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Acknowledgments
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Merci à Mike Hettich, pour toutes ses histoires curieuses, drôles et encourageantes et pour
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exceptionnel de synthèse. Merci à Matthias Hillenkamp et enfin ma grande reconnaissance
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Introduction

Reduction of the size of a material to a nanometer scale leads to drastic modifications of

its physical and chemical properties. In the case of metal nanoobjects, optical [1], mag-

netic [2] and vibrational [3] characteristics are affected by size reduction. These effects

are associated to changes of electronic and ionic lattice properties of the metals and their

increased interaction with the environment, due to an increasing fraction of atoms close to

surfaces. For not too small particles (sizes larger than a few nanometers), these modifica-

tions can be explained by classical effects, one of the most striking being the appearance

of the localized surface plasmon resonance in the optical response. This is due to dielectric

confinement, and strongly modifies the color of metal nanosystems [1]. Other phenomena

are affected by a simple scaling law (e.g. acoustic vibrations, whose periods scale with

diameter) [3, 4] or a more complex evolution with size (electronic interactions within the

nanoparticles) [5].

The modified properties compared to bulk metals have aroused great interest in the devel-

opment of technological applications and have motivated a large number of fundamental

studies in the last decades, investigating the effects of nanoobject size, shape and envi-

ronment. In this context, small nanosystems yielded applications in telecommunications

for the doping of optical fibers [6, 7], in medicine as imaging markers and cancer treat-

ment [8, 9], in chemistry for catalysis [10, 11] and in energy development for photovoltaic

cells and batteries [12]. In parallel, several techniques were used for the structural charac-

terization of small nanoobjects (high resolution transmission electron microscopy, scanning

tunneling microscopy, atomic force microscopy, ...), while the development of femtosecond

lasers has enabled the optical study of their out-of-equilibrium ultrafast response.

Recent advances in synthesis methods have allowed to prepare small metal clusters, i.e.

nanoobjects in the few nanometer or even sub-nanometer size range [13–15]. These sys-

tems are characterized by peculiar physical properties compared to larger nanoparticles, as

quantization begins to play an important role leading to an evolution from a “small solid”

behavior (quasi-continuum of electronic states in the conduction band) to a molecular-like

one (discrete energy states).
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Introduction

In this dissertation, the dynamic processes in noble metal nanoparticles and clusters are

studied by means of time-resolved optical pump-probe spectroscopy. This experimental

technique allows the investigation of distinct physical mechanisms appearing on different

timescales, from few femtoseconds to hundreds of picoseconds. Here, metal nanoparticles

are excited by the absorption of an ultrafast laser pulse, leading to a succession of different

relaxation processes. In the first few hundred of femtoseconds after excitation, the injected

energy is redistributed among the electrons by electron-electron scattering (yielding their

internal thermalization) and transferred to the ions by electron-lattice interaction (which

leads to the full thermalization within the nanoobject). On a longer picosecond timescale

these processes can excite acoustic vibrations of the nanoparticles, detected and charac-

terized by time-resolved spectroscopy. The metal nanoobjects finally loose their excess

energy, typically within some hundreds of picoseconds, by heat transfer to the environ-

ment through their interfaces.

All these fundamental processes are investigated here on nanoparticle ensembles, pre-

pared by physical or chemical techniques, and embedded in a transparent solid matrix

or dispersed in a liquid solvent. Investigations on small noble metal clusters and hybrid

(bimetallic and metal-dielectric) nanoparticles allow the study of these different aspects.

In Chapter 1 the theoretical background of the electronic and optical properties of metal

nanoparticles is developed. The emphasis is put on the optical detection of the physical

processes at the origin of the ultrafast response of the nanoobjects. For this purpose,

all processes induced by an ultrafast laser pulse are quantitatively modeled and their

consequence on the optical properties and thus the experimental pump-probe signals are

detailed. The nanoobjects are described as “small solids”, being generally characterized

by bulk properties, with few modifications due to the increasing role of surfaces.

The transition from this bulk-like behavior to a molecular-like one is experimentally stud-

ied for the electronic dynamics (electron-electron and electron-lattice scattering) in silica-

embedded silver and thiol-stabilized gold clusters in Chapter 2. The probe wavelengths

are selectively chosen in order to study either electron-lattice interactions (via the moni-

toring of the energy loss of the thermalized electron gas) or electron-electron interactions

(by recording the dynamics of specific electronic states close to the Fermi energy). Former

measurements have studied these kinetics on noble metal nanospheres in an intermediate

size range (3-30 nm diameter), and modifications could be explained in the “small solid”

picture introducing reduced screening of electronic interactions close to the surfaces [5, 16–

18]. These small adjustments are not sufficient for the nanomaterials studied in this work,

where electronic discretization effects become observable.

Acoustic vibrations of bimetallic (alloyed or core-shell) nanoparticles and thiol-stabilized

gold clusters are investigated in Chapter 3, in order to elucidate the impact of combining

two metals and the effect of size reduction on their mechanical properties. Acoustic de-

8



tection is shown to be sensitive to the morphology (alloy or core-shell) of the composite

nanosystems, in agreement with continuum mechanics simulations describing the vibra-

tional modes of homogeneous or core-shell nanostructures. Former experiments on small

platinum nanospheres already showed the validity of continuum mechanics predictions for

diameters down to 1.3 nm [19]. Their confirmation is pushed even further in the context

of this work, where a quasi-breathing mode is found for clusters of only 25 atoms, in

agreement with both classical predictions and molecular dynamics simulations, revealing

the robustness of the classical continuum mechanics picture.

In Chapter 4 the mechanisms of heat evacuation of metal and hybrid nanoparticles are

addressed on bare and silica-coated gold nanospheres (D ∼ 20 nm) in different liquid

environments. This subject is of great technological interest due to the requirements

of fast cooling of nanometric devices [20]. Optical measurements on such systems al-

low to investigate the impact of thermal interface resistances, which control heat transfer

at the nanoscale. In this thesis, a quantitative model describing the time and position-

dependent temperature increases in the composite system (metal, silica and solvent), and

their impact on the experimentally observable optical properties is developed and used to

interpret wavelength-dependent pump-probe experiments. This understanding allows to

tune the experimental conditions in order to have access to the thermal response of either

the heated environment or the metal nanoparticles, and to extract reliable values for the

interface thermal resistances.

9
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Chapter 1

Linear and ultrafast properties of

noble metal nanoparticles

The main focus of this thesis is the investigation of the size dependence of fundamental

electronic interaction mechanisms of noble metal nanoparticles, especially silver and gold.

For this purpose, the accurate study of metal nanoparticle internal dynamics through

the measurement of their time-resolved optical response requires detailed modeling of

the physical processes involved, which is the main scope of this chapter. The optical

response of a small-sized object is characterized by its absorption and scattering cross-

sections, σabs and σsca, defined as the ratio between absorbed/scattered powers and the

intensity of the light incident on the particle, the extinction cross-section σext being the

sum of σabs and σsca [21]. Ultrafast excitation of a nanoparticle leads to a time-dependent

modification of σext, which can be investigated by time-resolved spectroscopy. These

experiments (Fig. 1.1) consist in the perturbation of the metal nanoparticles by a first

laser pulse (pump) and the subsequent monitoring of the time-dependent modification of

their absorption by measuring the transmission of a second time delayed pulse (probe).g

Figure 1.1: Scheme of a pump-probe optical spectroscopy setup.

Neglecting the influence of environment heating on these short timescales and assuming
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Chapter 1. Linear and ultrafast properties of noble metal nanoparticles

weak induced changes in the nanoparticle, the variation of its extinction cross-section at

probe frequency ωpr and probe delay t, can be expressed by [5]:

Δσext(ωpr, t) =
∂σext
∂ε1

(ωpr)Δε1(ωpr, t) +
∂σext
∂ε2

(ωpr)Δε2(ωpr, t)

= a1(ωpr)Δε1(ωpr, t) + a2(ωpr)Δε2(ωpr, t),

(1.1)

with a1,2 the stationary spectral-dependent plasmonic enhanced σext derivatives and Δε1,2

the dynamic spectral-dependent modifications of the nanoobject dielectric function ε =

ε1 + iε2. Time-resolved signals result thus from a combination of the dynamic physical

effects under study, and their optical detection, with a spectral sensitivity given by a1,2.

In the first section of this chapter we will introduce some basic properties of bulk metals.

This will give a short overview on the context of the studies as well as an introduction to

some electronic and lattice properties that will be used afterward. Furthermore, tabulated

values of characteristic constants of silver and gold are presented, these values being used

for computations in this thesis.

The following section introduces the optical properties of bulk noble metals as well as

specific characteristics of confined systems. In this context the most striking effect of di-

electric confinement, the appearance of the localized surface plasmon resonance (SPR), is

presented.

On this background a quantitative model is developed in order to describe the time-

resolved optical response of metal nanoobjects. Based on a “small solid” approach, it

includes the impact of the out-of-equilibrium conditions (electron excitation and subse-

quent lattice heating) on the electron energy distribution, the induced modifications of the

metal dielectric function, and their influence on the nanoparticle optical response, taking

into account plasmonic effects.

1.1 Dielectric function of bulk and confined noble

metals

1.1.1 Electronic and lattice properties of bulk noble metals

The noble metals Cu, Ag and Au are organized in a monovalent face-centered cubic (fcc)

crystalline lattice. The bulk lattice parameters as well as the atomic structure of these

elements are summarized in Table 1.1 [22].

Electrons in a crystal are subject to the periodic potential of the ionic cores formed

by the atomic nuclei and all the bound electrons, yielding the description of one electron

12



1.1. Dielectric function of bulk and confined noble metals

Table 1.1: Atomic structure and lattice parameters ã of the noble metals Cu, Ag and Au.

metal atomic structure ã(Å)

Ag [Kr]4d105s1 4.09

Au [Xe]4f 145d106s1 4.08

Cu [Ar]3d104s1 3.61

states in terms of Bloch functions:

ψn�k(�r) = ei
�k�run�k(�r), (1.2)

where �r is the position, �k the wave vector and un�k a periodic function with the same

periodicity as the crystal, namely un�k(�r +
�R) = un�k(�r), with

�R a lattice vector. When

calculating the energy eigenvalues of a Bloch wave, one can identify a continuous variation

of the energy En(�k) with the index n describing discrete bands. In noble metals, the

atomic d orbitals contribute to completely filled and weakly dispersed d-bands whereas

the hybridized s-p orbitals form the partially filled p-band. Electrons in this partially

filled band (conduction band) are delocalized being thus responsible for most electrical

and thermal transport properties, while the deeper filled bands (valence bands) contribute

only few to these features. Fig. 1.2 shows a schematic view of the band structure of noble

metals. Here, EF is the Fermi level which describes the energy of the highest occupied

electronic state at zero temperature. Electrons in the conduction band are called “quasi-

Figure 1.2: Schematic illustration of a metal band structure, showing the weakly dispersed valence
band (d-band) and the parabolic conduction band (p-band).

free” as their interaction with the ionic cores is weak and their dynamics is similar to the
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Chapter 1. Linear and ultrafast properties of noble metal nanoparticles

one of a free electron gas being characterized by a parabolic dispersion relation:

E(�k) =
�
2k2

2m∗ , (1.3)

where m∗ is the electron effective mass describing the curvature of the band. In order to

determine m∗ Eq. (1.3) can be reformulated, leading to:

m∗ = �
2∂

2E

∂k2
, (1.4)

The resulting density of electron states in a three-dimensional system is given by:

ρ(E) =
V

2π2

(
2m∗

�2

)3/2√
E, (1.5)

with V the volume of the solid. In this picture, the Fermi energy can be defined by:

EF =
�
2

2m∗ (3πn)
2/3 , (1.6)

where n = N/V describes the conduction electron density of the metal. For many physical

effects the value of different energy-dependent quantities around EF plays an important

role. One can thus define the Fermi wave vector kF =
√
2m∗EF/� and Fermi velocity

vF = �kF/m
∗, as well as the Fermi temperature kBTF = EF . Table 1.2 sums up some

important values of the free electron model in silver and gold [22].

Table 1.2: Effective electron mass m∗ as a function of the electron rest mass me, conduction electron
density n, Fermi energy EF , Fermi wave vector kF , Fermi velocity vF and Fermi temperature TF in
Ag and Au.

metal m∗(me) n(1022 1/cm3) EF (eV) kF (10
8 1/cm) vF (10

8 cm/s) TF (10
4 K)

Ag 1 5.86 5.49 1.20 1.39 6.38

Au 1 5.90 5.53 1.21 1.40 6.42

The Fermi surface is defined as the surface in k-space separating the occupied and

the unoccupied levels of the conduction band at zero temperature. In the case of free

electrons it is given by a sphere of radius kF . The conduction electrons of noble metals

being quasi-free, their Fermi surface is similar to the one of a free electron gas, being

only slightly modified at the L and X points of the Brillouin zone (see Figs. 1.3(a), 1.3(b)

and 1.3(c)) [23]. The occupation probability of an electronic state of energy E at an

electron temperature Te is given by the Fermi-Dirac distribution:

f(E) =
1

e
E−EF
kBTe + 1

, (1.7)
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1.1. Dielectric function of bulk and confined noble metals

Figure 1.3: Fermi surface in Ag (a) and Au (b) and an illustration of the first Brillouin zone of a
fcc lattice (c) and its symmetry lines [23].

where we assumed the chemical potential to be equal to EF . This is legitimate at room

temperature where Te � TF , see Table 1.2.

The electronic contribution to the volumetric specific heat of a metal is given by:

ce(Te) =
1

V

∂U

∂Te
=

1

V

∫ ∞

0

ερ(ε)
∂f(ε)

∂Te
dε, (1.8)

where U is the internal energy of the system. For Te � TF in the free electron gas

approximation, integration yields a specific heat linear with the electron temperature:

ce(Te) =
π2nkB
2TF

Te = aTe. (1.9)

The primitive cell of noble metal crystals contains a single atom leading to vibrational

normal modes of wave vector q and branch p characterized by a sinusoidal dispersion

relation:

ωq,p =

√
4Cp

M

∣∣∣∣sinqã2
∣∣∣∣ = ωM

∣∣∣∣sinqã2
∣∣∣∣ , (1.10)

where Cp is a constant describing the force between neighboring atoms, ã their spacing
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Chapter 1. Linear and ultrafast properties of noble metal nanoparticles

andM their mass. Eq. (1.10) represents an acoustic dispersion relation, the frequency ωq,p

being zero for q = 0 (see Fig. 1.4). As an alternative to considering lattice vibrations in

terms of normal modes it is convenient to introduce the concept of phonons, describing

vibrations in a corpuscular picture, in analogy to photons of the electromagnetic field [22].

For each phonon wave vector there are three branches p, one of longitudinal polarization

-1 0 1
0.0

0.2

0.4

0.6

0.8

1.0

 

 

ω/
ω Μ

q (π/ã)

Figure 1.4: Sinusouidal acoustic phonon dispersion relation ω(q).

and two of transverse polarization (for the longitudinal polarization in Ag ωM ≈ 21meV).

All phonons can be described inside the first Brillouin zone yielding N modes per branch,

with N the number of atoms in the crystal. Note that this is a very simplified model,

neglecting interactions on a range longer than the neighboring atoms and non-linearities

in the potential.

The Debye model is an approximation for short wave vectors. Here, the phonon frequency

is considered to be linear with q:

ω = vDq, (1.11)

with vD the constant sound velocity in the direction of �q for the longitudinal or transverse

branch. The number of possible states in one branch is limited by N. Assuming isotropy,

one can thus introduce the Debye wave vector, which constitutes a limit value for phonon

wave vectors (q ≤ qD).

qD =
(
6π2n

)1/3
=

3
√
2kF , (1.12)

where the second identity is only valid for monovalent metals. Analogously it is possible to

define the maximum phonon frequency ωD = vDqD and the Debye temperature Θ, given
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1.1. Dielectric function of bulk and confined noble metals

by:

Θ =
�vD
kB

(
6π2n

)1/3
. (1.13)

For temperatures T higher than Θ, all phonon states can be considered to be excited. This

corresponds to 215K and 170K for Ag and Au, respectively. In thermal equilibrium, the

occupancy of phonons of wave vector �q and polarization p is described by the Bose-Einstein

statistics:

N(�q) =
1

e
�ω�q,p
kBT − 1

. (1.14)

Considering vD to be independent of polarization, is thus possible to calculate the phonon

contribution to the metal heat capacity according to Eq. (1.8). At room temperature

(∼ 300K), the high temperature limit (T � Θ) can be applied leading to the classical

Dulong-Petit law for the heat capacity at constant volume:

c = 3nkB, (1.15)

yielding c ≈ 2.4× 106 J/(m3K) and c ≈ 2.5× 106 J/(m3K) for Ag and Au, respectively.

1.1.2 The dielectric function of metals

The complex dielectric function of a noble metal describes the interaction of electrons

with an electromagnetic field of frequency ω. An incident electromagnetic field �E induces

a polarization in the medium, which is introduced in a macroscopic way by Maxwell’s

equations, where the electric displacement field is given by [24]:

�D = ε0ε �E = ε0(1 + χ) �E, (1.16)

with ε0 the vacuum permittivity, χ the permittivity of the medium and ε = ε1 + iε2

the relative dielectric function, where real and dielectric parts are related through the

Kramers-Kronig relation [21]. In isotropic media both dielectric function and permittivity

are scalar functions of the frequency. The propagation of an incident monochromatic plane

wave in the solid is characterized by Helmholtz’s equation:

Δ �E +
ω2

c2
ε(ω) �E = 0, (1.17)
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Chapter 1. Linear and ultrafast properties of noble metal nanoparticles

its solution being given by:

�E(z, t) = �E0 exp

[
iω(

ñ

c
z − t)

]
, (1.18)

where ñ describes the complex refractive index ñ = n+iκ. It can be related to the complex

dielectric constant by:

ε1 + iε2 = (n+ iκ)2. (1.19)

The intensity of the electric field being proportional to | �E|2 an exponential decay of the

intensity inside the medium is obtained I(z) = I0exp(−αz), with α = 2ωκ(ω)/c its ab-

sorption coefficient.

In the case of noble metals, the real and imaginary dielectric functions can be split in

two contributions, corresponding to interaction of the field with electrons in the conduc-

tion band (Drude contribution) and to photoexcited transitions (interband contribution),

yielding ε(ω) = 1+[χD(ω)+χib(ω)] = εD(ω)+εib(ω)−1. The dielectric functions of Ag and
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Figure 1.5: Experimentally measured (Johnson and Christy [25]) real (a) and imaginary (b) part
of the dielectric function of Ag and Au.

Au have been measured experimentally by several authors [25–29]. In the case of Au, the

most common dielectric constant table is the one measured by Johnson and Christy [25].

It is still widely adapted for modeling optical properties of Au nanosystems as it predicts

their spectral characteristics (SPR position and width) reasonably well, which is also the

case for more recently measured sets [27–29]. The experimental tables commonly used for
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1.1. Dielectric function of bulk and confined noble metals

Ag are the ones of Johnson and Christy [25] and Palik [26], the latter better reproducing

SPR positions (mainly determined by εib1 ), the former being more compatible for resonance

widths (εib2 ) [30]. Recent experimental investigations failed to provide Ag dielectric con-

stants better reproducing the nanoparticle SPR, probably because of their sensitivity to

the quality and crystallinity of silver samples. ε1 and ε2 measured by Johnson and Christy

will be used in the following. Figs. 1.5(a) and 1.5(b) show their evolution as a function of

the incident photon energy.

1.1.3 Drude model

The Drude part of the dielectric function εD is associated to the absorption of light by

electrons in the conduction band. In this picture, they are considered as a free gas, being

described by the classical kinetic gas theory [22], with electron-electron and electron-ion

scattering being introduced in a phenomenological way as a friction with characteristic

time τ , or its counterpart in energy γ = 1/τ . In an external electric field �E, motion of an

electron of effective mass m∗ and charge −e is given by Newton’s second law:

m∗d�v
dt

= −γm∗�v − e �E(t). (1.20)

In equilibrium, the displacement of electrons induces a time-dependent dipole �p = −e�r
contributing to the macroscopic polarization of the medium �P = n�p = ε0χ

D(ω) �E. The

expression of the Drude dielectric function is found to be:

εD(ω) = 1 + χD(ω) = 1− ω2
p

ω(ω + iγ)
, (1.21)

with ωp =
√
ne2/(ε0m∗) the plasma frequency. Isolating its real and imaginary parts, and

assuming ω � γ (valid in the domain of optical frequencies), one obtains:

εD1 (ω) = 1− ω2
p

ω2 + γ2
≈ 1− ω2

p

ω2
,

εD2 (ω) =
ω2
pγ

ω(ω2 + γ2)
≈ ω2

p

ω3
γ.

(1.22)

Figures 1.6(a) and 1.6(b) illustrate the experimental dielectric functions of Ag (from

Ref. [25]) and their fit by Eq. (1.22). The low-energy part of ε1,2 is very well reproduced,

interband transitions being resonant only for higher energies. The fit in the infrared part

of the spectrum allows thus extraction of the values of the plasma frequency and the

damping rate, yielding �ωp = 8.98 eV and �γ = 0.020 eV for silver. A similar procedure

can be made for gold.
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Figure 1.6: Fit of the experimental data of the Ag dielectric function [25] ε1 (a) and ε2 (b), by the
Drude formula (Eq. (1.22)).

The imaginary part of the Drude term reflects photon absorption by conduction electrons,

being described by the scattering rate γ. In a bulk-like picture, the momentum of a pho-

ton being negligibly small, absorption has to be assisted by a third particle (such as an

auxiliary electron, a phonon of the ionic lattice or a defect) in order to satisfy energy and

momentum conservation. Neglecting electron-defect scattering, γ can be split into two

contributions, namely electron-electron and electron-phonon scattering which write:

γ(ω, Te, TL) = γe−ph(ω, Te, TL) + γe−e(ω, Te), (1.23)

where the processes depend on the photon frequency ω, the electron gas temperature Te

and the lattice temperature TL.

At room temperature, the dominant contribution to γ in bulk metals originates from the

electron-phonon scattering term [31–35]. It has been computed modeling electron-phonon

interaction via a deformation potential. Assuming a parabolic conduction band and an

incident photon energy �ω smaller than the Fermi energy EF , a simplified expression is

obtained [36]:

γe−ph(ω, Te, TL) =
Gph

�ω

∫ ∞

0

√
E(E + �ω)f(E) [1− f(E + �ω)] dE, (1.24)

where Gph is the electron-phonon interaction constant, depending on the lattice tempera-

ture via the occupation number of phonon states. If the lattice temperature TL is larger
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1.1. Dielectric function of bulk and confined noble metals

than the Debye temperature, γe−ph is approximately linear with TL while the dependence

on Te is included in the occupation factor f(E).

Accordingly, γe−e describes the electron-electron scattering assisted photon-absorption

rate, being affected only by Umklapp processes (electron-electron scattering by exchange

of a vector in the reciprocal lattice). For thermalized conduction electrons it is given

by [34, 37]:

γe−e(ω, Te) =
ω2

4π2ωp

[
1 +

(
2πkBTe
�ω

)2
]
. (1.25)

For optical frequencies (�ω � kBTe) the second term of the sum in Eq. (1.25) becomes

negligible yielding a weak dependence of γe−e on the electronic temperature Te.

For particles smaller than the electron mean free path (∼ 30 nm in noble metals), effects

of confinement must be considered. For not too small sizes (D ≥ 1 nm) these effects can

be taken into account by introducing a correction to the Drude model [1, 38]. This mod-

ification is described by an additional term in Eq. (1.23), the electron-surface scattering

rate, which for spherical nanoparticles is given by:

γe−S(ω, Te, D) = 2g(ω, Te)
vF
D
. (1.26)

γe−S is a consequence of electron confinement and thus depends on the particle diameter

D. In general, it can also be estimated for elongated particles where a shape-dependence is

introduced, replacing D/2 in Eq. (1.26) by a surface term
√
S/π [39]. In a classical picture

γe−S describes absorption of a photon by a conduction electron assisted by electron-surface

collisions in order to ensure momentum conservation. From a more correct quantum point

of view it is associated to allowed optical transitions between confined states, the wave

vector k being no longer a good quantum number [38]. The amplitude of this effect,

defined “quantum confinement”, in contrast with the classical “dielectric confinement”,

responsible for the surface plasmon resonance of metal nanoparticles (see Sec. 1.2) is given

by [34, 40, 41]:

g(ω, Te) =
1

�ωE2
F

∫ ∞

0

E3/2
√
E + �ωf(E) [1− f(E + �ω)] dE, (1.27)

where the electron temperature dependence is, again, included in the electron occupation

number f(E). For noble metals, a value g ≈ 0.7 can be considered at room temperature

in the optical domain. This value is consistent with recent experiments accounting for the

explicit size dependence of γe−S and possible size-dependent modifications of γe−ph and

γe−e [42–44] (their size dependence is not explicitly specified in Eq. (1.24) and Eq. (1.25)).
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Chapter 1. Linear and ultrafast properties of noble metal nanoparticles

1.1.4 Interband dielectric function: Rosei model

The term εib is associated to interband transitions of electrons from low energy bands

(e.g. localized d-band) to bands of higher energy induced by absorption of an incom-

ing photon [45, 46]. The interband transition contribution to the stationary absorption

spectrum of Ag and Au can be computed through models developed to interpret thermo-

modulation experiments on bulk noble metals accounting for the temperature-dependent

optical response of a thin metal film under equilibrium conditions [47]. Rosei and col-

laborators explicitly established a model for computing the interband component of the

imaginary dielectric function εib2 for incident photon energies close to the interband transi-

tion threshold for noble metals like Ag [48] and Au [49]. Only vertical electron transitions

are considered, thus locating the onsets of the possible optical transitions around few de-

cisive points in the first Brillouin zone.
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Figure 1.7: Band structure of Ag (a) and Au (b), taken from Refs. [50] and [51], respectively. The
horizontal line indicates the position of the Fermi energy, which is shifted to 0 in (b). The indicated
directions in k-space are shown in Fig. 1.3(c).

The bulk electron band structure, adopted from theoretical calculations, of Ag [50] and

Au [51] is depicted in Figs. 1.7(a) and 1.7(b). The area in k-space where optical interband

transitions mainly occur is highlighted by rectangles. Only three bands are considered,

namely the fully occupied d-band (valence band), the partially occupied p-band (conduc-

tion band) and the empty s-band. In bulk silver, small energy transitions occur near the

L point, whereas for gold the X point in the Brillouin zone has to be considered as well.

The electron energy bands close to X and L can be assumed to depend quadratically on

the distance from these high symmetry points. Figures 1.8(a), 1.8(b) and 1.8(c) illustrate

an extract of the silver and gold band structures approximated by anisotropic parabolas.

The considered zones correspond approximately to the boxes in Figs. 1.7(a) and 1.7(b).
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1.1. Dielectric function of bulk and confined noble metals

In the following we present an outline of Rosei’s calculations for Ag [48]. The same model

is valid for Au with only few necessary adjustments [49].
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Figure 1.8: Electron band structure around high symmetry points in the Brillouin zone [50, 51], L
for Ag (a) and L (b) and X (c) for Au, approximated by anisotropic parabolas. For the values of the
parameters see Table 1.3. The origin of energies is taken at the Fermi level.

The electron wave vector along the L − Γ direction is given by k‖, the ones orthogonal

to this axis by k⊥, assuming rotational symmetry. The curvature of the parabolic bands

can be described by the effective masses, for each particular band in the parallel and or-

thogonal direction of k (see labels in Fig. 1.8(a)). At L the separation of d and p-band

corresponds to �ω0 (L
+
5+6−L−

4 ), the distances of p band and s-band from the Fermi energy

are called �ωf and �ωg respectively, the separation between the two bands being therefore

given by �ωf + �ωg (L−
4 −L+

4 ). Note that the actual interband transition threshold is not

equivalent to the minimal distance of the energy bands. As an optical transition can only

occur from a filled to an empty electron state, the position of the Fermi energy must be

taken into account. The electron energy dispersion around the L point of the reciprocal

lattice for d, p and s-band with respect to EF can be described by:

�ωd = −�ωf − �ω0 − �
2

2md⊥
k2⊥ − �

2

2md‖
k2‖,

�ωp = −�ωf +
�
2

2mp⊥
k2⊥ − �

2

2mp‖
k2‖, (1.28)

�ωs = �ωg +
�
2

2ms⊥
k2⊥ +

�
2

2ms‖
k2‖.
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Chapter 1. Linear and ultrafast properties of noble metal nanoparticles

The energy-dependent joint density of states (EDJDOS), which characterizes the proba-

bility for a transition from an initial electron state in band i of energy E to a final state

in band f of energy E + �ω (in J−2m−3), is defined as:

Di→f (E, �ω) =
1

(2π)3

∫
δ
[
Ωif (�k)

]
δ
[
E − Ei(�k)

]
d3k. (1.29)

The second delta function in Eq. (1.29) selects only transitions from an initial state with

energy E while the first delta function picks out the transitions with energy gap �ω between

the initial and the final band [52]. Ωif represents a surface of constant energy between the

final and initial band described by:

Ωif = Ef (�k)− Ei(�k)− �ω = 0. (1.30)

In practice, for the two transitions in Ag, d→ p and p→ s around L, the constant-energy-

difference surfaces are given by

Ωdp(k) = �ω0 +
�
2

2

(
1

mp⊥
+

1

md⊥

)
k2⊥ − �

2

2

(
1

mp‖
− 1

md‖

)
k2‖ − �ω = 0,

Ωps(k) = �ωg + �ωf +
�
2

2

(
1

ms⊥
− 1

mp⊥

)
k2⊥ +

�
2

2

(
1

ms‖
+

1

mp‖

)
k2‖ − �ω = 0.

(1.31)

The EDJDOS can be rewritten as a line integral [45, 53]:

Di→f (E, �ω) =
1

(2π)3

∫
dlif

|�∇�kEf (�k)× �∇�kEi(�k)|
, (1.32)

with integration along the intersection of the constant-energy surfaces Ei = E and Ef =

E + �ω. One obtains for the d→ p and p→ s [48]:

Dd→p(E, �ω) =
Fd→p

16π2�3
√

[�ω − �ω0 − �ωf − (E − EF )] /mp⊥ − [(E − EF ) + �ωf ] /md⊥
,

(1.33)

Dp→s(E, �ω) =
Fp→s

16π2�3
√

[(E − EF ) + �ω − �ωg] /mp⊥ − [(E − EF ) + �ωf ] /ms⊥
.

It should be noted that the two terms depend only on the energy difference E − EF and

not on the absolute energy value. The energy-dependent joint density of states is weighted
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1.1. Dielectric function of bulk and confined noble metals

by the geometrical factors Fi→f (in kg) given by:

Fi→f =

√
mi‖mf⊥mi⊥mf‖
mi‖mf⊥ +mi⊥mf‖

. (1.34)

It is now possible to calculate the joint density of states (JDOS) for a particular incident

photon energy �ω, integrating the EDJDOS over all energies inducing transitions from i

to f with a weight factor given by the occupation probability of the electron states:

Ji→f =

∫ ∞

−∞
Di→f (E, �ω)f(E) [1− f(E + �ω)] dE, (1.35)

where f(E) is the Fermi distribution function (see Eq. (1.7)). If the bands d and s are

completely filled and empty respectively, the equations for the JDOS of the dominating

transitions in Ag can be simplified:

Jd→p(�ω) =

∫ Emax

−∞
Dd→p(E, �ω) [1− f(E)] dE, (1.36)

Jp→s(�ω) =

∫ ∞

Emin

Dp→s(E, �ω)f(E)dE, (1.37)

with the integration limits Emax and Emin given by [48]:

Emax = EF − �ωf +

⎧⎪⎪⎪⎨⎪⎪⎪⎩
md‖

md‖ −mp‖
(�ω − �ω0) for �ω < �ω0

md⊥
md⊥ +mp⊥

(�ω − �ω0) for �ω > �ω0

(1.38)

Emin = EF − �ωf +

⎧⎪⎪⎪⎨⎪⎪⎪⎩
ms⊥

ms⊥ −mp⊥
(�ωg + �ωf − �ω) for �ω < �ωg + �ωf

ms‖
ms‖ +mp‖

(�ωg + �ωf − �ω) for �ω > �ωg + �ωf

(1.39)

This relation can be derived from Fig. 1.8(a). It can also be observed that depending

on the incoming photon energy, only electrons with parallel (k‖) or orthogonal (k⊥) wave

vectors are excited. The lower and upper integration limit of Eq. (1.36) and Eq. (1.37)

respectively is restricted by the occupation factors which vanish rapidly for energies far

from EF .

Starting from the analytical expression for the joint density of states for all considered

transitions Jd→p(�ω) and Jp→s(�ω) it is possible to calculate the interband dielectric con-
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stant given by [45, 46, 54]:

εib2 (�ω) =
8π2e2�2

ε0m2(�ω)2

(
|�Pd→p|2Jd→p(�ω) + |�Pp→s|2Jp→s(�ω)

)
. (1.40)

Note that the equation is only valid for photon energies around the threshold of the

considered interband transitions. The factor |�Pi→f |2 corresponds to the square of the

momentum operator matrix element weighting each transition [45, 46, 54]. It couples

electronic states with the same wave vector in the initial and final band and is given

by [55]:

|�Pi→f |2 = |〈f |�p|i〉|2 . (1.41)

Its dependance with k has been omitted assuming small variations in the considered re-

gion. This assumption attributes constant weight to each optical transition [52] and is

called the “constant-matrix-element approximation”.

