the lower temperatures
the extinction spectra after 2 hours of heating differ from that one obtained at 400°C,
and — in full agreement with the expectation for thermally activated processes —
appear not to have reached their equilibrium situation yet.

Furthermore, fs laser induced ionization of the Ag nanoparticles is obviously
responsible for the bleaching of the SP band observed by irradiation of the glass
samples heated up to 200 °C. The fact is that an increase of the glass temperature
stimulates high diffusion mobility of the silver cations. Thus, the silver cations
gjected by the positive charged core are diffusing in the glass out from the Ag
nanoparticle preventing the formation of the positive charged shal of the silver
cations around the silver clusters and resulting in dissolution of them. This indicates
that the local increase of the silver cation concentration in vicinity to the cluster
surface are protecting the nanoparticles from total dissolution and are involved
obvioudly in the processes of the shape modifications. Indeed, following reduction of
the silver cations by emitted electrons in direction parallel to the laser polarisation
and precipitation of the species in vicinity to the cluster core could result in the
elongation of the Ag nanospheres.

As a prove of proposed mechanism of temperature induced ateration of
extinction spectra a series of TEM images of irradiated samples before and after
annealing at 300 °C for approximately 3 hours were recorded and presented in the
Fig.3.19. As it was demonstrated above in the Section 3.1 and sown in the
Fig.3.19A D, irradiation of the samples by fs laser pulses near to the SP resonance
leads to the formation of oblong as well as nearly spherical silver nanoparticles with
surrounding small clusters. Here we have to point out that the aggregation of the
small metal species could be caused by inescapable temperature increase due to

C

Fig.3.19. Transmission Electron Microscopy of Ag nanoparticles in soda-
limeglass: A,D —irradiated at 400 nm by 150 fs laser pulses; B, C,E and
F —irradiated samples subjected to the temperature treatment

at 250 °C for 3h.

52



Chapter 3. Photomodification of single Ag nanoparticles embedded in
soda-lime glass

action of mechanical polishing and exposure to ion-beam during preparation of the
samples over a long time for the TEM studies. As it was shown above, irradiated
samples are very sensitive to the increase of the temperature and demonstrate
changes in extinction spectra even at 100°C. Nevertheless, after temperature
treatment irradiated samples are evidently (Fig.3.19 B,C,ED) indicating
modifications of the surrounding of distorted Ag nanoparticle: concentration of small
silver clusters drastically decreases accompanied by their ripening; a little bit fare
away from modified nanoparticle aggregation of small silver cluster were detected,
which can form an anisotropic shape. The formation of the aggregates in the long
ranges over the nanoparticle is indicating obviously generation and diffusion of silver
cations during exposure to fs laser in glass matrix away from the hot metal cluster,
which, in turn, reduced and agglomerated in silver species by following temperature
treatment. According to the observed anisotropy of the species distribution around of
modified elongated nanoparticle it’s rather plausible to assume that photoemission of
electrons in the direction of laser polarization leads to a partial reduction of the silver
cations and re-aggregation of silver atoms with disrupted silver cluster resulting in
anisotropic distribution of the silver ions around of nanosphere. Thus, these high
mobility active silver cations are diffusing without any obstacle in other direction.
However, we have to notice, that the last assumption has to be proven carefully by
the additional experiments. Nevertheless, these observations in general confirm the
interpretation of spectral studies given above.

As asummery, by studying luminescence spectra, novel information has been
obtained about the role of silver ions in the process of the fs laser pulse induced
permanent deformation of spherical Ag nanoparticles in soda-lime glass to oblong
ones. Samples with Ag nanoparticles show, after irradiation and only moderate
temperature treatment at 100°C, a strong broad band luminescence (excitation
wavelength 400 nm) centered at 600 nm, which can be attributed to small silver
complexes Ag,", Ags, Ags®". Additionally, temperature induced modifications of
extinction spectra in the region of the SP bands indicate changes of the nanocluster
environment by aggregation of the mentioned silver ion species. The fact that
temperature treatment of original samples (containing spherical Ag nanoparticles,
without irradiation) has no influence on the extinction spectra and also doesn’'t evoke
the luminescence upon 400 nm excitation, allows us to conclude that small silver ion
complexes are formed from Ag" ions being created during fs laser irradiation by way
of ionization and Coulomb explosion of silver nanoparticles. Actually, the increase
of the local Ag" ion concentration near to the cluster, followed by reduction and
cluster precipitation could play a key role in the processes of the fs laser induced
modification of the shapes of Ag nanoparticles in soda-lime glass. Increase of the
temperature of the sample during the laser irradiation leads to the total dissolution of
the Ag nanoparticles in soda-lime glass, what in turn supports the proposed model.
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3.4 Dynamic of the laser induced modifications of Ag nanoparticles
in soda-lime glass.

The ultrafast dynamics of SP resonance excitation by ultrashot laser pulses
has been studied extensively in the last years, in particular in the low intensity
regime, where any spectral changes are completely reversible [3.45-3.50]. On the
other hand, as it was shown above, fs laser pulse with intensities higher as
10"'W/cm? reveal irreversible processes like cluster ionization and glass matrix
structural modifications. Furthermore, these processes could play a significant rolein
transformations of the shape of silver nanospheres, which are responsible for induced
dichroism of the SP bands in the extinction spectra. A first series of time-resolved
single-color pump-probe experiments demonstrated a comparably slow relaxation
process on a time scale of several 100 ps accompanying the deformation of Ag
nanoparticle embedded in soda-lime glass by laser intensities about of 16.7 TW/cm?
(energy fluency of 2.5 Jcm?) in single shot mode [3.51]. However, laser pulses with
peak intensity about of 2.4 TW/cm?® reveal the ionization of the original soda lime
glass and formation of the color centers resulting in darkening of the glass. It raises
the question, whether ionization and formation of trapped centers can create a
directional preference for material transport, which is necessary for the deformational
process, but can only happen on clearly slower time scales.

Here we present results
0,08 of timeresolved pump-probe
0.06 L experiment with 150 fs pump
T puses a 400 nm and
0,04} supercontinuum probe pulses
0,02 giving important information
0,00 [ about the possible source of the
0,02 directiona memory of the
-0,04

samples.
The first experiments

DOD

-0,06 - v ::g:ggg were performed with low pulse
-0,08 - D= 10 ps intensities much below to the
010} permanent modification

C . L threshold to be about of 0.2
350 400 450 500 550 TW/cm? (see Section 3.1). The
Wavelength, nm fig. 320 shows some

Fig. 3.20 Transient differential absorption spectra CharaCtenStIC differential
obtained on the glass sample containing spherical Ag transient spectra measured on a
nanoparticles at different delay times; Excitation peak sample with 50 mm thickness
pulse intensity about of 2.6x10° Wicn” (energy fluence containing Ag nanoparticles,
0.4 my/crt) which indicate two regions of
induced absorption (300-380 nm
and 420-550 nm), and a region of bleaching between these two. In general, the three
regions seem to evolve quite similarly as a function of time showing afast rise and a
slower decay on atime scale of several picoseconds.

For the detailed discussion of the time evolution it is more instructive to look

at time-resolved data at some characteristic wavelengths.
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Fig. 3.21 Time dependence of the optical density
changes in absor ption spectra of glass containing Ag
nanoparticles at different wavelengths. Excitation peak
pulse intensity about of 2.6x10° W/cn? (energy fluence

0.4 mJ/cm?).
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Fig.3.22 Transient differential absorption spectra

obtained on the glass

sample containing spherical Ag

nanoparticles for different excitation pulse intensities.

Delay time was 0.3ps

As can be seen in the Fig.
3.20 and 3.21, at al wavelengths
the signal rises for the first 0.3 ps.
Thisisin general compatible with
previous findings [3.52-3.54] in
the weak perturbation regime,
where the main changes around
the SP resonance can be assigned
to the non-instantaneous
establishment of an electron
temperature after excitation, i.e.,
the signal rise is determined by the
thermalization time of the electron
gas due to electron-eectron,
electron-surface  and  electron-
phonon  scattering. As the
thermalization of this initidly
athermal  electron  distribution
happens within a few hundreds
femtoseconds for the amount of
energy injected in our
experiments, it's easily understood
that the signal rise more or less
follows the integral over the
pump-probe correlation.
Following relaxation of the
induced spectra changes with
characteristic decay time about of
3.2 psis associated obviously with
transfer of electron energy to the
lattice and later to the glass
matrix. The transient spectrain the
low perturbation regime can be
described simply as a broadening
and dlight red-shift of the SP band
caused by perturbation of metal
complex dielectric constant. Our
data are very similar to this
behaviour at wavelength >380 nm,
but exhibit an additional induced
absorption at shorter wavelengths,
which could be explained by an
overall increase of the interband

transitions due to the hot electron system, as has been observed previoudly [3.53].
Increase of the intensity of the pump pulse dlightly modifies the differentia
absorption spectra (Fig. 3.22) indicating the rise of the optical density in the UV
spectral region and simultaneous broadening and red shift of the growing absorption
band in the other side of the SP resonance. At the first sight, such behaviour of the
differential absorption spectra could be associated with strong heating of the electron
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Fig.3.23 Time dependence of the optical density changes
in absorption spectra of glass containing Ag
nanoparticles at 445 nm for different pump pulse
intensities.
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Fig.3.24Differention absorption spectra of the soda-lime
glass for different time delays between pump and probe
pulses.

gas induced by pulses with high
energies. However, relaxation
dynamic  of the  slver
nanoparticles by excitation with
the intense pump pulses
(Fig.3.23) reveals an appearance
of the additional long time
relaxation  component  with
decay time up to ~1 us
Moreover, increase of the pump
pulse intensity up to 0.3 TW/cm?
leads to the dignificant
contribution of the long life
absorption in the transient
spectra. Here, we have to point
out, that the modification
threshold of the Ag
nanoparticles in soda-lime glass
was estimated in the Section 3.1
to be about of 0.2 TW/cm® So
it may be concluded that
observer long life absorption
component at the intensities
applied here are reflecting an
additional  physical  process
associated with the modification
of Ag nanoparticles. An idea
about the nature of this process
can be acquired from a
comparable experiment
performed on the neat soda-lime
glass substrate (Fig.3.24), where
the only difference is the
significantly increased pump
pulse intensity of approximately
1.2 TwW/cm? Under such
circumstances the initialy
transparent glass develops a
weak, broad absorption with just
the same time behaviour as
extracted from the above data
for the composite glass. at any
position within that absorption
band signal rises within 500 fs
and then remains nearly constant
or at latest decays only on avery
sow time scale up to 1 ps
(Fig.3.25). The most obvious
explanation for this transient
spectra is the multiphoton
ionization of soda-lime glass and
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the generation of trapped

0.03 electron and hole color centers
——335nm in the glass, which can produce,
420 nm as it was shown in the Section

445 nm

3.2, absorption bands in the
visible spectral range, and are
known to have rather long
lifetimes up to being
i thermodynamically —stable at
.01l |, ‘ room temperature. It's plausible
to assume that the long-lived
absorption observed in the
samples  containing  silver

0.02

DOD

0.00 N S T nanoparticles has the same

0 50 100 150 200 origin (electron trapped in the

Delay, ps glass matrix). The nanoparticles

Fig.3.25 Relaxation dynamics of the soda lime glass  Incorporated in the glass matrix
excited by 150 fslaser pulses at 400 nm. can play in such case a role of

short cuts for electron transitions
in the composite glass reducing band gap between Fermi level of the free electronsin
metal inclusion and conduction band of the glass matrix. Moreover, SP assisted local
field enhancement in vicinity of the metal cluster can lead to the ionization of the
surrounding matrix.