The expression for εib2 in Ag can be generalized to other noble metals e.g. Au or Cu, con-

sidering their specific electron band structures. In the case of Au, the sum in Eq. (1.40)

has to contain a third term in order to include the transition at the point X from the d

to the p-band. In Figs. 1.9(a) and 1.9(b) we show experimental [25] imaginary dielectric
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Figure 1.9: Fit of the interband imaginary part of the dielectric function deduced by Johnson
and Christy [25] for Ag (a) and Au (b). The contributions to εib2 corresponding to d→p and p→s
transitions at the L point for both metals plus the d→p transition at the X point in Au, are also
shown.

constants after subtraction of the Drude contribution for Ag and Au and the computed
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1.1. Dielectric function of bulk and confined noble metals

contributions resulting from different interband transitions. The silver interband transi-

tion threshold is around 3.95 eV, being located at energies higher than the one of gold

around 2.4 eV. In both cases we have defined the transition threshold as the onset of the

d→ p transition, this being the dominant contribution to εib2 in both metals. However, as

shown in Figs. 1.9(a) and 1.9(b), one should precisely define a threshold for every transi-

tion separately.

The corresponding εib2 have been computed using Eq. (1.40), and the optical masses cal-

culated from band curvatures (Table 1.3). The energy gaps between the bands varying

between different computational methods (see e.g. Refs. [51] and [56]), we chose to keep

this quantity as a fit parameter together with the dipole element determining the ampli-

tude of each specific transition. The values obtained from the fit of the experimental data

in 1.7(a) and 1.7(b) are shown in Table 1.3.

Table 1.3: Parabolic band parameters for optical transitions in Ag and Au near L and X points of
the Brillouin zone. The optical gaps and momentum matrix element were free parameters while the
optical masses result from parabolic fits to the theoretical band structure [50, 51].

Band ‖ Mass (me) ⊥ Mass (me) Energy (eV) |�Pi→f |2(1011m2
e
m2

s2
)

Ag L Point

5+ + 6+ (d) 2.580 2.075 -3.942
d → p: 10.07

4− (p) 0.172 0.320 -0.310
p → s: 4.83

4+ (s) 0.128 5.160 3.648

Au L Point

5+ + 6+ (d) 1.326 0.499 -2.055
d → p: 17.80

4− (p) 0.157 0.146 -1.368
p → s: 4.85

4+ (s) 0.101 6.797 3.414

Au X Point

7+ (d) 0.944 0.446 -1.767
d → p: 5.70

6− (p) 0.125 0.166 0.573

The experimental data of Johnson and Christy [25] were chosen for the determination of

interband transition parameters, the ratio between the dominating transitions in Ag and

Au yielding:

|�PAg
L:d→p|2

|�PAg
L:p→s|2

= 2.08
|�PAu

X:d→p|2
|�PAu

L:d→p|2
= 0.32,

which is in very good agreement with the fit by Rosei et al. (2.21 and 0.37) made on

different sets of dielectric constants [49, 57].
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Chapter 1. Linear and ultrafast properties of noble metal nanoparticles

1.2 Confinement effects on linear optical properties

The most remarkable effect of size reduction of noble metal systems is the appearance

of the localized surface plasmon resonance (SPR), affecting the color of the nanoparticles

[1, 3, 58, 59]. This resonance, associated to a collective electron motion, results in a strong

enhancement and spatial localization of the electromagnetic fields inside and around metal

nanoparticles.

Interaction of an incident electromagnetic wave and a spherical object characterized by

its dielectric function ε in a dielectric environment is classically described by Maxwell’s

equations. An exact expression for the absorbed and scattered energy has been given by

Mie, using a multipolar expansion [60].

For dimensions much smaller than the incident light wavelength (typically D < 30 nm), it

is sufficient to consider only the dipolar terms (dipolar approximation). The response of

a nanoparticle can thus be approximated by the one of a dipole �p(ω) at the center of the

object aligned with the external oscillating electric field �E(ω) , given by:

�p(ω) = ε0εmα̃(ω) �E(ω), (1.42)

where α̃ is the linear polarizability of the nano-object and εm the dimensionless, real and

positive matrix dielectric constant. The polarizability of a nanosphere is given by [1, 21]:

α̃(ω) = 3Vnp
ε(ω)− εm
ε(ω) + 2εm

, (1.43)

where Vnp is the nanoparticle volume. The scattering (σsca) and extinction (σext = σsca +

σabs) cross-sections can be analytically expressed as a function of the polarizability:

σsca(ω) =
(ω
c

)4 ε2m
6π

|α̃(ω)|2 = 3ω4V 2
npε

2
m

2πc4

∣∣∣∣ ε(ω)− εm
ε(ω) + 2εm

∣∣∣∣ , (1.44)

σext(ω) =
ω

c

√
εmIm[α̃(ω)] = 9Vnpε

3/2
m

ω

c

ε2(ω)

[ε1(ω) + 2εm]
2 + ε22(ω)

. (1.45)

It should be noted that the extinction cross-section is proportional to the particle volume

while the scattering cross-section is linear to its square. The ratio of the two quantities is

thus ruled by:

σsca
σext

∝
(
D

λ

)3

. (1.46)

For small nanoobjects (D � λ) the scattering cross-section becomes negligible yielding to

an exctinction cross-section which is dominated by absorption, σext ≈ σabs.
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1.2. Confinement effects on linear optical properties

For small and weakly dispersed values of ε2 (which is the case in noble metals), vanishing

of the first term in the denominator of Eq. (1.45) corresponds to a resonant enhancement

of absorption. This surface plasmon resonance is a classical effect due to the presence

of surfaces and thus of dielectric confinement. Combining Eq. (1.21) and Eq. (1.45), the

resonant frequency can be expressed as [61, 62]:

ωSPR =
ωp√

εib1 (ωSPR) + 2εm
. (1.47)

If this frequency lies far from the interband transition threshold, as it is the case of Ag

nanospheres, the shape of the SPR can be described by a quasi-Lorentzian profile, centered

at ωSPR with a full width at half maximum (FWHM) Γ:

Γ = γ(ωSPR) +
ω3
SPR

ω2
p

εib2 (ωSPR). (1.48)

Position and shape of the SPR vary with the considered metal due to the dependencies on

ωp, ε
ib
1 and εib2 in Eq. (1.47) and Eq. (1.48). This is illustrated in Figs. 1.10(a) and 1.10(b),

where we computed the extinction cross-section of D = 30 nm Ag and Au nanospheres

in water in the dipolar approximation and using an exact multipolar solution [21] (black

dotted and full lines, respectively). Conversely to silver, the gold SPR overlaps with

interband transitions leading to an asymmetric shape.

Table 1.4: Plasma resonance �ωp, surface plasmon resonance (D = 30nm in water) �ωSPR, inter-
band transition threshold �Ωib, bulk Drude scattering term �γ0 and surface scattering correction g
in Ag and Au.

metal �ωp(eV ) �ωSPR(eV ) �Ωib(eV ) �γ0(eV ) g

Ag 8.98 3.2 3.95 0.020 0.7

Au 9.01 2.4 2.3 0.067 0.7

For computations, the experimental bulk dielectric functions of Johnson and Christy [25]

were used. To take into account modifications to the dielectric functions resulting from

quantum confinement (see Sec. 1.1.3), the bulk εD2 (ω), derived from Eq. (1.21) with

γ(D = ∞) (Eq. (1.26)), is subtracted to the experimental values and replaced by its

size-dependent expression γ(D)(Eq. (1.26)) [63]. Some optical properties of Ag and Au

nanospheres are summarized in Table 1.4.

For out-of-equilibrium investigations, the coefficients in Eq. (1.1), a1 and a2 (Figs. 1.10(a)

and 1.10(b), dahed and dashed-dotted lines, respectively), can be computed by analytical

(dipolar approximation) or numerical derivation (multipolar solution) of the Mie theory

spectrum. They are visibly enhanced around the surface plasmon resonance, thus increas-

ing the amplitude of the time-resolved transient optical signals Δσext around the SPR. The
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Chapter 1. Linear and ultrafast properties of noble metal nanoparticles

Figure 1.10: Computed extinction cross-sections and their a1 and a2 derivatives for a 30 nm diameter
Ag (a) and Au (b) sphere in water (nm = 1.33). The vertical gray lines indicate λSPR, full and dotted
black lines correspond to σext derived by exact calculations based on Mie theory and on the dipolar
approximation (Eq. (1.45)), respectively. a1 (dashed orange lines) and a2 (dash-dotted green lines)
terms were obtained by derivation of the exact expression of the extinction cross-section with respect
to ε1 and ε2.

SPR position depends sensitively on the matrix through εm. In Fig. 1.11 one can observe a

red-shift for increasing values of nm =
√
εm concomitantly with an amplitude increase due

to the factor ε
3/2
m in Eq. (1.45). Eq. (1.45) can be extended to elongated particles [1] leading

to a shift of the SPR with the aspect ratio of the elongated nanoobject [39, 58, 64–66].

1.3 Dynamic evolution of excited noble metals

Differential Δε1,2 terms in Eq. (1.1) reflect the dynamics of a nanoobject i.e. its temporal

response after initial ultrafast excitation by a pump pulse. In this section, after discus-

sion of energy injection into the system and relaxation through electronic interactions we

will consider how these kinetics affect the dielectric function of the metal nanoparticles,

i.e. induces the transient Δε1,2(ωpr, t).

1.3.1 Excitation and time evolution of the free electron gas

Excitation of the metal nanoparticles is realized by absorption of the focused pump beam

by the free electron gas. The amplitude of the perturbation of a single metal particle can be

estimated assuming no dispersion in the ensemble and uniform heating of the sample. In
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1.3. Dynamic evolution of excited noble metals

300 350 400 450 500
0

50

100

150

200

250

300

350

400

450
 n

m
=1

 n
m
=1.33

 n
m
=1.54

 

 

σ e
x

t (n
m

2
)

Wavelength (nm)

Figure 1.11: Calculated exctinction cross-section for a silver nanosphere (D = 10nm) in vacuum
(nm = 1), water (nm = 1.33) and silica (nm = 1.54).

this case, the average energy density per unit volume that is absorbed by one nanoparticle

is given by:

Δuexc = A(ωp)
Pp

frep

1

LpSp

, (1.49)

where Pp corresponds to the power of the pump pulse, p = nnpVnp the volume fraction of

the metal nanoparticles in the sample (Vnp and nnp being their volume and number den-

sity respectively), frep the repetition rate of the ultrafast laser, A the fraction of energy

absorbed by the sample and Sp the surface of the focal spot assuming a laser beam with

homogenous light intensity in the sample plane. In our studies, all quantities in Eq. (1.49)

can be measured experimentally and an the average excitation amplitude of the nanopar-

ticles Δuexc can thus be estimated.

Even though an electron temperature cannot be defined briefly after excitation, as the elec-

tron gas is initially out-of-equilibrium, the amplitude of the perturbation can be quantified

by an equivalent excited temperature, corresponding to the temperature of an electron gas

in equilibrium with the same total energy as the excited system:

Texc =

√
T 2
0 +

2Δuexc
a

, (1.50)

with T0 the initial temperature of the system (typically ∼ 300K) and a the electronic

heat capacity constant (a ≈ 63 J/(m3K2) for bulk Ag and Au [67]), defined in Eq. (1.9).

Typically ΔTexc = Texc − T0 is in the 10-1000K range.

The energy absorbed by the free electron gas is transferred to the lattice leading to a

full thermalization of the nanoparticles. The interaction between electrons and lattice
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Chapter 1. Linear and ultrafast properties of noble metal nanoparticles

following thermalization of the former (i.e. for timescales typically exceeding 300 fs [68])

can be described by a simplified approach according to the two temperature model (TTM).

Here, the time evolution of the coupled system at temperatures Te (electrons) and TL

(lattice) is given by a system of rate equations [32, 34, 69–71]:

ce(Te)
∂Te
∂t

= −G(Te − TL)

c
∂TL
∂t

= G(Te − TL),

(1.51)

with ce(Te) = aTe and c the electronic and lattice specific heat per unit volume, respectively

(see Eq. (1.9) and Eq. (1.15)). Here, a constant coupling term G has been assumed and

the electron gas is initially characterized by its excitation temperature Texc which depends

exclusively on the total injected energy, with no memory of the pump photon energy.

Other coupling channels, e.g. electron or lattice interaction with the environment have

been neglected. Derivating the first term of Eq. (1.51) with respect to t and replacing

c(∂TL/∂t) = −c(Te)(∂Te/∂t) one obtains:

Te
∂2Te
∂t2

+

(
∂Te
∂t

)2

+
G

a

(
1 +

a

c
Te

) ∂Te
∂t

= 0 (1.52)

The analytical solution of Eq. (1.52) yields [71]:

−GT̃ + Teq
2c

t = Teq ln

[
Te − Teq
Texc − Teq

]
+ T̃ ln

[
Te − T̃

Texc − T̃

]
, (1.53)

with T̃ = Teq + 2Ts, Ts = c/a and Teq being the equilibrium temperature of the metal,

i.e. the common temperature of electron gas and lattice after their thermalization:

Teq =
√
T 2
s + T 2

exc + 2TsT0 − Ts. (1.54)

For weak electron heating (ΔTexc = Texc − T0 � T0) one obtains Teq ≈ T0. This as-

sumption is equivalent to neglecting the temperature dependence of the electronic heat

capacity, i.e. ce(Te) ≈ ce(T0). In this case both electron and lattice temperatures converge

exponentially to Teq [35]:

Te(t) = Teq + (Texc − Teq)e
−t/τe−ph

TL(t) = Teq − (Teq − T0)e
−t/τe−ph ,

(1.55)
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1.3. Dynamic evolution of excited noble metals

where the decay rate τ−1
e−ph = G/aT0 is proportional to the electron-phonon coupling

constant G (see Fig. 1.12).
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Figure 1.12: ΔTe(t) = Te(t)−T0 equal to 94K, 71K and 11K for a delay of 100 fs (full black line),
500 fs (orange dashed line) and 3 ps (green dotted line), respectively and ΔTL (0.06K, 0.39K and
0.82K) calculated by the TTM.

For weak excitations, the specific heat per unit volume of the lattice being much higher

than the electronic one c� ce(Te), the equilibrium temperature of the lattice and thus of

the whole nanoparticle is only slightly higher than T0 (Fig. 1.12):

Teq − T0 = ΔT 0
L ≈ Δuexc

c
. (1.56)

For stronger excitations the Te dependence of ce leads to a non-exponential decay of the

electron gas temperature, revealing slower dynamics and a strong dependence on Texc [72].

An exponential decay is however obtained for longer times, the weak excitation regime

being recovered when the electron gas has sufficiently cooled down [71].

1.3.2 Time-resolved electron distribution changes

Nanoparticles can be excited via intraband or interband transitions, depending on the

pump pulse photon energy. In the first case the free electron gas of the conduction band is
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Chapter 1. Linear and ultrafast properties of noble metal nanoparticles

excited, the number of conduction electrons being unchanged. Here, coupling of an incident

electromagnetic field and electrons initially occurs via the excitation of coherent motion

of the quasi-free electron gas. However, these excitations relax into quasi-particle pairs on

the short timescale of the electron scattering time τ = γ−1 (∼ 10 fs in nanoparticles [73–

75]). Therefore, for perturbations both in and out of resonance with the SPR only single

electron excitations are observed, their relaxation dynamics being described by the quasi-

particle approach of the Fermi-liquid theory [22]. In the case of interband excitations

(�ωp > �Ωib) the created electron-hole pairs recombine within a few tens of femtoseconds

via Auger processes [76, 77] and the electron kinetics can be described in the same way.

The model that is presented here has basically been developed for bulk noble metals but

it can be used for not too small nanoparticles (D ≥ 3 nm) with only few modifications.

1.3.2.a The Boltzmann equation

The electron dynamics of an excited metal nanoparticle can thus be described in terms of

its conduction electrons being characterized by the time and state-dependent distribution

function f(�k, t). As in bulk materials its variation is given by the Boltzmann equation [68,

78, 79]:

df(�k)

dt
=
df(�k)

dt

∣∣∣∣∣
exc

+
df(�k)

dt

∣∣∣∣∣
e−e

+
df(�k)

dt

∣∣∣∣∣
e−ph

, (1.57)

where the different terms account for the electron occupation number evolution by initial

pulse excitation, internal thermalization by electron-electron scattering and electron en-

ergy transfer to the lattice via electron-phonon coupling, respectively (Fig. 1.13). In the

following, we assume an isotropic parabolic conduction band allowing to express Eq. (1.57)

in terms of energies. Before absorption of the pump beam of photon energy �ωp the elec-

Figure 1.13: Schematic illustration of (a) an equilibrium electron distribution function before ex-
citation, (b) a strongly athermal distribution in the case of instantaneous excitation and (c) a new
Fermi distribution, after electron-electron interaction at a higher temperature than the initial one.

tron gas can be described by a thermalized Fermi-Dirac distribution at temperature T0
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1.3. Dynamic evolution of excited noble metals

(room temperature). At t=0 the electron gas is excited resulting in an athermal distribu-

tion, with a small fraction of electrons having absorbed a photon (typically ∼ 10−3) and

being promoted to energies exceeding EF whereas the majority still occupies unperturbed

states. The electron gas internally thermalizes via electron-electron scattering and can

then be described by its temperature Te = Texc being considerably higher than the lattice

temperature TL. Internal thermalization in bulk materials and large nanoparticles are

of the order of 350 fs and 500 fs in silver and gold respectively [68]. The electron excess

energy is transferred from the electron gas to the ionic lattice via electron-phonon scat-

tering. This process is typically in the picosecond range (∼ 850 fs in Ag and ∼ 1.15 ps in

Au in the low perturbation regime [80]). Interaction of both electrons and phonons with

the surrounding matrix or solvent and thus energy loss of the particle is not considered

in Eq. (1.57).

1.3.2.b Electron excitation

The first term in the Boltzmann equation (Eq. (1.57)) accounts for the specific temporal

dependence of the excitation pulse (typical durations from 20 to 100 fs). During this

process electrons are transferred in the energy range from EF − �ωp to EF + �ωp. In

nanoparticles the excitation can be considered homogeneous and in the assumption of a

parabolic conduction band all states �k can be described in terms of their energy E =

�
2k2/(2m∗). The electron occupation number variation of a state of energy E is given by

the sum of the probabilities for electrons to be promoted to higher empty energy levels

E → E ′ > EF and electrons arriving in state E from lower energetic levels E ′ < EF → E:

df(�k)

dt

∣∣∣∣∣
exc

=
df(E)

dt

∣∣∣∣
exc

=
Aexc(t)

ρ(E)

(
dN+(E)− dN−(E)

)
, (1.58)

with the density of states of the quasi-free electrons given by Eq. (1.5) and Aexc being a

free parameter proportional to the intensity of the pump beam I(t) which allows to take

into account the injected energy into the electron gas of a single nanoparticle. The average

number of electrons promoted to and excited from energy level E is given by [36, 68]:

dN+(E) = ρ(E − �ωp)f0(E − �ωp)ρ(E) [1− f0(E)] ,

dN−(E) = ρ(E)f0(E)ρ(E + �ωp) [1− f0(E + �ωp)] ,

(1.59)
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Chapter 1. Linear and ultrafast properties of noble metal nanoparticles

where f0 is the unperturbed Fermi-Dirac distribution at initial temperature T0. Replac-

ing Eq. (1.59) into Eq. (1.58) one obtains:

df(E)

dt

∣∣∣∣
exc

= AI(t)
V

2π2

(
2m∗

�2

)3/2

× (1.60)

{√
E − �ωpf0(E − �ωp) [1− f0(E)]−

√
E + �ωpf0(E) [1− f0(E + �ωp)]

}
,

where A is a parameter taking into account the electron gas excitation or analogously its

equivalent excited temperature Texc (see Eq. (1.50)).

1.3.2.c Electron-electron interaction

Energy redistribution intrinsic to the excited electron gas takes place via electron-electron

interactions, being described by a screened Coulomb electromagnetic potential. Two elec-

trons of wave vectors �k and �k2 and energy E�k and E�k2
respectively, interact and scatter

into states given by �k3 and �k4 of energy E�k3
and E�k4

, schematically shown in Fig. 1.14.

k

k2

k3

k4

Figure 1.14: Schematic representation of scattering of states �k and �k2 into states �k3 and �k4.

The scattering rate of an electron in state �k can be described as the sum of two terms

representing scattering in and out of �k [78]:

df(�k)

dt

∣∣∣∣∣
e−e

=
2π

�

∑
�k2,�k3,�k4

|Me−e(�k − �k3)|2δ(E�k + E�k2
− E�k3

− E�k4
)

× δ(�k + �k2 − �k3 − �k4)
{
F in(�k,�k2, �k3, �k4)− F out(�k,�k2, �k3, �k4)

}
.

(1.61)

The matrix elementMe−e describes interaction between initial and final Bloch states while

F in =
[
1− f(�k)

] [
1− f(�k2)

]
f(�k3)f(�k4) and F out = f(�k)f(�k2)

[
1− f(�k3)

] [
1− f(�k4)

]
represent the Pauli principle for scattering in and out of the one electron states charac-

terized by �k. Neglecting Umklapp processes and assuming a screened Coulomb potential,

one gets:

|Me−e(�k − �k3)| = e2

V
∣∣∣�k − �k3

∣∣∣2 ε0 ∣∣∣ε(�k − �k3, E�k − E�k3

)∣∣∣ . (1.62)
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1.3. Dynamic evolution of excited noble metals

Using Lindhard theory for screening in the static approximation (�ω = E�k − E�k3
= 0)

and for small momentum exchange during collision (�q = �k − �k3), the dielectric constant

in Eq. (1.62) writes:

ε(�q, �ω) ≈ ε(�q, 0) = εib0

(
1 +

q2S
q2

)
, (1.63)

with εib0 the interband constant due to screening by the core electrons (equal to 3.7 and

6.7 for Au and Ag, respectively [68]). The second term in Eq. (1.63) describes screening

by the conduction electrons with qTF the Thomas-Fermi wave vector, given by:

q2TF =
−e2
V ε0εib0

∑
�k

∂f

∂E
(�k). (1.64)

The static approximation overestimates screening, and as a correction an adjustable pa-

rameter β, yielding qS = βqTF , has been used. For both silver and gold bulk and large

nanoparticles the best reproduction of time-resolved pump-probe signals was found with

β=0.73 in agreement with time-resolved two-photon photoemission measurements [68]. In

the simulations in the context of this work β was fixed to this value.

As a consequence of the assumption of a parabolic conduction band the sum in Eq. (1.61)

can be expressed as energy integral [36, 68]:

df(E)

dt

∣∣∣∣
e−e

=
e4m∗

32π3�3(ε20ε
ib
0 )

2ES

√
E

∫ ∫
dE2dE3

(
F in(E,E2, E3, E4)− F out(E,E2, E3, E4)

)

×
⎡⎣ √

Ẽ

Ẽ + ES

+
1√
ES

arctan

√
Ẽ

ES

⎤⎦ ˜Emax

˜Emin

,

(1.65)

with ES = �
2q2S/2m

∗. The limits are determined by energy and momentum conservation,

given by:

Ẽmax = min

{(√
E2 +

√
E4

)2
,
(√

E +
√
E3

)2}
,

Ẽmin = max

{(√
E2 −

√
E4

)2
,
(√

E −
√
E3

)2}
.

(1.66)

This last equation is used in numerical simulations. β being fixed to the results on bulk

Au and Ag [68], no free parameter is used to describe electron-electron interactions in

noble metals.
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Chapter 1. Linear and ultrafast properties of noble metal nanoparticles

1.3.2.d Electron-phonon interaction

Interaction between electrons and the lattice are included in the third term of the Boltz-

mann equation. Electrons can scatter from a particular state �k of energy E�k to another

Figure 1.15: Scheme of phonon (�q) emission and absorption. Both processes can lead to scattering

in or out of the electron state �k. Energy and wave vector conservation is assumed in the figure.

state �k′ and E �k′ by absorption or emission of a phonon with a scattering rate:

df(�k)

dt

∣∣∣∣∣
e−ph

=
∑
�q

γem�q (�k) + γabs�q (�k), (1.67)

with γem�q and γabs�q corresponding to phonon emission and absorption rates. According to

Fermi’s golden rule one obtains:

γem�q (�k) =
2π

�
|Me−ph(q)|2(1 +N�q)

(
−δ(E�k − �ω�q − E�k−�q)f(

�k)[1− f(�k − �q)]

+δ(E�k+�q − �ω�q − E�k)f(
�k + �q)[1− f(�k)]

)
,

(1.68)

with N�q the Bose-Einstein statistics of a phonon of energy �ω�q (Eq. (1.14)), and |Me−ph(q)|
the effective electron-phonon matrix element, which can be described by a deformation

potential. In this picture the energy of the bottom of the electron conduction band changes

linearly with lattice deformation and the matrix element can be expressed as [78]:

|Me−ph(q)|2 = �
2Ξ2

2ρV

q2

�ω�q

, (1.69)

with ρ the metal mass density and Ξ a parameter determining the amplitude of the de-

formation potential.
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1.3. Dynamic evolution of excited noble metals

Phonon absorption provides a term similar to emission but with a factor N�q, yielding:

γabs�q (�k) =
2π

�
|Me−ph(q)|2N�q

(
−δ(E�k+�q − �ω�q − E�k)f(

�k)[1− f(�k + �q)]

+δ(E�k − �ω�q − E�k−�q)f(
�k − �q)[1− f(�k)]

)
.

(1.70)

The summation of �q can be replaced by an integral over a sphere of radius qD = 3
√
2kF (see

Sec. 1.1.1). As it has been shown in the past [68], the electron-phonon coupling is at first

order insensitive to the phonon band structure and we assume thus a sinusoidal dispersion

relation �ω�q = �ωq = �ωM sin(πq/(2qD)). Together with the parabolic dispersion for the

electron conduction band Eq. (1.67) can be expressed by [36, 68]:

df(E)

dt

∣∣∣∣
e−ph

=

√
m∗Ξ2

4
√
2π�ρ

1√
E

∫ 3√2kF

0

dq
q3

ωM sin
(

πq
2qD

) [(1 +Nq)F
em
q (E) +NqF

abs
q (E)

]
,

(1.71)

where the factors F em
q and F abs

q are given by:

F em
q (E) = −f(E)[1− f(E − �ωq)] + f(E + �ωq)[1− f(E)],

F abs
q (E) = −f(E)[1− f(E + �ωq)] + f(E − �ωq)[1− f(E)].

(1.72)

The deformation potential method constitutes a simple and convenient model for the de-

scription of electron-phonon interactions in the Boltzmann equation. However, it should be

kept in mind that this way of describing the electron-phonon matrix element is an approxi-

mation being only valid for emission or absorption of short wave vector phonons. Moreover

we have neglected Umklapp processes and assumed a spherical Fermi surface. To account

for these approximations, an effective value of the deformation potential parameter Ξeff

is used instead of the theoretical one in order to reproduce the experimental relaxation

value measured in noble metals. For bulk metals, this yields Ξeff = 0.8Ξ [36, 68].

In small nanoparticles, size-dependent effects taking into account the experimentally mea-

sured modifications of electron-phonon coupling are introduced by using a size-dependent

value of Ξeff .

1.3.2.e Numerical simulations

The numerical solution of the Boltzmann equation (Eq. (1.57)) yields the electronic vari-

ations after ultrafast optical excitation. Table 1.5 summarizes the parameters used for

calculations in bulk systems. Size effect in nanoparticles can be taken into account via a

modification of Ξeff (Sec. 1.3.2.d), which directly affects τe−ph.
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Chapter 1. Linear and ultrafast properties of noble metal nanoparticles

Table 1.5: Parameters for bulk silver and gold used for the computations of the electron-electron
and electron-phonon interaction terms of the Boltzmann equation.

metal εib0 β τe−ph (ps)

Ag 3.7 0.73 0.87

Au 6.7 0.73 1.15

As an exemple, the computed Δf(E, t) = f(E, t)− f0(E) relative to the Fermi energy

EF for bulk Au is depicted in Fig. 1.16 for different time delays t = 100 fs, 500 fs and 3 ps

after an initial 50 fs (FWHM) pump pulse excitation at 850 nm and an equivalent electron

temperature increase ΔTexc = 100K. As expected, at short timescales, the pump pulse

directly promotes electrons from occupied states with energies lower than the Fermi level

to unoccupied states above, modifying the occupation number of states in a broad energy

band ranging from EF − �ωp to EF + �ωp (full black line in Fig. 1.16, corresponding to

t = 100 fs). Fast electron internal thermalization progressively leads to the build up of

a narrower Δf distribution centered around EF (orange dashed line, t = 500 fs) before

electron energy loss by electron-phonon coupling dominates and Δf progressively vanishes

(green dotted line, t = 3ps).
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Figure 1.16: Computed electron gas distribution change in bulk silver for a 50 fs (FWHM) pump
pulse excitation at 850 nm and an equivalent electron temperature increase of ΔTexc = 100K.
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1.4. Time-dependent metal dielectric function changes

1.4 Time-dependent metal dielectric function changes

The ultrafast optical response of a metal nanoparticle is ruled by the transient variations

of its dielectric functions, Δε1,2 (Eq. (1.1)). These are a consequence of the modification

of the electron distribution, which induces a change in the interband term (dominant on

the short timescale) and the Drude term, and of the concomitant heating of the lattice

(this effect being more significant on a longer timescale).

1.4.1 Electronic contribution

Figure 1.17: Computed changes of the imaginary and real part of the interband dielectric function
ε1,2 of bulk gold (a) and silver (b) for different probe delays following excitation by a 50 fs pump
pulse, electron temperature increase ΔTexc = 100K and pump wavelength 850 nm. The inset in (b)
shows the contribution of d → p (L), p → s (L) and d → p (X) to Δεib2 for a probe delay of 500 fs.

Modifications of the electron occupation number Δf (see Eq. (1.57)) directly reflect

into a change of the imaginary part of the metal interband dielectric function Δεib2 (ωpr, t)

(Eq. (1.36), Eq. (1.37) and Eq. (1.40), where [1− f(E)] and f(E) are replaced by the

time-dependent Δf(E, t)). The real part Δεib1 (ωpr, t) can be subsequently deduced by
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Chapter 1. Linear and ultrafast properties of noble metal nanoparticles

Kramers-Kronig transformation [1], given by:

Δεib1 (ωpr, t) =
2

π
P

∫ ∞

0

ω′Δεib2 (ω
′, t)

ω′2 − ω2
pr

dω′, (1.73)

where P designs the Cauchy principal value of the integral. In contrast to the stationary

dielectric function this integration is possible, the transient Δεib2 being different from zero

only around the interband threshold. The calculated transient Δεib1 and Δεib2 spectra are

shown in Figs. 1.17(a) and 1.17(b) for both Ag and Au for a probe delay of 100 fs, 500 fs

and 3 ps after ultrafast excitation by a 50 fs pump pulse. For both metals, the dynamical

behavior of Δεib1,2 follows the kinetics of the electron distribution change Δf . While the

spectral shapes are flat for short time delays, they become sharper around the interband

transition energies during internal thermalization, before decreasing. The peaks of Δεib2

correspond to the distinct interband transitions of the metals (see Sec. 1.1.4). For Au the

contributions of d→p (L), p→s (L) and d→p (X) transitions are depicted in the inset of

Fig. 1.17(b), the former having, as expected the largest amplitude.

Electron excitation also affects the Drude contribution of the dielectric function ΔεD1,2,

which is a consequence of the dependence of all scattering rates in the Drude formula

on the electron temperature Te (see Eq. (1.24), Eq. (1.25) and Eq. (1.26)). A change

of the scattering rate mostly affects the imaginary part of the Drude dielectric constant

(Eq. (1.22)), yielding:

ΔεD2 ≈ ω2
p

ω3
Δγ. (1.74)

Variations of γ with electron temperature are dominated by the electron-electron scattering

term Δγe−e, whose Te dependence can be expressed as [34, 37]:

Δγe−e

γe−e

(Te) ≈
(
2πkB
�ω

)2 (
T 2
e − T 2

0

)
. (1.75)

The temperature dependence of γe−S (Eq. (1.26)) is a consequence of the modification

of the surface factor g (Eq. (1.27)) which is dependent on the variations of the electron

occupation number Δf . ΔεD2 for a 30 nm Au nanoparticle induced by modifications in γe−e

(with �γe−e ≈ 15meV, [31]) and γe−S are shown in Figs. 1.18(a) and 1.18(b), respectively.

For smaller particles, the γe−S contribution to εib1 can become more important for short

time delays (see Eq. (1.26)).
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Figure 1.18: Computed changes of the Drude contribution to the dielectric function of Au (imagi-
nary part) as a consequence of electron gas heating through modifications of γe−e (a) and γe−S (b)
for a 30 nm nanosphere. Excitation conditions were the same as in Figs. 1.17(a) and 1.17(b) (50 fs
pump pulse, electron temperature increase ΔTexc = 100K and pump wavelength 850 nm).

1.4.2 Lattice contribution

After thermalization with the lattice (occurring within a few ps) the electron temperature

has decreased to a new equilibrium value Te = TL = Teq and the direct contribution of

excited electron dynamics to Δε1,2 becomes negligible. Nevertheless the metal dielectric

functions have not yet relaxed to their equilibrium values, due to their sensitivity to the

lattice temperature rise and the concomitant metal dilation, both decaying with cooling by

energy transfer to the environment. The change of the dielectric functions can be directly

related to the lattice temperature rise by Δε1,2 = (dε1,2/dTL)ΔTL. In order to model the

temperature dependence of the dielectric constants dε1/dTL and dε2/dTL one must have a

closer look at the modifications of both interband and Drude contributions to ε1,2.