Obtained results find an excellent agreement with the experimental data
presented in previous sections of this chapter. The measured dynamics of the SP
excitations of Ag nanoparticles for different pump laser pulse intensities explicitly
indicate appearance of the long time absorption component in transient spectra
referred to the gection of electrons and probably induced plasma in surrounding
glass matrix leading to the following formation of the trapped color centers. It's
important to notice that this rise of absorption was observed at laser pulse intensities
of about 10 W/cm? what is in good agreement with the threshold of the laser
induced permanent changes of extinction spectra of composite glass with spherical
Ag nanoparticles determined in the Section 3.1. Furthermore, photoemission of
electrons results obviously in positive charging of silver clusters and following
Coulomb explosion with formation of free silver cations in surrounding, what, in
turn, was manifested by the luminescence studies of irradiated glass samples with Ag
nanoparticles presented in the Section 3.3.
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3.5. Mechanism of the anisotropic shape modifications of spherical
Ag nanoparticlesin soda-lime glass upon fslaser irradiation.

The aim of this last section of the current chapter is to summarize
experimental data and to propose 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:

1) the laser assisted modifications occur only by appropriate laser pulse intensity
(higher than 0.2 TW/cm? by excitation at 400 nm) and exposure wavelength near
to the SP resonance;

2) orientation of the modified silver clusters (parallel or perpendicular to the laser
polarization) is defined by the laser pulse intensity used for irradiation; the
number of laser pulsesin this case plays mostly accumulative role;

3) fading and following total disappearance of the SP band in extinction spectra at
higher peak pulse intensities indicate that the partial destruction or dissolution of
silver cluster isinvolved in modification mechanism,

4) pump-probe experiments and luminescence studies testify the SP assisted
electron photoemission and drastic increase of the content of silver cations in
vicinity of disrupted nanoparticle; thus, the destruction of the silver nanoparticles
occurs obviously due to Coulomb explosion during ionisation of the silver
cluster;

5) resulting positive charged shell of the silver cation is playing apparently a key
role in the shape modifications; thus, preheating of the sample up to 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.

Therefore, the experimental data testify rather complex mechanism of the fs
laser assisted modifications of Ag nanoparticles incorporated in glass. Nevertheless,
the whole process could in general be formulated as a consequence of the SP assisted
electron photoemission (ionization), which leads to the following recharge in the
matrix, Coulomb explosion of the metal nanoparticle and precipitation of Ag
nanoparticle with asymmetric shape. Thus, the photoelectron emission from the
metal cluster is the central point in the observed effects and deserves an attention of
more detailed consideration.

3.5.1. Surface Plasmon assisted photoemission from metal nanoparticles.

Coming to the basics of the photoeffect, it's well known that in order to
induce a free electron carrier, the photon energy of the radiation have to overcome
the electron work function, needed to exceed the binding energy of electrons with the
surface (extrinsic photoeffect), or to excite transition of electrons from ground state
into conduction band of dielectric (intrinsic photoeffect). However, as it has been
already discussed in Chapter 1 and in Section 3.2, intense laser pulses even with hn
less than the work function can evoke emission of electrons due to multiphoton,
tunnel and even avalanche ionization.

In the last years the SP assisted photoelectron emission from supported Ag
nanoparticles has been extensively studied upon excitation with intense ultrashort
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laser pulses [3.20-3.29]. Therefore, 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 [3.1,3.22,3.26]. Moreover, it was testified
[3.29] that excitation near to the SP resonance extremely enhances the two-photon
photoemission yield from the Ag nanoparticles.

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 ajunction of the dielectric with
ametal (Fig.3.26). The work function of the valence electrons in pure silica is about
of 10.6 eV. Moreover, the edge of the fundamental absorption about of 9 eV in pure
silicais caused by electron transitions from valence band in to conduction band. Asit
has already been mentioned in
Section 3.2, impurities of the
alkali cations in the sodalime

;-W I S | Eveun glass lead to shift of the
/ ' fundamental  absorption  edge
=2 = _ " down to 4.8 eV. Thisis caused by
transformations in the glass

Erem network and appearance of the
: nonbridging  oxygen  centers

v (Fig.3.26). Nevertheless, the
°S-0- - lowest energy level of the
conduction band in the glass is
placed 1.6-1.7 €V below the

%//%/ % r energy of the free electron in
Glass Ag vacuum. Thus, an energy gap

between the Fermi level in the
Fig.3.26 Energy level scheme of the electronsin the silver inclusion and conduction

composite glass containing silver inclusions. Thered ; ;

dotted line indicates a non-thermal distribution of the band in the glass is about 227 .eV
electrons in Ag nanoparticle caused by excitation of and consequently any radiation
SP resonance. The green one —distribution of the with photon energy >2.7 eV could
electrons after thermalization. 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.

Excitation of the Ag nanoparticles near to the SP resonance (~3 €V) 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 (the Fig.3.26, red dotted line). Since the maximal
electron energy in these 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. Here we have to point out that the photoemission opens up an additional
channel for energy relaxation of the metal clusters. Following thermolization of the
electrons with characteristic time of a few hundreds of femtoseconds (the Fig.3.26,
green line) obviously restricts the photoemission processes. On the other hand, upon
the two-photon plasma excitation the electrons overcome the ionization energy level
and without any obstacles penetrate in the glass matrix. Even during thermolization
the energy of the electrons could be high enough to jump in the conduction band of
the glass. In turn, the injection of the electrons from metal inclusions in conduction
band of the surrounding matrix is obviously the origin of arise of conductivity in the
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composite glass with Ag nanoparticles upon fs laser irradiation near to the SP
resonance [3.19].

On the other hand, induced free carrier in the glass causes the broad
absorption in the visible spectral range, which was observed in the composite glass
as well as in the original soda-lime glass upon excitation with 150 fs laser pulses at
400 nm (see the Section 3.4). The fact that the threshold of the laser induced
modifications is in quite good agreement with the laser pulse intensity indicating the
free carrier absorption in the nanocomposite
glass, allow us to associate the modification
threshold with injection of photoelectrons in
the glass matrix. During the plasma
relaxation, the free electrons in the glass
could be trapped by positive charged defects
in the matrix leading to formation of color
centers indicating long time relaxation
component in the induced absorption spectra
(see Section 3.4).

However, the proposed mechanism
provides only isotropic photoemission of the
electrons by the metal nanosphere. However,
in the case of SP excitation we can not
exclude an effect of the loca field
enhancement in vicinity of the Ag
nanoparticle. Moreover, by excitation with
polarized light the E-field enhancement
(Fig.3.27) occurs in specia points on the
surface [3.1, 3.2, 3.55]. The local field
enhancement depends on the wavelength (on-

Fig.3._27. Electric fiel_d contour for a  resonance or off-resonance) and can reach
g%hﬁrn'fg'( (ft%d”z';oggg?idv‘fitgh:aﬁé;f fg several orders of magnitude higher than the
the SP resonance (the figure adopted INCident field. In  our experiment, the
from Ref.[3.55]). threshold of laser assisted modifications was
determined to be about 0.2 TW/cm? This
corresponds to the electric field amplitude of the electro-magnetic wave of about
6.1x10° V/ecm. The highest peak pulse intensity about of 2.4 TW/cm? gives the
magnitude of the electric field amplitude of 9.45x10” V/cm. Increase of the electric
field in the vicinity of the silver cluster due to SP resonance could strongly suppress
energy levels (see Chapter 1) on the metal-dielectric junction and induce effective
electron carrier flow from the surface of nanoparticle paralel to the laser
polarisation. The anisotropy in this case is determined by anomalous distribution of
the local electric field over nanosphere (Fig.3.27). 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.

Therefore, the nonlinear photoionization of the silver nanoparticles are in
good agreement with experimental data explaining the intensity threshold of the laser
induced modifications and appearance of the broad band induced absorption with
long relaxation time, which could be associated with the conduction electrons in the
glass and following formation of the colour centers. In turn, as it was indicated by
study of the temperature induced effects (the Section 3.3), the colour centers
influence on the SP resonance of the Ag nanoparticle in extinction spectra apparently
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via dipole-dipole interactions. Moreover, the SP assisted local field enhancement can
evoke an anisotropic photoemission of electrons from Ag nanoparticle resulting in
anisotropic distribution of the induced defects (electron trapped colour centers) in
surrounding glass matrix, which could play an important role in the anisotropic shape
modifications.

3.5.2. Dipole-dipole interactions of the SP with induced free electron carrier in the
surrounding glass matrix.

The laser induced ionization of the Ag nanoparticles results in generation of
high density free electrons in the matrix, which in turn, after relaxation, lead to
formation of the electron trapped colour centers in the vicinity of the Ag
nanoparticle. The free electrons as well as the colour centers are indicating strong
absorption at SP resonance and can result in resonant coupling of SP oscillations
with matrix [3.56]. In this case, the dipole-dipole interactions between silver
nanoparticle and surrounding media are responsible for an additional channel of SP
damping and anisotropic energy transfer into matrix.

The dipole moment of the SP oscillation of metal nanoparticles with

Wgpt

® ® ®
frequency of wg, given as D(t) = D,€e™ creates at distance r from the center of

® ® ® ® ®
cluster an oscillating field E(t,r) = Eo(r)e"=""9 The electric field amplitude Eo
could be expressed according to the Ref.[57] as:

® ® ® ®

e @ 3n(Dyn)- D,

Eo(r) o 3.1
0

®
where n isaunit vector in the direction of the radius vector, e' isthereal part of the
complex relative permittivity of the surrounding medium e =e'+ie"=1+c'+ic" (see
Chapter 1, Eq.1.17). This electric field induces a polarization given as.

(E’(t,r) = Re(g,C (E(t,r)) , 32

where ¢ is the complex linear electric susceptibility of the medium. The average
power absorbed per unit volume according to Ref.[58] can be expressed as.

W€

W = E(t,r)P(r,t) =- .

c"E,(r)|’ 33

Substituting the EQ.3.1 in EQ.3.3 and after a couple elementary derivations we
receive the angular dependent average power absorbed by the matrix:

WSP
|2r6

% "D, ?(1+3cos? , 3.4
p’ee o ( Q)

W(r’Q):'

where Q is the angle between dipole of the SP oscillations and the radius vector.
Thus, according to the Eq.3.4, if the absorption coefficient of the surrounding matrix
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is not equal to O at frequency of the SP resonance, the power flow is expected from
the nanoparticle via dipole-dipole coupling of metal cluster and host matrix.
Moreover, the energy absorption is more intense in direction of the laser polarisation
(direction of the dipole orientation). Thus, strong interaction of the SP with the
generated in the surrounding glass matrix free electrons and colour centers can result
in highly anisotropic excitation of free electron carrier in the vicinity of the surface
of nanosphere, which in turn could induce an anisotropic plasma formation,
anisotropic temperature distribution and stress in the matrix.

3.5.3 lonization assisted anisotropic shape transformation of spherical Ag
nanoparticlesin soda lime glass.