Particle dilation leads to an increase of the inter-atomic distance which translates into a

shift of the Fermi level as well as a modification of the energy band structure. The effect

on Δεib1,2 can be estimated through the different εib2,l contributions (e.g. d→p around the L

point, Figs. 1.9(a) and 1.9(b)), by taking into account the displacement of the individual

interband transition thresholds Ωib,l, assuming a rigid band shift with dilation [34, 35]:

Δεib2 (�ω, t) =
∑
l

(
∂εib2,l

∂(�Ωib,l)

d(�Ωib)

dTL

)
ΔTL(t) = −

∑
l

(
∂εib2,l
∂(�ω)

d(�Ωib)

dTL

)
ΔTL(t). (1.76)

The term d(�Ωib)/dTL is estimated from temperature-dependent ellipsometric measure-

ments on the bulk metals, yielding in the case of Au d(�Ωib)/dTL ≈ −1.7× 10−4 eV/K
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and −3.2× 10−4 eV/K for the d-band to Fermi energy transition around the L and X

point of the Brillouin zone, respectively (the contribution of the transition from Fermi

energy to the s-band around the L point is smaller and its dependence on TL is neglected

here) [81]. The derivatives ∂εib2,l/∂(�ω) are numerically deduced from the fit of the experi-
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Figure 1.19: Computed changes of the interband dielectric function of Au induced by a rigid band
shift due to lattice heating for different time delays after excitation in the same conditions as in
Figs. 1.17(a) and 1.17(b) (50 fs pump pulse, electron temperature increase ΔTexc = 100K and pump
wavelength 850 nm).

mental bulk dielectric functions (Figs. 1.9(a) and 1.9(b)). In parallel, the εib1 contribution

is estimated by derivation of the Johnson and Christy bulk experimental data after sub-

traction of the Drude part [25]. The resulting changes Δεib1,2 for gold are illustrated in

Figs. 1.19(a) and 1.19(b). Real and imaginary interband parts of the dielectric function

show some structures around the onset of the interband transitions, their contribution

increasing with lattice temperature.

Lattice dilation does not only affect the metal interband transitions but also reduces the

conduction electron density n (Fig. 1.20(a)). This has an impact on the real part of the

intraband dielectric constant described by the Drude formula (Eq. (1.22)), leading to:

ΔεD1 ≈ −ω
2
p

ω2

Δn

n
ΔTL =

ω2
p

ω2
3αLΔTL, (1.77)

with αL the metal linear dilation coefficient (1.42× 10−5/K and 1.89× 10−5/K for gold and

silver respectively [22]). Additionally, lattice temperature increase changes ΔεD2 via the

scattering rate γ (Fig. 1.20(b)). In the thermalized particle this affects mainly γe−ph due

to an increase of the phonon occupation number. Its variation with TL can be expressed

as Δγe−ph = (∂γe−ph/∂TL)ΔTL, with ∂ (�γe−ph) /∂TL ≈ 0.125meV/K and 0.057meV/K
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Figure 1.20: Computed modifications of the real and imaginary Drude contribution to the dielectric
function due to changes in the density Δn (a) and in the electron-phonon scattering rate Δγe−ph (b)
as a consequence of lattice heating for different time delays after excitation by a 50 fs and 850 nm
pump pulse with electron temperature increase ΔTexc = 100K (similar to Figs. 1.17(a) and 1.17(b)).

for Au and Ag [82]. It is worth mentioning that lattice heating induces comparable

modifications of both the interband (electron band shift) and intraband (change of elec-

tronic density and electron-phonon scattering) contributions (Figs. 1.19(a)-(b) and 1.20(a)-

(b)). This sensitivity of εib1,2 and εD2 to lattice temperature change is also responsible for

the optical detection of acoustic vibrations of nano-objects (inducing periodic volume

changes) [3, 17, 61, 83, 84]. Thermoreflectance experiments on thin gold films have been

done in the past for determining the stationary dε1,2/dTL variations [85–87]. Summing

up interband and Drude-like contributions to dε1,2/dTL (Figs. 1.19 and 1.20), a relatively

good agreement with the experimental data was found (Fig. 1.21) [87]. The estimated and

measured energy dispersions are very similar, the residual discrepancy in the absolute val-

ues of these derivatives being possibly due to uncertainties in the values of the parameters

used in the previously estimated contributions or to possible modifications not taken into

account in this model, such as changes in the electron effective mass [88].

1.5 Ultrafast response of an ensemble of metal

nanoobjects

The transient modification of the extinction cross-section Δσext in the context of time-

resolved experiments in Ag and Au are computed using Eq. (1.1) by multiplying the

nanoparticle derivative coefficients a1,2(�ωpr), determined from their linear absorption
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Figure 1.21: Theoretical (dotted lines) and experimental (full lines) temperature derivatives of
the gold dielectric function. Theory is presented in the text as the sum of Drude and interband
contributions of Δε1,2. Experimental values have been deduced from Ref. [87].

spectrum (Sec. 1.2, Figs. 1.10(a) and (b)) with the dielectric function changes Δε1,2(�ωpr, t),

taking into account both interband and Drude contributions (Sec. 1.4).

In the case of silver nanospheres (Fig. 1.22(a)), transient spectral features are centered

around two distinct positions, namely �ωSPR (∼ 3.2 eV) and Ωib (∼ 3.95 eV). The former

highlights the enhancement of the time-resolved response by plasmonic effects (high a1,2

derivatives near SPR, Fig. 1.10(a)). The latter is similar to that of bulk silver [68] and

reflects modifications of the electron distribution around the Fermi energy and subsequent

heating of the metal (Fig. 1.17(a)). In the spectral region around Ωib, a1 and a2 are small

and undispersed and Δσext basically reflects the dispersion of Δεib1 and Δεib2 , determined

by electron internal thermalization and cooling (Fig. 1.17(a)). Around ωSPR, spectrally

separated from Ωib for Ag nanospheres, Δεib2 vanishes except for very short time delays

and the time behavior of Δσext essentially follows that of Δεib1 , which is approximately

proportional to the particle electron excess energy density [17, 41, 89]. As a result, far

from interband transitions, Δσext increases with energy injection in the electrons and de-

cays with the electron energy loss to the lattice. For longer delays, during electron-lattice

thermalization, the spectral shape of Δσext is modified. Interband Δεib1,2 contributions,

which mainly depend on the electron temperature Te, become negligible and the strongest
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1.5. Ultrafast response of an ensemble of metal nanoobjects

contributions result from the Drude terms ΔεD1 , proportional to lattice dilation, and ΔεD2

reflecting the increase of the electron-phonon scattering rate. The latter being dominant,

the Δσext spectral shape reflects that of a2 (Figs. 1.10(a) and 1.22(a)).

In the case of a gold sphere, spectral overlap between the SPR and interband transitions

(Figs. 1.10(b) and 1.17(b)) reflects for short time delays in a specific spectral shape of

the Δσext response, characterized by a profile with two zero crossings (Fig. 1.22(b)). For

longer delays, as before, interband terms Δεib1,2 become negligible as compared to intraband

ones and Δσext recovers a spectral dependence proportional to a2.
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Figure 1.22: Computed extinction cross-section changes for the same Ag (a) and Au (b) nanospheres
as in Figs. 1.10(a) and 1.10(b) for different delays after excitation by a 50 fs and 850 nm ultrafast
pump pulse (ΔTexc = 100K) using Eq. (1.1). The vertical gray lines correspond to ωSPR.

The considerations developed in this section describe the transient behavior of a single

nanoobject Δσext, which is experimentally measurable [90]. They can be extended to in-

vestigations performed on nanoparticle ensembles, either glass-embedded or dispersed in a

liquid. For small size and shape distributions and polarization-independent pump absorp-

tion (e.g. nanospheres), the transmitted power Pt of the probe beam can be expressed by

Pt(ωpr, t) = Piexp[−α(ωpr, t)L], Pi being the incoming power, α(ωpr, t) = nnpσ̄ext(ωpr, t)

the absorption coefficient, L the thickness of the sample (glass or cuvette), nnp the num-

ber density of the nanoparticles in the sample and σ̄ext the mean value of their extinction

cross-section. The experimentally measured relative differential transmission change can

then be related to extinction cross-section changes by:

ΔT

T
(ωpr, t) =

Pt(ωpr, t)− Pt(ωpr,−∞)

Pt(ωpr,−∞)
≈ −Δα(ωpr, t)L ≈ −nnpLΔσ̄ext(ωpr, t), (1.78)
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where ΔT is defined as the sample transmission change at probe delay t, as compared to

the unperturbed transmission.
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Chapter 2

Size dependence of electronic

interactions in metal clusters

Fundamental studies on different materials have allowed to determine both experimen-

tally and theoretically by which mechanisms size reduction affects physical properties.

In the case of metal nanoparticles, the most striking effect of spatial confinement is the

appearance of the localized surface plasmon resonance (SPR) [1]. However, size reduc-

tion to the nanometric scale also impacts the internal ultrafast dynamic processes in

the confined metal. In this context, femtosecond time-resolved optical pump-probe spec-

troscopy has been used to investigate the ultrafast transient electron dynamics in thin

metal films [68, 79, 89] and nanoparticles [17, 41, 84]. Such pump-probe experiments con-

stitute a far-field contact-free tool to investigate these processes with a very high temporal

resolution.

The study of internal electron thermalization dynamics and electron-phonon coupling dy-

namics has been performed in the past on glass-embedded nanospheres of intermediate

size range (3-30 nm diameter), modifications of both these dynamics being found to be

mostly induced by classical effects of dielectric confinement and screening of electronic

interactions close to the surfaces [5, 16–18]. The situation is expected to be different for

even smaller sizes (below around 2 nm, ∼ 250 atoms), where an increasing role of quanti-

zation is expected, leading to an evolution from a bulk-like behavior (quasi-continuum of

electronic states in the conduction band) to a molecular-like one (discrete energy states).

Small nanoparticles can be prepared by both physical and chemical means, leading to

different surface conditions (e.g. with or without stabilizing surfactant molecules). Their

investigation can be performed on matrix-embedded ensembles or a colloidal solution.

While the static optical properties (e.g. optical linear absorption) of clusters with less

than a few hundred atoms have been extensively studied [39, 42–44, 91], less investiga-

tions have been reported on their electronic dynamic interactions. Only recently, the
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study of dynamic processes of functionalized metal clusters dispersed in organic solvents

has been performed [92–98].

In this chapter we report experiments on silica-embedded surfactant-free small Ag nanospheres

(D ∼ 1-3 nm) and thiol-protected, atomically defined Au clusters in a solvent. They are

based on time-resolved pump-probe investigations of their size-dependent electronic re-

laxation dynamics, monitoring both internal electronic interactions and electron-lattice

coupling (see Secs. 1.3.2.c and 1.3.2.d). In the following we introduce the experimen-

tal setup used for these investigations (Sec. 2.1). We then present investigations of the

electron-lattice energy transfer (Sec. 2.2) and electron-electron interactions (Sec. 2.3) in

the Ag samples separately. The size-dependent dynamics are modeled with the theoreti-

cal description presented in Chapter 1 (Sec. 1.3.2), its deviations for small particles being

experimentally studied. The last section of this chapter is devoted to Au cluster samples

(Sec. 2.4), which constitute a slightly different system due to the presence of stabilizing

surfactants and their extremely small sizes (from 25 to 144 atoms).

2.1 Two-colored pump-probe setup

Time-resolved optical pump-probe experiments allow the detection of nonequilibrium elec-

tron dynamics in metal systems. In this approach the metal free electron gas is selectively

excited by a femtosecond pump pulse, while a time delayed probe pulse monitors the tran-

sient change of the samples optical properties (reflectivity or transmissivity).

For this work, two different experimental setups have been used, based on monochromatic

pump and probe pulses (setup 1) or on a broadband probe pulse combined with high

laser fluences (setup 2). In both cases, the transient relative transmission changes ΔT/T

of an ensemble of noble metal nanospheres were investigated, in a transparent matrix or

dispersed in a solvent. In the following, the characteristics of the two setups are presented,

setup 1 being located in Lyon (FemtoNanoOptics Group) and being used on a daily basis

while setup 2 was used for some specific studies in collaboration with G. Cerullo at the

Center for Ultrafast Science and Biomedical Optics (CUSBO) facility of Politecnico di

Milano, Italy.

2.1.1 Setup 1: Tunable femtosecond laser source

In this setup, tunable femtosecond pulses are provided by a commercial (Coherent: MIRA

or Spectra-Physics: Mai-Tai, pulse duration ∼ 100 fs) or homemade (pulse duration ∼
60 fs) mode-locked Ti:Sapphire laser with a 76MHz repetition rate and a typical output

power of ∼ 1W. Time-resolved spectroscopy is performed in a two-colored configuration

(see Fig. 2.1), with different pump and probe wavelengths. For this purpose the infrared

50



2.1. Two-colored pump-probe setup

Figure 2.1: Schematic setup of a two-colored pump-probe experiment with synchronous and differ-
ential detection.

output of the Ti:Sapphire laser is split and wavelength conversion of one or both of the

resulting beams is realized by different techniques. A very large spectrum of tunable

wavelengths can be obtained by using the following tools:

• Infrared output of the Ti:Sapphire laser (∼ 750-1000 nm) and its second harmonic

using a barium borate (BBO) crystal (∼ 380-500 nm), providing low pump fluences

(F ≈ 100 �J/cm2) at the sample position, necessary for investigations in a weak

excitation regime.

• Optical parametric amplifier (OPA) in association with a regenerative amplifier (Co-

herent: REGA). Parametric amplification is a second order nonlinear optical effect

yielding the conversion from a pump beam ωp to a lower frequency signal beam ωs

and an additional third idler beam ωi (ωp = ωs + ωi). The setup allows to create

pulses in the visible range of the spectrum, 480-720 nm, with a low repetition rate

(250 kHz) and higher laser fluence (F ≈ 5mJ/cm2).

• Optical parametric oscillator (OPO), based on the same principle as the OPA, with-

out the need of amplification due to the presence of an optical cavity around the

nonlinear crystal. Visible light (480-700 nm) at low fluence (F ≈ 100 �J/cm2) and

high repetition rate is obtained.

• Third harmonic generation, covering wavelengths in the ultraviolet (UV, ∼ 250-

330 nm), was obtained by using two BBO crystals (type I) of 500 �m (BBO 1) and

200 �m (BBO 2) thickness, illustrated in Fig. 2.2 [36]. Shortly, BBO 1 generates the

second harmonics (blue beam) of the IR beam (ω + ω = 2ω) while BBO 2 creates

the sum of the resulting frequencies (ω + 2ω = 3ω), leading to ultraviolet light. Af-

ter BBO 1, blue and IR beams are spatially separated and individually temporally

compressed by a pair of fused silica prisms (P1 and P2 for ω, P1 and P3 for 2ω).
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Figure 2.2: Scheme for third harmonic generation by two BBO crystals with pulse compression by
two pairs of prisms (IR and blue beams are slightly shifted in the figure for clearness).

Their temporal overlap is adjusted via a mobile mirror in the optical path of the

IR beam (ω). Harmonic (2ω) and fundamental beams (ω) are subsequently focused

and overlapped on a second BBO (BBO 2) where their frequency sum is created

(ω + 2ω = 3ω). An additional pair of prisms compresses the duration of the result-

ing ultraviolet beam (3ω) and a beam block allows to cut off the IR and blue beams

which are not utilized later on.

The analysis of the cross-correlation of the infrared and ultraviolet beam could be

performed by generation of the frequency difference (3ω − ω = 2ω) by another

BBO crystal (200 �m thick), mounted at the position of the sample. A minimal

cross-correlation of around 150 fs Full Width at Half Maximum (FWHM) was found

(Fig. 2.3), providing the temporal resolution of the two-colored pump-probe exper-

iment. Taking into account a duration of 60 fs for the IR pulse, this resolution

corresponds to an UV pulse of around 140 fs.

Control of the delay between pump and probe pulses is achieved via a reflecting mirror

mounted on a mechanical stage, with a spatial resolution of 0.125 �m corresponding to a

temporal resolution of 0.83 fs (Fig. 2.1). Both beams are focused using achromatic lenses

of 5 cm and 7 cm focal lengths, and overlapped on the sample. The average power of the

probe beam after transmission through the sample is measured by a silica photodiode.

Pump beam filtering is obtained by introduction of an important angle between pump

and probe beam. Additionally, further rejection is achieved by inserting colored or dielec-

tric filters before the photodiode, a procedure that is only possible due to the two-colored

nature of the setup.

Typically the experimental relative transmission change ΔT/T is very weak, in the order

of 10−4 − 10−7. In order to increase the sensitivity of the setup, synchronous and differ-

ential detection has been adopted. For synchronous detection, the pump pulse is chopped

mechanically, typically with a frequency of fm = 100 kHz. The probe signal detected by
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2.1. Two-colored pump-probe setup

Figure 2.3: Cross-correlation measurement: Transient intensity (normalized to 1) of the frequency
difference of the UV probe beam (303 nm) and the IR pump beam (910 nm). The red dashed line is
a Gaussian fit with 150 fs FWHM.

the photodiode is demodulated at the same frequency by a Lock-in amplifier, filtering

out all frequencies different than fm. To further increase the signal to noise ratio at fm,

differential detection is performed by subtracting the transmitted beam and a reference

one not interacting with the sample (denoted by A and B in Fig. 2.1). Samples sensitive

to oxidation (Cu, Ag, Ni) were measured in vacuum using a special sample holder with

transparent windows constructed to keep the samples at typically 10−5 mbar.

2.1.2 Setup 2: Broadband white light pump-probe experiment

This ultrafast spectroscopy system developed at CUSBO in Milan is based on two syn-

chronized non-collinear optical parametric amplifiers [99–102], being pumped by a regen-

eratively amplified Ti:sapphire laser at 1 kHz. Here, the probe pulse is represented by a

broadband white light continuum (WLC) while a narrowband pulse in the visible range

of the spectrum is used to excite the samples (Fig. 2.4). Both beams are compressed by

chirped mirrors leading to a sub-10 fs duration for the probe and 15 fs for the pump pulse.

The pump beam is modulated at 500Hz by a mechanical chopper, its frequency being

locked to the laser pulse train. A spectrometer in combination with a photodiode array is

used for simultaneous detection of all wavelengths in the probe spectrum. By recording

pump-on and pump-off spectra, the differential transmission ΔT/T can thus be measured

as a function of probe wavelength and pump-probe delay.
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Chapter 2. Size dependence of electronic interactions in metal clusters

This equipment allows acquisition of two dimensional differential transmission maps on a

broad spectral range, with extreme temporal resolution. However, as a consequence of low

repetition rate and amplification, the samples are strongly excited, with pump fluences in

the range of some hundred of mJ/cm2.

Figure 2.4: Schematic setup of the OPA/OPA pump-probe experiment. OPA 1 (probe) gener-
ates broadband white light, OPA 2 (pump) generates narrowband pulses in the visible (figure from
Ref. [102]). PDA: Photodiode array.

2.2 Ultrafast electron-lattice interactions in Ag clus-

ters

In bulk noble metals, electron-lattice coupling occurs typically at a picosecond timescale [68].

In the following we investigate its modification with size reduction on silver clusters syn-

thesized by physical means by the Clusters and Nanostructures group of the Institut

Lumière Matière in Lyon/ Plateforme Lyonnaise de Recherche sur les Agrégats (PLYRA)

in collaboration with M. Pellarin and M. Hillenkamp.

2.2.1 Samples

Pump-probe measurements have been performed on silver nanospheres with mean diame-

ters D varying between 1.1 and 3 nm (Table 2.1). The studied samples have been prepared

by a physical technique based on cluster formation in gas phase, size selection and subse-

quent deposition on a substrate. To prevent oxidation, the particles were embedded in a

silica matrix (SiO2) which is transparent and permits good heat evacuation. Depending

on particle sizes, different cluster sources were used. Particles of mean diameters between

1.8 nm and 3 nm were prepared by a laser vaporization cluster source and low energy clus-

ter beam deposition (LECBD, Fig. 2.5). Here, a frequency-doubled Nd:YAG laser beam
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2.2. Ultrafast electron-lattice interactions in Ag clusters

Table 2.1: List of the studied Ag samples obtained by LECBD and magnetron deposition technique
(size dispersion indicated by the FWHM). A mean diameter D was calculated by weighting the
original size distribution by the particle volume Vnp (the optical response being proportional to Vnp),
D being the mean diameter corresponding to this weighted size distribution. In the case of large size
dispersions, the resulting diameters were shifted to larger sizes as compared to the original ones D0,
while for narrow size distributions D and D0 are equal. nat is the number of atoms in the particles.

D (nm) ΔDFWHM (%) nat source D0

1.1 ∼ 70 40 magnetron 0.8

1.4 ∼ 65 85 magnetron 1.1

1.5 ∼ 50 100 magnetron 1.3

1.8 � 10 180 LECBD 1.8

1.9 ∼ 50 210 magnetron 1.6

2.2 � 10 330 LECBD 2.2

2.5 � 10 480 LECBD 2.5

2.8 � 10 670 LECBD 2.8

2.8 ∼ 15 670 magnetron 2.8

3 � 10 830 LECBD 3

is focused on a rod of a pure or alloy metal, creating a plasma by ablation. Before depo-

sition, the charged particles are mass selected by an electrostatic deviator (quadrupole),

on the basis of their kinetic energy [13, 14]. The resulting samples present thus a small

size dispersion � 10% FWHM, which is measured by transmission electron microscopy

(TEM). A drawback of this technique is the low intensity of cluster formation of small

sizes resulting in a low particle density of the samples. Indeed, the metal volume fraction

in the around 400 nm thick silica films is typically in the 10−4 to 10−2 range for particle

mean diameters ranging from 1 to 3 nm. Fabrication of small size samples with an optical

density convenient for pump-probe measurements is thus particularly challenging.

To circumvent this limitation, the smaller nanospheres were prepared by a magnetron

cluster source [103]. The principle of the setup is shown in Fig. 2.6(a). In this tech-

nique, cluster generation is achieved by a homemade magnetron source, an incorporated

time-of-flight mass spectrometer (TOF-MS) allowing to directly determine the cluster size

distribution. In contrast to the previously presented technique, high cluster fluxes can be

created and the preparation of optically dense samples with sub-nm sizes is possible. In

principle, an additional size selection by a quadrupole deviator could be performed, which

was not available due to experimental problems, resulting in a larger size distribution

(∼ 60% FWHM, Fig. 2.6(b)). In both cases, direct measurement of the linear absorption

spectrum of the samples was not possible because of their very low particle concentration.
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Chapter 2. Size dependence of electronic interactions in metal clusters

Figure 2.5: Schematic view on laser vaporization cluster source and low energy cluster beam depo-
sition (LECBD) [13, 14].

Figure 2.6: (a) Scheme of the principle of the magnetron cluster experiment [103]. (b) Size distribu-
tion of the samples measured by the TOF mass spectrometer (discrete peaks indicate the measurement
of the number of atoms).
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2.2. Ultrafast electron-lattice interactions in Ag clusters

2.2.2 Optical detection of electron-phonon coupling

Optical time-resolved experiments on metal nanoparticles allow the measurement of the

energy stored in the excited electron gas and of its dynamics Δue(t). This energy is

transferred to the lattice, or equivalently to the metal phonons. Monitoring of Δue(t)

gives thus access to the characteristic electron-lattice energy exchange time τe−ph (see

Sec. 1.3.1) which is inversely proportional to the electron-phonon coupling constant G. In

the following we discuss the optical detection mechanisms at the basis of these investiga-

tions.

For short probe delays (t < 3 ps after excitation by an ultrafast pump pulse), modifica-

tions of the interband parts of real and imaginary dielectric functions dominate over the

Drude parts (see Sec. 1.4, Fig. 1.17) [35]. In this case Δεib1,2 are determined by the change

of the electron energy distribution function Δf , thus showing a strong dependence on the

probe wavelength. Here, we are interested in the total excess energy of the electron gas

and its dynamics, independently of its individual electronic state distribution changes.

For this study, it is therefore convenient to choose a probe photon pulse of energy lower

than the interband transition threshold Ωib. In these conditions, Δεib2 is nonzero only for

very short delays t, where the electron energy distribution is strongly out-of-equilibrium

involving perturbed states far from the Fermi energy EF . This makes interband transi-

tions possible for probe photon energies far from the interband transition threshold with

�ωpr + �ωp = �Ωib. However, perturbed states far from EF scatter very quickly (less than

100 fs) to states closer to EF , canceling Δεib2 for �ωpr < �Ωib. The optical response is

thus dominated by Δεib1 , which is proportional to the electron gas excess energy density

Δue [17, 68, 89].

The physical quantity monitored by a pump-probe experiment with �ωp < �Ωib and

�ωpr < �Ωib is therefore the time-dependent electron excess energy:

ΔT

T
(t) ∝ Δεib1 (t) ∝ Δue(t) =

1

2
a
[
Te(t)

2 − T 2
0

]
, (2.1)

with Te(t) = T0 + ΔTe(t). Consequently, in the weak excitation regime, Δue(t) ≈
aT0ΔTe(t), which leads to an exponentially decaying signal showing the same dynam-

ics as the electron temperature, characterized by the relaxation time τe−ph (see Sec. 1.3.1).

Pump-probe experiments were performed, if possible, in the weak perturbation regime,

corresponding to electron gas heating ΔTexc = Texc − T0 � 100K. For the smallest clus-

ter sizes, however, a strong perturbation regime is reached, even for very low pump laser

fluences, as will be discussed later. In this case, the temperature dynamics of the elec-

tron gas is more complex, requiring a numerical solution of Eq. (1.53). Additionally, the

time-resolved signals must be considered to be proportional only to the electron gas excess
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Chapter 2. Size dependence of electronic interactions in metal clusters

energy, the assumption of linearity with temperature not holding anymore. For the analy-

sis of all signals we therefore introduce a characteristic experimental decay time τ1/e defined

by Δue(τ1/e) = Δuexc/e, which corresponds to τe−ph in the case of weak electron excitation.

2.2.3 Experimental results

Time-resolved experiments have been performed on all samples presented in Table 2.1

using low energy pulses (setup 1, Sec. 2.1.1) and pump and probe wavelengths far from the

interband transition threshold Ωib, which is around 3.95 eV in bulk silver (see Table 1.4).

For this purpose, the direct output pulse of the oscillator (∼ 800 nm, infrared) and its

second harmonic (∼ 400 nm, blue) were used for experiments.

2.2.3.a Analysis of time-resolved pump-probe signals

We systematically performed measurements in two different experimental conditions, with

the pump pulse in the infrared (IR) and probe pulse in the blue and subsequently exchang-

ing the two beams, thus using blue pump and IR probe pulses. Using a 500�m thick BBO
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Figure 2.7: Experimental transient relative transmission change ΔT/T (full black line) for sil-
ver nanospheres of mean diameter D = 1.9 nm in the P/Pr configurations (a) 800/400 nm and (b)
400/800 nm and low pump powers (10mW and 3mW respectively). The pump power Pp can be
connected to the pump fluence F by F = 2Pp/(πσ

2frep) (with σ the pump beam waist and frep the
laser repetition rate), yielding around 70 and 1 �J/cm2 for the infrared and blue pump, respectively.
Full red lines correspond to a fit by the sum of a fast and slower exponential function (red dashed
and dotted lines).

crystal for the second harmonic generation, the cross-correlation between pump and probe
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2.2. Ultrafast electron-lattice interactions in Ag clusters

beam at the position of the sample was measured for this configuration to be around 200 fs

FWHM, which yields a sufficient temporal resolution for the addressed electron-lattice dy-

namics.

Fig. 2.7(a) illustrates the transient relative transmission change ΔT/T obtained for the

D = 1.9 nm sample in the pump-probe configuration P/Pr 800/400 nm, while Fig. 2.7(b)

shows the same sample measured with interchanged pump and probe beams (P/Pr 400/

800 nm). In both cases, after a fast rise of the signal amplitude (positive or negative),

corresponding to energy injection into the electron gas by the pump pulse, a slower decay

is observable. When probing far from the interband transition onset, as it is the case

here, the characteristic time for the signal rise is basically determined by the pump-probe

cross-correlation, its amplitude being proportional to the initially injected energy Δuexc,

whereas the decreasing part of the signal follows the dynamics of Δεib1 , reflecting electron

energy loss to the lattice, with a small contribution of ΔεD due to the concomitant lattice

heating. The signal decay can thus be correctly fitted by the sum an exponential function

and a constant or slowly decaying background (Figs. 2.7(a) and 2.7(b)). The former corre-

sponds to electron gas cooling by electron-lattice interaction (the process which is studied

here) while the latter is a weak contribution due to lattice heating which subsequently

cools down by energy transfer to the environment on longer timescales.

2.2.3.b Effects of pump power and size reduction

To investigate the effect of initial electron gas excitation on the pump-probe signals, the

pump power Pp was systematically varied. Linearity of the signals amplitude of silver

clusters of a diameter D = 1.9 nm with the absorbed energy and thus Pp is shown in the

inset of Fig. 2.8(a). In addition, for infrared pump pulses τ1/e varied approximately lin-

early with pump power, before converging to a constant value for low excitations. These

variations are consistent with the two temperature model in the regime of strong pertur-

bation (see Sec. 1.3.1). No increase of τ1/e with Pp could be observed with a blue pump

beam, its intensity being typically ∼ 50 times smaller than the infrared one and leading

thus to weak excitations.

The weak excitation time constants are retained in the following discussion as the value

describing the characteristic electron-phonon energy transfer dynamics. Size effects were

subsequently investigated for different diameters in the two configurations (IR and blue

pump) at low pump powers. Fig. 2.9 illustrates a comparison of the electron excess energy

decay dynamics of the D = 1.9 nm sample for the two pump-probe configurations (P/Pr

IR/Blue and P/Pr Blue/IR) after subtraction of the lattice contribution (to exclude an

erroneous influence of lattice heating on the characteristic time τ1/e, signals were also

acquired on a longer timescale where the lattice temperature-dependent contribution is
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Figure 2.8: Experimental pump-probe signals (a) (P/Pr 800/400 nm) of D = 1.9 nm silver
nanospheres for different pump powers Pp (42.5mW, 19.1mW and 10.3mW, black, orange and
green lines respectively). Inset: maximum signal amplitude as a function of pump power. (b) Mono-
exponential fits are shown (red dashed line) after subtraction of a background associated to lattice
heating. The deduced time constants τ1/e were 0.89 ps, 0.73 ps and 0.64 ps for decreasing Pp.

dominant, allowing to fully take into account the long delay dynamics). A clear differ-

ence in the decay dynamics is observable, which has been shown to be independent of the

probe wavelength [72]. This suggests a dependence of electron gas cooling on the pump

photon energy, in stark contrast to previous measurements performed on larger gold and

silver nanospheres (D ≥ 3 nm), for which pump wavelength-independent timescales were

obtained [18].

The decay dynamics of samples with different particle diameters can be compared, pro-

vided that the samples are excited under similar experimental conditions (pump wave-

length and energy). Fig. 2.10 illustrates the decay dynamics of particles with mean diam-

eters of 1.9 nm and 2.8 nm, excited by a blue laser beam around 400 nm and low power

(∼ 3mW). An increase of the characteristic electron excess energy cooling time τB1/e (the

index B denotes the pump wavelength in the blue) with decreasing size can be observed

with τB1/e ≈ 0.65 ps and 0.8 ps for D = 2.8 nm and 1.9 nm, respectively. Similar results are

obtained for IR pump pulses.

The principal experimental observations are summarized in Fig. 2.11 illustrating the char-

acteristic decay time after excitation by an infrared (τ IR1/e) or blue (τB1/e) laser beam at

low power. The graph shows both recent experimental results obtained during this PhD

thesis on silica-embedded clusters (1-3 nm, Table 2.1) and previous results on nanospheres

of intermediate sizes (> 3 nm) embedded in different matrices [18]. The latter were syn-
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Figure 2.9: Normalized experimental signals after subtraction of the lattice heating contribution
for D = 1.9 nm nanospheres with P/Pr 800/400 nm (full red line) and P/Pr 400/800 nm (full blue
line) and corresponding exponential fits (black dashed lines) yielding τ IR1/e ≈ 0.6 ps and τB1/e ≈ 0.8 ps
for excitation at 800 nm and 400 nm, respectively. The samples were excited at low power with
Pp ≈ 10mW and Pp ≈ 3mW for IR and blue pump beams.

thesized with a technique similar to LECBD with no mass selection or by a fusion and

heat treatment technique [104]. For both pump colors, τ1/e decreases with decreasing di-

ameter in the intermediate size range (D > 3 nm) and increases for further size reduction.

Additionally, experiments suggest a non-monotonic behavior in the very small size regime

(D < 3 nm), as clearly shown for experiments with a blue excitation. Small particles also

exhibit a clear dependence on the pump wavelength, showing a higher increase of τ1/e with

decreasing size for a blue pump pulse, while the larger nanospheres are insensitive to this

parameter.
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Figure 2.10: Normalized transient transmission for silver nanospheres of mean diameters 1.9 nm
and 2.8 nm (full black and green line, respectively). The contribution due to lattice heating has
been subtracted and the fits (red dashed lines) correspond to a monoexponential decay yielding
τB1/e ≈ 0.8 ps and 0.65 ps, respectively. The experimental conditions are very similar, with P/Pr

Blue/IR and Pp ≈ 3mW.