As it has been discussed above, excitation of the Ag nanoparticles with
intense fs laser pulses near to the SP resonance induces the electron photoemission
from the surface of the metal clusters. Moreover,
electron flow in the direction of the laser
polarisation (Fig.3.28A) and polarisation dependent
resonant SP coupling with the glass matrix can
result in formation of the high density electron
plasma localised in glass near to the surface of the
metal nanospheres in direction of the laser
polarisation. Following relaxation of electrons
leads to the formation of trapped electron centers
concentrated mostly on the poles of the sphere. At
the same time, resulting postively charged
nanoparticlesis not stable any more and gject silver
cations driven by the Coulomb forces forming, as it
was mentioned in section 3.3, a positively charged
shell near to the disrupted cluster (Fig.3.28B).
Moreover, the diffusion length of the silver cations
in the glass matrix is restricted obviously by the
mobility of Ag" and rapid thermal relaxation of the
Ag nanoparticle. Here we have to point out that the
energy transfer from the nanoparticle into the
matrix results in considerable increase of the
temperature in the cluster surrounding. However,
the temperature should be below the transition
temperature in the glass. Otherwise, the oblong
shape of the cluster can not be fixed (it is proved by
heating experiments at 600°C [3.14]). Nevertheless,
under these circumstances the silver cations could
be reduced by the electrons located in the matrix
defects and evoke precipitation of silver aggregates
in vicinity of the nanoparticle with following
coalescence with the cluster. Moreover, the silver
cations could play a role of electron trapping
_ centers by the next laser pulse (Fig.3.28C) leading
Fig3.28. Laser asssted shape in inten_se precipitalipn and growing of the_:- si!ver
modification of the metal cluster in the direction of the laser polarisation.
nanosphere via ionization and Apparently, this mechanism leads to the anisotropic
precipitation . distribution of the Ag" ions in direction
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perpendicular to the laser polarisation (Fig.3.28D), which was demonstrated by the
experimental data (Fig.3.19B). Furthermore, the precipitation mechanism of the
shape elongation is additionally approved by the laser assisted dissolution of the Ag
nanoparticles in preheated sample up to 200°C. Increase of the temperature enhances
the diffusion mobility of the silver cations in glass and apparently prevents formation
of the cationic shell in vicinity of the metal cluster.

According to the proposed mechanism, formation of the high fraction of
silver cations near to the cluster and photoemission of electrons in direction of the
laser polarisation are responsible for precipitation of oblong silver nanoparticles
embedded in soda-lime glass parallel to the laser polarisation.

On the other hand, this mechanism evidently works at laser pulse intensities
dlightly above the threshold of the laser induced modifications. Increase of the laser
pulse intensity causes a rise of the temperature in the surrounding glass and diffusion
mobility of the silver cations. This leads to expansion of the radius of the cationic
shell and decrease of the concentration of Ag'-ions near to the nanosphere. Thus, the
precipitation and the anisotropic ripening of the Ag nanoparticles become less
probable and extinction spectra as well as TEM demonstrate the isotropic changes
(see Section 3.1). Moreover, if the laser pulse intensity is high enough, the plasma
formation is probable on the interface of the glass and the silver inclusion in special
points, where local electric field is maximal (on the poles of the sphere aong to the
laser polarisation). Moreover, the electron density of the electrons in the induced
plasmais defined by the local electric field strength as well as by direct absorption of
the laser radiation by free
electrons and energy transfer
from the nanoparticle to matrix
via resonant SP coupling with
the free electrons. The last two
processes can induce very
rapid increase of the electron
density due to avalanche
ionization of the glass. The

: following plasma relaxation

Fig.3.29. Laser assisted shape modification of the metal |eads to the transfer of the
nanosphe_re via_ high density plasma formation in energy from electrons to the
surrounding matrix. lattice (glass) on the time scale
much faster than the thermal
diffusion time. This can 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.3.29). Moreover, the shock due to expansion of the matrix evokes
compression of the metal cluster in direction parallel to the laser polarisation.

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 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: dlightly above the modification threshold the Coulomb
explosion and anisotropic ripening of the Ag nanoparticles results in elongation of
the cluster parallel to the laser polarisation; intense laser pulses evoke the dense
electron plasma on the glassmetal interface, which leads to ablation and
compression of silver nanosphere resulting in orientation of the cluster perpendicular
to the laser polarisation.
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Chapter 4.

L aser assisted structural modifications of
strongly aggregated Ag nanoparticlesin
soda-lime glass

In the previous chapter, we discussed anisotropape transformation of
single spherical Ag nanoparticles upon exposuiatemse fs laser pulses near to the
SP resonance. Here, excitation of aggregated sgsigttm metal nanoparticles where
the gap between nanoparticles is much smallertti@particle size is studied. Under
these circumstances, by consideration of the straictransformations we can not
neglect a mechanical contact between metal nancleartMoreover, the aggregated
nanoparticles with high polarizability (noble medaktrongly interact via dipolar
forces, or more generally, multipolar coupling, @himanifest unique linear and
nonlinear optical properties [4.1, 4.2] and caretfthe modification processes in the
composite medium. At the same time, high fractibmetal inclusions leads to the
increase in deposited pulse energy density in yfstes (due to extremely high
absorption). Thus, the thermal effects like meltemgd coalescence of the metal
clusters could reveal a considerable contributiostiuctural alterations.

In turn, in this chapter we will discuss modifi@atiof structural and optical
properties of aggregated Ag nanoparticles (filliagtor about of 0.7) in thin glass
layers upon exposure to intense fs and ns lassegul
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4.1 Anisotropic nanostructures created by fs laser irradiation in
glass containing aggr egated Ag nanoparticles

As it has already been mentioned, increase in ilhiegffactor of metal
nanoparticles leads to the strong multipolar irdéoas, which have significant
influence on the optical properties of the composiaterials and apparently could
affect the structural modifications upon exposwes laser pulses. Here we will
demonstrate new phenomena occurring in the congagiss containing Ag
nanoparticles with filling factor up to 0.7 (thegk4.1) by irradiation with intense 150
fs laser pulses at various wavelengths.

The extinction spectra of the sample shown in tigedR2 demonstrate strong
broad absorption band in the visible spectral rangkich can be referred to
inhomogeneously broadened SP band of the silveopaaticles embedded in the
glass. The broadening is obviously caused by dolednteractions between Ag
nanspheres distributed in the glass with fillingtée up to 0.7 decreasing in the
depth. Here we are mostly interested in studienadifications induced only in the
upper layer with maximal filling factor, which deés the high reflectivity of the
sample. The reflection spectrum of the sample wvatrongly aggregated Ag
nanoparticles is shown in the Fig.4.2 and demotestra broad reflection band
centred at about of 580 nm, which could be refetoethe SP resonance of the silver
aggregates. The large red shift of the SP is camgationg interparticle interactions.
The reflection coefficient in the maximum reachesyadue of 47%. Since the
reflection of the sample is defined by the uppgefawith maximal filing factor of
the Ag nanoparticles, the structural changes cammbaeitored by alteration of
original reflection spectra. The laser processirfgtitee composite glass was
performed with 150 fs laser pulses at 400 nm, 588 and 800 nm. Using an
ordinary technique of multi-shot irradiation, squidields with size of 3x3mm were
irradiated on the sample. The peak pulse intensig chosen to be ~ 0.6-0.7
TW/cnt for each case. The polarised reflection spectr@ wem measured.

Extinction
Reflection, %

PO N S SN U SR (ST SR ST S S N SN S S O

400 500 600 700
Wavelength, nm

Fig.4.1 SEM picture of the composite

glass with Ag nanoparticles Fig.4.2 Extinction and reflection spectra of the

glass with aggregated Ag nanopatrticles.
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First observation of the
exposed areas indicates visible

75 J— anisotropic changes in the sample.
" iradiation at 400 nm Reflection spectra presented in the
[T irradiation at 528 nm Fig.4.3 also reveal drastic dichroic
---------- irradiation at 800 nm i . .
p-  s-polarization modifications. Moreover, as it was
50 testified by the experiment, the
§ dichroism is strongly dependent
ks on excitation wavelength. For
& - instance, irradiation of the
composite glass at 400 nm leads to
rise of reflection coefficient in the
region 400-500 nm. Moreover, in
Ol p-polarisation (green line)
400 450 500 550 600 650 700 reflection coefficient is
Wavelength, nm considerably higher than in s-
polarisation (red line). At the same
Fig.4.3 Reflection spectra of the aggregated Ag time, reflectivity of the sample
nanoparticles in the glass: effect of the fs laser decreases in spectral range above

irradiation at 400 nm, 528 nm, 800 nm.

500 nm and does not demonstrate
any dichroism in this spectral
range. Exposure of the sample at
528 nm also evokes dichroic
alterations of the reflection
spectra.  Moreover, in  p-
polarisation strong changes occur
only in the spectral range 400-550
nm indicating growth of the
reflection coefficient. At the same
time, s-polarized spectrum reveals
significant drop of the reflectivity
above of 450 nm. In contrast,
irradiation of the sample at 800
nm leads to significant decrease of

the reflection coefficient
A TR A i, e i approximately by factor 4 in
Fig.4.4. SEM image (BSE mode) of the glass with Agisible spectral range

nanoparticles: A: original sample with spherical Ag demonstrating only a little

clusters; B: sample irradiated at 400 nm; C: sample y: :

irradiated at 528 nm; D: sample irradiated at 80thn dichroism gbove 540 .nm'

The laser polarization was in vertical direction. However, as it can b_e _Seer_]’ in all
three cases reflectivity in p-

polarisation is considerably higher than in s-paktron .

Scanning electron microscopy of the irradiated dampeveals anisotropic
structural changes (Fig.4.4), which are respondittealterations of the reflection
spectra and induced dichroism. In particular, as ba seen in the Fig.4.4B,
irradiation at 400 nm considerably decreases fyactf the silver clusters in the
glass layer in comparison with the original ongy(#i4A). At the same time, initially
spherical particles drastically grow in size andnudianeously demonstrate
elongation of the shape in direction parallel te kdser polarization. These structural
transformations could be explained by a junctionseferal nanoparticles of the
aggregated system in the single cluster upon lagkse excitation. Increase in the
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distance between nanoparticles abates the contnbof the dipolar interaction of
metal clusters and should be responsible for tieeedse of reflectivity in the spectra
above 500 nm (Fig.4.3). Moreover, the oblong shapéhe clusters is obviously
responsible for the observed dichroism in the spect

Similar polarization dependent structural changas be also seen in the
sample subjected to irradiation at 528 nm (Fig.3.#However, the aspect ratio of the
resulted metal clusters here is much higher thahensample irradiated at 400 nm
and can even reach values of up to 10 for longegttare. Moreover, elongated
clusters are still compact packed and in the doradf the long axis they are almost
contacting each other, while in other directiore thstance between nanoparticles is
considerably higher than diameter of the initidhesppcal nanoparticles. Thus, in this
case the dichroic alteration of the reflection $@ecan be caused by anisotropic
shape of the single clusters as well as by thetridution in the glass layer. In
particular, the reflection spectrum in p-polarisatis scarcely affected by the laser
radiation, while in s-polarisation reflection stgiyn decreases above 450 nm
indicating weak dipole-dipole interactions.