2.2.4 Discussion

2.2.4.a Intermediate size range: size-dependent screening effects

Silver nanospheres in the intermediate size range from 3 to 30 nm have already been mea-

sured in the past [5, 18, 105]. Fig. 2.12 illustrates an overview of these results where the

gray points in Fig. 2.11 have been replaced by colored points indicating the different ma-

trices embedding the nanoparticles of the samples. These samples have been prepared by

different techniques resulting in different surface conditions (surface roughness, attached

molecules, ...). Nevertheless, the different matrices and preparation methods are shown

not to influence the dynamics, suggesting that the signal decay in the pump-probe ex-

periment reflects intrinsic electron-lattice interaction properties of the metal. It is also

independent of different experimental conditions, as pump and probe wavelengths and

power, as long as the system is probed far from the interband transitions (IR or blue) and

in a low perturbation regime. The characteristic electron-phonon energy transfer time

decreases with size reduction. This fast electronic relaxation has been attributed to an
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2.2. Ultrafast electron-lattice interactions in Ag clusters

Figure 2.11: Overview of the measured electron-phonon energy exchange time as a function of the
particle diameter at low excitations with a pump wavelength in the infrared (a) or in the blue (b). Ag
clusters (silica matrix) have been fabricated by laser vaporization and magnetron cluster sources (red
full and open circles respectively). Previously studied samples are illustrated by gray rectangles [18].
The gray line corresponds to τbulk = 0.87 ps, the value of τe−ph in bulk silver (Table 1.5) [68]. The
black dashed line is a phenomenological fit tracing the decay of τ1/e in the intermediate size range
(see text).
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Figure 2.12: Previous measurements of the electron-phonon energy exchange time for D > 3 nm
silver nanospheres (not mass-selected) embedded in different matrices or deposited on a substrate.
The black dashed line is a phenomenological fit (see text).

enhanced electron-ion Coulomb interaction, due to the reduction of screening close to the

surfaces [5, 18]. The experimental data can be phenomenologically reproduced by a func-

tion decreasing with the surface i.e. 1/τe−ph = 1/τbulk(1+A/D
2), with A a free parameter

and τbulk the bulk value of the electron-phonon energy transfer time in Ag (see Figs. 2.11

and 2.12). A quantitative description of this effect is difficult to obtain, as the simple de-

formation potential used to describe electron-phonon coupling in the model presented in

Chapter 1 (Sec. 1.3.2.d) does not directly take Coulomb screening into account. However,

a similar behavior has been observed for electron-electron interactions in silver and gold

nanospheres in the same size range, where a quantitative model could be developed [5, 16].

2.2.4.b Small size range: pump excitation effect

The situation is different for the sizes investigated during this thesis. For clusters smaller

than 3 nm, dependence of the signal dynamics on the pump wavelength is observed, τ1/e

being systematically larger for a blue photon excitation than for an infrared one. Con-

versely, previous experiments showed that the relaxation time is independent of the probe

photon energy [72]. For small pump fluences and small cluster sizes, most of the particles
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2.2. Ultrafast electron-lattice interactions in Ag clusters

contributing to the experimental signal have absorbed a single photon, the probability of

two-photon absorption being negligibly small. The τ1/e values obtained for this very small

size range correspond therefore to absorption of only one pump photon. In this case, the

electron excess energy density is given by:

Δuexc =
�ωp

Vnp
. (2.2)

As Δuexc is inversely proportional to the particle volume (Eq. (2.2)), even the absorp-

tion of one photon can lead to very strong heating of the electron gas. Furthermore,

Δuexc is proportional to the incoming photon energy �ωp, yielding a pump wavelength-

dependent excitation. Fig. 2.13(a) illustrates the electron gas temperature increase (ob-
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Figure 2.13: Initial excess temperature (a) after absorption of a single photon with a wavelength of
800 nm (full red line) and 400 nm (dashed blue line). Inset: Linear dependence of the decay time τ1/e
with ΔTexc calculated by the TTM (Sec. 1.3.1). The corresponding τ1/e for single-photon excitation
is shown as a function of the particle diameter in (b).

tained by Eq. (1.50)) after absorption of a photon with λp = 800 nm (full red line) and

400 nm (dashed blue line) as a function of the particle diameter. A difference in the exci-

tation temperature between the absorption of a single blue and infrared photon is already

observable for diameters as large as 5 nm, this difference increasing for smaller sizes. By

solving the TTM (Eq. (1.51)), in bulk Ag and large nanoparticles, one can show that

τ1/e depends linearly on ΔTexc (see inset of Fig. 2.13(a)) [72], and converges to the low

perturbation regime limit, τbulk = 0.87 ps. The calculated τ1/e, normalized to this value

(Fig. 2.13(b)), shows, as expected, a dependence on the pump photon energy and an

increase for small particles, due to strong one photon excitation. Note that for a more
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Chapter 2. Size dependence of electronic interactions in metal clusters

quantitative estimation of the electronic temperature increase, the size-dependent electron

heat capacity should be introduced in the model (instead of using the bulk value ce = aTe,

see Sec. 1.1.1), resulting in an even more important electron heating at small sizes.

2.2.4.c Small size range: quantum effects

To analyze the measured electron cooling time on the whole size range and reveal specific

effects in the small size regime, we modeled both previous contributions (size and pump-

wavelength dependence). Figs. 2.14(a) and 2.14(b) show a fit of the experimental data

including both the increase of τ1/e with size reduction (due to the strong excitation after

absorption of a single photon) and its decrease as a consequence of reduced screening.

While the mean τ1/e rise is determined by ΔTexc and depends on the pump photon energy

(see Fig. 2.13(b)), the decaying behavior is independent of �ωp and was approximated by

a phenomenological function. In this simple picture, assuming that these two effects are
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Figure 2.14: Fit of experimental τ1/e for excitation by an infrared (a) or blue (b) pump pulse. For
calculation of the red and blue lines in (a) and (b), respectively, the combination of the increase of
τ1/e and a decreasing function (black lines, free parameter) describing the reduction of screening was
injected in the TTM. Insets: Deviations of the experimental points from the fit.

independent, we reproduced the tendency of the experimental data by their combination

by solving the TTM model, with the phenomenological function used as a fit parameter,

being the same one for both red and blue data (Figs. 2.14(a) and 2.14(b)). Here, we

used 1/τe−ph = 1/τbulk(1 + B/(D + D0)
2), with B a free parameter and D0 ≈ 1 nm,

which retrieves the surface dependence previously measured in the intermediate size range

(D > 3 nm) and reduces to a constant for D → 0, when the previous “small solid” picture

(∼ 1/D2) is not expected to work anymore. The resulting fit is able to reproduce very
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2.2. Ultrafast electron-lattice interactions in Ag clusters

well both the increase of τ1/e as well as its sensitivity to �ωp.

This indicates that one contribution to the increase of the electron-lattice energy exchange

time can be interpreted as a consequence of strong initial heating for decreasing sizes

after absorption of a single photon (Eq. (1.51)). Moreover, by subtracting the fit to

the experimental results, the remaining size-dependent residuum of the electron-lattice

relaxation time is revealed (inset in Figs. 2.14(a) and 2.14(b)). Experiments with both

red and blue pump pulses illustrate that τ1/e has a non-monotonic behavior with a sudden

increase below ∼ 2 nm, which cannot be explained by the simple approach based on the

previous model. An oscillatory behavior of τ1/e as a function of D is observable, suggesting

a change in the electronic relaxation from a “small solid” regime to a molecular-like one.

Although detailed explanation of these observations requires additional theoretical work,

a general trend can be nontheless understood with simple quantum mechanics arguments.

For a qualitative characterization, the conduction electrons can be described by a simplified

model system of free electrons in a cubic box (length Lx = Ly = Lz = L), with one electron

states given by:

En =
�
2π2n2

2mL2
, (2.3)

where the quantum numbers are described by n2 = n2
x+n

2
y +n

2
z. In order to be consistent

with the case of a very large number of states and the transition to continuity, the states

are supposed to be highly degenerated [106] with the degree of degeneracy of state n given

by:

gn = ρ(En) ·ΔEn, (2.4)

where ρ(En) is the density of states in the continuous limit (Eq. (1.5)). However, Kubo and

coworkers [107] lifted this strong degeneracy, reasoning that realistic particles never form

a perfect cube and that this deviation from symmetry leads to states that are only spin

degenerated. Additionally, they assumed that eigenvalues with large quantum numbers

(close to EF ) do not depend on the actual shape of the system nor on the boundary

conditions. They obtained thus an average level spacing of

ΔE =
2

ρ(EF )
=

4

3

EF

N
, (2.5)

with N the number of conduction electrons in the particle. Insertion of EF as a function

of N and L [22] yields:

ΔE =
2�2π4/3

31/3m∗
1

N1/3L2
. (2.6)
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Chapter 2. Size dependence of electronic interactions in metal clusters

The noble metals gold and silver both supply one s-electron per atom to the conduction

band and N is thus equal to the number of atoms in the particle, which can be expressed

as a function of the diameter:

N =
2π

3

D3

ã3
, (2.7)

with the lattice constant ã which is, in the case of bulk silver 4.09 Å. Replacing furthermore

L by the diameter D of a sphere with the same volume as the cube L3, one obtains for

the level spacing of a small nanoparticle:

ΔE =
�
224/332/3π1/3ã

m∗
1

D3
. (2.8)

The distance ΔE between consecutive levels increases with decreasing size and becomes
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Figure 2.15: (a) Size-dependent residuum electron-lattice relaxation time after subtraction of the
experimental points with the model (see text) for red (red points) and blue (blue points) pump
pulses (zoom of inset in Figs. 2.14(a) and 2.14(b)). The patterned zone indicates a rise of Δτ1/e. For
comparison the phonon density of states is shown from Ref. [108] (b).

comparable to thermal movement kBT0 at room temperature (300K) for diameters around

2.1 nm. In this size range it also becomes comparable to the maximum phonon energy,

Eph,max, that can be exchanged by electron-lattice scattering. This value for acoustic

phonons is not sensitively affected by size reduction, as demonstrated by molecular dy-

namics simulations [108], reproduced in Fig. 2.15(b), showing a cut-off phonon energy

Eph,max ≈ 200 cm−1 ≈ 25meV for small clusters, close to the one of bulk (∼ 21meV in
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2.3. Ultrafast electron-electron interactions in Ag clusters

Ag, see Sec. 1.1.1) [22]. If the electron energy spacing ΔE is larger than this maximum

phonon energy, electron-lattice relaxation is expected to slow down, single phonon emis-

sion processes not being possible anymore. A blockage for electronic relaxation is expected

for ΔE > Eph,max, corresponding to D < 2.1 nm. This is in very good quantitative agree-

ment with the residual increase (after subtracting the effects of strong heating and reduced

screening) of both characteristic relaxation times measured for red and blue pump pulses

(see Fig. 2.15(a)). A quantum model which takes into account the electron-phonon inter-

action using the complete density of states for phonons is currently under investigation.

Moreover, the further reduction of these times when the cluster sizes are even smaller

remains to be interpreted.

2.3 Ultrafast electron-electron interactions in Ag

clusters

In contrast to the former section where the interest was on the energy loss processes

from the excited electron gas to the lattice, we focus here on the internal thermalization

after excitation by a short pump pulse i.e. the buildup of thermalized (“hot”) electron

distribution via electron-electron interactions. This takes place on a shorter timescale,

typically hundred or few hundred of fs in noble metals and metal nanoparticles [5, 16, 68],

the goal here being to extend former investigations to clusters of very small sizes (D <

3 nm).

2.3.1 Ultraviolet ultrafast spectroscopy

To observe the thermalization dynamics of the nanoparticle electron gas and its modifi-

cation with size reduction, time-resolved optical spectroscopy has to provide information

about the change of the electron distribution function, Δf(E, t). This is actually possible

when probing electron states close to the Fermi energy, by using wavelengths tuned around

the interband transition threshold (see Sec. 1.5) [5, 17, 79]. For this purpose the infrared

output of the femtosecond laser was used as pump pulse (see setup 1, Sec. 2.1.1), while for

the probe beam the spectral range in the ultraviolet (UV) around 310 nm was exploited,

the interband threshold of bulk silver being located at around 3.95 eV (see Table 1.4).

The power at the sample position was around 60mW for the infrared and 10 �W for the

ultraviolet pulse. For measurements of the transient transmission, a special photodiode

with a sensitivity extended to the UV, but with a low cutoff frequency, was used. The

pump beam was thus chopped at 2 kHz which is lower than the frequency used for most

experiments (fm = 100 kHz, see Sec. 2.1.1). Also, as a consequence of the weak UV probe
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Chapter 2. Size dependence of electronic interactions in metal clusters

power, differential detection could not be realized but a good signal to noise ratio was

achieved as a consequence of a very stable laser output.

In order to compare the amplitude of the time-resolved signals at different probe wave-

lengths, they were carefully normalized to take into account variations of the pump power

and pump and probe spot sizes. The following calculation was done to quantify the depen-

dencies of the amplitudes of the time-dependent signals, assuming homogeneous particle

distribution in a thin matrix. Radial symmetry and overlap of pump and probe beams in

the sample plane were assumed, which reduces the discussion to a two-dimensional prob-

lem.

The contribution of a circle of radius ρ and width dρ to ΔT/T , illuminated by the pump

and probe beams both centered at ρ = 0, is proportional to Ip(ρ)Ipr(ρ)/Pprρdρ, with Ip(ρ)

and Ipr(ρ) the intensities of the pump and probe beams at the sample position, respec-

tively and Ppr the probe power, introduced due to the normalization by the transmission

ΔT/T . Assuming Gaussian shapes, the intensities can be described by:

Ip(ρ) =
2Pp

πσ2
p

e−2ρ2/σ2
p ,

Ipr(ρ) =
2Ppr

πσ2
pr

e−2ρ2/σ2
pr ,

(2.9)

with σp,pr the respective waists of pump and probe beams. The dependence of the signal

amplitude on the beam spots can be obtained by integration over the entire plane (the

sample being large with respect to the focused beams):(
ΔT

T

)
exp

∝
∫ ∞

0

Ip(ρ)Ipr(ρ)ρ

Ppr

dρ ∝ ApPp

σ2
p + σ2

pr

≡ K(Pp, Ap, σp, σpr). (2.10)

The linearity on Ap, which is the absorption coefficient of the sample at the pump wave-

length, and Pp, reflect proportionality to the absorbed energy, as has been shown for

example in the inset of Fig. 2.8(a). The symmetric dependence on the waists of both

beams 1/(σ2
p + σ2

pr) takes into account not only the excitation of the nanoparticles via the

focusing of the pump beam but also the detection of inhomogeneously heated particles via

the width of σpr. Note that in the case of a probe spot size much smaller than the one of

the pump (σpr � σp), the dependence on σpr can be omitted. In this situation, which is

often preferred in experiments, only a small, homogeneously heated spot in the center of

the pump beam is probed. For the present experiments, we could not purposely expand

the pump beam to fulfill this condition, as this would yield a reduction of the amplitude

of the signal.

The waists were measured by a CCD camera which was placed at the position of the sam-
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2.3. Ultrafast electron-electron interactions in Ag clusters

Figure 2.16: Pump beam (λp = 980 nm) at the sample plane, mapped by a CCD camera. Horizontal
and vertical waists are deduced from this image by a Gaussian fit to the intensity in the x and y-plane.

ple. A typical image obtained by this type of measurement is shown in Fig. 2.16 yielding

σp,pr of the same order (∼ 9× 13 �m and ∼ 8× 9 �m for IR and UV beam, respectively).

For data analysis, all comparisons between the amplitudes of different transient signals of

a sample for different probe wavelegths were done after normalization by reference values

taking into account σp,pr and Pp and Ap:(
ΔT

T

)
norm

=

(
ΔT

T

)
exp

× K(Pp0, Ap0, σp0, σpr0)

K(Pp, Ap, σp, σpr)
(2.11)

2.3.2 Modeling of the optical detection of the electron thermal-

ization

The principle of the experimental detection of the characteristic electron gas thermaliza-

tion time is illustrated in Fig. 2.17(a). After intraband excitation by an IR pump pulse

(solid red vertical arrow, Fig. 2.17(a)) and electron momentum conservation by inelastic

scattering (red dashed horizontal arrow), the energy distribution of the electron gas in the
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Chapter 2. Size dependence of electronic interactions in metal clusters

conduction band is strongly out-of-equilibrium (Fig. 2.17(b) and (c)). The optical detec-

tion of this distribution change can be realized via a probe pulse of photon energy close

to the interband transition threshold (�Ωib), which is shown for the silver band structure

near the L-point (�Ωib ≈ 3.95 eV). At equilibrium, both transitions from the d-band to

the conduction band (d→p) and from the conduction band to the s-band (p→s) contribute

to the interband dielectric function. After ultrafast excitation, supplementary transitions

are made possible (Fig. 2.17(a), full black arrows) whereas other transitions become less

efficient due to the transiently modified electron distribution (Fig. 2.17(a), black dotted

arrows). For photon energies close to �Ωib, the time delayed probe pulse is thus directly
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Figure 2.17: (a) Scheme of the experimental detection of the electron gas distribution change
Δf (see text for details). (b) Electron distribution before excitation (energies are shown by their
distance to the Fermi energy EF ). The pump pulse promotes electrons with energies below EF to
states above EF . (c) Electron distribution change around EF for t = 0 and t > 0 (full and dashed
line, respectively).

sensitive to the electronic distribution change Δf (Fig. 2.17(c)) via the change of Δεib1

and Δεib2 . For the short timescales of electron internal thermalization (few hundred fs),

the modification of the interband term of the metal dielectric function indeed dominates

over its Drude term [5, 17]. In the following, we thus concentrate on the analysis of Δεib1,2

induced by Δf (see Secs. 1.3.2 and 1.4).

2.3.2.a Optical response of nanoparticles following electron distribution

changes

Following the model presented in Chapter 1 (Secs. 1.3.2, 1.4 and 1.5), the transient modi-

fication of the extinction cross-section of a 30 nm silver sphere in a glassy matrix (nm=1.4)
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2.3. Ultrafast electron-electron interactions in Ag clusters

is computed (Fig.2.18(a)) for three different time delays and energies around the interband

transition threshold of silver (t = 0 is defined as the moment when half of the energy of the

pump pulse has been absorbed). The linear absorption spectrum σext and its derivatives

a1,2 have already been commented in Sec. 1.2, Fig. 1.10(a). Fig. 2.18(b) shows the con-

tributions of a1Δε
ib
1 and a2Δε

ib
2 to Δσext for a delay t = 400 fs. In the considered spectral

region, the derivatives a1 and a2 being relatively undispersed (negative and positive, re-

spectively), the contributions to Δσext follow the real and imaginary parts of the dielectric

function Δεib1 and Δεib2 with a slight domination of Δεib2 for most wavlengths (Fig. 2.18(b)).
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Figure 2.18: Computed extinction cross-section changes (a) for a D = 30nm Ag nanosphere in
glass (nm = 1.4) at three different delays after excitation by a 850 nm and 60 fs pump pulse with
ΔTexc = 100K. For computation, the bulk dielectric function changes have been multiplied by the
spectral derivatives of the calculated extinction cross-section (Sec. 1.5). (b) Contributions of the
change of the real and imaginary parts of the interband dielectric functions for a delay of 400 fs.

Alternatively, Δσext can be plotted at fixed probe energy �ωpr as a function of the pump-

probe time delay t (Fig. 2.19(a)). Comparing time-dependent signals of different probe

photon energies around �Ωib is very insightful. Close to the maximum amplitude (∼ 4 eV)

the transient behavior is characterized by a fast rise followed by an exponential decay.

The delay necessary to reach the peak of the signal contains information on the electron-

electron interaction dynamics, while its decay corresponds to the electron gas energy loss

to the lattice [109]. Nonetheless the signal shape changes considerably for probe pho-

ton energies far from �Ωib (> 4.2 eV), where the signals change sign with time evolution.

Additionally, even for probe photon energies with no sign change (< 3.9 eV), the rise of

Δσext is faster compared to the one at the maximum of the amplitude. Definition of a
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Chapter 2. Size dependence of electronic interactions in metal clusters

characteristic internal electron gas thermalization time is thus less straightforward as the

one of the electron-phonon interactions, where the dynamics are basically independent of

the probe wavelength. Here, the signal dynamics is very sensitive to the probe photon

energy due to the dependence of Δεib1,2 on Δf(E). For probe wavelengths far from �Ωib, a

fast transitional response can thus be expected, due to fast electronic relaxation of energy

states far from the Fermi level, as predicted by the Fermi-liquid theory [22] whereas close

to �Ωib slower electron kinetics are assumed.

Figure 2.19: (a) Same as in 2.18(a) plotted as a function of probe delay for different probe photon
energies. In (b) the contribution to Δσexc of the real and imaginary part of the change of the
interband dielectric functions are shown. Signals are vertically shifted for clarity.

However, close to the signal maximum the dynamics are unchanged over a small spectral

range (3.9 eV to 4.1 eV), the rise of Δσext reflecting the occupation change of electronic

states close to the Fermi energy. Electron scattering in and out of those states is the slow-

est process during the thermalization of the electron gas and a measure of their occupation

change reflects thus the characteristic thermalization dynamics of the entire free electron

gas.

In this section we will study modifications due to nanoparticle size reduction of both the

spectral features of Δσext around the interband transition threshold (see e.g. Fig. 2.18(a))

and of the characteristic electron gas thermalization time τth, defined as the rise of the

time-dependent Δσext at its maximal amplitude.
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2.3. Ultrafast electron-electron interactions in Ag clusters

2.3.2.b Testing the model: Ag film

The quantitative modeling described here and in Chapter 1 (Secs. 1.3.2, 1.4 and 1.5) pro-

vides the absolute value of the transmission changes ΔT/T . As a test for the different

parameters used in the Boltzmann equation (screening β, bulk τe−ph, see Table 1.5), as well

as the ones in the model for the interband dielectric function (electronic band gaps and

momentum matrix element, see Sec. 1.1.4), which we chose differently than in previous

studies (e.g. Refs. [5, 17, 68]), we compare the simulated dynamics to that measured in an

optically thin (L = 23 nm) polycrystalline silver film. Measurements on the Ag film were

realized in parallel to the actual samples, thus also serving as a test of the experimental

conditions and of the normalization of the signal amplitudes.
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Figure 2.20: Experimental (a, λp = 3λpr) and simulated (b, λp = 850 nm) pump-probe transient
transmission for a L = 23nm silver film for different probe photon energies. The amplitudes of the
experimental signals were normalized to ΔTexc = 100K. For the calculated signals a 850 nm and 60 fs
pump pulse with ΔTexc = 100K was used. The red dashed lines in (b) correspond to an infinitely
short temporal resolution, the black full lines illustrate the same signals convoluted by a Gaussian
function of 140 fs FWHM, corresponding to the temporal width of the experimental probe pulses.

The experimental results of the relative transmission change ΔT/T for different probe

photon energies are shown in Fig. 2.20(a). The sample has been excited by the direct

output of the Ti:Sapphire laser and the signals have been normalized to an equivalent

electron excess temperature ΔTexc ≈ 100K. The experimental signals can be compared

to the simulated ones (Fig. 2.20(b)), where Δεib1,2 has been calculated with the same pa-
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rameters as before (850 nm and 60 fs pump pulse with ΔTexc = 100K). The transmission

of the film and its derivatives with respect to ε1,2 were introduced by using the theoretical

transmission formula for thin films [36, 110].

Shape and amplitude of the signals are in very good agreement, except for small discrepan-

cies in amplitude for high probe photon energies, which could be ascribed to uncertainties

in film thickness or excitation. The good quantitative agreement is underlined by Fig. 2.21,

where the amplitudes of the experimental, time-dependent −ΔT/T signal for probe delays

of 0 fs, 400 fs, 1 ps have been plotted as a function of probe photon energy and compared

to simulations. For a better visibility both signals have been normalized at the spectral

maximum for a delay of 400 fs. The simulated −ΔT/T (�ωpr) (Fig. 2.21) have been con-

voluted by a Gaussian function of 0.2 eV FWHM in order to take into account the energy

width of the probe pulse (Fig. 2.21, inset) while the simulated time-dependent signals have

been convoluted with a 140 fs probe pulse duration (Fig. 2.20(b)).

Figure 2.21: Experimental transient spectra of the L = 23nm Ag film for probe delays of 0 fs
(black rectangles), 400 fs (orange dots) and 1 ps (green triangles) with the same conditions as in
Fig. 2.20(a). Simulations have been performed with the same parameters as in Fig. 2.20(b), the results
being convoluted by a Gaussian function of 0.2 eV FWHM. For easier comparison, experimental and
simulated signals have been normalized, setting the maximum of the curve of a probe delay of 400 fs
to unity. Inset: Simulated transient absorption for t = 400 fs before (orange dashed line) and after
convolution (full orange line).

As in the case of Ag nanoparticles, the slowest dynamics occurs for probe wavelengths

yielding signals of maximal amplitude. It can be fitted using a phenomenological response

function, assuming a monoexponential rise with an internal thermalization time constant
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τth and exponential decay with the relaxation time τ1/e:

f(t) = H(t)
[
B(1− e−t/τth)e−t/τ1/e

]
, (2.12)

with H(t) the Heaviside function. The first term represents the exponential rise due to

electron-electron scattering, while the second one describes the decay provoked by electron-

phonon interactions. If necessary, an additional background y0 taking into account lattice

heating and heat transfer to the matrix can be introduced. A fit of the experimental

results is obtained by convolution of the response function f(t) and the pump-probe cross-

correlation function, described by a Gaussian function with 150 fs FWHM (see Sec. 2.1.1).

The experimental signal at probe photon energy �ωpr = 3.92 eV (Fig. 2.22(a)) yields the

characteristic times τth = 300 fs and τ1/e ≈ τe−ph = 0.9 ps which are in very good agreement

with literature values [68]. The phenomenological function can also be used to reproduce

the simulated signal yielding similar values (Fig. 2.22(b)). This comparison between model

and experiments in an Ag film confirms that the chosen parameters are correct for the

ultrafast spectroscopy investigations of bulk silver and that the normalization procedure

we introduced in Sec. 2.3.1 is adapted for analysis of signals with variable pump-probe

parameters (e.g. absorption, pump power, waists).
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Figure 2.22: (a) Experimental pump-probe signal of a silver film with P/Pr 1.31/3.92 eV (full black
line, same as in Fig. 2.20(a)) and fit using the phenomenological function f (full red line), convoluted
by a Gaussian function of 150 fs FWHM (red dashed line) corresponding to the temporal resolution
of the experiment. (b) Simulated signal for the same probe photon energy and by taking into account
the 140 fs temporal duration of the probe pulse (full black line, same as in Fig. 2.20(b)) and its fit
(full red line).
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2.3.3 Experimental results for small particle sizes

2.3.3.a Transient time-resolved signals

Pump-probe signals have been recorded for several Ag cluster samples of Table 2.1 obtained

by magnetron (D = 1.1, 1.5 and 1.9 nm) and LECBD (D = 2.2 and 2.8 nm) synthesis. In

Figure 2.23: Experimental pump-probe signals (a) and simulated transient extinction cross-section
(b) for D = 2.8 nm Ag nanospheres in silica at different probe photon energies. Simulations have been
performed with a 60 fs and 850 nm pump pulse with ΔTexc = 580K (absorption of one photon) and
convoluted with the 140 fs probe pulse. The bulk model has been adapted to stronger electron-phonon
coupling due to size reduction (τe−ph = 0.48 ps).

Fig. 2.23(a) the time-dependent ΔT/T for different probe photon energies for the largest

studied sample is reported, consisting of Ag nanospheres with an average diameter of

D = 2.8 nm. A maximal signal is obtained for �ωpr = 4 eV and a sign change is observable

for low photon energies (< 3.88 eV). The short delay dynamics behave in the same way

as predicted for larger particles (see Sec. 2.3.2). The change of the extinction spectra

Δσext (proportional to −ΔT/T ) has been modeled by solving the Boltzmann equation

with a 60 fs and 850 nm pump pulse and equivalent electron gas heating of ΔTexc =

580K, corresponding to absorption of a single IR photon. Furthermore the electron-

phonon intrinsic time was fixed to τe−ph = 0.48 ps which corresponds to the experimentally

measured value of τ1/e for this size (see Sec. 2.2.3.b). The experimental extinction spectrum

of the samples not being available because of their very low density, the derivatives a1 and

a2 have been calculated from the simulated spectrum as explained in Chapter 1 (Sec. 1.2)

using the refractive index nm of the porous silica matrix as a free parameter. To properly
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reproduce the spectral features, an effective value nm ≈ 1 was used compensating for

uncertainties in the dielectric functions measured by Johnson and Christy [25], which are

known not to correctly reproduce the SPR position in silver (Sec. 1.2) [30].

Agreement of the shape of experimental and simulated signals is still very good for particles

in this size range. Moreover, the thermalization time τth (given by the characteristic time

of the amplitude rise at 4 eV) is visibly shorter for the experimental signal than for the

simulated one. This is a consequence of particle size reduction which will be discussed in

Sec. 2.3.3.d.

2.3.3.b Excitation-dependent dynamics

We have seen above (Sec. 2.2.4.b) that for very small nanospheres (D < 3 nm), excitation

is most often induced by absorption of a single photon and the equivalent temperature of

the electron gas is very high. This strong temperature rise ΔTexc also affects τth, which

then strongly depends on the energy injected in the electron gas [68, 109]. Indeed, for

strong excitation the rise of the signals becomes faster, yielding reduction of τth. The

increase of electron-electron scattering rates can be quantitatively understood by basic

considerations on the perturbed electron gas. For weak energy injection, only a small

fraction of the conduction electrons are implicated in the scattering processes, most of

them still occupying initial unperturbed states. However, for stronger excitation a greater

number of electrons is perturbed which leads to a decrease of occupied states around the

Fermi energy. As a consequence of the Pauli exclusion principle the unoccupied states

constitute an increasing number of final scattering states and thus lead to more efficient

electron-electron scattering processes [109].

In the same way as in Sec. 2.2.4.b, effects of strong excitation are observed for infrared

pump pulses by varying their power, due to the absorption of more than one photon by

a part of the nanoparticles. Fig. 2.24(a) illustrates the transient transmission signals of

D = 1.1 nm particles in the pump and probe configuration P/Pr 910/303 nm (4.09 eV).

The pump power has been increased from 7mW (green line) to 68mW (black line), the sig-

nals being fitted following the procedure of Sec. 2.3.2.b (dashed red lines). As expected, for

the stronger excitation the signals show a faster electron scattering dynamics (τth = 130 fs

vs. τth = 250 fs) and a slower electron-phonon dynamics (τ1/e = 1.95 ps vs. τ1/e = 0.84 ps),

the second quantity being in good agreement with the two-temperature model and ex-

periments in the configuration IR/Blue (compare Fig. 2.11). To simulate the increase of

τth, in Fig. 2.24(b) we modeled the signal by solving the bulk Boltzmann equation for

different electron gas excitations corresponding to absorption of one and two 850 nm pho-

tons (ΔTexc ≈ 2800K and 4400K, respectively). The experimentally measured trend is

confirmed.

79



Chapter 2. Size dependence of electronic interactions in metal clusters

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0 (a)

τ
1/e

=1.95 ps

τ
1/e

=0.84 ps

τ
th
=130 fs

 

 

-Δ
T

/T
 (

n
o

rm
a
li

z
e
d

)

Probe delay (ps)

τ
th
=250 fs

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.2

0.4

0.6

0.8

1.0 (b)

 2 photons

 1 photon

 

 

Δ
σ

e
x

t (
n

o
rm

a
li

z
e
d

)

Probe delay (ps)

Figure 2.24: Experimental transient transmission (a) and simulated transient extinction cross-
section (b) for D = 1.1 nm silver nanospheres for �ωpr = 4.09 eV. For the pump pulse of the
experimental signal a 910 nm beam of 7mW (full green line) and 68mW (full black line) was used.
Experimental signals were fitted by f(t) (Eq. (2.12)), convoluted by the pump-probe cross-correlation
of 150 nm FWHM (dashed red line). For the simulated signals in (b), bulk parameters were used and
the free electrons were excited by a 60 fs and 850 nm pump pulse with ΔTexc = 2800K (full green
line) and ΔTexc = 4400K (full black line). In order to take into account the duration of the probe
pulse, the simulated signals were convoluted by a 140 fs FWHM Gaussian function.

When comparing τth in samples of different sizes it must be kept in mind that, as in the

case of electron-phonon interactions, in this size range particles are excited by a single

photon for low pump fluences. As a consequence, the excitation of the particles is size-

dependent, their dynamics for these strong perturbations being sensitive to ΔTexc. The

experimental values obtained for τth should thus be considered as a lower limit (τth de-

creases for strong excitation). For further investigation on the impact of single photon

absorption on the thermalization dynamics of Ag clusters in the very small size range,

similarly to the observations for τ1/e (Sec. 2.2.4.b), the dependence of τth on the pump

photon energy (e.g. blue pump wavelength) should be studied in future experiments.