By irradiation at 800 nm, where absorption is mod#fined by collective SP
excitations, SEM image of the modified sample iatks significant reduction of
amount of aggregated spherical Ag nanoparticle #owhlized formation of
extremely long tiny island structures (Fig.4.4Dpparently, the structural changes
from one side cause the common fading of the rieflecand from other side are
responsible for the observed dichroism in the red sf the reflection spectra.

Therefore, in general all three cases demonstiatdas formation of the
oblong metal clusters upon exposure to intensadsripulses. Moreover, the aspect

ratio of the clusters seems to be

80 nm increasing with attenuation of the

- laser towards long wavelengths
leading to a red shift of the maximal

8 dichroism. It is rather plausible to
r suppose that observed structural

& modifications of the aggregated silver
nanoparticles could be caused by
2 anisotropic  junction of the

nanospheres in direction of the laser
" polarisation. In turn, this mechanism
. is completely different from the shape

elongation of the single nanoparticles

Fig.4.5 EM—thancement factor at a cross sectior‘f“scussed in Chapter 3. Apparently, in
through three different  silver particle f[he case of _the aggre_gated SY§tem
configurations. The wavelength of the incidentinterparticle dipole coupling occurring

field is 514.5 nm with vertical polarization. The during SP polariton excitation is
left-hand column illustrates the EM enhancemenpesponsime for the anisotropic

for dimer con-figurations of two spheres with a

separation of 1 nm. The middle column shows th§trucwral changes. .
same situation, but with a separation distance of Indeed, numerous theoretical
5.5 nm. The right-hand column shows the case @stimations and experimental works
an isolatedsingle particle. Note that the color testify arise of the “hot sites” located
scale from dark blue to dark red is logarithmic, at junctions between closely spaced

covering the interval &M gy<108 Regions with h ¢ ai i .
enhancement outside this interval are shown irpanOSp eres, at certain positions In

dark blue and dark red, respectively. Accordingddgdregates [4-_3'4_-9]- In turn, the local
to Ref.[3]. electromagnetic field enhancement of

the incident wave in the system of two
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contacting spheres is strongly dependent on thiclgasize, the distance between
nanoparticles as well as on excitation wavelengtttended Mie theory indicates,
that local filed enhancement can reach'18.3-4.4] in hot nanojunctions (Fig.4.5)
leading to enormous enhancement of the nonlinegporese from the random
composite medium [4.2, 4.3, 4.5]. In particular,itawas shown in Ref.[4.3] and in
the Fig.4.5, excitation of the couple of silver agpheres near to the SP resonance
with light polarization parallel to the axis of tdenmer indicates a drastic local field
enhancement in the space between the two clusteused by strong dipole-dipole
interaction. In turn, increase of the distance leev nanospheres decreases the
enhancement factor. At the same time, under thee sexuitation parameters the
magnitude of the local field in vicinity of the giie nanoparticles is several orders
lower than in nanojunctions. Such strong interpbetinteraction evokes an optical
forces acting on the nanospheres pulling them bayd#.4]. Would the aggregated
metal nanopatrticles be placed in liquid or gas matve could expect a narrowing
and following coalescence of the interacting sphetaeven by the optical forces.
However, a fluid matrix is not able to fix anisqtio shape of the metal nanoclusters
(without additional molecular stabilizers) and fatmon of the anisotropic aggregates
in solutions was not published. On the other h#melshape and location of the metal
nanoparticles in the glass is stabilized by therimand the distance between
nanoparticles is fixed preventing, in turn, theicgdtforces to pull the nanospheres
together. Nevertheless, extremely high intensitytha local field could induce a
multiphoton and tunnel ionization leading to aldatiof the glass matrix in vicinity
of the junction leading to a coupling of nanospkere

In our case, the laser peak pulse intensity abo@tsoTW/cnf corresponds to
the electric field amplitude of the incident wa@hépter 1, Eq.1.34) to be about 10
V/cm. Under these circumstances, increase of teetred field in several order of
magnitude in the space between nanospheres wilbosly result in ionization of
the glass, high density plasma formation and falgwablation of the thin glass
layer between nanoparticles. This leads to coatesceof nanoparticles and
formation of anisotropic clusters aligned pardaitethe laser polarisation.

Apparently, proposed scenario is responsible ferftnmation of the oblong
metal nanostructures by excitation of the aggrebAtgnanoparticles in glass matrix
with 150 fs laser pulses. Moreover, the wavelerdgpendence of the structural
modifications could be explained by excitation dfetent anisotropic modes in the
aggregated system. For instance, attenuation ofatfex towards long wavelength
obviously leads to excitation of the longest chahspherical nanoparticles oriented
parallel to the laser polarization and demonstgaéirmaximal red spectral shift of the
SP band [4.7-4.9].
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4.2 Modification of optical and structural properties of aggregated
Ag nanoparticles in glass by exposure to nslaser pulses near to
the SP resonance.

All experimental data presented above in the thesi®e dedicated to the SP
assisted anisotropic structural modifications dfespcal Ag nanoparticles induced by
intense fs laser pulses. In spite of the effedheffilling factor on occurring shape
transformations, the polarization dependence ofitdeced anisotropy testifies the
fact that intense electromagnetic laser fieldsambination with SP assisted local
field enhancement in vicinity of the cluster araymhg the key role in processes of
the shape elongation. At the same time, ns ladeepat 527 nm affected the glass
samples only with oblong nanoparticles (laser medifind mechanically stretched)
leading to restoration of spherical shape of tlisters caused by heating of the glass
matrix up to transition temperature. In sampleshwambedded spherical Ag
nanoparticles increase of the pulse fluence evenoup.5 J/crh (the peak pulse
intensity ~12 MW/crf) resulting in
the melting of the glass layer did not
induce any dichroism. On the other
hand, if the fraction of the silver
clusters in glass is very high,
excitation with ns laser pulses leads
to new phenomena, which will be
discussed in this part of my work.

In experiments we studied
the samples with high filling factor

_ —som—i  Of Ag nanoparticles provided by the
. composite glass with  AGcop|xX AG. Irradiation was
nanoparticles by 200 nm laser pulses an 527 nm: A__ . . .
- optical microscope image in reflection; B _ carried OUt, in multi-shot mOFje at
corresponding SEM image in BSE mode. 527 nm using SH from Q-switched

Nd:YLF laser with pulse duration of
200 ns, pulse energy up to 10 mJ

Fig.4.6 Modified

Reflectivity, %
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original sample
center - mpl

r mp2
I —— mp3

500

Wavelength, nm

600

700

30 and repetition rate of 1 kHz. The

beam was focused on the sample to
a spot with diameter of 150m and
the pulse energy didn't exceed the
value of 200uJ (the fluence of 2.2
Jlcnt, the peak pulse intensity of 11
MW/cm?). Using X-Y translational
stage series of lines were written on
the sample.

As it can be seen in the
Fig.4.6A, effect of the laser expose
reveals unusual coloration of the
sample and drastic increase of the
reflectivity of the modified area in

Fig.4.7 Local reflection spectra measured acros&/iSible spectral range. For in§tance1
of lines burned on the sample with Agon the border of the burned line the

nanoparticles (Fig.4.6A) by the 200 ns laserglass changes initial dark brown
pulses at 527 nm.

colour on bright blue (mp5 — see the
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Fig.4.6). Towards to the center of the line theouolsmoothly changes to light red
(mp4) and then to light blue-green (mp1-mp2). Tdeal reflection spectra measured
across to the modified line (Fig.4.7) representitietof the spectral alterations. In
original glass with Ag nanoparticles a broad rdftat band above 550 nm in the
spectra defines the dark brown reflection and issed apparently by aggregated
silver nanospheres in the upper glass layer. Thect®n spectrum recorded in the
center (a violet curve labelled as mpl in the Fif.4of the modified line
demonstrates appearance of a broad reflection fenmded by two overlapping
peaks centred at about of 460 nm and 650 nm. |& bit away from the center near
to the dark region (mp2) the spectra indicatemglsiintense reflection band peaked
at 520 nm. Following shift in the thin dark areap@jp demonstrates rise of the
reflectivity in the spectral interval 400-600 nmhile initial reflection band in the
NIR slightly goes down. The next region in direati the edge of the line (mp4) is
characterised by homogeneous increase of the tigitgcwith maximum shifted
towards long wavelength responsible for the recration of the sample. The
border of the irradiated line with blue coloratignp5) demonstrates in the reflection
spectra a band at 450 nm. At the same time, a nuamiof the initial red reflection
band seems to be shifted far in NIR spectral range.

Observed drastic changes in optical propertieshefdomposite glass with
aggregated Ag nanoparticles are obviously causedsdéuyne inhomogeneous
structural modifications in the sample upon expedor 200 ns laser pulses near to
the SP resonance. First, a SEM overview of the fisadiarea in BSE mode
(Fig.4.6B) demonstrates a fading of the image bngés of the exposed line
indicating considerable decrease of metal contettte center of the irradiated area.
Further investigation of the electron microscopyages of the exposed region
(Fig.4.8) at appropriate distances from the ceofethe line corresponding to the
recorded reflection spectra (Fig.4.7) uncovers eviddifferences in structural
alterations in the composite glass. In particuthg middle area with blue-green
coloration (Fig.4.8B) is characterized by formatioh large aggregated metal
nanoparticles and even island films with diametprto 500-600 nm. The metal

i—1um—| - S |—1um—| . » '—Wm—'
Fig.4.8 Scannmg electron microscopy (BSE) of thesgimth aggregated Ag nanopatrticles: A —
original sample; B — center of the modified lingp(jy C- structures in the area mp3(see the
Fig.4.6); D — mp4; E — mp5, F- age of the modifiedaarCorresponding reflection spectra are
shown on the Fig.4.7.
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islands structures are quite homogeneously dig&ibin the glass and separated by
gaps about of 500 nm. Moving off from the center van see appearance of
disordered, large, spherical silver nanoparticlehwiiameter up to 150 nm
(Fig.4.8C). At longer distances from the center raction of the large Ag
nanoparticles considerably grows (Fig.4.8D). In terder region (Fig.4.8E) the
SEM image demonstrates a nonuniform ripening ef shver nanoparticles and
formation of almost quasiperiodical distributionlafge single clusters (globes) with
diameter of ~ 150 nm. The distance between sill@reg was estimated to be about
of 500-550 nm. Moreover, in the gaps between glbelusters, as it was observed,
the initial aggregated Ag nanopatrticles are algwgrg in size by factor of 2. On the
edge of the modified region SEM indicates the ghowitthin wire structures of Ag
nanoparticles quite uniformly aligned parallel twe tborder of the modified line
(Fig.4.8F) and spaced in about 500 nm. Here we bay®int out that additional
experiments performed with various laser polarsatid not reveal any polarisation
dependence in orientation of the metal nanowires.

As it can be seen in the Fig.4.9, the laser ramhatnostly affects a very thin
region leading to coalescence and formation ofelakg clusters beneath the surface.
At the same time, SEM image in cross section deimates strong distortion of the
surface and agglomeration of the metal on the #pthese effects are caused by an
anomalous increase in the temperature on the sudhthe composite glass upon
exposure to 200 ns laser pulses at 527 nm. Thigesvthe coalescence of the
aggregated Ag nanoparticles, diffusion and
evaporation of the silver on the top of the
sample, melting and re-crystallisation of the
surface.