2.3.3.c Ultrafast transient absorption spectra: size dependence

The −ΔT/T spectra at a fixed probe delay (e.g. 400 fs) for different diameters have been

experimentally investigated and theoretically simulated. In simulations the intrinsic cou-

pling time τe−ph = 0.87 ps of bulk silver was kept constant with particle size, as it does not

influence the signal at short probe delays. Additionally we checked that the transient spec-

tra were not considerably modified for slightly changing electron thermalization dynamics,

using therefore a weak excitation ΔTexc = 100K for all particle sizes (for a complete re-
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2.3. Ultrafast electron-electron interactions in Ag clusters

production of the time-dependent signal shapes, both modifications of the size-dependent

ΔTexc and the adjustment of the electron-electron kinetics via the screening parameter

β with particle size would be needed. However, small excitation signals reproduce well

the shape of the experimental signals, a small change of their dynamics being negligible

for the comparison of size-dependent transient absorption spectra). In Figs. 2.25(a)
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Figure 2.25: Experimental (a,c) and simulated (b,c) transient spectra at pump-probe delay t =
400 fs for Ag nanoparticles of different diameters and for the Ag film. All spectra were normalized
at their maximum. The simulated ones were convoluted by a Gaussian function of 0.2 eV FWHM.
Excitation in the experimental transient spectra was made by an IR beam (λp = 3λpr) with a power
around 60mW. Simulations were performed using bulk parameters and a 60 fs and 850 nm pump
beam with ΔTexc = 100K.

and 2.25(c) we show the experimental transient absorption spectra for the Ag film and for

large nanospheres investigated in the past (D ≥ 6 nm in glass [104]). For computations

(Figs. 2.25(b) and 2.25(d)), an effective value of the glass optical constant nm = 1.4 was

used yielding the best reproduction of the spectral positions for metal nanoparticles.
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Chapter 2. Size dependence of electronic interactions in metal clusters

When comparing the transient spectrum of the largest nanoparticles (D = 24 nm) to

the one of bulk Ag (Fig. 2.25(a)), its width is considerably larger and the sign change is

shifted to higher energies (blue shift). The size decrease of the glass-embedded nanospheres

(D = 6nm, Fig. 2.25(c)) induces a further blue shift of their transient spectra, with a clear

sign change at low probe photon energies and a tail in amplitude towards high energies.

This is also reproduced by simulations (Fig. 2.25(d)), where size effects are exclusively in-
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Figure 2.26: Computed extinction cross-section for silver nanospheres of different diameters in glass
(a) and silica (b).

troduced in the linear extinction spectra of the particles, via the surface broadening term

2gvF/D (with g=0.7) in ε2 (see Sec. 1.1.3, Eq. (1.26)). The associated extinction spectra,

calculated by Mie theory (Sec. 1.2) are shown in Fig. 2.26(a). This has a consequence in

the derivative coefficients a1 and a2 (Sec. 1.2) which become size-dependent. This pure

plasmonic effect is able to explain the ΔT/T spectral shape modifications in D = 24 nm

and D = 6nm samples being precisely reproduced with no adjustment of the bulk param-

eters in the Boltzmann equation and the model for optical transitions of Rosei et al. (see

Secs. 1.1.4 and 1.3.2, Figs. 2.25(b) and (d)).

In the small size regime investigated in this work, transient absorption behaviors are dif-

ferent. Fig. 2.27(a) shows the transient absorption spectra obtained for 1.1 ≤ D ≤ 2.8 nm

nanospheres (Table 2.1). Here, the samples below D = 2.8 nm show non-monotonic shifts

with reducing diameter. At the same time the width reduces and the curves lose their

long energy tail. This behavior does not seem to be predicted by the present model

(Fig. 2.27(b)), based on bulk considerations for the dynamic processes via Δf(t), and

dielectric plasmonic modifications for the extinction spectra. In this “small solid” picture,
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Figure 2.27: Experimental (a) and simulated (b) transient spectra for Ag clusters in the very small
size range (full dots: LEBCD, open dots: magnetron source) in the same conditions as in Fig. 2.25.
All spectra were normalized at their maximum, the simulated ones were convoluted by a Gaussian
function of 0.2 eV FWHM.

the SPR broadening with size reduction (Fig. 2.26(b)) would as for the larger sizes induce

a blue shift of the transient absorption spectra (see Fig. 2.27(b)).

Fig. 2.28 summarizes the size dependence of a characteristic property of the transient

−ΔT/T spectra (t = 400 fs, Figs. 2.25(a), 2.25(c) and 2.27(a)), namely the energy posi-

tion of the sign change at low energies (E0, see Fig. 2.25(c)). The energy E0 is a reliable

parameter with a very small uncertainty as it is independent of the amplitude normal-

ization. Fig. 2.28 shows a continuous blue shift of the experimental transient absorption

spectra with size reduction for nanospheres larger than 2.3 nm, while for smaller sizes the

position of the peak ceases to vary continuously and shows an oscillating behavior around

a constant red-shifted value (blue dots), this being not predicted by simulations.

An interpretation for the modified behavior of the size-dependent transient absorption

spectra in the small size regime can be given by interband transition modifications, and for

small sizes, by electron energy discretization effects. In linear spectroscopy investigations

on gold nanoparticles, a change in the interband transition spectrum was already observed

in the past for sizes constituting the transition from bulk-like to molecular-like systems

and attributed to lattice parameter modifications [111]. This can lead to modifications of

the interband onsets for d→ p(L) and p→ s(L) transitions in Ag, or even enable supple-

mentary transitions. Also, the momentum matrix element can be altered, thus changing

the ratio between the different interband transitions (Sec. 1.1.4, Fig. 1.9(a)). As for the
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Figure 2.28: Position of the sign changes at low energies E0 of the experimental (blue dots) and
simulated (red dots) transient spectra obtained from Figs. 2.25(c)-(d) and 2.27(a)-(b) as a function
of the particle diameter.

electron-lattice relaxation, this small size regime is characterized by specific dependencies

which are not in continuity with the “small solid” regime.

2.3.3.d Electron internal thermalization: size dependence

To study electron gas thermalization kinetics, the internal thermalization time τth of the

samples with different particle sizes has been measured. The experimental short delay

transient transmission signals of particles with diameters of 2.3 nm, 1.5 nm and 1.1 nm

(normalized to unity) are illustrated in Fig. 2.29. They have been fitted using the phe-

nomenological function f(t) (Eq. (2.12)), convoluted by the cross-correlation of pump and

probe pulses. The rise of the signals clearly slows down for smaller particles. This phe-

nomenon cannot be explained by the “small solid” model describing the dynamics by Δf ,

with a size-dependent excitation ΔTexc (see Sec. 2.3.3.b). A stronger excitation for smaller

nanospheres would lead to the acceleration of the electron gas thermalization, which is in

contrast to the experimental observations. The “small solid” model is thus not sufficient

for the reproduction of the observed increase of τth.

The characteristic electron gas thermalization times are plotted in Fig. 2.30. They decrease

continuously from the bulk value τth ≈ 340 fs [68] to τth ≈ 150 fs for nanospheres of a diam-
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Figure 2.29: Experimental transient transmission signals for D = 2.3 nm (full red line), 1.5 nm
(dashed green line) and 1.1 nm (dotted orange line) silver nanospheres and their respective fits (full
black lines). The samples were excited at low pump powers (∼ 10mW) and probe photon energies
were around 4 eV. The fits yield τth = 150 fs, 200 fs and 250 fs for decreasing sizes. One photon
absorption corresponds to ΔTexc ≈ 850K, 1800K and 2800K for the samples of decreasing size.

eter D = 2.8 nm. As for the electron-phonon coupling time, the measured modifications

result from an intrinsic effect of the metal and are not affected by the embedding matrix or

the sample preparation technique [5, 16, 17]. The decrease of τth has been quantitatively

studied and interpreted in the past [5, 16, 17]. It has been experimentally shown that this

effect is independent of the pump photon energy and is thus not uniquely provoked by

a stronger excitation with decreasing nanosphere diameter. The more efficient electronic

interaction responsible for decreasing τth has been explained by modifications of electronic

Coulomb screening close to the surfaces. Using Eq. (1.65) and assuming weak excitation,

the dependence of the scattering rate of an electron out of its state can be approximated

by [112]:

γe ∝ n−5/6
(
εib0
)−1/2

, (2.13)

with εib0 the d-electron contribution to the static metal dielectric function and n the metal

free electron density. The thermalization time τth is a consequence of many scattering
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Figure 2.30: Characteristic electron gas thermalization time as a function of the silver nanoparticle
diameter and for several matrices. The horizontal gray line corresponds to literature value for a
thin silver film. The full black line is obtained by computations of electron scattering with reduced
screening, described in the text.

events whose characteristic times vary with γ−1
e . Both parameters in Eq. (2.13) are modi-

fied with particle size due to the increasing impact of surfaces. First, the electron density

has been shown to be non zero for a a region exceeding the classical particle radius, which

is the so-called electron spillout effect [113]. Furthermore, screening by d-electrons is less

efficient in the outer layers of the particles [114, 115]. Both effects contribute to an increase

of γe for increasing surface-to-volume ratios (hence for small particles). Using this “small

solid” approach, the modifications of τth in the intermediate size range were quantitatively

reproduced (Fig. 2.30).

However this correction to the bulk model begins to fail for particles smaller than about

2.3 nm, being the same size range as the observed deviations from the bulk description

of the transient absorption spectra (Sec. 2.3.3.c). In this range the measured thermaliza-

tion time increases with decreasing diameter, and becomes even comparable to the bulk

value for the smallest samples (τth ≈ 300 fs). This is not explainable by including reduced

screening due to surfaces, nor by strong heating as a consequence of one photon absorp-

tion. It could be another manifestation of discretization of electronic states (Sec. 2.2.4.c),
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a quantum model remaining to be developed.

2.3.4 Electronic interactions in Ag clusters: summary

Time-resolved pump-probe measurements were performed on surfactant-free silica-embedded

silver clusters with diameters from 1.1 to 3 nm. This demonstrated modifications of dif-

ferent physical processes for sizes smaller than about D = 2.3 nm, corresponding to few

hundred atoms.

The electron-phonon interactions optically investigated far from resonances showed pump

photon-dependent dynamics which could be quantitatively explained by the excitation

following the absorption of a single photon, inducing an average increase of the electron-

lattice energy exchange time τ1/e with size reduction. However, for D < 2.3 nm, a non-

monotonic behavior of τ1/e demonstrated a change of “regime”, where the discretization

of electronic energy states plays an important role.

Close to the interband transitions, the transient absorption spectra −ΔT/T could be re-

produced for particles with diameters larger than 2.3 nm while the transient spectra of

the smaller sizes showed characteristics that could not be described by the “small solid”

model. A change in the transient absorption spectra can be induced by the modification

of the electronic band structure which can also be a consequence of discretization effects.

The observed increase of the characteristic electron gas thermaliztation time τth with par-

ticle size reduction occurred in the same size range (∼ 2 nm). In a simple picture this rise

can be explained by the increasing distance of discrete electronic levels leading to weaker

interactions due to fewer possible final electronic states (reduced phase space).

Modifications in dynamics and spectral features could not be explained by describing the

metal nanoparticles as a “small solid” modified by surface effects. The onset of these

modifications in Ag clusters was found to be a diameter of D = 2.3 nm. Here, quantum

confinement effects begin to become dominant, yielding the expected transition from a

bulk-like to a molecular-like behavior. This transition for diameters around 2 nm is in

good agreement with former measurements on the electrochemical [116] and linear optical

properties of metal nanoparticles [111], and correspond to energy level spacing larger than

the thermal energy and the maximum phonon energy.

2.4 Electron dynamics in thiol-stabilized Au clusters

Various modifications of optical and electrochemical properties of gold due to size reduc-

tion have been reported in the past: gold nanoparticles have been found to be particularly

active in catalysis although bulk gold is totally inactive, the origin of this phenomenon still

being unclear [10, 11]. The linear optical absorption spectra of gold clusters show a local-
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Chapter 2. Size dependence of electronic interactions in metal clusters

ized surface plasmon resonance down to a diameter of 2 nm, signature of a metallic state,

and exhibit molecular states for smaller sizes with specific optical absorption characteris-

tics depending on their structure and environment [117–119]. Furthermore, fluorescence

with a high quantum yield was detected in the visible and in the infrared range of the

spectrum, also in contrast to bulk gold [95, 120, 121].

In this context, thiol-protected gold clusters present the key advantage of being atomi-

cally well defined in the very small size range (0.5 to 2 nm), opening an excellent possibility

for time-resolved investigations [92–98, 120]. In this section we investigate the ultrafast

dynamics of these model gold nanoparticles, the objective of these studies being the char-

acterization of electronic interactions in a size range where transitions from a “small solid”

to a molecular-like behavior will occur.

2.4.1 Samples

Thiol-stabilized Au clusters were synthesized by the “Functional and Nanostructured Ma-

terials” team (A. Demessence) at the Institut de Recherches sur la Catalyse de l’Environment

de Lyon (IRCELyon) in Lyon. These nanosystems are precisely defined by n gold atoms

and m surrounding thiolate ligands, formulated as Aun(SR)m. Only few n,m combina-

tions are stable, giving rise to “magic numbers”. For the synthesis, ligands and metal

salts are kept in a strong reducing environment (NaBH4), the ligands serving to regular

and stabilize cluster formation. Using appropriate synthesis parameters, size and thiolate

ligands at the surface can be controlled [15, 122–126]. In this work, the neutral atomi-

cally defined clusters Au25, Au102 and Au144, as well as a larger nanoparticle sample of

mean diameter of D = 3.5 nm (AuD=3.5nm) are studied. The samples, their surfactants,

solubility, corresponding diameters (in the approximation of a homogeneous gold sphere

with the same number of atoms as in the clusters) and reported preparation methods are

provided in Table 2.2, the different ligand molecules being shown in Fig. 2.31.

Table 2.2: Presentation of the investigated samples, different stabilizing ligands, solubility, equiva-
lent mean diameters and references for the preparation method.

gold atoms (n) ligands (m) solubility D (nm) reference

25 SCH2CH2Ph (18) CH2Cl2, toluene, DMF 0.9 [15]

102 SPhCOOH (44) water, DMF 1.5 [123]

144 SCH2CH2Ph (60) CH2Cl2, toluene, DMF 1.7 [122, 124]

1400 SCH2CH2Ph CH2Cl2, toluene, DMF 3.5 [125, 126]
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2.4. Electron dynamics in thiol-stabilized Au clusters

Figure 2.31: Ligands used for stabilizing the gold clusters. The sulfur atoms are bound to the gold
ones.

The complete cluster structure could be resolved for Au25 [127, 128] and Au102 [129, 130]

by X-ray crystallography, the one for Au144 [131] was deduced from theoretical compu-

tations, recently confirmed by STEM-measurements [132]. The smallest cluster, Au25,

is constituted by an icosahedral Au13 core capped by an exterior shell composed of the

remaining twelve Au atoms, the whole cluster being encapsulated by the eighteen thiolate

ligands (see Fig. 2.32(a)). Similar structures are observed for Au102 and Au144, where a

core of gold atoms is surrounded by a quasi-shell of gold atoms bound to the sulfur atoms

of the ligands, leading to “monolayer protected clusters (MPCs)” [133].

Figure 2.32: Geometric structure (a) of Au25, formed by an Au13 icosahedral gold core encapsulated
by 6 Au2(SCH2CH2Ph)3 semirings [127, 128]. Electronic energy structure calculated by Zhu et
al. [127] (b), showing HOMO-LUMO separation.

The structure of metal clusters and their electronic and optical properties are directly

related [117–119]. In general the electronic energy states of small clusters reflect a hy-

bridization between the gold and ligand electronic levels [117]. For Au25, discrete electronic

energy levels could be computed [127] yielding a quite large gap (1.3 eV) between the high-

est occupied and lowest unoccupied molecular states (HOMO and LUMO, respectively,
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Fig. 2.32(b)). A HOMO-LUMO separation is still predicted for Au102 with a smaller value

of around 0.5 eV and smearing out of the energy levels [134, 135], and becomes smaller in

the case of Au144 [131].

The measured absorption spectra of the different samples is shown in Figs. 2.33(a) and (b).

The largest sample presents a surface plasmon resonance at around 520 nm, in agreement

with Mie calculations for nanospheres in an aqueous solution (red line). This resonance is
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Figure 2.33: Experimental (black line) and simulated (red line) absorption spectra of theD = 3.5 nm
sample in DMF. Simulation were obtained by Mie theory and considering quantum confinement and
inhomogeneous broadening by the factor g = 1.5 (Eq. (1.26)). (b) Experimental spectra of small Au
clusters in DMF.

smeared out in Au144 and Au102 due to size reduction as a consequence of electron-surface

broadening (see Sec. 1.1.3) and quantum confinement effects. In Au25 three distinct fea-

tures are observed, at 680 nm, 450 nm and 400 nm and can be explained by electronic

transitions between the calculated electron energy levels [127]. In particular, the peak

at 680 nm in the linear absorption spectrum is attributed to the HOMO-LUMO transi-

tion (Fig. 2.32(b), see transition a), dominated by the quantized sp states of the gold

atoms. The small shoulder at around 800 nm has previously been attributed to a nega-

tively charged sample [136]. However, as we observed a similar shoulder in our neutral

samples, increasing with solution aging, it could also be associated to impurities in the

solution. Moreover, after several days, the spectra of the clusters in solution lose their

characteristic features, especially Au25, probably due to aggregation or their separation

into atoms. The absorption spectra were thus carefully monitored during experiments to

guarantee the sample stability.

In order to check the quality of the synthesis, the smallest clusters were characterized by
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electrospray ionization mass spectrometric analyses (ESI-MS), X-ray crystallography and

thermal gravimetric analysis (TGA). For the bigger Au144 sample Matrix-Assisted Laser

Desorption/Ionization (MALDI) TOF measurements were performed instead of ESI-MS.

The size of the largest D = 3.5 nm particles was measured by TEM, this sample being

polydisperse conversely to smaller clusters (Fig. 2.34).

Figure 2.34: TEM image of D = 3.5 nm sample and its size distribution.

2.4.2 Experiments

Time-resolved, low excitation experiments have been performed using setup 1 (Sec. 2.1.1)

both in the configuration P/Pr IR/Blue and P/Pr Blue/IR by frequency doubling the IR

beam (see Sec. 2.2), and with a visible probe light using the optical parametric oscillator

(OPO). The OPO emitting light in the visible range 480-700 nm, it was thus possible to

probe the samples close to the bulk gold interband transition threshold, centered around

520 nm. In configurations including the OPO, the temporal resolution of the experiment,

namely the pump-probe cross-correlation FWHM, was determined to be ∼ 350 fs, pro-

cesses considerably faster than this resolution could thus not be precisely characterized.

All measurements were performed on solutions in 1mm-thick quartz cuvettes, and low

particle concentration. The samples were kept in powder form, under refrigeration and

were dissolved in Dimethylformamide (DMF) before each experimental series. Measure-

ments in a strong perturbation regime with a white light probe (setup 2, Sec. 2.1.2) were

performed to confirm the experimental results.

2.4.2.a Transient absorption spectra

The transient absorption spectra−ΔT/T for low excitations (pump fluence F ≈ 100 �J/cm2)

at a pump wavelength of 820 nm and a time delay of 1 ps for Au25, Au102, Au144 and for

the largest sample (D = 3.5 nm) are shown in Fig. 2.35. They have been obtained by
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Figure 2.35: Experimental transient absorption spectra at a time delay of t = 1ps for the samples
AuD=3.5nm, Au144, Au102 and Au25. The theoretical transient spectra for AuD=3.5nm (black dashed
line) has been computed using the derivatives a1,2 from the linear spectrum shown in Fig. 2.33(a),
and the computed Δεib1,2 for bulk Au (see Secs. 1.3.2, 1.4 and 1.5).

repeating the time-resolved acquisition for different probe wavelengths and comparing the

signals using the same normalization procedure as presented in Sec. 2.3.1. The transient

absorption of the largest sample (black dots) is characterized by a minimum (bleaching)

around the SPR (∼ 520 nm) and a zero crossing at larger wavelengths. It is well described

by the model presented in Chapter 1 (Sec. 1.5) and in the previous chapter (Sec. 2.3,

dashed line in Fig. 2.35). One can thus conclude that in this size range no significant

modification of the transient absorption spectrum due to quantum confinement or the

stabilizing ligands at the surfaces occur. This is in agreement with the samples linear ab-

sorption spectrum (see Fig. 2.33(a)) and measurements on silver particles of similar sizes

embedded in glass [5]. Conversely, the shapes of the transient absorption spectra of the

smaller clusters are modified, none of the samples displaying the strong bleaching around

520 nm. For the investigated wavelength range, the clusters transient absorption −ΔT/T

basically becomes positive with size reduction, with the appearance of some structures

around 550 nm and 630 nm.

Measuring the transient spectra with a monochromatic probe pulse (setup 1, Sec. 2.1.1)
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is quite cumbersome and induces systematic errors due to the necessary normalization of

each pump-probe signal (see Sec. 2.3.1). However, the systems being excited with weak

pump fluences, non-linear absorption processes like multi-photon absorption are limited

and interpretation of the observed time-dependent measurements is more accessible. In

Fig. 2.36 the transient absorption spectra (t = 1ps) obtained with setup 1 (Sec. 2.1.1)

with infrared pump pulses and with setup 2 (Sec. 2.1.2) with visible pump pulses are com-

pared. Probing with white light allowed to record smooth spectra between 530 nm and

730 nm, with stronger excitations (F ≈ 200mJ/cm2) resulting in larger signals and short

acquisition times. The spectral features for weak and strong excitations are comparable

for all samples. The signals signs and the positions of local minima and maxima agree well

in the case of AuD=3.5nm, Au144 and Au102 (Fig. 2.36(a)-(c)). The minima of the transient

spectra of Au25 are slightly shifted and a transient bleaching is found for the measurements

by setup 2 close to 650 nm, which can be explained by a larger excitation as compared to

the non-amplified setup.

The radical change of the shapes of the transient absorption spectra with size reduction are

a consequence of the modification of electronic energy states, which also affects the linear

spectra, as shown before (Fig. 2.33(b)). In particular, the transient absorption of Au25 can

be compared to its ground state absorption (linear spectrum), as shown in Fig. 2.37(a).

The linear absorption presents a peak at 680 nm and a small shoulder at 550 nm. Close to

these wavelengths, spectral features also show up in the transient absorption, presenting

a clear minimum at 630 nm and a weaker one around 530 nm, the linear and transient

spectral features being correlated.

The transient absorption spectrum of Au25 has been studied before and similar results

have been obtained [93, 94, 97]. The spectral features have been attributed to two effects:

• Excited states absorption (ESA): depopulation of the HOMO by the pump pulse

resulting in additional transitions from lower electronic states (HOMO-n), and pop-

ulation of the LUMO leading to LUMO→LUMO+n transitions. ESA gives a positive

contribution to the transient absorption spectrum.

• Ground state bleaching (GSB): decreasing probability of transitions from the HOMO

state due to its depopulation by the pump pulse, yielding a negative sign in −ΔT/T .

The measured transient spectrum remains positive over the whole studied range, which

demonstrates an important contribution from ESA (see Fig. 2.37(a)). Indeed, low-energy

states are very densely distributed (see Fig. 2.37(b)) and a broad ESA can thus be ex-

pected. The minimum in the transient absorption spectrum around 630 nm can be asso-

ciated to GSB, after excitation from the pump beam (Fig. 2.37(b), transition a). We can

associate the shoulder in the linear spectrum and the resulting minimum in the transient
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Figure 2.36: Transient absorption spectra using setup 1 (dots, monochromatic probe, IR pump with
F ≈ 100 �J/cm2) and setup 2 (full lines, broad white light probe, visible pump with F ≈ 200mJ/cm2).

one to similar effects, even though a resonance for this wavelength is not explicitly pre-

dicted in Fig. 2.37(b).

A correlation between linear and transient absorption spectra can also be observed for

Au102, where a small shoulder in the linear spectrum appears concomitantly with a bleach

of the transient spectrum (Fig. 2.37(c)). This small shoulder has been predicted by

Ref. [135] as a consequence of electronic transitions from the ground state, inducing GSB,

as in the case of the Au25 sample. The complex spectral features for all studied samples

and moreover, the transition between the Au144 and AuD=3.5nm optical response, requires

however further investigations, both from an experimental and theoretical point of view.
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Figure 2.37: Normalized linear and transient absorption spectra of Au25 (a) and its electronic energy
structure (b) computed by I. Garzon (UNAM, Institute of Physics, Mexico City). (c) Normalized
linear and transient absorption spectra of Au102. The transient spectra are the ones obtained with
setup 1 (monochromatic probe, IR pump with F ≈ 100 �J/cm2). Arrows indicate characteristics in
the linear absorption spectra.

2.4.2.b Relaxation dynamics

The time evolution of the pump-probe signals whose amplitudes are shown at a fixed time

delay in Fig. 2.35 were studied in the weak excitation regime as a function of the probe

wavelength. Figs. 2.38(a)-(d) illustrate some time-dependent signals of the four samples.

After excitation by a pump pulse, the electron dynamics of not too small metal nanopar-

ticles (> 2 nm) is ruled by electron gas internal thermalization via electron-electron inter-

actions and its subsequent energy loss by coupling to the lattice (see Sec. 2.2) [17, 68, 71].

When probing close to the metal interband transition, the two effects are characterized

by a signal rise and an exponential decay which is the case for the AuD=3.5nm sample,

shown in Fig. 2.38(a) (green dotted line). By fitting the decaying part of the signal by

an exponential function and a constant background, accounting for the electron-phonon
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coupling and lattice heating (see Secs. 2.2 and 1.4), we obtained τ1/e ≈ τe−ph ≈ 0.75 ps

(Fig. 2.38(b)). As expected, this value is lower than the bulk one τe−ph = 1.15 ps, and

in agreement with size reduction effects observed in silver and gold nanoparticles in the

same size range [18]. In the low excitation regime, this characteristic time is independent

of the pump power and, as for the investigated silver samples (see Sec. 2.2), of the probe

wavelength.

Independence of the pump power (for weak excitations) was also observed for the smaller

clusters, however the signal decay dynamics of Au144, Au102 and Au25 illustrate a depen-

dence on the probe wavelength (Figs. 2.38(c) and 2.38(d)). The signals are characterized

by the combination of a fast decay and a constant (or slowly decaying) background, their

relative contributions depending on the probe wavelength. The background can have con-

tributions resulting from thermal heating of the clusters and from their environment (see

Chapter 4), but has also been associated in the case of Au25 and Au144 to electronic states

localized in the ligand shells, which induce fluorescence in the IR [93, 95, 98]. Moreover,

for some probe wavelengths signal oscillations are observable (Fig. 2.38(d)), an effect as-

cribed to particle vibrations which will be discussed in Chapter 3.

The characteristic times of the faster relaxation are in the ps timescale and vary between

1 ps and 3.5 ps for Au25, 1 ps and 1.5 ps for Au102 and 1 ps and 4 ps for Au144. Note that

all signals in Figs. 2.38(a)-(d) have been obtained with an infrared pump pulse under

similar conditions except one signal of the Au144 sample which was obtained with a blue

pump pulse (Fig. 2.38(c), green dotted line). We therefore attribute the variations in the

fast relaxation time to a dependence on the probe wavelength, even though experiments

should be done in the future in order to confirm this assumption. For the larger sam-

ples, a non-monotonic behavior with size reduction is observed (Fig.2.38(b)), similar to

observations in small silver clusters (see Sec. 2.2). A comparison with the Au25 sample

is not possible due to its strong probe wavelength-dependent dynamics for visible probe

pulses. In analogy with the analysis of the transient absorption spectra we interpret the

short delay signal decay as the size and probe wavelength-dependent monitoring of the

population and depopulation of different electronic states having different characteristic

dynamics.

The measured time constants and probe wavelength dependencies of this decay in Au25

fluctuate between different experiments reported in the literature, probably due to the

different excitation conditions [93, 94, 97, 120]. It has most often been associated to one

or more internal transitions from LUMO+n states to states close to LUMO [93, 94, 120].

A slightly different explanation for different fast contributions to the pump-probe signal

decay was proposed for Au144, where a ∼ 1 ps timescale was assigned to an electron res-

onance in the Au core while a slower relaxation ∼ 3 ps was characterized by bulk-like

interband transitions [98]. To our knowledge electron relaxation has not been studied in
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Figure 2.38: Experimental time-resolved normalized transient transmission signals using setup 1
and weak excitations F ≈ 100 �J/cm2. (a) Comparison of the dynamics of the Au102, Au144 and
AuD=3.5nm samples using an infrared pump (820 nm) and a visible probe pulse (∼ 550 nm). (b) Same
signals after subtraction of a constant background and with a monoexponential fit yielding 0.75 ps,
1.5 ps and 4 ps for the Au102, Au144 and AuD=3.5nm samples, respectively. The effect of the probe
wavelength for Au144 and Au25 are shown in (c) and (d), respectively (IR pump wavelength except of
green dotted line in (c), where a blue pump pulse was used). Inset in (c): Exponential fits (red lines) of
the signals after subtraction of a constant background yielding 4 ps, 3 ps and 1.5 ps for λpr = 580 nm,
640 nm and 800 nm, respectively. Full red lines in (c) correspond to fits by the combination of a fast
and a slow decaying exponential function and a cosine function for the oscillating signals.
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Au102 before. For a more quantitative description of the complex dynamics observed in

these clusters, theoretical modeling should be done in the future. Furthermore systematic

experimental investigations of the role of stabilizing ligands, the solvent and the pump

wavelength should be performed.

2.4.2.c Signal rise dynamics

As shown in Sec. 2.3, the signal rise can provide insight on the intrinsic thermalization

processes of nanoparticles. In Figs. 2.38(a)-(d) one can already observe that the dynamics

of the amplitude rise differs for different clusters. For more precise characterization we

recorded signals on a shorter timescale in the low excitation IR/visible experimental con-

figuration. At short timescales, the nonlinear response of the pure DMF solvent was also

measured and subtracted from the original signal (an example of this procedure is shown in

Fig. 2.39, where the initial signal, the DMF signal and their difference can be observed).

Fig. 2.40(a) illustrates the signal rise of the four samples at probe wavelengths around
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Figure 2.39: Time-resolved signal of Au144 in solution, of the solvent (DMF) and their difference.
No parameter has been used to adjust the amplitudes.

520 nm for low excitations after solvent subtraction. While the two smallest clusters Au25

and Au102 present a very fast rise dynamics, the one of Au144 is extremely slow. The fits

of the signals by Eq. (2.12), convoluted by the pump-probe cross-correlation of ∼ 350 fs

for the AuD=3.5nm and Au144 samples are shown in Fig. 2.40(b), while the signal rise of
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the two smallest clusters were too fast to be resolved in the experiment (< 100 fs). For

-0.5 0.0 0.5 1.0 1.5
-0.2

0.0

0.2

0.4

0.6

0.8

1.0 (a)

 Au
D=3.5 nm

 Au
144

 Au
102

 Au
25

 

 

Δ
Τ

/Τ
 (

n
o

rm
a
li

z
e
d

)

Probe delay (ps)

-0.5 0.0 0.5 1.0 1.5 2.0 2.5
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

 Au
D=3.5 nm

 Au
144

 

 

Δ
Τ

/Τ
 (

n
o

rm
a
li

z
e
d

)

Probe delay (ps)

(b)

Figure 2.40: Short delay pump-probe signals (P/Pr 820/520 nm) of the samples (a) and the re-
spective fits for the samples D = 3.5 nm and Au144 (b) using Eq. (2.12), convoluted by a Gaussian
function of ∼ 350 fs FWHM (red lines). The resulting characteristic rise time was 330 fs and 1.1 ps
for D = 3.5 nm and Au144, respectively.

the AuD=3.5nm sample the fit yields τth = 330 fs. For this size the characteristic time can

be associated to the electron thermalization time τth presented in more detail in Sec. 2.3.

As for silver particles in this size range (see Sec. 2.3), this value is slightly smaller than

the bulk value (∼ 500 fs) [79] and is in very good agreement with former measurements

on gold nanoparticles [5, 16]. Conversely, the signal rise of Au144 is very slow ∼ 1.1 ps, a

value that corresponds to about twice the bulk value. The dynamics apparently presents

a non-monotonic behavior with size reduction. It first slows down due to the introduction

of electron energy quantization, and then decreases with further size reduction, the two

remaining samples Au102 and Au25 being characterized by a signal rise faster than the

temporal resolution of the experimental setup. Similar to silver clusters, as a consequence

of increasing energy level spacing, the “small solid” picture of a free electron gas is no more

adapted, and further quantum modeling would be necessary to precisely interpret the ki-

netics in these thiolated clusters, taking into account not only the effect of gold atoms, but

also the presence of surfactant molecules, the whole system constituting a molecular-like

entity.
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2.4.3 Summary of observations in Au clusters

A transition from bulk-like to molecular-like electronic properties could be observed for

the studied thiol-protected Au clusters. While the transient absorption spectrum of

D = 3.5 nm Au nanoparticles showed the expected features characterized by the over-

lap of interband transitions and surface plasmon resonance around a probe wavelength of

520 nm, the transient spectra (between 500 nm and 700 nm) of the smaller thiol-protected,

atomically defined gold clusters, changed drastically, starting from the Au144 sample. In

the case of Au102 and Au25, these specific characteristics can be correlated to the linear

absorption spectrum and its modeling, suggesting a monitoring of different discrete elec-

tronic energy states. All transient absorption spectra were studied for weak and strong

excitation regimes (setup 1 and 2) with infrared and visible pump pulses, respectively,

and a qualitative agreement within the spectral features was obtained. Agreement was

also found with former measurements on Au25 [93–95, 97] and Au144 [98] where the pump

fluence was comparable to setup 2 in either the IR or the visible spectral range.

The observed decay dynamics of the largest (D = 3.5 nm) nanoparticles could be ascribed

to electron-phonon coupling with a time constant consistent with former measurements,

independent of pump and probe wavelengths. The observations for the smaller clusters

were more complex, showing for probe wavelengths between 500 nm and 700 nm a probe-

dependent characteristic time in the ps range.

The rise time of the low excitation signals was also investigated. As expected, the rise time

of the AuD=3.5nm sample can be described by free electron gas thermalization dynamics,

with an accelerated characteristic time compared to bulk due to reduced electron screening

at the surfaces (see Sec. 2.3). The signal rise of Au144 was slower than bulk, possibly as

a first evidence of electron energy discretization, an effect that has also been observed in

silver for particles of similar sizes (Sec. 2.3). The bulk model breaks down for Au102 and

Au25 where the rise time was found to be much faster (faster than the pump-probe time

resolution), which we interpret as a signature of a molecular-like behavior, as in the case

of discrete electronic transitions excitation is instantaneous.

From these experiments, a transition from a “small solid” to a molecular-like behavior

can already be defined for Au144, in agreement with the conclusions of Refs. [98, 137].

This is characterized by the disappearance of the typical Au SPR signature in the linear

and transient absorption spectra. Molecular-like effects are observable in the wavelength-

dependent pump-probe decay dynamics and modifications to the finite signal rise time can

be interpreted as the appearance of electron energy discretization effects. In the future,

sizes between Au144 (∼ 1.7 nm) and 3.5 nm should be studied in detail in order to define

more precisely the onset of molecular-like behavior in thiol-protected gold clusters.

100



2.5. Conclusion

2.5 Conclusion

In this chapter we reported studies on the transition from a bulk-like to a molecular-like

behavior in small Ag and Au nanoparticles by investigations of their electron dynamics

in combination with their transient absorption spectra by time-resolved spectroscopy. In

this context, the effect of size reduction on the electronic properties of surfactant-free,

silica embedded Ag nanoparticles and thiol-protected Au clusters immersed in DMF has

been investigated. For both systems, samples in the intermediate size range (D > 3 nm)

evidenced no significant modification of their electron dynamics or their transient absorp-

tion spectra due to electronic level quantization. First signatures of this effect could be

observed in Ag clusters of diameters between 2.3 and 1.1 nm. Similar signatures were

observed in the thiol-protected Au144 clusters. In the case of the even smaller clusters,

Au102 and Au25, clear evidence of a molecular-like behavior was shown.

The effect of size reduction was more striking in Au samples than in Ag. This could be an

effect of the different nature of their synthesis (chemical vs. physical), yielding in the first

case to strong surface effects induced by the presence of ligand molecules. It could also

result from the different electronic properties of the two metals, e.g. the interplay between

interband transitions and the SPR (the two being overlapped in Au nanospheres while

in Ag nanospheres the interband transitions are far from the SPR, corresponding more

to a “free” electron collective excitation in this case), or from the different vibrational

properties [108].

In the future, electronic interactions (i.e. electron-lattice coupling and electron-electron

interactions) should be investigated theoretically in order to quantitatively interpret the

experimental observations. From an experimental point of view, extensions of ultrafast

relaxation measurements to samples of gold clusters prepared by the magnetron cluster

source, or to thiol-protected silver clusters [138], would allow to discriminate the role of

the metal and the particles surface conditions.
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Chapter 3

Acoustic response of bimetallic

nanoparticles and metal clusters

The vibrational properties of nanometric size objects have raised a large technological and

fundamental interest during the last decade. They have been motivated by the creation of

high frequency electrically or optically driven oscillators scaling down the object size [139,

140], fundamental analysis of acoustic energy transfer at the nanoscale [3, 4, 61, 84, 141–

145] and investigation of the vibrational response of objects of a few tens of atoms as

compared to the bulk material one [61, 84, 108, 146–150]. In the case of metal nanopar-

ticles, studies performed either in the spectral or temporal domains mostly focused on

nanoobjects formed by a single material, with various shapes and sizes down to about one

nanometer [3, 84]. The experimentally observed vibrational mode frequencies were found

to be in excellent agreement with a macroscopic acoustic model, i.e. describing nanoobject

vibrations with continuum mechanics and using the elastic constants of the bulk material

forming the object [61, 148, 151].

The impact of size reduction on the acoustic modes of nanomaterials can yield important

information about geometry, electronic and phononic structure and interactions with the

environment. A theoretical approach for calculating vibrational modes in the small size

range is the use of atomistic calculations, describing interatomic interactions by many-body

model potentials. The resulting vibrational modes of small gold nanospheres (> 1 nm)

were found to be in excellent agreement with continuum mechanics predictions and ex-

periments [108]. From the experimental point of view, only few investigations on small

clusters have been done in the past. Time-resolved experiments on small thiol-protected

gold clusters lead to contradictory results [93, 94, 152, 153], possibly due to very different

excitation and probing conditions.

In this chapter we present investigations on the impact of morphology and size on the

acoustic vibrations of metal nanoparticles. Bimetallic alloyed and segregated (i.e. with

103



Chapter 3. Acoustic response of bimetallic nanoparticles and metal clusters

separation of the two metals) core-shell nanoobjects were chosen to study the impact

of combining two metals in the small size range. The transition from bulk-like systems

to molecule-like ones was investigated via the study of the vibrational modes of thiol-

stabilized gold clusters over a broad size range.

Sec. 3.1 describes the basics of the computation of vibrational modes of spherical particles

by classical continuum mechanics. The study of breathing mode vibrations in bimetallic

nanoobjects is presented in Sec. 3.2, while the last part of this chapter (Sec. 3.3) focuses

on the time-resolved investigation of the acoustic response of surfactant-stabilized gold

clusters.

3.1 Macroscopic elastic model

The periods of mechanical oscillations can be predicted by elasticity theory from bulk

objects down to nanoobjects of few hundred atoms. In this picture metals are described

as homogeneous continuous media, their discrete atomic structure being neglected. The

principles describing deformation of continuous objects are ruled by the laws of classical

physics, namely Hooke’s and Newton’s laws, which lead to Navier’s equation [154, 155]:

ρ
d2�u

dt2
= (λ+ 2μ)�∇(∇ · �u)− μ�∇× (�∇× �u), (3.1)

relating the temporal and spatial variations of the displacement vector �u to the Lamé con-

stants λ and μ and the density ρ of the homogeneous isotropic material. The vibrational

eigenmodes of Eq. (3.1) correspond to harmonic solutions �u(�r, t) = �u(�r)exp(iω̃t), ω̃ being

a complex frequency in the most general case. In the case of a sphere, this solution is

given in terms of spherical Bessel functions, with angular momentum number l, azimuthal

number m (−l ≤ m ≤ l) and radial number n. The resulting vibrational modes frequen-

cies ω̃n,l do not depend on m, their angular dependence being given by l. An important

subset is formed by radial modes, corresponding to l = m = 0, for which the displacement

takes place only in the radial direction. In optical pump-probe experiments the excita-

tion of nanospheres is isotropic with no preferred directions and only radial modes are

launched [3, 156]. Definition of the boundary contributions is necessary to solve Navier’s

equation (Eq. (3.1)). This was first done for free spheres (no radial stress at the interface),

yielding [154]:

tan(xR) =
4xR

4− x2R/ζ
2
, (3.2)

where xR is the normalized frequency xR = ωn,0R/vl, ζ = vl/vtr and vl,tr the longitudinal

and transverse speed of sound in the nanosphere. Here, the frequency is real (no damping),
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as energy cannot be evacuated to the outside. Introduction of a matrix by imposing

continuity of displacement and of the radial stress component at the particle interface [157]

has a weak impact on radial vibrational periods, which can still be approximated with:

Tn ≈ D

(n+ 1)vl
, (3.3)

illustrating a scaling law of periods with the particle diameter D. Note that this de-

pendency has been proved to be valid for metal particles down to a diameter of 1 nm,

corresponding to less than 100 atoms [148]. The damping time due to mechanical energy

transfer to the environment for matrix-embedded particles follows the same scaling law

with diameter and is almost independent of the mode number n. It is mainly determined

by the acoustic impedance mismatch of the two materials Zp/Zm, with Zp,m the acous-

tic impedances of particle and matrix, given by ρp,mv
p,m
l . An additional contribution to

the damping may come from internal processes (e.g. defect scattering, energy coupling

between different phonon modes, ...) [3] and is more difficult to model. The computation

of vibrational eigenmodes can be analytically generalized to spherical composite nanoob-

jects, composed by a metal core and an arbitrary number of metal or dielectric concentric

layers. Here, a matrix formalism is used for solving Eq. (3.1) [4, 158, 159].

Nanoparticle vibrations can be impulsively launched by an ultrafast laser pulse via two

possible mechanisms, namely hot electron pressure and thermoelasticity [3, 141]. The

former leads to the direct excitation of vibrations by the excited electrons while in the

latter the oscillating modes are indirectly excited. Here, the lattice heating induced by

electron-phonon energy transfer (∼ 1 ps) leads to a fast increase of the equilibrium particle

size (lattice dilation), launching volume oscillations around its new equilibrium diameter.

For a spherical particle, the fundamental breathing mode (l = n = 0) is the one which is

excited with the largest amplitude as its displacement field best matches the dilation field

induced by heating [159].

Acoustic vibrations induce modifications of the nanoparticle dielectric constant ε1,2 (see

Sec. 1.4) via the periodic modulation of its volume. In this context, the fundamental

breathing mode is again favorably detected, its displacement field yielding the strongest

volume change. Yet, experimentally both the fundamental (n = 0) and the first har-

monic (n = 1) radial modes have been observed by time-resolved spectroscopy, either

directly [160] or with an appropriate experimental setup enhancing the detection of the

first harmonic mode [161] by coherent suppression of the fundamental one.
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3.2 Ultrafast acoustic response of bimetallic nanopar-

ticles

Nanoobjects composed of two or more materials have rarely been investigated in the past,

though information on the size reduction effects on the acoustic properties and on the spa-

tial distribution and mechanical interaction of the forming materials can be obtained by

studying their acoustic response. In this context, results obtained in heterogeneous metal

based nanospheres, i.e. metal/insulator [159, 162] or insulator/metal [163, 164] core/shell

nanoparticles show a large impact of the non-metallic component on the measured time

domain vibrational responses, and yield information about the material coupling in the

particles.

In the case of bimetallic particles, few alloyed and segregated core-shell systems were in-

vestigated [165–169]. In the former case, acoustic vibrations of Au-Ag alloyed particles

were studied by Raman spectroscopy in 2 nm clusters [170] and 25 nm nanospheres [171],

and by time-resolved spectroscopy for larger sizes, from 40 to 90 nm nanoboxes and

nanocages [172]. As for monometallic particles, the results were interpreted using the con-

tinuum mechanics model presented in Sec. 3.1 combined with linearly averaged Au and

Ag densities and sound velocities [170, 171] or fundamental elastic constants (e.g. C11,

C12 and C44) [172]. Experimental results and continuum mechanics calculations were in

agreement with atomistic modeling for Au-Ag alloyed 0.5 to 4 nm nanospheres [173, 174].

In the case of particles formed by two segregated materials, spatial distribution and me-

chanical interaction of the constituents is expected to translate into their vibrational re-

sponse. For bimetallic systems, both metal parts are excited and vibration of the full

particle has been detected using time-resolved pump-probe experiments in chemically syn-

thesized Au/Pb spheres, Au/Pd rods and Au/Ag bipyramids [165, 166, 169, 175]. The

results show excellent mechanical coupling of the metallic components and constitute a

signature of the metal distribution [169]. In contrast, Raman study of matrix-embedded

Ni/Ag core/shell nanospheres fabricated by deposition of laser sputtered clusters (low en-

ergy cluster beam deposition, see Sec. 2.2.1) indicates vibration of only the Ag shell [167].

This was ascribed to weak component coupling and to a larger Raman response of the Ag

part due to SPR enhanced coupling. These results suggest significant influence of both

the particle fabrication technique, leading to different contacts between the material com-

ponents, and of the optical investigation method, involving different optical interactions

with the metal components.

To further analyze the acoustic properties of multi-metallic nanosystems, we investigated

in this section the vibrational response of alloyed or segregated Au-Ag nanospheres syn-

thesized by either chemical or physical means using a time-resolved pump-probe technique

(see Sec. 2.1.1). Effects of segregation and alloying were investigated in colloidal solutions
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with sizes in the 20-45 nm range and different compositions, the results being interpreted

in terms of the macroscopic acoustic model which is fully applicable in this size range.

The possible modification of the acoustic response with size reduction was investigated

in the case of small size (2-3 nm) core/shell Pt/Au and Ni/Ag nanospheres fabricated

by LECBD (see Sec. 2.2.1). In this size range, depending on the composition, the shell

is either incomplete or formed by a monoatomic layer, offering the unique possibility of

experimentally investigating the acoustic properties of such small systems.

3.2.1 Samples

Measurements were performed in different alloyed and segregated bimetallic nanospheres

whose compositions, morphology, diameters, size dispersions and embedding environment

are summarized in Table 3.1.

Table 3.1: Characteristics of different samples: Nanoparticle composition (atomic fraction), sur-
rounding matrix, internal morphology, external diameter D0. Uncertainties correspond to available
standard deviations of the size distribution. For core/shell nanoparticles, the element in the core is
Au (samples d and e), Pt (samples f to h) and Ni (sample i).

name composition matrix morphology D0 (nm)

a Au0.25Ag0.75 water alloy 44.5 ± 3.0

b Au0.50Ag0.50 water alloy 36.0 ± 10.0

c Au0.75Ag0.25 water alloy 33.0 ± 3.0

d Au0.36Ag0.64 water core/shell 21.0

e Au0.10Ag0.90 water core/shell 33.0

f Pt0.20Au0.80 silica core/shell 2.5 ± 0.1

g Pt0.50Au0.50 silica core/shell 2.5 ± 0.1

h Pt0.80Au0.20 silica core/shell 2.3 ± 0.1

i Ni0.50Ag0.50 silica core/shell 2.75 ± 0.1

Au-Ag nanospheres in water were synthesized both in an alloy configuration (samples

a to c) and in a core/shell geometry (d and e) by the chemistry group of L.M. Liz-Marzán

(University of Vigo, Spain). In the case of Au-Ag nanoalloys (Au0.25Ag0.75, Au0.50Ag0.50

and Au0.75Ag0.25, samples a to c respectively), synthesis was obtained by the methods

described by Link et al. [176] and Rodŕıguez-González et al. [177]. Absorption spectra of

Au-Ag alloy nanospheres (diameters ranging from 33 to 45 nm) with the three different

compositions are shown in Fig. 3.1(a). As expected, their surface plasmon resonance [1]

shifts to longer wavelengths with increasing gold fraction [176, 178–182], its central posi-

tion varying linearly with composition. Au/Ag core/shell samples (samples d and e) with

a gold core diameter of 15 nm and two different silver shell thicknesses (3 and 9 nm, corre-
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sponding to Au0.36Ag0.64 and Au0.10Ag0.90 respectively, see Fig. 3.1(c)) were also obtained

by chemical synthesis. The values of shell thickness and particle diameters were measured

by High Resolution Transmission Electron Microscopy. Sample d (Fig. 3.1(d)), which con-

tains a smaller amount of silver, shows a SPR similar to the one of gold [183, 184], while

the absorption spectrum of sample e, having a thick silver shell and a very small amount of

gold in the core, is similar to the spectrum of a silver monometallic sphere, characterized

by a SPR around 400 nm [42] (Fig. 3.1(c)).

Figure 3.1: (a) Normalized absorption spectra of water-dispersed Au-Ag nanoalloys (full, dashed
and dotted lines for samples a, b, and c, respectively) and (b) transmission electron microscope
(TEM) images of Au0.75Ag0.25 (sample c, top) and Au0.50Ag0.50 (sample b, bottom). (c) Absorption
spectra of Au/Ag core/shell samples (full and dashed line for sample d and e, respectively) and (d)
TEM image of Au0.36Ag0.64 (sample d).

Four samples of spherical nanoparticles (Pt0.20Au0.80, Pt0.50Au0.50, Pt0.80Au0.20 and

Ni0.50Ag0.50, from f to i respectively) with small sizes (external diameter ranging from

2.3 to 2.75 nm) embedded in a silica matrix were synthesized with the LECBD technique

(see Sec. 2.2.1) at PLYRA (Plateforme Lyonnaise de Recherche sur les Agrégats by M. Pel-

larin). Here, electrostatic mass selection guarantees a very narrow size selection, resulting

in a ±4% (see Table 3.1) size distribution width [13]. The clusters have a quasi-spherical
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3.2. Ultrafast acoustic response of bimetallic nanoparticles

shape and their surfaces are free from contaminant molecules. This aspect is particularly

important for small nanoparticles as, for the size considered here (around 2.5 nm), more

than 50% of the atoms lie close to the surfaces [148] and investigated properties can thus

be sensitively affected by molecules attached to the external shell. During the synthesis

by LECBD, the silica embedded bimetallic clusters have the same average stochiomet-

ric composition as the alloy bulk target. However, between cluster formation and their

stabilization on the substrate, their chemical configuration may evolve (atomic interdiffu-

sion). Depending on kinetic and thermodynamic constraints, nanoparticles with different

structures can be formed, e.g. more or less ordered alloys, segregated systems like con-

centric core/shell or side separated (Janus) geometries [185]. In the case of Pt-Au and

Ni-Ag mixtures, the high miscibility gap in the respective alloy bulk phases and the larger

surface tension of Ni and Pt as compared to Ag and Au are in favor of the formation of

Pt/Au and Ni/Ag core/shell structures, with Pt and Ni in the core, respectively [186]. A

phase segregation in the Ni-Ag system with the most probable core-shell symmetry has

been evidenced in previous optical studies [167, 187, 188]. The Pt-Au system is more

debated and its structure proves to be dependent on preparation conditions, composition

and environment [189]. For instance, colloidal chemistry has shown the possibility of pro-

ducing both Pt/Au and Au/Pt core/shell particles (D > 10 nm) [190]. However, a Pt/Au

core/shell formation is predicted to be favored in the small size range [191], even if the

growth of side separated clusters (Janus) cannot be totally ruled out when surface effects

are dominating as is the case for the investigated clusters (D < 5 nm).

For samples f to i the nanoparticle concentration is too low to detect their absorption

spectra. These are however still expected to show a SPR peak, in spite of the small size of

the nanoparticles (from 2.3 to 2.75 nm), as observed in denser systems and predicted both

on monometallic nanoparticles of similar dimensions [192] and on bimetallic segregated

Pt-Au [179, 193] and Ni-Ag systems [187, 194–196].

3.2.2 Experimental methods

The elastic behavior of the different nanosystems was measured using a time-resolved

two-colored femtosecond pump-probe setup based on a Ti:Sapphire cavity oscillator. The

choice of the probe wavelength is determined by the nanoparticle SPR, optical detections

of oscillations being enhanced close to its position [61]. For this purpose, two different

configurations of setup 1, described in Sec. 2.1.1, were alternatively employed. The first

is based on the output of the Ti:Sapphire laser (λ ≈ 800 nm) and its second harmonic

(λ ≈ 400 nm). This setup generates weak excitations (pump pulse energy ∼ 10 nJ) and

allows to achieve a relative transmission change ΔT/T signal with a sensitivity in the

10−7 range. The second configuration is based on the Ti:Sapphire regenerative amplified
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system. In this case [162, 169], the infrared beam is amplified yielding a pulse duration

of approximately 120 fs, with a 250 kHz repetition rate and pulse energy of a few �J. By

combining the amplified system with an Optical Parametric Amplifier (OPA), the full

visible range from 500 to 700 nm can be generated. In this configuration, part of the

amplified beam before the OPA is used as pump, after frequency doubling. This second

configuration thus allows a better wavelength tunability in the visible range and time-

resolved signals with a bigger contrast, due to stronger excitation, at the price of a higher

noise (ΔT/T noise level around 10−5).

3.2.2.a Time-resolved ultrafast oscillations

A pump-probe signal of the Au50Ag50 sample (sample b) obtained with the regenerative

amplified system (pump wavelength λp = 400 nm and probe wavelength λpr = 500 nm)

is shown in Fig. 3.2(a) (blue line). The probe relative transmission change ΔT/T be-

ing essentially proportional to the excess energy in the metal quasi-free electron gas

(Sec. 1.5) [17, 35, 89], its fast rise and fall reflects heating of the electrons by the pump

pulse and their subsequent cooling by electron to lattice energy transfer. The latter re-

sults in a thermal dilation of the nanoparticle lattice equilibrium diameter [3, 61], which

launches acoustic vibrations, the fundamental breathing mode being as expected prefer-

entially excited and detected for metallic nanoparticles [4, 159]. The resulting modulation

of the nanoparticle volume affects the optical response through a periodic variation of

the dielectric constant, which is at the origin of the oscillation in the ΔT/T signal (see

Sec. 1.4). Frequency and damping of oscillations in the time-resolved signal thus directly

reflect the breathing mode vibrational period and its energy loss. On longer pump-probe

delays (on a few tens of ps timescale) a slowly varying background signal reflects cooling

of the nanoparticles by heat transfer to the environment [19]. To focus on the acoustic

vibrations, the oscillating contribution (black sfull line in Fig. 3.2(a)) is first singled-out

by subtracting from the decaying part of the raw signal (blue full line) its fit by a two

exponential function (red dashed line), which reflects electron cooling and heat transfer

to the environment. Period and decaying time can then be obtained by fitting the oscil-

lating part (black full line) with a damped oscillating function. Fourier transforming the

oscillating contribution (Fig. 3.2(a), inset) alternatively leads to the same frequency.

Time-resolved pump-probe characterizations were repeated for all samples, measured sig-

nals having different amplitudes depending on the excitation pulse energy (oscillator or

amplified laser system), concentration of nanoparticles in the sample, and wavelength-

dependent laser absorption. Transient signals obtained on sample Au0.10Ag0.90 (sample e,

oscillator with λp = 860 nm and λpr = 430 nm) and Pt0.20Au0.80 (sample f with λp = 810 nm

and λpr = 405 nm) and extraction of their oscillating parts are shown in Figs. 3.2(b)
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Figure 3.2: (a) Time-resolved pump-probe signal of sample Au0.50Ag0.50 (sample b), measured at
λp = 400 nm, λpr = 500 nm and pump fluence F = 5mJ/cm2. Blue full line: raw signal. Red dashed
line: two-exponential fit of the decay. Black full line: oscillating contribution after subtraction of the
exponential decay (downshifted for clarity). Inset: Fourier transform of the oscillating contribution.
(b) Same as (a) for sample Au0.10Ag0.90 (sample e, λp = 860 nm, λpr = 430 nm and F = 30 �J/cm2)
and (c) Pt0.20Au0.80 (sample f, λp = 810 nm, λpr = 405 nm and F = 50 �J/cm2).
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and 3.2(c), respectively.

3.2.2.b Analysis including size dispersion

According to the macroscopic elasticity theory, the breathing mode period is propor-

tional to particle diameters (Eq. (3.2)) [154, 157]. The analysis of the elastic properties

of bimetallic systems is thus carried out by comparing the variation of the periods nor-

malized over the particle diameter as a function of composition. In the case of mass-

selected silica-embedded samples (samples f to i), having a very small size dispersion

(±4%), the normalized period is simply given by the measured period over mean diameter

ratio T norm
0 = Texp/D0.

A more accurate analysis is required in the case of a broader size distribution, as in the

case of colloidal Au-Ag samples (samples a to c), which induces both an inhomogeneous

damping and a central frequency shift, both these effects being a consequence of the linear

dependence of the period on the nanoparticle diameter [3, 61, 108, 148, 157]. For the cal-

culation of the normalized period, size distribution is accounted for by a simple model. As,

for a metal nanoparticle with a spherical shape and for the size range considered here, the

amplitude of the ultrafast transient response is proportional to its volume V (D) = πD3/6,

through its linear absorption cross-section [21] (see Eq. (1.45)), its contribution to the os-

cillating part of the transient absorption signal is given by [61, 143, 151, 197]:

s(D, t) = s0V (D)e−t/τh(D)cos

(
2πt

T (D)
− φ0

)
, (3.4)

where T (D) = T norm
0 · D and τh(D) = τnormh,0 · D are the breathing mode period and

homogeneous damping time, respectively, s0 is an amplitude factor and φ0 is the oscillation

phase, considered in a first approximation as a fit parameter independent of D [3, 61, 141,

151]. The normalized period T norm
0 and homogeneous damping time τnormh,0 can be be

extracted for each sample. By assuming a Gaussian size distribution P (D) with standard

deviation ΔD:

P (D) = P0 exp

[
−1

2

(D −D0)
2

ΔD2

]
, (3.5)

with
∫
P (D)dD = 1, the oscillating part of the transient absorption signal resulting from

the sum of all particle sizes in the sample is given by:

ΔT

T
(t) =

∫ ∞

0

P (D)s(D, t)dD. (3.6)

For a given size distribution (fixed D0 and standard deviation ΔD, see Table 3.1 and

Fig. 3.3(a) for samples a and b), Eq. (3.6) thus reproduces the experimental transient
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signal with amplitude s0, normalized period T norm
0 , normalized damping time τnormh,0 and

phase φ0 as free parameters, determination of T norm
0 being the main goal of this analysis.

T norm
0 values obtained by fitting the ΔT/T signal with Eq. (3.6) (Fig. 3.3(b), red lines)

are plotted in Fig. 3.3(c) (full circles, samples a to c) as a function of nanoparticle com-

position. Black crosses in Fig. 3.3(c) represent the normalized breathing periods obtained

by a direct fit of the oscillating part of the transient signal by a simple sinusoidal function

(or by its Fourier transform), dividing its period by the mean diameter D0 (see Fig. 3.2),

without taking size dispersion into account. As expected, direct fitting leads to a negligible

discrepancy in the case of a small size dispersion (as for Au0.25Ag0.75, sample a), the error

being more important for broader distributions (Au0.50Ag0.50, sample b). In the latter

case, omitting to take size dispersion into account yields a value for the normalized period

considerably larger (Fig. 3.3(c)), since the dominant contribution to the signal comes from

vibrations of larger particles (absorption being proportional to nanoparticle volume), an

effect that systematically shifts the resulting breathing oscillations to longer periods.

Homogeneous damping is introduced in the classical elastic model (Sec. 3.1) as the relax-

ation of the breathing mode through energy transfer to the surrounding matrix [141, 143,

144, 197–199]. Furthermore, damping can also be provoked by anharmonic interactions

with other vibrational modes [200] or interactions with crystalline defects [142, 197]. For

ensemble measurements an additional inhomogeneous contribution to damping of the os-

cillating signal results from the different particle sizes in the sample, each of them having

a different oscillating period, their sum inducing a decay of the total acoustic signal. For

broader size distributions (Au0.50Ag0.50, Fig. 3.3(a), sample b, right column), the dominant

contribution to the experimental damping time arises from inhomogeneous effects. This

prevents extraction of a reliable τnormh,0 value by the analysis above, a fit with no homo-

geneous contribution (τnormh,0 → ∞) correctly reproducing the ΔT/T signal (Fig. 3.3(b),

right column). In the case of a narrower size distribution (Figs. 3.3(a) and 3.3(b), sample

a, left column), both inhomogeneous and homogeneous contributions play a role in the

observed acoustic damping, even if the former is still dominant. The τnormh,0 value deduced

by the fit of sample Au0.25Ag0.75 (sample a) by Eq. (3.6) is equal to (0.9 ± 0.4)ps/nm.

This value is smaller than the one expected from continuum mechanics calculations for

particle to environment energy transfer (in the case of water-immersed bare Ag or Au

spheres this would correspond to 2.8 and 5.7 ps/nm respectively [61, 157], with negligible

contribution from solvent viscosity [144, 199]). Indeed, the fit of the transient absorption

signal by Eq. (3.6) (Fig. 3.3(b), left column, green dotted line) with τnormh,0 fixed to the Ag

value shows a longer oscillation damping time. The difference between the values expected

for monometallic systems and the one deduced experimentally for the bimetallic spheres

could arise from uncertainties in the knowledge of the size distribution, which affect the

value of the inhomogeneous damping time. It could also be due to an intrinsic effect,
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Figure 3.3: (a) Size distribution of sample Au0.25Ag0.75 (left, sample a) and sample Au0.50Ag0.50
(right, sample b). Red lines are fits to the distributions, yielding mean values and standard deviations
shown in Table 3.1. (b) Oscillating parts of the time-resolved signals (black lines) for the two samples.
Red dashed lines are fits using Eq. (3.6) with s0, T

norm
0 , τnormh,0 and φ0 as free parameters. The green

dotted line represents a fit with τnormh,0 set to the expected value for Ag nanoparticles in water. (c)
Normalized breathing mode periods T norm

0 obtained by a simple direct fit (crosses) and after analysis
of inhomogeneous broadening (full circles, see text).

114



3.2. Ultrafast acoustic response of bimetallic nanoparticles

alloying of Ag and Au leading to a shorter homogeneous τnormh,0 , possibly due to additional

mechanisms of relaxation of the breathing mode energy in the bimetallic samples. Fur-

ther investigations on samples with a size distribution in which the homogeneous damping

time dominates would provide useful information on the effects responsible for damping

of acoustic vibrations in alloyed systems. Nonetheless, it should be noted that deduced

T norm
0 values are negligibly affected by the values of the considered τnormh,0 .

As its variations with size are expected to be small [61, 141, 151], the oscillation phase φ0

has been considered constant throughout the analysis. The values deduced for samples a

and b (φ0 = 0.58± 0.10 and 0.40± 0.10 respectively) are consistent with the sample sizes,

assuming indirect excitation of the breathing mode by lattice heating [3, 141]. Using the

complete size-dependent expression for φ0 also results in a fit (not shown) similar to the

one obtained with constant φ0 within error bars.

3.2.3 Analysis of the breathing mode periods

Normalized periods for water-immersed Au-Ag alloyed nanoparticles (samples a to c) de-

duced by the analysis above are reported in Fig. 3.4(a) (full dots) as a function of gold

composition. Periods of Au/Ag core/shell nanoparticles are also reported (samples d and

e, empty squares). As a consequence of a complex dispersion in the core shape and diam-

eter and in the shell thickness, large error bars have to be introduced and the analysis of

for the normalized periods taking size distribution into account (Sec. 3.2.2.b) could not be

performed. Values for Pt/Au and Ni/Ag core/shell clusters (samples f to i) are reported

in Figs. 3.4(b) and 3.4(c), respectively. Due to the very small size dispersions, analysis

of inhomogeneous broadening was not necessary for these mass-selected samples, as in

this case the apparent breathing mode period (Fig. 3.2) can be directly normalized by the

average diameter. When available, normalized breathing mode periods for monometallic

nanospheres were taken from experiments in the literature on nanoparticles within the

same matrix (water or transparent solid matrix) and shown as reference. This is the case

for water-immersed Au (Fig. 3.4(a), red circle) [151], silica-embedded Au (Fig. 3.4(b), red

circle) [108] and Pt (Fig. 3.4(b), gray circle) [148], and glass-embedded Ag (Fig. 3.4(c),

yellow circle) [61] nanospheres. Note that by changing the gold particle environment from

water to silica, a decrease in period of the order of 4% is expected [61, 141, 148].

The theoretical normalized periods of nanospheres with core/shell configurations are re-

ported in Figs. 3.4(a)-(c). Periods were calculated by solving Navier’s equation (Eq. (3.1))

of a core/shell system in a homogeneous surrounding matrix after imposing, as boundary

conditions, continuity of the displacement and of the radial component of the stress ten-

sor at the intermediate interface and at the nanoparticle/matrix interface [4, 158, 159].

Full (dashed) lines correspond to core/shell Au/Ag (Ag/Au), Pt/Au (Au/Pt) and Ni/Ag
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Figure 3.4: Normalized breathing mode periods T norm
0 as a function of sample composition for

Au-Ag (a, samples a-c and d-e in black dots and empty squares, respectively), Pt-Au (b, samples
f-h) and Ni-Ag (c, sample i). Black full (dashed) line corresponds to expected values calculated
by continuous elasticity theory and bulk elastic constants of Ref. [201] (except for Pt [202]) for
a core/shell configuration with Au (Ag), Pt (Au) and Ni (Ag) in the core. Colored points are
experimental reference values for monoatomic nanospheres. Dotted and dash-dotted lines in (a) show
periods predicted for Au-Ag alloyed nanospheres obtained by a weighted average of either sound
velocities or fundamental elastic constants C11, C12 and C44.
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(Ag/Ni) from Figs. 3.4(a) to 3.4(c), respectively. The theoretical values of normalized peri-

ods in the case of monometallic nanospheres (values in Figs. 3.4(a) to 3.4(c) corresponding

to a variable metal fraction of 0.0 or 1.0) match those calculated by continuous elasticity

equations [155, 157] starting with the same bulk polycrystalline elastic constants. Note

that in the case of monometallic Au and Pt nanospheres, a variation in the estimation of

the breathing mode periods as large as 10% is obtained depending on the set of elastic

constants [108, 201, 202], while this is not the case for Ag and Ni. For the calculations

of Fig. 3.4, the set of elastic constants best matching experimental reference values for

each monometallic constituent has thus been retained, this being Ref. [201] for all metals

except Pt (Fig. 3.4(b)), for which Ref. [202] was used. Values of density, longitudinal and

transverse sound velocity for water (Fig. 3.4(a)) are ρ = 1000 kg/m3, vl = 1482m/s and

vtr = 0m/s. In the case of silica-embedded nanoparticles (samples f to i, Figs. 3.4(b)

and 3.4(c)), calculations were made assuming a vacuum environment, as the silica matrix

is highly porous (see also Ref. [108]).

For Au-Ag alloyed nanospheres (Fig. 3.4(a)), the effect of alloying on the normalized pe-

riods has been computed by applying the same macroscopic acoustic approach based on

continuous mechanics elasticity equations (Sec. 3.1) [157] as for monometallic nanospheres,

using as material parameters a weighted average of the densities of the two metals, and

either of their sound velocities (Fig. 3.4(a), dotted line) or their C11, C12 and C44 funda-

mental elastic constants used for the calculation of the alloy sound velocities (dash-dotted

lines) [172, 203, 204]. Although there is no ultimate conclusion in the literature on the

dependence of the elastic properties of bimetallic bulk alloys on composition, different

investigations reporting either linear averaging of the fundamental elastic constants upon

alloying [204–206] or a slight deviation from linearity [207, 208], we indeed expect breath-

ing mode periods to lie in the range between the ones of their individual components. This

is confirmed, in the 1-4 nm range, by molecular dynamics calculations on Au-Ag nanoal-

loys [173, 174].