As it was shown in Chapter 1, the
size, shape and distribution of the metal
nanoparticles in the dielectric matrix
determines the effective dielectric constant of
the composite medium and as consequence
strongly affect the dispersion, absorption and
reflectivity of the metalodielectric glass.
Thus, alterations of the reflection spectra
(Fig.4.7) induced by the laser irradiation
could be explained by modifications of the
optical properties of thin upper layer itself.
However, contribution of the interference due
to strong modulation of the refractive index
near to the surface of the exposed glass,
which rather plausible to assume by such
inhomogeneous structural changes in the
depth, can not be excluded. Atthe same time,
quasiperiodical silver arrays (in the border
region) and even metal island (in the central
part) on the top of the sample form opal like
structures producing wavelength selective
diffraction driven in turn by the size of the

Fig.4.9 SEM image (BSE mode) of the

cross section of the glass with Ag !
nanoparticles before (A) and after (8).  Structures and the magnitude of the gap

The pulse energy fluence was about of between them (grating order). As it was
0.55 J/crh. shown above, achieved structures are spacing
in about of 500 nm from each other and
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should reveal strong effect on spectral
properties in the visible spectral range.
Therefore, the metallic structures
created in the composite glass with Ag
nanoparticles upon exposure to 200 ns laser
pulses near to SP resonance could be
considered as photonic crystals [4.10-4.12]
with optical properties defined by the
periodical band gaps in the medium.
Recently, the metalodielectric photonic
crystals have been proposed and extensively
studied as possible candidate for creation of
photonic band gaps in the optical
wavelength range [4.13-4.16]. The localised
SP resonance of the single nanosphere in
such materials forms the photonic band
gaps in analogy with electron energy levels
of an isolated atom in a crystal [4.16-4.18].
In turn, this allows to apply the tight-
binding formalism developed for the case of
the atomic orbitals in description of the
metalodielectric photonic crystals [4.16].
On the other hand, dependence of the SP
resonance on the size, shape and
distribution (filling factor) of the metal
clusters as well as on the dielectric
properties of the host matrix opens a new
route for control of the band gap
characteristics and development of novel
PC media with unique optical properties.
For instance, the wavelength selective
mirrors for the visible spectral range can be
created using photonic glass with colloidal
Ag particles [4.19]. The maximum of
reflectivity in these materials was settled by
appropriate radius of the silver sphere,
which defined the band gap size. Recently,
we demonstrated a creation of 1D
metaloglass photonic crystal analogue
[4.20] using a novel technique of DC
electric field assisted dissolution of silver
nanoparticles in soda-lime glass [4.21,
Fig4.10. SEM image of the glass 4.22]. \./arlayon of the applied voltage and
containing Ag nanoparticles: A - original annealing time at moderate temperatures
sample; B,C,D — image of the area at thedllows to control the band gap size and to
same distance from the center; B — writingretune position of the reflection band in
density of 200 pulses per spot (150um); Gyisible spectral range. Furthermore, the
— writing density of 1000 pulses per spotignactral properties (in particular — the
D —writing density of 2000 pulses per spot. . .
The pulse energy fluence was 2.2/amd reflection spectra) of structured composite
the spot diameter about of 150 pm. glass exposed to 200 ns laser pulses have to
be discussed in terms of 3D band gaps in
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metalodielectric photonic crystals and still nedditonal investigation. The detailed
analysis of optical properties of created plasm@eigodical structures in soda-lime
glass is an aim of my future investigations, whi&serves consideration in a
separate article and certainly will be publishe@@gpropriate time. Here, it's rather
reasonably to focus our attention on the processgsonsible for the formation of
the regular structures in the composite glass.

According to the experimental conditions, the pe&idal metal structures in
the glass containing aggregated Ag nanoparticlesrogpon multi shot irradiation
by 200 ns laser pulses near to the SP resonance fadt allows us to suppose a
contribution of some type of selforganisation pssms in formation of the regular
structures. In other words, we believe that theop@ral chains are not a product of
the single laser pulse, but are growing and stigiwith following laser pulses. As
it can be seen on the Fig.4.10, exposure of thekeamith various pulse writing
densities (the number of laser pulses per spo#rlgléendicates progressive ripening
of the regular structures with increase of the neimbf pulses. For instance,
irradiation with writing density of 200 pulses psgpot leads to the considerable
increase of the size of Ag nanoparticles and senelbus sinking of the silver
fraction in the upper layer (Fig.4.10B) in comparis with original sample
(Fig.4.10A). Increase of the writing density up 10600 pulses per spot results in
growth of large clusters (Fig.4.10C), which couldypapparently a role of nucleation
centers for periodical structures created in tlesgby writing density of 2000 pulses
(Fig.4.10D). Thus, the metal ripples are developwith rising number of pulses
indicating a selforganisation mechanism. Moreoteg, distance between globular
aggregates is about 500 nm, which is in a goodetaion with the excitation
wavelength. This apparently indicates that we aadidg in such case with so-called
Wood’s anomalies induced by the laser radiatiosoiids.

The first observation of laser-assisted ripple23#is related to the time of
first laser creation (Ruby laser 1960 by Maiman)fdct, it was testified that almost
any material could generate on the surface higlelgodic permanent structures.
Since then formation of laser induced Wood'’s strtet has been extensively studied
for last four decades upon exposure of differendim&ith CW, pulsed ps, ns and fs
lasers [4.24-4.36] indicating the universality dfetobserved phenomena. The
ripples were observed in metals [4.27, 4.29, 4.84iniconductors [4.23-4.25, 4.28,
4.31, 4.36] and also in dielectrics [4.34, 4.38]spite of the different laser induced
processes in the matter, the periodical structuapgears as the result of the
nonlinear growth process initiated by the scatteohthe incident laser radiation by
random irregularities initially present in the swgé as roughness or been induced by
the laser radiation on the interface. Thus, therfatence of the incident beam with
the scattered light propagating at grazing angleéheo surface produces a special
modulation of the light intensity on the top of tleample with periodicity
corresponding to the laser wavelength. This intgnsariation could result in
increase of the amplitude of the irregularitiestlie interference maxima. Thus,
formed special frequency component of the surfasgularities has an appropriate
periodicity to diffract the incidence radiation the first order at the same angle
along to the surface increasing the strength amdr&st of the interference, which
can cause further growth of the corresponding sarferegularities. Therefore, the
creation of the interference pattern on the tofhefsample is the common feature of
the observed phenomena. The periodicity of the ymed interference between
incident and scattered light on the surface cagilen as:
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N= ; : 4.1
nL+sin(@®))
where A is the laser wavelength, n is the refractive indethe medium, which the
scattered wave is propagating i@, is the angle of incidence of the laser beam.
According to the Eqg.4.1, the periodicity of the geated regular structures inversely
depends on the refractive index, which can be &fteby the nonlinear interactions
of the intense laser pulses with the medium (highlinear cubic susceptibility,
generation of the free current, colour centers &irom). At normal incidenced = 0
deg) the pattern period 5 = A/n.

Therefore, it's quite obvious that all the obserggédictural modification are
induced in the silver containing glass due to gfrathomogeneous heating in the
sample caused by absorption of specially modultteer radiation on the surface.
Due to high optical density, the penetration daytthe laser radiation in the sample
is about 1 pm. However, the pulse duration of 28@robviously much longer than
thermal relaxation time of the metal clusters ants@ energy released in the thin
upper layer with high fraction of the Ag nanopddscis dissipated due to the heat
diffusion in the depth of the sample. The charastierheat diffusion length can be

given as [4.37]:
=21 4.2
Ve

where y is the thermal conductivity, c is the sample hesdacity, o is the sample

density, 7 is the laser dwell time (i.e. the laser pulse darabf 200 ns). Since the
filling factor of the Ag nanoparticles is very higlve can take for rough estimations
parameters of the bulk silverpE10.5 g/cm, ¢=0.237 J/gK,y =4.27 W/cm K).
Thus, according to the Eq.4.2 the heat diffusiamgik is about of 11.7 um. This
length could be associated with the heat penetratithe depth of the sample during
the laser pulse. In other words, the volume ofrtfater, which the pulse energy is
released in, can be extended up to2/m/l,, where « is the laser beam waist (in
our case2a =150 um). Having this in mind, the increase in ti@perature of the
exposed area caused by single laser pulse campbessed as:

AT=_EF

=, 4.3
clp

where E is the laser pulse energy fluency. Thuspraling to the Eq.4.3, the single
laser pulses with energy fluence about of 2.2 3/could enhance the temperature of
irradiated spot on the sample up to %@0which in turn is more than the transition
temperature in the glass. It has to be pointedimttfor the temperature estimation
due to high silver fraction we used parametershefliulk silver. However, for the
composite glass with distribution gradient of metdlisters in the depth the
thermophysical properties of the medium stronglgy\es a function of the distance
from the surface and should be described in terisaro effective medium
(metal+glass). In turn, using the thermal paransefer the bulk glass 4=2.51

glen?, ¢=0.86 J/gK,y =0.011 W/cm K) the heat diffusion length and thaximal
temperature induced by the single laser pulse doupito the Egs.4.2 and 4.3 were
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estimated to be about 0.63 um and 16200respectively. Such unrealistic
temperature increase leads to destruction of titerrah However, it corresponds to
an idealistic case, when the whole pulse energgrégnfluence of 2.2 J/cthis
absorbed in the thin upper layer of glass to be than the heat diffusion length.
However, this could be true in a system with a tlayper (a few hundreds nm)
containing aggregated metal nanoparticles depositethe glass substrate. Then,
excitation in SP band can evoke anomalous temperaicrease and ablation of the
material.

It's obvious that our situation is somewhere inwesn and single laser
pulses produce strong inhomogeneities in the tofh@fsample caused by melting,
evaporation, aggregation and coalescence of theafsgparticles.

According to the discussion above, the most pldeisgrenario for the
formation of the quasiregular metal structures he tomposite glass with high
fraction of Ag nanoparticles by exposure to 200laser pulses near to the SP
resonance seems to be as follows. At the startralleeof the initial random scatter
centers in the metalocomposite glass could be asbuoy the silver nanoparticles,
which have extremely high scattering cross seatiear to the SP resonance. At the
same time, the anomalous heating of the exposedbgréhe single laser pulse could
evoke the surface acoustic wave (SAW), which cantribarie in the scattering
processes. If the temperature overcomes the meitireshold, which is the case
here, two additional instabilities could be invalvehe capillary wave instability
(CW) and the interference evaporation instabilifylY [4.36]. Thus, the static and
induced surface irregularities induce the scattéigdd, which interferes with initial
incident laser radiation producing a special mohadight array on the surface.
Since the optical density of the sample near tstigace is very high, the absorption
of the interference patterns on the top resultsam appropriate periodically
modulated heating of the surface and following mofmum coalescence of silver
nanoparticles, melting and evaporation of silvenfrthe top. In this way after
relaxation a frozen grating of metal ripples emtsetioh glass with the periodicity
could be formed. As the next laser pulse comespitéfmrmed grating on the surface
reinforces the intensity of the interference friegalaying a role of the positive
feedback in growth of the regular structures presein the Fig.4.10. In turn, the
orientation as well as periodicity of the regulaustures could be strongly affected
by many factors: the type of the surface irregtisi mostly contributing in the
scattering processes (surface roughness, growingafgparticles, SAW, CW, IEl);
temperature gradient induced by the Gaussian ityemofile of the laser beam; the
angle of the incidence and laser wavelength. Irclkesion, we have acknowledged
the interference to be the cause of the formatibthe periodical structures and
briefly discussed probable physical mechanisms. éd@n observed effect still
needs additional investigations, which certainlil @ done in the in the near future.
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Chapter 5