Experimental normalized periods of Au-Ag nanoalloys (full dots in Fig. 3.4(a)) show values

consistent with the individual ones for both Au and Ag, and with the values correspond-

ing to the two different averages of elastic parameters (dotted and dash-dotted lines). No

unexpected signature of alloying on the breathing mode frequencies is observed experimen-

tally. These values deviate from the periods expected for core/shell configurations (full and

dashed lines). On the other hand, breathing mode periods of Au/Ag core/shell nanoparti-

cles (with Au core, empty squares in Fig. 3.4(a)) are consistent with values expected for the

corresponding core/shell structure (full line). It should be underlined that no corrections

to the expected values have been made taking crystallinity of the samples into account as

in the case of nanoparticles with a radial symmetry the variation of the breathing mode

frequencies with different crystal orientations is very small [3, 156, 209], in contrast to
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quadrupolar modes which are sensitively affected by crystalline anisotropy [210].

In the case of Pt/Au nanospheres (Fig. 3.4(b)), the computed breathing mode periods for

the monometallic and core/shell configurations are very close. Nonetheless, experimental

normalized values lie close to the theoretical line (Fig. 3.4(b), full line) corresponding to

the expected configuration (Pt/Au core/shell with platinum in the core), predictions for

Au/Pt (dashed line) deviating from experimental values. Computations in the core/shell

configuration have been reported so far in the model configuration of a homogeneous and

radially symmetrical core/shell structure. This morphology is not realistic for all sam-

ples, as for instance the size and composition of samples g and h (2.5 nm Pt0.50Au0.50 and

2.3 nm Pt0.80Au0.20, respectively) estimated by purely geometrical considerations would

lead to a homogenous gold shell with a thickness smaller than the one of a monoatomic

layer. Bimetallic nanoparticles of these sizes are more likely characterized by an asym-

metric morphology with a monoatomic thin shell only partially covering the core, form-

ing a Janus-like structure. For this more realistic geometry, we computed the breathing

modes by Finite Element Modeling [4, 156]. The breathing mode periods deduced by

this modeling match the ones computed for homogeneous radially symmetrical core/shell

nanospheres, confirming the validity of the predictions regardless of the exact amount of

covering (partially extended or complete shell).

The period measured for the Ni0.50Ag0.50 2.75 nm nanospheres (sample i) (Fig. 3.4(c))

proves the existence of a breathing mode for this composition and the possibility of an

ultrafast time-resolved pump-probe apparatus to detect it. This extends previous results

by Raman spectroscopy on samples with the same structures [167], for which only the

mode corresponding to the isolated Ag shell breathing was detected. The experimen-

tal value (Fig. 3.4(c)) lies closer to the predictions for a Ag/Ni core/shell configuration

(dashed line), while Ni atoms are expected to be in the core of the nanospheres thus form-

ing Ni/Ag structures (full line). This discrepancy can be due to incorrect modeling of the

breathing mode periods by the continuous elasticity approach (Sec. 3.1) for this very small

size range in the case of bimetallic core/shell nanospheres with two metals having very

different elastic constants, as for Ni-Ag systems (elastic constants of Au-Ag and Pt-Au

being more similar). By providing additional information on the precise core-shell struc-

ture, supplementary morphological investigations of these small clusters could also bring

further insights for interpretation of these results.

3.2.4 Conclusion on the acoustic vibrations of bimetallic nanosys-

tems

Time-resolved ultrafast spectroscopy was used to investigate the vibrational dynamics of

bimetallic alloyed and core/shell nanoparticles, in order to elucidate the impact of combin-
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ing two different metals on their acoustic response. The experiments were performed on

water-immersed chemically-synthesized Au-Ag nanospheres with alloyed composition in

the 33-45 nm range, Au-Ag core/shell nanoparticles of 21 and 33 nm, and on small silica-

embedded 2.3-2.75 nm segregated Pt-Au and Ni-Ag clusters. The time-resolved optical

evolution corresponding to the radial fundamental vibration mode (breathing mode) was

observed for all of them, allowing to determine their breathing mode periods.

In the case of Au-Ag systems, the measured normalized periods were different for alloyed

and segregated Au/Ag core/shell nanospheres. In both cases, experiments were in quan-

titative agreement with predictions based on continuous elastic theory (Sec. 3.1). In the

former case, periods were calculated as for monomaterial spheres with sound velocities

computed by averaging the two metals elastic properties. Different averaging (sound ve-

locities or fundamental elastic constants) gave very similar predictions, all in agreement

with experiments. No unexpected effect of gold and silver alloying on the acoustic vi-

bration periods was observed. For the core/shell nanostructures, predictions are based

on a two material continuous elastic mechanics approach [4, 158, 159], whose application

to a metal-dielectric systems [162] has been extended to bimetallic Au-Ag nanoobjects.

Experiments and theoretical predictions on alloyed and core/shell Au-Ag nanosystems are

in good quantitative agreement, measuring their breathing mode periods can thus be used

as a discriminating approach to sensitively probe their internal structures.

The same model was used for analyzing breathing mode periods of the small glass-

embedded Pt/Au core/shell nanospheres. The measured periods were also in agreement

with the predictions for the expected Pt/Au configuration. This confirms (as for the case

of monometallic clusters [19]) that a macroscopic acoustic model based on the physical

continuous elasticity equations, coupled with bulk material elastic constants, is valid for

predicting the acoustic response of particles with sizes down to the nanometer size range.

The breathing mode period of small Ni-Ag core/shell nanoparticles, even if measured with

less precision, was found to be more compatible with the Ag/Ni core/shell structure, in

contrast with the suggested morphological structure (see Sec. 3.2.1). This could be as-

cribed to the higher difference in the elastic properties of Ni and Ag, which could yield

deviations in the acoustic properties of the combined system in this small size range. For

this purpose, an interesting perspective would be to extend ultrafast investigations to other

bimetallic clusters made by materials with higher differences in their elastic constants as

for instance Au-Pb [151], both with a segregated core/shell and alloyed composition, con-

comitant with a precise morphological characterization.

Combination of two metals (or more generally, hybrid systems) at the nanoscale is an

important field of research and the study of its effect on other ultrafast properties through

investigation of their time-resolved dynamics could lead to a better understanding of mixed

systems. In this context, more detailed analysis of the damping of acoustic vibrations could
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Chapter 3. Acoustic response of bimetallic nanoparticles and metal clusters

provide useful information. Higher order harmonic modes of such systems could also be

detected and characterized [141, 160]. The effect of the shape of small bimetallic nanoob-

jects on the acoustic dynamics would deserve further investigations, through the analysis

for instance of fundamental breathing and extensional modes of alloyed nanorods. Finally,

study of other dynamical properties as electron-electron and electron-lattice thermaliza-

tion (Chapter 2) of bimetallic systems could also yield insight into composition-dependent

modifications [84, 194, 211].

3.3 Ultrafast vibrational spectroscopy of thiol-

protected Au clusters

Understanding at which size a macroscopic model based on continuum mechanics (Sec. 3.1)

breaks down in the description of vibrational modes of metal nanoparticles is of funda-

mental interest and can give insight into the metal electronic and phononic properties

in the small size limit. Theoretically, acoustic modes of small nanoparticles (< 4 nm)

have been computed using atomistic simulations [108, 149, 150, 212]. Free Au, Ag and

Pt nanospheres in the size range of 0.4-4 nm and for different cluster shapes have been

studied by Sauceda et al [108]. In order to determine the mode which is preferentially ob-

served in time-resolved optical experiments, a quasi-breathing mode (QBM) was defined,

being the computed mode with the highest analogy in displacement with the fundamental

radial mode obtained within continuum mechanics. A QBM period linear to the particle

diameter was obtained for the considered size range, which is in excellent agreement with

experiments performed on small Pt clusters (D > 1 nm) prepared by physical means, and

classical mechanics calculations (Sec. 3.1) [19, 157].

In the case of surfactant-stabilized clusters, the surface molecules are expected to have

a strong impact on the vibrational modes. Accordingly, the computation of the normal

modes of very small thiol-protected clusters (4-25 atoms) [150, 212] shows a QBM of the

Au core approximately independent of size. Additionally, various modes assigned to the

interaction of gold with the attached sulfur molecules (Au-S) were determined. Experi-

mentally, the mechanical vibrations of such small nanoparticles represent a quite unex-

plored domain. As a consequence of the loss of spherical symmetry and discretization of

electronic states, the question of the excitation and detection mechanisms in optical pump-

probe spectroscopy remains open. In the past, mainly Au25 clusters have been studied and

a single period [93, 152, 153] or two periods have been detected [94]. Other investigations

suggested independence of the frequency with size for oscillations measured on Au25, Au144

and Au309 [133, 152, 153], which is in contrast to the predictions of the macroscopic model.

Here, time-resolved pump-probe investigations of the vibrational behavior of thiol-stabilized
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3.3. Ultrafast vibrational spectroscopy of thiol-protected Au clusters

Au clusters as a function of their size are presented. For this purpose, four samples ranging

from particles consisting of only 25 gold atoms to a diameter of D = 3.5 nm were studied

(same samples as in Sec. 2.4.1). These experiments on particles of a broad size range

may allow further insights into the role of surfactant molecules, the impact of quantum

confinement and the possibility of acoustic mode detection at small sizes.

3.3.1 Experimental methods

Time-resolved experiments have been performed on Au25, Au102, Au144 and AuD=3.5nm

clusters in a solution (dimethylformamide (DMF) or water). Synthesis, optical properties

and characterization of the samples have been described in Sec. 2.4.1. The pump-probe

measurements were performed with either a monochromatic (setup 1, Sec. 2.1.1) or a

broadband (setup 2 in collaboration with the CUSBO facility of Politecnico di Milano,

Sec. 2.1.2) white light probe beam. The two setups differ in pump wavelength and energy,

laser repetition rate and time resolution. In the first case, the clusters are excited by a blue

beam, obtained as the second harmonic of an amplified Ti:Sapphire laser, (λp = 400 nm,

F ≈ 5mJ/cm2, fm = 250 kHz) and probed by a monochromatic OPA output (Sec. 2.1.1,

500-700 nm). Here, the pump-probe cross-correlation (∼ 180 fs FWHM) only allows a lim-

ited temporal resolution. Experiments were therefore extended using setup 2 (Sec. 2.1.1),

where both pump and probe beams are characterized by a duration of less than 20 fs, the

clusters being excited using visible light (λp ≈ 590 nm, F ≈ 200mJ/cm2, fm = 1kHz).

Fig. 3.5 shows a typical two dimensional map of the differential transmission ΔT/T of the

Au25 sample as a function of probe wavelength and time delay, obtained by white light

probing. The horizontal axis shows the pump-probe time delay, while the vertical axis

reports the probe wavelength, obtained by dispersion of the white laser light by a spec-

trometer, the color code representing the corresponding ΔT/T value. Analyzing ΔT/T

as a function of probe delay, oscillations in the signals are observable. Three different

periods can be retained. A very fast one (∼ 50 fs), corresponding to solvent vibrations

(DMF) [213], characterized by the fine fringes visible throughout the map. Two slower

periods (T0 ≈ 450 fs and T1 ≈ 1 ps), associated to the thiol-protected gold clusters, are the

main focus of this section. Both periods are detected close to characteristic features of the

samples linear absorption spectrum (see arrows in Fig. 3.5). While the shorter one, T0,

is particularly visible for probe wavelengths close to the pronounced peak at ∼ 680 nm,

assigned to the HOMO-LUMO molecular transition (see transition a in Fig. 2.37(b) and

Ref. [127]), the slower mode, T1, is more visible close to a small bump at ∼ 550 nm which

has not been associated to any molecular transition in electron energy calculations [127].

The choice of wavelengths close to spectral features in the sample absorption spectrum for

121



Chapter 3. Acoustic response of bimetallic nanoparticles and metal clusters

0 10 1 2 3 4 5

540

570

600

630

660

690

720

Probe delay (ps)

P
ro

b
e
 w

a
v

e
le

n
g

th
 (

n
m

)

-4

-3

-2

-1

0

1

2

3

Au
25

ΔT/T (%)

 Abs. (a.u.)

 

  

Figure 3.5: Differential transmission map of Au25 in DMF for excitation by a visible λp = 590 nm,
∼ 15 fs pump pulse (F ≈ 200mJ/cm2) and probing by broadband ultrafast ∼ 5 fs white light. For
comparison, the normalized absorption spectrum of the sample is shown in the same scale (arrows
indicate characteristic spectral features).

the detection of vibrational modes has previously been exploited in larger metal nanopar-

ticles, where breathing mode oscillations were mainly observed for probe wavelengths close

to the surface plasmon resonance [61].

To adequately characterize the vibrational dynamics, multiple ΔT/T (t) profiles at fixed

λpr of the 2D map in Fig. 3.5 were analyzed. Fig. 3.6(a) illustrates the time-resolved signal

for λpr = 630 nm. Due to the high fluence and short time duration of pump and probe

pulses of setup 2, a strong non-linear response is observed at delay t = 0 with a large

contribution from the solvent. The subsequent decay of the negative signal, reminiscent of

the electron-lattice thermalization in larger nanoparticles, is overlapped to an oscillating

contribution which was studied in detail by subtracting a two-exponential fit from the

signal (red line in Fig. 3.6(a)). The resulting oscillating contribution (Fig. 3.6(b)) is fit-

ted by two damped oscillating functions (red line) and Fourier transformed (Fig. 3.6(b),

inset). The two low-frequency periods (T0 = 450 fs and T1 = 1.1 ps) and the fast solvent

oscillations appear as distinct peaks in the frequency spectrum.

Time-resolved pump-probe investigations with a broadband white light probe beam were

systematically performed on all samples (Table 2.2). Note that all of them were diluted

in DMF except Au102 which was diluted in water. Figs. 3.7(a) and 3.7(c) illustrate time-

resolved signals of the Au102 and Au144 samples at probe wavelengths λpr = 620 nm and

λpr = 630 nm, respectively. The fit of the oscillating part of the time-resolved signals

(3.7(b) and 3.7(d)) and the Fourier transform (3.7(b), inset) yield two low-frequency vi-
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Figure 3.6: (a) Time-resolved transient transmission signal of the Au25 sample (same as in Fig. 3.5)
for λpr = 630 nm (black line) and two-exponential fit of the signal decay (red line). (b) Oscillating
contribution (black line) and fit by two damped oscillating functions (red line). The Fourier transform
of the oscillating contribution is shown in the inset (red boxes indicate low frequency oscillations of
the cluster).

brational periods for the two samples (note that oscillations of the DMF solvent are not

observable for the Au102 sample, this being diluted in water). Similar to the Au25 sample,

T0 and T1 are in the 0.5 ps and one ps range (see Figs. 3.7(b) and 3.7(d)). In the case of

Au102 the detection amplitude of T0 is maximum close to a specific small speak in its the

linear absorption spectrum around 620 nm, which has been assigned to transitions from

HOMO to higher electron energy states [135]. The amplitude of the oscillating part of

the Au144 sample was very weak and an optimal probe wavelength for the detection of

oscillations could not be determined. This is related to its linear absorption spectrum

which does not show any distinctive structure (Fig. 3.7(c), inset).

Pump-probe experiments on all samples were also repeated using the monochromatic

source of setup 1 (Sec. 2.1.1) . In this case, as a consequence of the lower temporal reso-

lution of the system, only the longer period T1 could be detected, T0 and the fast solvent

oscillations being not visible. Here, the amplitude of the signals is smaller due to a weaker

pump fluence, but the setup is more sensitive. The periods obtained by using two different

experimental systems were in good agreement.

In the case of the largest studied particles AuD=3.5nm, a single oscillating period was de-

tected. In Fig. 3.8(a) the time-resolved pump-probe signal in the configuration P/Pr

400/545 nm (setup 1) is illustrated. The signal shows the typical rise and decay due to

energy injection into the free electron gas of the metal, electron-electron and electron-

phonon interactions, respectively (see Sec. 2.2.2). Subtracting a two-exponential fit (red

line in Fig. 3.8(a)), and fitting the oscillating contribution by taking into account the size
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Figure 3.7: (a) Time-resolved transient transmission signal of the Au102 sample with λp = 590 nm,
λpr = 620 nm and F ≈ 200mJ/cm2 (black line) and two-exponential fit of the signal decay (red line).
Inset: linear absorption spectrum of the sample (black line) and spectral position of the selected probe
wavelength (orange vertical line). Arrow indicates the position of a small bump in the absorption
spectrum. (b) Oscillating contribution (black line), its fit by two damped oscillating functions (red
line) and Fourier transform (inset). (c) and (d) Same as (a) for the Au144 sample (λp = 590 nm,
λpr = 630 nm and F ≈ 200mJ/cm2), with its linear spectrum and probe wavelength shown in the
inset.
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Figure 3.8: (a) Time-resolved pump-probe signal of sample AuD=3.5nm with λp = 400 nm, λpr =
545 nm and F ≈ 3mJ/cm2 (black line) and two-exponential fit of the signal decay (red line). Inset:
linear absorption spectrum (black line) and probe wavelength (green vertical line). (b) Oscillating
contribution (black line) and its fit (red line) using the detailed analysis presented in Sec. 3.2.2.b
taking into account the size distribution of the sample with a standard deviation ΔD = 0.6 nm
(Eq. (3.6)).

distribution of the sample (standard deviation ΔD = 0.6 nm) as presented in Sec. 3.2.2.b,

a period of around of 1.2 ps can be observed (Fig. 3.8(a)). As expected, the maximal de-

tection amplitude of these vibrations is located close to the SPR of the sample (Fig. 3.8(a),

inset). The detected mode corresponds to the breathing mode of the Au core which can be

reproduced using elasticity theory (Sec. 3.1), as it has been shown in former experiments

on metal nanoparticles in this size range [3, 17, 61, 84].

3.3.2 Analysis of the Au cluster vibrational frequencies

The periods experimentally detected for small thiol-protected clusters are reported in

Fig. 3.9 as a function of the cluster diameter, defined as the diameter of a homogeneous

gold sphere with the same number of atoms. The black dashed line illustrates the classical

computation of the breathing mode period of Au nanospheres in water using elasticity

theory (Sec. 3.1).

The detected period of the largest sample (AuD=3.5nm) can be attributed to the classi-

cal breathing mode of the gold core, corresponding to radial volume oscillations of the

nanospheres [108]. After the size dispersion analysis presented in Sec. 3.2.2.b, the period

is in perfect agreement with the theoretically obtained one. Smaller clusters are charac-

terized by two vibrational periods. In the case of Au25, the shorter period T0 was best

detected for wavelengths close to the HOMO-LUMO gap. The HOMO-LUMO levels be-

ing mainly located in the gold core, this indicates that this period can be attributed to
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Figure 3.9: Experimentally measured periods of the oscillating pump-probe signals as a function of
particle size (number of atoms or equivalent particle diameter) obtained by setup 1 (gray diamonds)
and setup 2 (full and open blue diamonds for samples in DMF and water, respectively). The black
dashed line illustrates the breathing mode period of Au nanospheres in water obtained by the classical
model (Sec. 3.1).

the QBM of the icosahedral Au13 core of the cluster. In this context, the measured value

of T0 is in qualitative agreement with molecular calculations of the QBM for surfactant-

stabilized Au25 clusters, predicting a period of 320 fs [150, 212]. T0 shows a nearly constant

value for the Au25, Au102 and Au144 samples (400± 100 fs) in agreement with Goodson et

al. [133, 152, 153] observing a similar periods for the vibrational modes of Au25, Au144 and

Au309. However, by taking into account the full investigated size range (Au25-AuD=3.5nm),

the observed periods also lie very close to the classical continuum mechanics predictions

(Fig. 3.9). Investigation of even smaller clusters, as Aux=4−25, would provide an experi-

mental evidence that could be compared to atomistic predictions [150, 212].

The longer period T1 ≈ 1 ps in the Au25 sample was best detected using probe wavelengths

in the visible (∼ 550 nm), corresponding to photon energies higher than the HOMO-LUMO

band gap. Sensitivity to the detection wavelengths and the observed period are in good

agreement with previous results [94]. Detection of this longer oscillation could be induced

by periodic modifications of electron energy states associated to the presence of surfac-

tant molecules. Comparing the period with atomistic computations, this lower frequency
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mode is close to values calculated for Au-S-Au bending modes [150, 212]. These modes

describe interaction of the Au13 core with the ligand shell and induce thus modifications

of lower-lying electronic states (HOMO-n), where orbitals from the Au-ligand shell con-

tribute more to the molecular orbital states. However, in a classical picture, the longer

period T1 can also be attributed to the quadrupolar mode (n = 0, l = 2,m = 0) of the

Au13 gold core. It has been observed in previous experiments on larger nanoparticles that

this mode can be excited in optical pump-probe experiments in samples deviating from

spherical symmetry [156]. For the larger samples, Au102 and Au144, T1 increases slightly

with increasing diameters, which supports the classical picture of excitation and probing

of the quadrupolar mode of the Au core atoms.

3.3.3 Summary of experiments on small thiol-protected Au clus-

ters

The effect of size reduction on the vibrational dynamics of small thiol-protected Au clusters

was investigated by time-resolved ultrafast spectroscopy. Here, two different pump-probe

setups were used, with white light or monochromatic probe beams. The setups also differed

in pump wavelength, energy and temporal resolution. The periods which could be detected

using both experimental systems were in very good agreement.

A high-frequency mode was detected in a size range from only 25 Au atom clusters to

diameters of 3.5 nm (Au25, Au102, Au144 and AuD=3.5nm). By analyzing its evolution with

size and probe wavelength sensitivity, this mode could be associated to the radial volume

oscillation of the Au core of the clusters, the measured periods being in agreement with

atomistic computations in the case of the smallest Au25 sample [150, 212]. Additionally, a

lower frequency oscillation in the signals of Au25, Au102 and Au144 was detected. Its period

agrees with the classical picture of the quadrupolar mode of the Au core. An Au-S-Au

bending mode with a period similar to experiments has been theoretically predicted by

calculations for Au25 [150, 212]. However, more experimental and theoretical work should

be done for the identification of the measured T1 mode in Au25, Au102 and Au144. In this

context, systematic measurements as a function of surfactant molecules and solvent could

give further insight.

3.4 Conclusion

Time-resolved spectroscopy allowed the observation of a radial fundamental vibration

mode (breathing mode) for both bimetallic nanospheres and small Au clusters. The

determination of the breathing mode periods was in good agreement with calculations

based on classical elasticity theory, using bulk material elastic constants. In the case of
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bimetallic nanoparticles, the internal structure (core-shell, alloy) of the samples could be

discriminated using pump-probe spectroscopy. No unexpected modification of the breath-

ing modes due to the combination of two different metals was observed, even when in

some core/shell configurations the shell was formed by a monoatomic metal layer. The

breathing modes could also be observed in the case of thiol-protected Au clusters, down

to particles consisting of only 25 metal atoms. The validity of the classical continuum

mechanics model already reported for small Pt nanospheres (> 1 nm) [19] can thus be

extended to the sub-nanometer size range and to bimetallic core/shell nanometric size

structures. This is in stark contrast to other dynamical properties (e.g. electron-electron

and electron-phonon interactions, see Chapter 2), where significant modifications to the

bulk model were observable for particles smaller than ∼ 2 nm.
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Chapter 4

Thermal relaxation of colloidal gold

and gold-silica nanospheres

With the development of devices in the nanometric size range, understanding and mod-

eling thermal transport at the nanoscale and the underlying fundamental processes are

becoming key technological issues [20]. In particular, much attention is currently devoted

to the increased role of interfaces, characterized by their Kapitza resistance, defined as the

ratio between temperature jump and heat flux at boundaries [214].

A lot of experimental and theoretical works are currently devoted to the understanding

of the Kapitza resistance, in particular at room temperature where current agreement

between experiments and models is poor [20, 215]. In practice, measurements of this

resistance have most frequently been performed for both solid-solid and solid-liquid inter-

faces on nanofilms, superlattices and nanoparticle samples using optical pump-probe spec-

troscopy, which enable monitoring of thermal kinetics on picosecond timescales [19, 215–

224]. Pump-probe experiments on metal nanoparticles in liquid or dielectric media involve

their selective heating by a pump pulse and subsequent cooling governed by heat flow at

the interfaces and heat diffusion in the environment, monitored by a probe pulse. In such

experiments, pump and probe beams are thus used as heater and thermometer, respec-

tively.

The thermal interface conductance, defined as the inverse of the Kapitza resistance, at

metal-liquid interfaces has been subject to a large number of time-resolved experiments

based on bare metal nanoparticles in solution. These investigations have addressed the

sensitivity of nanoparticle cooling dynamics to the composition of the metal, of the solvent

and of the surfactant molecules stabilizing the nanoparticles [217–220, 222–225], yielding

interface conductances G typically between 20-300MW/(m2K). For instance, Plech et

al. [226] measured a conductance of 105MW/(m2K) for citrate-stabilized gold particles

in water, while Wilson et al. [217] obtained G = 130MW/(m2K) for citrate-stabilized
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platinum spheres. Solid-dielectric interfaces have also been considered and values in the

same range as for the metal-liquid case were obtained [216, 221, 227, 228]. Stoner and

Maris [216] reported in a pioneering work the measurement of G for various solid plane

interfaces, with 40MW/(m2K) for Au-sapphire, Au-BaF2 and Au-diamond. An earlier

study of our group considered metal nanoparticles in different glasses, leading to an inter-

face conductance of 100MW/(m2K) between Au and a glass with 53% silica content [19].

Pump-probe studies have been more rarely performed on core-shell nanoparticles, whose

cooling requires heat propagation through two interfaces (those between the core and

shell components, and between the shell and the nanoparticle surroundings). Despite the

presence of such an additional interface, Hu et al. [220] observed an acceleration in the

pump-probe signal dynamics with addition of a silica shell to gold nanoparticles in water

or ethanol. In another context, Emelianov et al. [229, 230] have shown that silica en-

capsulation of gold nanorods in water yields an amplification of the amplitude of their

photoacoustic signal, pointing to significant modification of their thermal dynamics.

Most previous time-resolved experiments have analyzed the resulting signals in a simplified

way. Heat diffusion in nanoparticle environment was sometimes omitted in thermal model-

ing assuming cooling dynamics is mostly governed by interface resistances [231]. Moreover,

most studies have assumed a direct proportionality between pump-probe signals and the

metal nanoparticle temperature [218–220, 222]. However, this hypothesis is not necessarily

valid, as environment heating leads to a modification of its optical properties, susceptible

to affect signals. Such simplified analysis may lead to incorrect determination of interface

conductances, possibly accounting for the large dispersion of values reported in literature.

Here, we report a quantitative approach to analyze pump-probe experiments, based on

both a complete description of thermal dynamics (yielding spatial and temporal varia-

tions of temperature as a function of the thermal parameters of the nanoparticles and

their environment) and modeling of their effect on the optical properties of the sample.

This methodology is applied to analyze experiments performed on both bare and silica-

encapsulated gold nanospheres in water or ethanol, enabling determination of thermal

conductances at gold-liquid, gold-silica and silica-liquid interfaces. Additionally, a large

contribution of the environment to pump-probe signals acquired on gold nanoparticles in

ethanol is demonstrated through systematic variation of the probe beam wavelength.

4.1 Experiments

4.1.1 Nanoparticle samples

Experiments have been performed on gold nanospheres, bare or coated with silica of

varying thickness, diluted in both water and ethanol with a particle volume fraction p
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around 10−5. All samples have been synthesized by the the Liz-Marzán group in Vigo,

Spain.

The bare gold spheres present a mean diameter of D = 18.5 nm and are stabilized by

citrate groups and thiol modified Polyethyleneglycol (mPEG-SH) for dilution in water

and ethanol, respectively. Gold-silica core-shell samples were synthesized from the initial

solution of gold nanospheres in water, with silica growth by Stöber method [232], using

variable growth time for the realization of different shell thicknesses which are in this

case given by: a1 = 3.4 nm, a2 = 12.4 nm, a3 = 18.5 nm, a4 = 25.7 nm. Mean diameter

and shell thickness were deduced by transmission electron microscopy (TEM), shown in

Figs. 4.1(a) and 4.1(b) for bare gold and gold-silica core-shell nanoparticles (a4). Their

gold core size dispersion was found to be around 15% (inset in Fig. 4.1(a)). All samples

Figure 4.1: TEM images for (a) bare gold nanospheres of mean diameter D = 18.5 nm and (b)
same particles coated with silica, with shell thickness a4 = 25.7 nm. Inset in (a): Size distribution of
gold spheres.

show a surface plasmon resonance (see Sec. 1.2) around 530 nm, with a position at slightly

larger wavelengths for particles in ethanol than in water and slightly shifting to the red

with increasing silica loading (Fig. 4.2, inset). The experimental absorption coefficient αL

(see Sec. 1.5) for bare gold nanoparticles in water is shown in Fig. 4.2. For the purpose

of further experimental analysis, it is reproduced using the dipolar approximation of Mie

theory applied to nanospheres in a homogeneous environment (nm = 1.33, see Eq. (1.45)).

The bulk gold dielectric function was adopted from Ref. [25]. The position of the resonance

peak of the computed absorption spectrum agrees very well with the experimental one. Its

width was phenomenologically adjusted to incorporate inhomogeneous and homogeneous

broadening due to quantum confinement [42, 43] (see Sec. 1.2 and Eq. (1.26), with an

effective parameter g = 1.5).

The small deviation still remaining between the experimental and the simulated SPR

profile can be explained by inhomogeneous effects resulting from size and morphology

dispersion in the sample (e.g. deviation from perfect sphericity). Table 4.1 summarizes

the thermal parameters at room temperature of the materials involved in the studies.
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Figure 4.2: Experimental (full black line) and simulated (red dotted line) absorption coefficient
αL for D = 18.5 nm Au nanospheres in water (nm=1.33). Absorption was calculated using Mie
theory in the dipolar approximation (Eq. (1.45)). Inset: normalized absorption spectra for bare Au
nanoparticles in water (black line), ethanol (orange line) and core-shell nanoparticles of shell thickness
a4 = 25.7 nm in ethanol (green line).

4.1.2 Pump-probe experiments

Thermal cooling of the presented nanoparticles in solvent is investigated by ultrafast pump-

probe spectroscopy. Time-dependent transmission measurements were performed with a

two-color pump-probe setup in the weak excitation regime (setup 1, Sec. 2.1.1) using the

direct (820 nm) or frequency-doubled (410 nm) output of a Ti-sapphire oscillator and the

output of an Optical Parametric Oscillator (OPO). The latter emits light in the visible

range of the spectrum (500-700 nm) and is pumped by part of the output of the Ti-sapphire

oscillator. For more detail on this setup, see Sec. 2.1.1. Solutions were inserted in a quartz

cuvette of L = 1mm thickness which was mounted on a metal ring serving as sample holder

and heat sink at the same time.

The two-colored beams (IR or blue on one branch, the OPO output on the other one)

were both used as pump (P) or probe (Pr). While the pump wavelength only affects the

amplitude of the signals, depending on the amount of excitation after pump beam absorp-

tion, the probe wavelength dependence was systematically investigated during this work.

The focal spot size σ of the pump beam was ∼ 10 �m while the one of the probe beam was

20 �m. A larger probe beam as compared to the pump one reduces the sensitivity to slight
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Table 4.1: Density ρ, specific heat capacity C, volumetric heat capacity c and thermal conductivity
Λ [22, 233, 234]

material ρ (kg/m3) C (J/(kg· K)) c (106J/(m3·K)) Λ (W/(m·K))

gold 19320 129 2.5 317

fused silica 2200 703 1.5 1.38

water 1000 4180 4.18 0.6

ethanol 800 2400 1.92 0.179

P/Pr misalignments upon movement of the mechanical stage for the long paths necessary

to obtain a pump-probe delay of some hundreds of ps [221]. Knowledge of the spot sizes,

measured by a CCD camera, allows evaluation of the initial temperature increase of the

gold part of the particles by pump beam absorption. All experiments were performed in

the low perturbation regime, with a pump fluence of typically ∼ 100 �J/cm2 yielding a

temperature increase ΔT 0
L ≈ 3K. For this weak excitation, being well below the onset of

particle melting (∼ 1000K for gold nanoparticles in the same size range [235]), a linear

dependence of pump/probe (P/Pr) signals with temperature can be safely assumed. This

linearity with heating was methodically verified on all samples by varying the pump laser

fluence.

Fig. 4.3(a) illustrates the relative transient transmission signal ΔT/T = −ΔαL (Sec. 1.5)

for bare gold particles in ethanol. The sample has been excited by an infrared beam

(820 nm) and transmission changes have been probed at 530 nm. Like in former pump-

probe measurements the signal is characterized by a strong peak corresponding to the

particle excitation and internal thermalization, followed by a slow decaying signal due to

lattice cooling (see inset in Fig. 4.3(a)). Here, we concentrate on the dynamics of the lat-

ter, typically occurring on a timescale of several hundred ps. For the purpose of analysis,

time zero t = 0 was defined in all signals as the moment just after the metal internal

thermalization (few ps after pump excitation), hence the instant the gold core has reached

maximum temperature T 0
L = T0 +ΔT 0

L (with almost no heat transferred to the surround-

ing yet, see Fig. 4.5(a)). In practice t = 0 is characterized by a break in the signal’s slope

(compare Fig. 4.3(a)), which changes from a steep decay to slow-decaying dynamics.