First steps towards application of the fs
laser induced dichroism in composite glass
with spherical Ag nanoparticles

In Chapter 3, we considered SP assisted modifitatid the single spherical
Ag nanoparticles embedded in soda-lime glass ugposeire to intense 150 fs laser
pulses. The experimental data are indicating tihat polarization dependent
elongation of the shape of metal clusters is resipte for the laser induced
dichroism in the composite glass. However, the alin@and nonlinear optical
properties of the composite medium caused by theré&Bnance are strongly
dependent on the host matrix, size, and shape lhasven distribution of the metal
clusters. These factors could apparently affeetghape transformation processes
induced by fs laser pulses. In this chapter, wé stildy the fs laser modifications in
soda-lime glass with inhomogenous distribution bé tAg nanoparticles. For
instance, the opportunity of three-dimensional (3®&jisotropic structuring in
samples with a fill factor gradient of silver clest in the depth by multicolour
irradiation with fs laser pulses. The idea is ldas®m a selective wavelength
excitation of Ag nanoparticles with proper fill fac, which in turn defines the
spectral width and position of SP band. On therotla@d, multicolour irradiation of
such type of samples and subsequent laser modfisatllow production of high
contrast dichroitic filters. This aspect will albe described in this chapter too. One
should be noticed that in contrast with the samplestaining aggregated Ag
nanoparticles (filling factor about of 0.7) studiedprevious chapter, experiments
presented here were performed on the samples vatinmal filling factor about of
0.3 near to the surface and decreasing in the déptkpite of the considerable
inhomogeneous broadening of the SP band caused Wiypotar interactions
between nanospheres, the distance between thetiii isrger than the size of the
single particle. Thus, the induced dichroism presgrin this chapter should be
referred to as modification of the separated silvemoparticles. Proposed
techniques could be used in manufacturing of dfier3D, polarization and
wavelength selective micro-devices such as polesj4dters, gratings, displays and
rewriting optical data storage devices.
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5.1. 3D anisotropic structuring in the glass with filling factor
gradient of Ag nanoparticlesin the depth.

As it has been shown in the Section 2.5, compogitss with Ag
nanoparticles distributed near to the surface efstdimple with fill factor gradient in
the depth reveals the dependence of the absogtiectra on the depth. This opens a
way for the wavelength selective excitation and iincation of the nanoparticles
with proper filling factor by fs laser pulses.

Irradiation of the samples was performed in muititsnode at three different
wavelengths: by linearly polarized pulses at 400dwerived from second harmonic
generator (SHG), also 500 nm and 550 nm generategbtical parametric amplifier
(OPA) with following sum frequency of signal andnflamental wavelength at
800nm. In each case, pulses with energy up ta2@nd temporal width of 150 fs
were focused on the sample using a lens with fesajth of 300mm yielding to a
spot diameter of approximately 350. The sample was mounted on a motorized X-
Y translation stage with its glass surface towatds incident beam. In each case
square areas of approximately 3x3 fmere written on the sample using multi shot

regime of the laser with a pulse
—————————" e ———

. i | density of approximately 2x£0
P S | shots/mm.
Under these conditions,
. irradiation of the samples by fs
, laser pulses resulted in similar

changes of the extinction spectra
as in the case of single
nanoparticles (Chapter 3), i.e.
A splitting of the SP band and red-
shift of the p-polarized band.
However, in contrast to samples
with low fill factor now also the
longer laser wavelengths 500 nm
>\ and 550nm caused strong
spectral changes responsible for
dichroitic coloration (Fig.5.1). In
other words, a wavelength

- | A | dependent dichroism is
Fig.5.1 The glass sample with Ag nanoparticle r Her W hav t
irradiated at 400 nm (red), 500 nm (blue) and 550 n Sp O.duced' .e e. .e ave 10

Jotice that irradiations of the

(green) by 150 fs laser pulses. Images for p- and )
polarizations. Bottom: scheme of the sample irrddiat ~ Samples were Camec! out frf)m
the glass substrate side as it is

Surface

Glass

shown in bottom of the Fig.5.1.

As is seen in Fig.5.2 (giving the p-polarized sp@ctirradiation ai= 400
nm leads to the appearance of a SP band (seemualslest) at 470 nm, irradiation at
500 nm results in a band peaked at 570 nm, andiatran at 550 nm produces a SP
band at 660 nm. Here apparently the observed diftered-shift of the SP peaks
after irradiation at different wavelengths has # dxplained by a combination of
different aspect ratio of the particles and diffeérdipol-dipol interactions between
ellipsoids in different depths (i.e., at differeit factor). In all three cases there
remains a strong absorption band close to 400 miizating that a considerable part
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of the silver nanoparticles has not
been deformed to non-spherical

ar original sample shape. This can be taken as
i ~ - - Imadiation at 400 nm evidence for an inhomogeneous
3 ] irradiation at 500 nm .

al ) irradiation at 550 nm broadening of the SP band caused
- b

by the fill factor gradient of Ag
nanoparticles (see Chapter 2), and
for the possibility to deform
particles in different depths
selectively by irradiation of laser
wavelengths adjusted to the SP

x band position (and thus fill factor)
- Th e in that depth.
I ~— T A second, direct proof for
0 PR N

7 —— the modifications being located in
400 500 €00 700 800 different depths was obtained by

Fig.5.2 ExtinmﬁviL%?tg[hfmr]egured with Iightetching of the sample in 12% HF
polarized parallel to the laser polarization) ofiginal acid and monitoring in a time

glass sample containing Ag nanoparticles with filinterval _Of 20 seconds separately
factor gradient; original spectrum (solid curve) &dn the extinction spectra of that

spectra after irradiation by fs laser pulses/at 400 etched areas, which had before

nm (dashed), 500 nm (dotted) and 550 nm (daslheen modified by irradiation at

dotted). 400, 500, or 550 nm wavelength.

For convenience of presentation,

we define for the SP bands created by the differatliation wavelengths a
polarization contrad® given as the value of the peak absorption constgg(A) of

the difference extinction spectrd\(A) = a.(A) —as(4 ), Wherea denotes the usual

absorption constant. This valu® is closely correlated with the anisotropic SP
extinction bands of modified Ag
nanoparticles with oblong shape

1.0p.m-m__ W iradiation at 400 nm (and uniform orientation), and can
[ O % [7Q imadiation at 500 nm thus be used as an indicator for the
—08L: radiation at 550 nm content of such modified particles in
2 i the sample. Fig.5.3 gives the values
E o6l 5 we obtained during etching for the 3
o) I S different areas, normalized to the
U_ 04l . same starting value, as a function of
° i 'l..__ etching time. Clearly the fading of
o Ll % %o m the polarization contrast depends
I ' o.m strongly on the excitation laser

ool AT wavelength. While, e.g., the content

of the Ag nanoparticles modified by
irradiation at 550 nm has decreased
by 50% already within the first 50

Fig.5.3 Evolution of Polarization contrast P (seeseconds’ the polarization contrést
ig.5.3 Evoluti izati . :
text for definition) as a function of etching tirme of the areas irradiated at 400 nm and

129%HF acid, determined for three different sample?00 NM is almost unchanged after
regions, which were irradiated by fs laser pulses athat time. The content of Ag

A =400 nm (squares), 500 nm (circles) and 550 nnmanoparticles modified at 500 nm
(triangles). (400 nm) reaches the level of 50%

0 | 50 .100.150.200.250
Etching time, s
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only after 75 s (100 s). In other words, irradiatiat 550 nm affects mostly Ag

nanoparticles with the highest fill factor, whictedocated near to the surface of the
sample (see a picture in bottom of the Fig. 5rtadiation at a wavelength of 500

nm results in modifications in an intermediate oegin larger distance from the

sample surface, and the changes in extinction ispauluced by excitation at 400

nm are caused by modifications in the deepest l@yéh respect to the sample

surface) where collective interactions between Agaparticles are negligible. It

should be noted that this interpretation correspomdll with the visual impression

which can be observed using a conventional sterematope.

It was tried also to irradiate the sample from #ide containing Ag
nanoparticles, as opposed to the irradiation frbenglass substrate side used for all
experiments described above. This approach dideadtto the same results, mostly
because of the significant losses for each exeitatiavelength caused by the broad
absorption band of the upper layers with a high fiktor of Ag nanoparticles
(compare Section 2.5, the Fig.2.12). Thus, in teeof irradiation onto the particle
containing side one has to increase consideralelyrensity of the laser pulses in
order to increase the penetration depth of ther light into the sample. This,
however, results in spectral changes mostlytha upper layer preventing the
selective modifications in the depth obtained bmdration through the neat glass
side. On the other hand, in the Section 5.3 of dhapter it will be shown how
multicolor exposure from the layer side can be usedroducing of high contrast
wavelength selective dichroic filters.

It is obvious that presented
technique has a large potential for
a number of applications including
- 3D micro-structured, dichroitic
optical devices or optical 3D data
storage, which in turn will be
discussed in the next section. In

i l this context it is important to
notice that the sequence of

i original irradiation wavelengths of the fs
1 .
{  ----p-polarization laser pulses should be done in the
 FR s-polarization direction of wavelength decrease
[
.

(550 nm, 500 nm, 400 nm), since
otherwise, due to the red-shifted
SP band (p-polarization) of the
deformed oblong nanoparticles,
the modifications in the deeper
layer will be partially ‘destroyed’
by the laser pulses at longer
wavelengths necessary to
manipulate regions closer to the
oo soo sample surface. Applying instead

Wavelength, nm subsequently wavelengths in a

Fig. 5.4 Irradiation of the samples with Ag decrgasmg order, one can first
nanoparticles at 400 nm and 550 nm in crossedn0dify the close-to-surface layers
polarizations: in top — image of the sample inwith maximal fill factor, showing

polarized light; bottom — polarized extinction spac  maximal red shift of the SP band

of overlapping area between irradiated fields oe th j, the spectra (Section 2.5, the
sample. o

In(T)

1

O PR "
300 400

1

500

1

600
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Fig.2.12). Then by tuning of the laser radiatiowaods shorter wavelengths, the
deeper regions having a lower fill factor of silvieiclusions can be addressed,
moving the region where modifications happen awaynfthe sample surface, while
the already modified areas remain unchanged.

As the proposed technique of multicolor irradiatgimes an opportunity to
create the discrete dichroic layers in the compogléss containing silver clusters,
there are not obstacles to use multicolor lasesgsulvith different polarization for
production of layered structures with special agtiproperties. For instance, two
fields shown in the top of Fig.5.4 were irradiagd50 nm and 400 nm with crossed
polarizations to each other. Indication of p-p@ation corresponds in this case to
the direction of the laser polarization at 550 rwinile s-polarization is assigned
parallel to the laser polarization at 400 nm. Tjtiiecedure is changing the original
yellow color of the exposed at 400 nm and 550 retd$i on the sample into red (s-
polarization) and green (p-polarization), respeyiv Furthermore, rotation of the
light polarization demonstrates an alternating ¢iéag of the both irradiated regions
(Fig.5.4). At the same time, overlapping area betwene irradiated fields represents
combination of optical properties of both. Thusamhe of the polarization switches
the color of the mixed region from green into redrthermore, extinction spectra of
the irradiated areas (Fig.5.4) demonstrate appearah the additional absorption
bands in right side from original SP resonance wi#gximum about of 413 nm: at
500 nm after irradiation at 400 nm and at 620 ntaragxposure at 550 nm. In both
cases, these bands we observed only in polarizagiarallel to the polarization of
laser pulses used for modification. However, aguing area demonstrates both
resonances in mutually perpendicular polarizati(see Fig.5.4). This result is an
additional convincing prove of the formation of timelependent dichroic layers in
the depth upon multicolor irradiation with fs lagerses.

In addition, as well as in the work of Dr. M. Kaeimp[5.6], we have
observed that heating of the sample to approximad€0 °C or re-radiation of
modified regions by a cw- or Q-switched laser & B& near to the SP band restores
the original extinction spectra, being identicakthin experimental accuracy with
those of the samples before irradiation. This iatis a relaxation of the silver
nanoparticles back to their initial, spherical ghapor 532 nm laser irradiation, the
laser polarization had to be appropriately aligfa@deffective excitation of SP band.
This results in local heating of the sample over ghass transition temperature and
relaxation of modified Ag nanoparticles. Thus, thbole transformation process
described here is in principle reversible, and thflos nanostructured materials
consisting of metal nanoparticles in glass, in cioration with tunable fs or ps laser
sources, could potentially be used for very longdi, but nevertheless rewritable
data storage devices. In turn, the next sectiomiNeonsider an opportunity to use
the composite glass with embedded Ag nanoparticl8® optical data storage.
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5.2 Composite glass with Ag nanoparticles as a promising media for
3D optical data storage by spectral coding.

In the last two decades composite materials cantaimetal nanoparticles
found various applications in different fields afence and technology. The fact that
the SP strongly depends on the host matrix, shapk dastribution of metal
nanoparticles [5.1, 5.2, 5.7], allows to use thegosite matrials in development of
novel optical devices with unique linear and noedin optical properties. For
instance, the dependence of the SP resonance ahdpe of Ag nanoparticles was
used for optical data storage by spectral codin®$69]. In combination with the fs
laser assisted shape modification of spherical Agoparticles in glass this method
opens up a route for using composite material cong Ag nanoparticles as
medium for optical data storage. Moreover, the ciypaf the optical data storage
devices can be extremely enhanced using multipleel@agths and multiple coding
layers [5.10-5.11]. In turn, in the last section demonstrated an opportunity to
control the depth of the anisotropic modificatiamshe composite glass with varying
fill factor of Ag nanoparticles by attenuation bktexcitation wavelength. Moreover,
the fs laser induced dichroism in composite glgssne a way to enhance the data
capacity using the laser polarization for speafath coding. Reversibility of the fs
laser induced modifications by heating of the sampp to glass transition
temperature let us to discuss a creation of theneewitable 3D optical data storage
devices on the basis of the Ag nanopatrticles irmated in glass matrix.

The storage capacity of an optical disk (Fig.54%) be expressed as follows

Multicolor laser beam

-

Composite
glass with Ag
Fmax O=2« \
in
<+—* Glass

substrate

Fig.5.5 Schematic illustration of multiwavelengthltilayer optical disc.
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where « is the spot size of the modified area (storagé) upi.,=58 mm and #,=25
mm are typical values for the standard CD, N mumber of the layer used in the
storage unit, M is a number of bits stored in thegle layer of the storage unit.
According to the Eq.5.1 there are three ways ftwaeoement of the data capacity of
an optical disc: 1) minimization of the size of tmedified region (storage unit); 2)
usage of the multilayer structures; 3) increasa oiumber of logical states in the
single layer of the storage unit.

Hence, in this part of my thesis we will show anpiple, which could be
used for creation of high density 3D optical datcan the basis of composite glass
with embedded Ag nanoparticles.

5.2.1. Effect of the peak pulse intensity on the spotcfiziee modified area in
composite glass with Ag nanoparticles.

Since invention of the first optical CD in 1981 aselvelopment of the first
CD-ROM in 1985 by Philips and Hitachi the opticadrage technology stirred much
interest of many researcher groups and manufastuverking on enhancement of
the data storage capacity of novel optical stonagelia. A drastic increase of the
data capacity of the recent developed optical discthe last decade was mainly
achieved by minimization of the size of burned defa the active layer as well as
by reduction of the gap between burned bits. Mogeosince writing technique is
based on thermal effects induced in the activerlayeCW lasers, the size of the
stored bits is defined by the diffraction limit thfe focused laser beam. In turn, as it
has already been discussed in Chapter 2, the g@o{spot radius) of a laser beam
can be given as

2
w= AM , 5.2
TTIN.A

where A is the laser wavelength, N.A. is the numericalriype of a focusing

objective, M is the beam quality factor. Thus, shorter lasavelengths and larger
N.A. lead to the decrease of the laser spot sidecansequently minimization of the
burned bit on the disc. In turn, change of theingitwvavelength from 780 nm (CD)

to 640 (DVD) (Fig.5.6)
0.7 GB 4.7 GB 25 GB allowed to increase the storage

780 nm 650 nm 405 nm capacity from 700 MB on CD
0.45 NA 0.6 NA 0.85 NA up to 4.7GB on DVD.
i R N ™ Appearance of the blue laser

diodes emitting at 405 nm has

facilitated to raise the

l L — recording data volume up to
- 25 GB in so-called Blue-ray

CD DVD Blue-ray discs. Moreover, in October
Fig.5.6 Currently exciting optical discs. disc 2004 JVC, also known as
Origin: Ref.[5.12] Victor Company of Japan,

announced that it has
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developed the world's first single lens with a numeperture of 0.95. In principle,
the new lens can boost the capacity of a 12cm-demngle-layer disc to more
than 40GB of data. However, the diffraction lingtstill a main restricting factor for
the size of the logical unit.

One of the ways to overcome the diffraction linsitvia usage of the intense
fs laser pulses and nonlinear
processes in the media for recording
0 of information. As a fact, production
of 100 nm structures is possible by
o] ablation of chromium film exposed
- 0 to induced fs laser pulses at 780 nm
[5.13]. The idea was to use the peak
laser fluence slightly above the
l ablation threshold. In such case
modifications occurs only in the
central part of the beam producing
/ \. I/€°| sub-diffraction structures.

Y — In Chapter 3 it has been
shown that fs laser assisted
anisotropic maodifications in the
composite glass with Ag
Fig.5.7 Schematic explanation of the size contfol o nanoparticles appear only by
modified area by variation of the peak pulse iniigns overcoming of a certain threshold.

Obviously, using pulses with peak
intensities  slightly above the
modification threshold (see Fig.5.7)
allows to minimize the modified
region in composite glass.

Presented in Fig.5.8 sample
was irradiated at 400 nm with 150 fs
laser pulses and was actually used to
study intensity dependences
presented in Chapter 3. The laser
beam was focused in the spot with
diameter about of 27(m by the
lens with 300 mm focus length (the
sample wasn’t placed in the focus).
Fig.5.8 Dichroic spots on the sample formed by ~ Four spots on the sample shown in
laser pulses with different peak pulse intensities. the Fig.5.8 are corresponding to the
pulses with energies 10QJ (2.4
Twicn?), 60 uJ (1.44 TWicrf), 40
) (0.96 TWicrf), 20 pJ (0.45
Twicn?). As it was predicted by the
scheme in the Fig.5.7, decrease of
the peak pulse intensity leads to
significant reduction of the diameter
of the modified region being much
smaller as the laser spot width.
Moreover, usage of the 15x mirror

" 3l

Si f mpdi area

Modification thggshol

Intensity, a.u.

- W
Distance from the spot center

Fig.5.9. Dichroitic grating written in composite gis.

containing Ag nanoparticles with fs laser pulses at L .
400 nm objective with N.A. = 0.28 allows to
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achieve in our conditions the laser spot size es$ s 2um. However, appropriate
selection of the peak pulse intensity allows toggate modifications in submicron
scales. Fig.5.9 presents a dichroic grating wittedi width lower as Juim and
distance of jum obtained in the glass with Ag clusters.

Obviously, optimization of the focusing system daser beam quality (f)
of the burning system allows to overcome the diticn limit and to minimize the
size of modified region down to wavelength scales.

5.2.2. Spectral data coding in composite glass with Agopamticles exposed to fs
laser pulses

In previous section we discussed an opportunitpdcease the data recording
density in the glass containing Ag nanoparticlesntipimization of the modified
area. On the other hand, the high storage demsibptical discs can be achieved by
coding of information in several active layers [B.15.11]. In section 5.1 the
formation of the discrete anisotropic layers in ¢iieess samples with inhomogeneous
distribution of Ag nanoparticles in the depth wasmgnstrated by exposure to
multicolor fs laser pulses. Moreover, the deptting modified layers is defined by
the excitation wavelength. Simplicity of the propdgprocedure allows us to suggest
this technique for coding of information in anisgiic layers created by fs laser
excitation. In this case, the number of wavelengted for the disc burning defines
number of active layers and increases linearlyddi@a capacity. In Section 5.1 we
demonstrated irradiation of the samples at trderaiiit wavelength (400 nm, 500 nm
and 550 nm). However, there are not visible obstatb increase a number of
incident wavelengths using for example wavelengiisidn of the supercontinuum
generated in the photonic crystal fiber [5.14, 5.78 the same time, samples used
for 3D optical data storage require an optimizatibthe distribution function of the
metal clusters in the depth. Obviously, the ideadmam for such type of the data
storage would be a disk with stacked glass layemsaining Ag nanoparticles, which
differ from each other by filling factor of silveslusters. In this case, each layer
excited independently by appropriate wavelength.

In addition, multiplexing of the data in each disierlayer can be obtained by
spectral data coding using the polarization depeceleof the SP resonance of
ellipsoidal metal nanoparticles [5.8]. In our ca$e, orientation of the modified Ag
nanoparticles embedded in the glass
is assigned by direction of the laser

Qoo o1 polarization during irradiation and
can be simply switched during
Analyser burning process. Thus, by

irradiation of a single layer using
three different orientations of the
laser polarization (angle between the
laser polarization and polarization of

11
analyzer is @ 45 and 90), it is
possible to achieve four independent
400 500 600 700 400 500 600 700 logic states given by a set of four
W avelength, nm extinction spectra of modified Ag

Fig.5.10 Spectral coding of two bits of informatimn clusters (see Fig. 5.10). In turn, the
variation of writing laser polarization and shape spectra were measured by constant

modification of spherical Ag nanoparticles in glass ~ polarization  direction of the

OlO
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analyzer. Obtained set of the four different sgectrresponds with two data bits of
the storage unit in the single layer. Using everedhwavelengths and three laser
polarization directions to exposure the glass samyith filling factor gradient of Ag
nanoparticles the storage density of the disc @erhanced by factor 6. It means
that the data capacity of the simple DVDs coulcebhbanced up to 30 GB, which is
higher than modern HD-DVD and Blue-Ray Discs. Agprate chose of the peak
pulse intensity and reduction of the spot sizegdditional to increase of the number
of wavelengths used for multicolor burning and woyation of the fill factor
gradient and usage of discs with several silvetainmg layers could significantly
enhance the capacity of this optical disc.

In addition, as it has already been pointed ouseoked fs laser induced
modifications in composite glass with Ag nanop#escare reversible by heating at
approximately 606C or re-radiation of the modified region by a cw@iswitched
laser at 532 nm near to the SP band. This fact detrades a significant advantage
of the proposed technique, which allows developn@nhigh-density rewritable
optical glass discs with embedded metal nanopesticl
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5.3. Preparation of high contrast structural polarizer in composite
glasswith Ag nanoparticle by multicolor fslaser irradiation

In Chapter 3 we considered modification of the Engpherical Ag
nanoparticles in the soda-lime glass upon expasungtense fs laser pulses near to
the SP resonance. This procedure leads to the iladeced dichroism of the SP
bands in extinction spectra caused by the elongatianitially spherical shape of the
Ag clusters. Obviously, observed effects could fiadbroad application in the
different fields of science and technology. Fortanse, in previous section we
proposed technique for 3D high density optical dataage using fs laser induced
dichroism in the composite glass containing sitiasters. Here it will be shown that
fs laser processing of such glass can be useddoufacture of wavelength selective
high contrast structured polarizers.

The laser induced dichroism studies in Chapter Bevearried out on the
samples, where the thickness of the glass laydr Wi nanoparticles was less or
equal to the laser beam penetration depth. Sudbadlptthin samples allow us to
achieve maximal homogeneity of the irradiated region the other hand, the low
optical density restricted the contrast of the getldichroism. In order to produce
high contrast dichroitic filters we need obvioushmples with thick photosensitive
layer containing high concentration of Ag nanomdes. In particular, increase of the
fill factor of Ag clusters in the glass allows CORNG and CODIXX AG to produce
broad band polarizers with optical density muchhkigas 3 and the contrast up to
10°just by mechanical stretching of glass heated upaftsition temperature.

On the other hand, the depth of modifications imposite glass with high
fraction of silver nanoclusters is restricted byafinlaser beam penetration in the
sample due to high absorption coefficient. Increaisthe peak pulse intensity will
evoke inhomogeneous modifications of silver clustar the depth: near to the
surface high pulse intensity leads to the destoctf the nanoparticles giving the
isotropic contribution in
extinction spectra (see Chapter
3) and minor elongation of Ag

original sample H H
€ ravieted ® S5onm clusters in the depth responsible
£o ~—— following irr.@ 400 nm for the observed dichroism.
€8 —— following irr@ 520 nm .
o< However, this problem can be
o .
go solved using subsequent
© modification by multicolor fs

laser irradiation. The idea is to

use attenuation of the excitation

wavelength to modify samples
layer by layer in the depth.

For experiments, we

used samples with spherical Ag

400 500 nanoparticles  provided by

Wavelength, nm CODIX AG. Irradiation

conditions were similar to the

Fig.5.11 Extinction spectra of the composite glags w case of 3D anisotropic

ooy oS, Sopd e e stnicuring (see Secion 5.1

polarisatio'n, dotted lines — s-polarisation. P three Wavelengths 400 nm, 520

nm and 550 nm were used for

In(T)
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excitation. However, exposure of the samples wasechout from the side with
layer containing Ag nanoparticles. The peak pulgensity was chosen slightly
above the modification threshold. This allows thiaege modifications only in thin
layer (less than penetration depth).
First, we have exposed the sample to fs laser psb50 nm leading to
appearance of an additional absorption band ne@8@am in p-polarized extinction
s20mm 400 nm 550 nm spectra (Fig.5.11). As it has been
— shown in the Section 5.1, observed
spectral changes can be associated
with  modification of the Ag
Ag nanoparticles nanoparticles with maximal filling
8| [ factor and distributed near to the

\/ surface (Fig.5.12). After that, we

irradiated the same area on the sample
A\/ I/M at 400 nm with the same laser
polarization. Since the SP resonance
of the nanopatrticles in the upper layer
Fig.5.12 S_cheme _of the prepgration pf tr_\e. hig I?] shifted ';OV\tlfa.rdscllon%ﬁr V\;a\;ﬁlenlgths,
contrast dichroic filters by multicolour irradiatio € penetration _ep 0 € laser
of the composite glass with Ag nanoparticles pulses at 400 nm increases. Thus, the

laser pulses affect on silver clusters

placed in the deeper regions. This results in dfleviing alteration in the extinction
spectra indicating additive increase of the absampbetween 500 and 600 nm.
Scanning of the laser beam through the sample edermed many times until the
spectral changes reach a steady state. It meanallttfze available nanoparticles for
laser radiation are modified, and SP band waseshift red spectral range but the
residual absorption obviously prevents excitatidnclsters in the depth of the
sample. However, as it was found in Chapter 3, rdefd by fs laser pulses Ag
nanoparticles are able to subsequent modificatiotdsced by excitation at second
wavelength coinciding with SP resonance. Hencadiated sample was subjected to
the following exposure at 520 nm resulting in sujpsmt particles transformations in
recently modified layer responsible for the follogishift of the SP resonance to 600
nm and spectral hole burning at 500 nm. In thig the absorption losses at 400 nm
can be significantly decreased in modified laygengtration depth is increased) and
deeper regions in the sample become availablehtofdllowing modification by fs
laser pulses at 400 nm. This procedure can be rpegftb many times until
modification of whole amount of the nanoparticlaghe sample. Using the chosen
excitation wavelengths we obtained an dichroic avéha absorption maximum in
extinction spectra peaked near 600 nm. Moreoves, dpectral contrast in the
modified area (a ratio between transmittance of shenple in the s- and p-
polarizations with extraction of the reflection $es from the glass surface) was
calculated to be about 20 at 600 nm. Obviouslyngisinother combination of the
excitation wavelengths it's possible to producdefd with appropriate spectral
characteristics. It's important to point out, tilaé thickness of the active layer in
these samples was about 6 um. Since the contrastpmnentially rising with the
thickness, increase of the silver containing glagsrs will considerably improve the
contrast of the dichroic filter produced by expeaste the fs laser pulses.

Glass substrate

In conclusion to this chapter, the fs laser indupsatlifications have been
studied in the composite glass with Ag nanopasiaestributed in the depth with
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strong filling factor gradient. It was shown thapesure of such samples to fs laser
pulses at various wavelengths can lead to formatifagiscrete anisotropic layers in
the depth. In turn, the distances of the modifiggets from the surface as well as
spectral properties are defined by the excitatianelength and local fraction of Ag
nanoparticles in the sample. Demonstrated techrogeas us an opportunity for 3D
microstructuring in the composite glass by means ofiulticolor laser radiation and
can be used for various applications. For instar8f®, structuring as well as
anisotropic character of the laser induced modificeacan be used for optical
spectral data coding and offer the composite glags Ag nanoparticles as a
promising medium for development of novel opticaghhdensity storage devices.
Moreover, the strong intensity dependence of the laser dichroism and
appropriately chosen peak pulse intensity allowvercome the diffraction limit of
the size of burning unit, which will drasticallyarease the data storage capacity. The
main advantage of the composite glass with Ag nlaisters is that that the heating
in oven as well as local heating by exposure toM@ebed or CW lasers near to the
SP band result in the reversibility of the fs laseluced modifications. This allows
to usethis technique for creation of rewriting sources dptical data storage. On
other hand, multicolour irradiation of the compesiiass with Ag nanoparticles can
be effectively used for manufacturing of high castr structured polarizes and
microfilters. Nevertheless, we believe that tlppr@ach could find many additional
applications in development of different 3D polatian and wavelength selective
microdevices such as polarizers, filters, gratif®SB and DWDM devices, optical
and plasmonic embedded circuits.
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Chapter 6

Summary and outlook

Owing to the outstanding optical properties andwjng demand on
miniaturization of integrated optics, metal nanostures become beyond all
comparison to break a sub-diffraction limit in diea of integrated circuits and
optical elements. Thus, studies of the plasmoniterisds remain a hot, active and
expanding field of science and technology. Morepveanufacturing of novel
nanocomposites, micro- and nanodevices with spe@étures require development
of powerful and flexible techniques to control aoptimize their structural and
optical properties. In this context, studies & thser assisted modifications in the
composite glass with Ag nanoparticles presentetthisiwork demonstrate a simple
way to manipulate the shape and distribution of riretal clusters, which in turn
define the alterations of optical properties.

For instance, excitation of the spherical singleramoparticles embedded in
soda lime-glass by polarized fs laser pulses ctosthe SP resonance results in
formation of uniformly oriented oblong silver cless. Moreover, the orientation
perpendicular or parallel to the laser polarisai®ulefined by the laser peak pulse
intensity used for irradiation. Thus, pulse intéesi slightly above the modification
threshold lead to the elongation of the silver meamticle parallel to the laser
polarisation. On the other hand, increase in trek gmilse intensity in one order of
magnitude results in spheroids aligned perpendidolahe laser polarization. The
temperature effects, luminescence studies of thelifred samples as well as
relaxation dynamics measurements indicate the Sisted photoemission of
electrons and ionization of the silver nanoparsictesulting in growth of silver
cation content in vicinity to the cluster. Moreovesxperimental data indicate
ionization and formation of colour centers in thi&sg matrix (apparently close to the
surface of metal nanoparticle) accompanying thestelu modifications upon
exposure to fs laser pulses. According to the aeduiexperimental results a
mechanism of the shape modifications was proposed.

However, there are many questions, which still neeadditional
investigations. One of them is that that up to neg have very poor information
concerning a time scale of dichroism formationhe tomposite glass. In order to
clarify this fact, the polarisation dependent pupnpbe experiments are required. On
the other hand, the contribution of glass matrixhi@ modification processes should
be thoroughly studied. In turn, according to thepmsed model, the threshold of the
induced modifications is defined by injection ofopbelectrons in the glass matrix.
Hence, the energy manifold of the host matrix stiaitongly affect the tunnelling
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of electrons and apparently the modification thod$shThus, the fs laser induced
modification of Ag nanoparticles should be studiedjlasses with various cationic
compositions.

Other effects were demonstrated in the system veitjgregated Ag
nanospheres upon irradiation with fs and ns lagkseg near to the SP resonace. For
instance, exposure of the compact packed metalectuso intense fs laser pulses
reveal a formation of oblong metal clusters aligpadallel to the laser polarization,
which are responsible for the induced dichroismréfiection spectra. Detailed
analysis of the experimental data clearly testiffet observed modification occurs
due to junction of the contacting clusters in diat to the laser polarisation caused
by strong dipole-dipole interactions. In turn, th@avelength dependence of the
induced modifications was demonstrated and coulddseciated with excitation of
different collective modes. However, this assumptieeds additional investigations.

On the other hand, excitation of the aggregatech&upparticles with the ns
laser pulses at 527 nm near to the SP resonancduga® high thermal
inhomogeneities in the surface region and resaltthé ripening of the periodical
chain-like silver structures distributed in theggaThe periodicity about 500 nm and
development of the observed structures in multt-sbgime allowed us to suppose
formation of the so called Wood’s structures causeahterference between the light
scattered by the induced inhomogeneities and ttidant laser beam. The exposed
region demonstrated strong alterations in the cofley caused by the induced
structural modifications in thin upper glass layeith aggregated nanoparticles.
However, these are only the first results and oleseeffects should be extensively
studied in the future.

In conclusion, proposed techniques could find maapplications in
development of different 3D polarization and wawglin selective microdevices
such as polarizers, filters, gratings, RGB and DWB#«ices, optical and plasmonic
embedded circuits, and optical data storage devices
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