In Figs. 4.3(b), 4.4(a) and 4.4(b), the effects of solvent, probe wavelength and silica shell

on those long timescale dynamics are observable. Fig. 4.3(b) illustrates the long delay

time-resolved signals of gold particles in water and ethanol, obtained in the same exper-

imental conditions. For easier comparison the two signals have been normalized at their

temporal origin. In ethanol the signal decay is slower than in water, which can be qualita-

tively explained by its smaller heat conductivity (Table 4.1). Ethanol evacuates heat more

slowly, which leads to slower cooling in the metal particle as well. Still, this explanation
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Figure 4.3: (a) Time-resolved signals of bare gold nanospheres in ethanol for a pump beam of
λp = 820 nm, pump fluence F ≈ 200 �J/cm2 and probe beam λpr = 530 nm. The inset schematically
describes the processes observable in the experiment, corresponding to a flat signal before excitation
(1), a pronounced peak during particle internal electronic thermalization (2) and a slower decay due
to its subsequent cooling (3). (b) Same signal normalized to unity at t=0 (orange dashed line).
Also shown is the pump-probe signal in the same configuration for gold nanoparticles in water, also
normalized at t=0 (black solid line).

remains approximate, not taking into account a possible change of the thermal interface

resistance with solvent exchange.

Fig. 4.4(a) depicts transient transmission signals of bare gold particles in ethanol for

different probe wavelengths close to the surface plasmon resonance of the sample (see in-

set). Excitation was identical for these measurements, the frequency-doubled laser output

(410 nm) being used to generate the pump beam whose fluence was not modified. Close

to the surface plasmon resonance the signals feature strong sensitivity to the probe wave-

length, not only in their amplitudes but also concerning their dynamics. The signal sign

changes from negative to positive with decreasing probe wavelength, while for intermedi-

ate wavelengths the transient signals change sign with pump and probe delay. This clearly

demonstrates the absence of proportionality between P/Pr signals, and the nanoparticle

temperature and highlights the requirement of a rigorous analysis of the detection mech-

anism, connecting the experimental signal to the physical processes in the sample.

The effect of the addition of a silica shell is shown in Fig. 4.4(b). For the particles in wa-

ter (P/Pr 820/530 nm), an increasing silica shell accelerates the decay dynamics, an effect

that has been observed before [220]. A naive way to explain this evolution would, again,

be the higher thermal conductivity of silica compared to water (Table 4.1). However, as

discussed above, the transient signals must be carefully analyzed, considering both heat

diffusion in the system and heat transfer at interfaces. Also, the signals do not necessarily

reflect the evolution of the gold temperature, due to possible contributions of the thermal

dynamics of their environment.
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Figure 4.4: (a) Transient long delay signals of bare gold spheres in water excited by a blue pump
pulse (410 nm) of similar fluences F ≈ 20 �J/cm2 for all signals and a probe pulse of different wave-
lengths. Inset: Position of the probe wavelength with respect to the sample absorbance. (b) Com-
parison of the pump-probe signals (P/Pr 820/530 nm, F ≈ 200 �J/cm2) of bare gold and core-shell
particles with different silica shells in water. The signals have been normalized to unity at t=0.

In the following sections we develop an analytic model for computing the temperature

dynamics in all parts of the studied systems, considering both heat diffusion and thermal

resistances at the interfaces. We then connect the temperature changes in gold core ΔTp

and environment ΔTm to the absorption change Δα of the sample in a similar approach

to Eq. (1.1), where the change of the dielectric functions (Δε1,Δε2,Δεm) can be connected

linearly to the temperature excess of particle and environment.

4.2 Modeling heat transfer dynamics

In order to model the successive heat evacuation of the initially heated metal particle to the

dielectric shell and to the solution, two distinct processes are considered (see Figs. 4.5(a)

and 4.5(b)). Heat evacuation in the shell and in the surrounding medium is taken into

account in a classical diffusive model for heat transfer (neglecting confinement effects like

ballistic transport) whereas the particle temperature is considered to be homogeneous

due to its high thermal conductivity compared to dielectric materials (Λmetal � Λdielectric,

see Table 4.1). Furthermore, a thermal interface resistance, the Kapitza resistance (see

Sec. 4.2.1), is introduced at all interfaces. In former experiments an analytic model for

the temperature of bare metal particles in solution or deposited on a glass matrix [19, 217,

218] has been presented, taking into account these two contributions. We expand this

model introducing a second material with an additional interface and describe not only

the particle temperature, but also the position-dependent temperature of the surrounding
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Figure 4.5: Schematic view of a core shell-particle of core radius R = D/2 and shell thickness a in
a solvent. (a) Initial heating of the metal core (t = 0) to temperature increase while silica shell and
solvent are still at room temperature T0. (b) Heat diffusion in shell and solvent, thermal interfaces
are present at the core surface (r = R, G1) and the shell surface (r = R+ a, G2).

shell and solvent. Here, thermal parameters are taken from bulk tables, assuming no

modification for the given particle sizes (Table 4.1).

4.2.1 The Kapitza resistance

A temperature discontinuity ΔT at the boundary of two materials is introduced by a ther-

mal resistance (Kapitza resistance RK) or its inverse, the thermal interface conductance

G, which is defined as follows:

J = GΔT, (4.1)

where J describes the heat flow per unit area across the interface [214]. A temperature

jump at the interface is present because of the change in the characteristics of the phonons

(being primarily responsible for heat transfer) from one material to another. A complete

description of their transmission at the boundary demands extensive studies about the

exact nature of the interface and on the materials on both sides. In the past years, mainly

two assumptions have been made to simplify the problem: The acoustic mismatch model

(AMM) and the diffuse mismatch model (DMM) [214].

In the picture of the AMM, phonons are treated as plane waves and the materials they

are propagating in are described by classical continuum mechanics. Here, scattering of

phonons at the interfaces is completely neglected and their transmission probabilities can

be determined by the acoustic analog of the Fresnel equations. Assuming additionally

normal phonon incidence and independence of the transmission to the phonon frequency,

one can find a simplified equation for the energy transmission coefficient from side 1 to
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side 2 [216]:

t1→2 =
4Z1Z2

(Z1 + Z2)2
, (4.2)

where Z1,2 describe the acoustic impedances, given by the product of mass density ρ and

sound velocity vl of the materials.

The DMM, in contrast to the AMM, assumes all phonons to be diffusely scattered at the

boundary, losing thus all memory of their original state. In this case the probability of

being scattered from one side to the other side of the interface is simply proportional to

the corresponding density of phonon states. In a rude approximation, one can assume

that phonons can only scatter into identical states. If the corresponding phonon states

available on side 1 are close to the one on side 2, a good transmission coefficient can thus

be expected. A simple parameter to characterize similarity of the phonon density of states

is given by the ratio of the Debye temperatures Θ1/Θ2 of the two materials [216, 227].

While these two models are in agreement with measurements performed at low temper-

atures on plane interfaces [214], at room temperature they are too simplified to describe

the thermal interface conductance, for reasons remaining an issue in nanoscale thermal

transfer.

4.2.2 Bare gold nanospheres

In the present section we introduce the equations governing heat transfer and their ana-

lytic solution for bare nanospheres in a solid or liquid environment. Extension to the more

complex core-shell system will be done afterward.

In the given spherical geometry all governing equations can be written in spherical coor-

dinates, the physical quantities depending only on the distance r from the particle center.

Moreover, the samples under study are sufficiently dilute to assume an infinite environ-

ment and no interaction between the different metal particles in solution. For particles

with a radius R = D/2 we can thus write three equations describing heat evacuation at the

particle interface (r = R), heat diffusion in the environment and the boundary condition

for continuous heat flux at the interface [236].

dTp(t)

dt
= − 3G

Rcp
[Tp(t)− Tm(R, t)] , (4.3)

∂Tm(r, t)

∂t
=

Λm

cm

1

r

∂2

∂r2
[rTm(r, t)] , (4.4)

∂Tm(r, t)

∂r

∣∣∣∣
r=R

= − G

Λm

[Tp(t)− Tm(R, t)] , (4.5)
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with the temperatures of particle and environment Tp and Tm respectively, cp and cm

their specific heat per unit volume, Λm the thermal conductivity of the matrix and G the

thermal interface conductance.

To solve this system of equations it is helpful to describe the temperature in the matrix

by the reduced variable Fm(r, t), which is defined as:

Fm(r, t) = r (Tm(r, t)− Tm,i) , (4.6)

with Tm,i the initial temperature of the matrix.

An appropriate way to find an exact solution for the temperature in both materials is to

operate in the Laplace domain [237] defined by the transformation:

h̃(r, s) =

∫ ∞

0

e−sth(r, t) dt (4.7)

Eq. (4.4) in Laplace space and using Fm(r, t) then becomes:

sF̃m(r, s) = κ
∂2

∂r2
F̃m(r, s), (4.8)

with κ = Λm/cm corresponding to the thermal diffusivity of the environment. The solution

of this equation is a decaying exponential function, as we impose the temperature increase

far from the particle to be zero:

F̃m(r, s) = F̃m(R, s)e
−q(r−R), (4.9)

where q is the thermal wavelength, q2 = s/κ.

It is then relatively straightforward to derive the solution of the system in Laplace space

for the metal particle and the dielectric environment. We obtain [19, 236]:

T̃p(s) = −
αp

[
1− Rg

1+R(q+g)

]
s+ αp

[
1− Rg

1+R(q+g)

] Tm,i

s
, (4.10)

F̃m(r, s) =
−gR2

[
1

1+R(q+g)

]
s+ αp

[
1+Rq

1+R(q+g)

]e−q(r−R)Tm,i, (4.11)

with αp = 3G/(Rcp) and g = G/Λm corresponding to the inverse Kapitza length lK [238].

In order to obtain the temperature dynamics in direct space, the inverse Laplace transform

of Eq. (4.10) and Eq. (4.11) has to be executed. For the temperature excess of particle
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ΔTp(t) and matrix ΔTm(r, t) with regard to their temperature before heating we obtain:

ΔTp(t) =
2

π
k(Rg)2ΔT 0

L

∫ ∞

0

u2e
−κu2

R2 t

[u2(1 +Rg)− kRg]2 + (u3 − kRgu)2
du, (4.12)

ΔTm(r, t) =
2

π
k(Rg)2

R

r
ΔT 0

L

∫ ∞

0

ue
−κu2

R2 t

[u2(1 +Rg)− kRg]2 + (u3 − kRgu)2
× (4.13)

[
u

(
1− u2

kRg

)
cos
( u
R
(r −R)

)
+

(
1− u2

kRg
(1 +Rg)

)
sin
( u
R
(r −R)

)]
du,

with k = 3cm/cp. It is thus possible to monitor the heat evacuation of particle and

matrix in an exact way. Instead of using the definition of the inverse Laplace transform

to express Eq. (4.10) and Eq. (4.11) in direct space, it is also possible to factorize these

two equations and to use tabulated Laplace transforms to get an analytical expression of

the temperature dynamics [236]. These expressions are more complicated but demand less

calculating time, which is why we chose to use them for simulations.

Discussion and extreme limits There are two limiting cases for heat dissipation of the

particle depending on the interface thermal conductance, characterized by the parameter

gR.

• For high thermal conductance at the interface or large particles, gR → ∞ and the de-

cay of the nanoparticle temperature is limited by diffusion of heat in the surrounding

environment. In this case Eq. (4.4) is the governing equation and a non-exponential

decay of the particle excess temperature ΔTp is expected. A characteristic cool-

ing time τD can be estimated by equating the heat capacity of the metal particle

4/3πR3cp and the heat capacity of a surrounding layer with thickness of the thermal

diffusion length, given by 4πR2cm
√

Λm/cmτD [218]:

τD =
R2c2p
9cmΛm

. (4.14)

• For gR → 0, heat evacuation of the metal nanoparticle is ruled by the thermal

interface resistance. The particle cooling is then described by Eq. (4.3) with a

fixed matrix temperature Tm(R, t) and the temperature exponentially decays with a

characteristic time τG given by:

τG =
Rcp
3G

. (4.15)
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The times differ in their dependence on the particle radius R. Characteristic times asso-

ciated to a diffusion-limited process alone vary quadratically with particle radius while

the decay time in the case of low interface conductance varies linearly with size. In gen-

eral, the kinetics of big particles is controlled by the diffusive process, whereas for very

small sizes the impact of low interface conductance overtakes. Previous time-resolved

studies on metal nanoparticles have often been analyzed considering one of these extreme

cases ([218–220, 239]→ Diffusion, [231]→ Interface). However, for intermediate sizes such

simplifications are not valid and both processes must be considered. In this case, the tem-

perature decay of the particles is dominated by the surface process on shorter timescales

after initial excitation and by heat diffusion in the matrix on a longer timescale.

Figure 4.6: Simulated temperature dynamics for gold nanospheres in water with initial metal heating
of 1 K. (a) Excess temperature of gold for varying thermal interface conductances, G = 10MW/(m2 K)
(orange dashed line), G = 100MW/(m2 K) (full black line), and G = 107 MW/(m2 K) (green dotted
line). (b) Excess temperature of water for G = 100MW/(m2 K) at varying positions r.

Fig. 4.6(a) depicts the metal excess temperature ΔTp of gold particles in water and initial

heating of ΔT 0
L = 1K for a realistic thermal interface conductance G = 100MW/(m2K),

as well as the two extreme limits of very small and very large conductances. For the

dynamics plotted in a semi-logarithmic graph, one can notice an almost exponential be-

havior for a small conductance as expected from Eq. (4.12) and Eq. (4.15), whereas for

an increasing thermal conductance the decaying curves become more and more concave

corresponding to dynamics controlled by Eq. (4.14).

The matrix temperature dynamics (Fig. 4.6(b)) are characterized by a rise followed by a

decay corresponding to heat transfer from the particle and the subsequent cooling by radial

energy propagation, with amplitudes and timescales depending on the considered position.

The water excess temperature of the same system as presented above is shown in Fig. 4.6(b).

The thermal interface conductance is fixed to the value G = 100MW/(m2K) and the dy-

namics at different positions r are depicted. Moving away from the surface the temperature
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rise is slower and the maximum value decreases due to heat diffusion in water.

4.2.3 Addition of a dielectric shell

The proposed model can be generalized in order to describe metal particles with a dielectric

shell (see Sec. 4.1.1). Eq. (4.3), Eq. (4.4) and Eq. (4.5) stay valid for heat transport from

the metal particle to the adjacent materialm1 (in this case the silica shell), diffusion in this

material and continuity of heat flux at the first interface. To adapt the equations to the new

situation we add the index 1 for the first (metal-dielectric) interface and heat propagation

in the shell e.g. G → G1 and Λ → Λ1 . In contrast to the previous system the extension

of m1 is not infinite, the shell having a thickness a, and we have to introduce a second

interface between the shell and the environment m2 with thermal interface conductance

G2. It follows the addition of three equations to describe heat diffusion in the environment,

heat transport at the second interface and heat flux conservation at this interface:

∂Tm2(r, t)

∂t
=

Λ2

c2

1

r

∂2

∂r2
[rTm2(r, t)] , (4.16)

∂Tm2(r, t)

∂r

∣∣∣∣
r=R+a

= −G2

Λ2

[Tm1(R + a, t)− Tm2(R + a, t)] , (4.17)

Λ1
∂Tm1(r, t)

∂r

∣∣∣∣
r=R+a

= Λ2
∂Tm2(r, t)

∂r

∣∣∣∣
r=R+a

. (4.18)

The new system of equations can still be solved in Laplace space using the normalized

variables F̃m1 and F̃m2 of Eq. (4.6), with Tm1,i = Tm2,i = Tm,i. The shell-matrix thermal

interface involves both energy transmission and reflection. Therefore heat propagation in

the shell can be defined by the sum of a rising and a decaying exponential. On the other

hand the matrix is considered to be infinite which leads to a decaying exponential behavior

for F̃m2 as before in Eq. (4.9):

F̃m1(r, s) = A1(s)e
−q1r +B1(s)e

q1r, (4.19)

F̃m2(r, s) = A2(s)e
−q2r, (4.20)

with q21,2 = s/κ1,2 the thermal wavelength of shell and matrix and A1,2 and B1 parameters

to be determined by the system of equations. We eventually obtain an analytical solution

of the temperature dynamics in Laplace space for all involved parts of the composite
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system Tp(s), Tm1(r, s) and Tm2(r, s):

T̃p(s) =
αp

[
1− Rg1(1−u)

(1+Rg1)(1−u)+Rq1(1+u)

]
s+ αp

[
1− Rg1(1−u)

(1+Rg1)(1−u)+Rq1(1+u)

] Tm,i

s
, (4.21)

F̃m1(r, s) =
−g1R2

[
1

(1+Rg1)(1−u)+Rq1(1+u)

]
s+ αp

[
1− Rg1(1−u)

(1+Rg1)(1−u)+Rq1(1+u)

] (e−q1(r−R) − ueq1(r−R)
)
Tm,i, (4.22)

F̃m2(r, s) =
−g1R2

[
1

(1+Rg1)(1−u)+Rq1(1+u)

]
s+ αp

[
1− Rg1(1−u)

(1+Rg1)(1−u)+Rq1(1+u)

] g̃2e−q1a(1− e2q1au)e−q2(r−(R+a))Tm,i, (4.23)

with αp = 3G1/(Rcp) and g1,2 = G1,2/Λ1,2. The variable g̃2 = g2(R+a)
1+(R+a)(q2+g2)

can be

interpreted as a normalized inverse Kapitza length for the shell-matrix interface which

depends not only on thermal interface conductance and conductivity but also on particle

radius, shell thickness and the thermal wavelength of the environment. The parameter

u illustrates the amplitude of heat reflection at the shell-matrix interface which can bee

seen in Eq. (4.22). It is given by u = e−2q1a (1−λg̃2)+(R+a)(q1−λg̃2q2)
(1−λg̃2)−(R+a)(q1+λg̃2q2)

with λ the ratio of the

thermal conductivities of environment and shell λ = Λ2/Λ1.

The temperature evolution of excess temperatures in metal, shell and solvent, are obtained

from the inverse Laplace transform. This yields an integral expression for the temperature

dynamics in each part of the system, which can be solved numerically.

Discussion and extreme limits For some limiting cases Eq. (4.21), Eq. (4.22) and

Eq. (4.23) describe the former system with a single interface between bare gold nanopar-

ticles and their environment (Sec. 4.2.2), as in the two following situations:

• If a → ∞ (infinite shell) then u → 0 (no heat reflection) and the system is well

described by Eq. (4.21) and Eq. (4.22) corresponding in this case to Eq. (4.10)

and Eq. (4.11), respectively.

• If G2 → ∞, λ = 1 and q1 = q2 = q. This corresponds to eliminating the second

interface by setting an infinite conductance and identical materials for shell and ma-

trix. In this case g̃2 → 1 and u→ 0 and both Eq. (4.22) and Eq. (4.23) describe heat

transfer in the matrix of a system with a single interface. The equations in Laplace

space describing temperature in particle and matrix again correspond to Eq. (4.10)

and Eq. (4.11).

Heat evacuation from the metal particle is determined by the thermal interface conduc-

tance at both interfaces as well as the thermal parameters of both surrounding materials.
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4.2. Modeling heat transfer dynamics

In general this leads to a complex dynamics, the effects of different parameters being not

necessarily decorrelated. In this context, one can show that e.g. lowering the heat conduc-

tivity of the shell has the same effect on the metal particle thermal dynamics as a decrease

of the thermal conductance at the shell-solvent interface.

Figure 4.7: Simulated excess temperature of the shell for gold-silica core-shell particles in water, for
initial metal heating of 1K and equal thermal conductance at the two interfaces (100MW/(m2 K)).
The full black and dashed orange lines describe the silica excess temperature for a = 1nm at r = R
(gold-silica interface) and R + a (silica-water interface), respectively. The green dotted and blue
dash-dotted lines show the temperature excess at the same positions for a = 12nm.

Fig. 4.7 illustrates a comparison of the temperature dynamics of the shell for core-shell

gold-silica nanoparticles in water computed for two different shell thicknesses. For this

purpose the time-dependent silica excess temperature ΔTm1 = ΔTS is plotted at the gold-

silica interface r = R and at the silica-water interface r = R + a (see inset of Fig. 4.7).

For the same thermal interface conductances G1 = G2 = 100MW/(m2K), temperature

increase of a 1 nm shell is distinctively higher than the one of a 12 nm shell. This is a

result of the overlap of heat transferred from the metal particle and reflected from the

shell external surface. Although heat reflection at the external interface occurs in both

systems, this effect is moderate in the thicker shell due to heat diffusion within silica.

The presented model provides a description of the temperature dynamics of all implicated

materials of a spherical metal-dielectric core-shell system in a transparent environment.

However, for more complex systems (e.g. involving supplementary shells, or non-spherical

geometry) it is more convenient to make use of numerical simulations. Here, we performed
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Chapter 4. Thermal relaxation of colloidal gold and gold-silica nanospheres

finite element modeling (FEM) [4] in order to confirm the validity of our analytical ap-

proach, obtaining excellent agreement between the two methods.

4.3 Optical detection of heat transfer

The thermal properties of the described samples, especially the role of thermal interface

resistances, were investigated by time-resolved pump-probe spectroscopy. In contrast to

steady-state measurements on the thermo-optical response of gold or silver nanoparticles

in a glass matrix, where heating of both the metal and the substrate was considered [86, 88,

240, 241], in most previous time-resolved optical experiments, signal proportionality to the

temperature of the metal particle was assumed [218–220, 222]. Only rarely temperature

increase in the environment was discussed in ultrafast optical spectroscopy experiments,

e.g. on colloidal gold nanorods [224], substrate deposited gold nanorods [223] or metal

nanospheres in different glasses [19], where a contribution of the environment to the signal

was estimated and assumed to be negligible for certain probe wavelengths. However,

the knowledge of the contribution to the transient signal from the heated environment

is essential to precisely interpret optical experiments and extract values for the thermal

boundary conductance G. Here we develop a model for the quantitative analysis of time-

resolved pump-probe signals, taking into account temperature dynamics in both metal

particles and their environment.

The absorption coefficient α of the composite system is correlated to the dielectric functions

of the constituting materials, being complex for the absorbing metal (ε = ε1 + iε2) and

real for the transparent shell (εS) and solvent (εsol). For particles much smaller than

the incident light wavelength, absorption of the composite system of spherical core-shell

particles in solvent αc−s = nnpσ̄ext (see Sec. 1.5) can be written using Mie theory in the

dipolar approximation [21]:

αc−s(λ) =
6πp

√
εsol

λ
× (4.24)

Im

[
(εS − εsol) (ε(λ) + 2εS) + fν (ε(λ)− εS) (εsol + 2εS)

(εS + 2εsol) (ε(λ) + 2εS) + 2fν (ε(λ)− εS) (εS − εsol)

]
,

with p = nnpVnp the metal volume fraction (Sec. 1.3.1) and fν = R3

(R+a)3
the ratio between

the core and the total volumes of the core-shell particle.

After heating of the gold core of the nanoparticle by pump pulse absorption, both real ε1

and imaginary parts ε2 of the metal dielectric function change (see Sec. 1.4.2). Addition-

ally, heat transfer to the shell and to the solvent induces a change in εS and εsol.

For weak heating by the pump pulse one can estimate at first order the absorption change
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4.3. Optical detection of heat transfer

of the sample Δαc−s, which is directly connected to the excess temperatures of metal core,

silica shell and solvent (extension of Eq. (1.1)):

Δαc−s(λpr, t) =

(
∂αc−s

∂ε1

dε1
dTp

∣∣∣∣
λpr

+
∂αc−s

∂ε2

dε2
dTp

∣∣∣∣
λpr

)
ΔTp(t)

+
∂αc−s

∂εS

dεS
dTS

∣∣∣∣
λpr

ΔTS(t) +
∂αc−s

∂εsol

dεsol
dTsol

∣∣∣∣
λpr

ΔTsol(t).

= ApΔTp(t) + ASΔTS(t) + AsolΔTsol(t)

(4.25)

Note that we have replaced Tm1 by TS and Tm2 by Tsol, considering from now on a pre-

cise system of gold core, silica shell and solvent. For simplicity, in Eq. (4.25) the spatial

variations of the temperatures of silica shell and solvent are initially omitted. As a first

approximation, shell and solvent temperatures at R and R + a, respectively, can be con-

sidered in this simplified equation. However, as the response of a metal nanoparticle is

sensitive to the dielectric constant of its environment over a distance of the order of the

particle radius [242], this assumption is not quite realistic and Eq. (4.25) will be used

only for estimations of the amplitudes Ap, AS and Asol of the different materials to the

pump-probe signal.

For a quantitative computation of the optical response, a more complete way to describe

shell and particle temperatures is to decompose both materials into a large number of

subshells, in order to account for their temperature gradient. The following equation is

valid for an arbitrary number of shells [243, 244]:

Δαmulti(λpr, t) = ApΔTp(t) +

NS∑
i=1

ASi
ΔTS(R + aSi

, t) +

Nsol∑
i=1

AsoliΔTsol(R + a+ asoli , t),

(4.26)

where the linear absorption coefficient αmulti is explicitly given in Refs. [243, 244]. The

metal contribution to Δα does not change in comparison to Eq. (4.25), the temperature in

the metal part of the nanospheres being uniform. The environment has now been divided

in NS subshells for the silica shell (total thickness a) and Nsol subshells for the solvent (on

a large enough distance at least of the order of the particle diameter), with spacings aSi

and asoli respectively.

The amplitude associated to the temperature variation of each subshell is given in the

same way as for the core-shell system in Eq. (4.25), by ASi
= ∂αmulti/(∂εSi

)dεS/dTS and

Asoli = ∂αmulti/(∂εsoli)dεsol/dTsol, with here εSi
= εS and εsoli = εsol. Typically, division

of the immediate surrounding on a distance of the diameter of the gold particle into 100

subshells with a quadratically increasing thickness for increasing r is enough to obtain
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Figure 4.8: Simulated time-dependent contribution of water heating to the absorption change of
bare gold particles in water, with interface conductance G = 100MW/(m2 K) and ΔT 0

L = 1K.
Solid line: Multishell model (Eq. (4.26)) with shell spacings asoli = 2R · (i/100)2 for i from 1 to
100 (distance 2R from the particle surface, full black line), and for i from 1 to 122 (distance 3R
from the particle surface, red dotted line). For comparison contributions using the simplified model
(Eq. (4.25)) imposing an effective water temperature corresponding to that of the particle surface
r = R (dashed line), or at the positions r = 1.2R (dotted line) and r = 1.4R (dash-dotted line).

convergence of the sum in Eq. (4.26) (see Fig. 4.8). We therefore used this configuration

for our investigations.

Fig. 4.8 illustrates the importance of such a decomposition in the case of bare gold particles

in water. The contribution of water heating to the optical signal described by Eq. (4.26)

and Eq. (4.25) with solvent temperatures ΔTsol(R), ΔTsol(1.2R) and ΔTsol(1.4R) are

compared. One can see that even though the amplitude is reproduced for some conditions,

the temporal evolution of the multishell response cannot be accurately modeled by simply

using a uniform solvent temperature.

4.3.1 Derivatives of the absorption spectra

In Eq. (4.25) we described the simplified out-of-equilibrium response of the composite

system of gold-silica core-shell nanoparticles in a transparent solution. The amplitudes

Ap, AS and Asol depend on the derivatives of the linear absorption spectrum ∂αc−s/(∂εi).

This can be calculated using Eq. (4.24) and the dielectric constants of gold, fused silica,

146



4.3. Optical detection of heat transfer

and the solvent (water or ethanol) from literature [25, 245–247]. Fig. 4.9 illustrates the

Figure 4.9: Derivatives of the absorption coefficient α with respect to εwater (full black line), ε1
(orange dashed line) and ε2 (green dotted line) for D = 18.5 nm Au nanospheres in water. Inset:
Ratios (∂α/∂ε1)/(∂α/∂εwater) (orange dashed line) and (∂α/∂ε2)/(∂α/∂εwater) (green dotted line).

derivatives of the absorption coefficient of bare D = 18.5 nm Au nanospheres in water,

computed with respect to the real and imaginary parts of the metal dielectric function and

the dielectric constant of water. The derivative with respect to εwater is strongly enhanced

at the position of the surface plasmon resonance of the system (∼ 530 nm, see Fig. 4.2),

while the derivatives with respect to ε1,2 show, as expected [35], a sign change close to

the SPR. For more visibility, the ratios of the two quantities are illustrated in the inset

of Fig. 4.9. Close to the resonance both ratios are characterized by a minimum while

increasing in the red part of the spectrum, where they are less dispersed. This behavior,

yielding an important contribution of the solvent to the time-resolved signals at probe

wavelengths close to the SPR, is almost independent of the nature of the liquid.

4.3.2 Temperature dependence of the dielectric constants

The temperature variations of the dielectric constants of silica, ethanol and water have

been measured in literature [245, 246, 248]. They exhibit an almost undispersed be-

havior with respect to wavelengths in the visible and IR range, with mean values of

dεsilica/dTsilica = 2.9× 10−5/K, dεwater/dTwater = −2.4× 10−4/K and dεethanol/dTethanol =
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−1.1× 10−3/K. This highlights the very different sensitivities of the optical properties of

these media to temperature changes, with a stronger optical response for liquids than for

solid matrices. The temperature dependence of the gold dielectric function dε1/dTp and

dε2/dTp was discussed in detail in Sec. 1.4.2 and the presented experimental results by

Cahill et al. (Fig. 1.21) [87] were used for computations.

4.3.3 Contributions of metal, shell and solution to the observed

signal

In the simplified picture of Eq. (4.25) the time-resolved response of the different samples

can be interpreted in terms of a combination between the distinct responses of gold, silica

shell and solvent, the amplitudes Ap, AS and Asol being deduced from the product of the

coefficients ∂α/∂εi and dεi/dTi, described in the previous sections. We display in Fig. 4.10
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Figure 4.10: Ratio of the metal vs. solvent contribution to optical signals, Ap/Asol, for D = 18.5 nm
bare gold nanospheres in water (full black line) and ethanol (orange dashed-line) and for gold-silica
core-shell particles with shell thicknesses a2 = 12.4 nm (green dotted line) and a3 = 18.5 nm (blue
dash-dotted line) in ethanol.

the ratio between contributions of the metal particle and the solvent response Ap/Asol

for bare gold nanospheres in water or ethanol, as well as core-shell gold-silica particles in

ethanol for two different shell thicknesses. For all systems there is a wavelength for which

Ap = 0, where the pump-probe response is exclusively produced by the solvent. At shorter
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wavelengths, the metal response is amplified on a very small bandwidth (∼ 50 nm), which

is hard to distinguish in a practical experiment. Towards longer wavelengths, |Ap/Asol|
increases until reaching a relatively constant value far from the SPR. For a good repro-

duction of the optical response of all studied systems, probing in the infrared is therefore

preferable as the metal and solvent contributions show little dependence on the specific

probe wavelength.

Comparison of the different ratios in the infrared (Fig. 4.10) shows that in the case of Au

nanoparticles in a liquid solvent the amplitudes |Ap| and |Asol| are comparable, yielding a

non-negligible impact of the liquid to the signal. This effect is much stronger in ethanol

than in water, conversely to a glassy environment (e.g. silica shell), where the matrix re-

sponse can be neglected far from the plasmon resonance due to its small value of dε/dT

(see Sec. 4.3.2) [19].

The dotted and dash-dotted lines in Fig. 4.10 correspond to core-shell nanospheres in

ethanol with silica shell thicknesses a2 and a3. They show an increasing amplitude of

|Ap/Asol| with increasing shell thickness, yielding a decreasing impact of the solvent. In

the following we therefore assume that the solvent response can be neglected for all core-

shell samples except for the smallest shell (a1 = 3.39 nm), where one can show that the

solvents still impact the absorption change Δα.

The complete modeling of the time-resolved optical modifications was performed us-

ing Eq. (4.26). The resulting relative transmission change ΔT/T (see Eq. (1.78)), could

thus be computed by calculating the time and position-dependent temperature change of

the different materials ΔTp, ΔTS and ΔTsol of the composite system (Sec. 4.2) and the

weighting coefficients in the multi-shell approach Ap, ASi
and Asoli .

4.4 Results

4.4.1 Thermal conductance at gold-liquid interfaces

The models for the temperature dynamics and their impact on the optical response of the

samples, developed in the previous sections, allow a quantitative analysis of the experi-

mental results. We report here for the first time the extraction of the thermal interface

conductance G of colloidal metal nanoparticles taking into account heat transfer in all

parts of the system.

For spherical bare gold nanoparticles in water and ethanol, the full model (Eq. (4.26))

has been used to describe the transient absorption signal as a sum of metal and solution

response, taking into account the temperature distribution of the liquid. Figs. 4.11(a)

and 4.11(b) show the experimental signals obtained for gold nanospheres in water and

ethanol for a probe wavelength of 820 nm, thus far from the surface plasmon resonance. In
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Figure 4.11: Experimental (full black line) and simulated (full red line, Eq. (4.26)) time-resolved
transient transmission change for bare D = 18.5 nm gold nanospheres in water (a) and ethanol (b)
(λp = 540 nm, λpr = 820 nm and F ≈ 40 �J/cm2). The gold (red dashed line) and solvent (red dotted
line) contributions to the simulated signal are also shown.

order to model the long delay decay of the signal, a χ2 minimization procedure has been

performed with two free parameters, namely the thermal interface conductance G and a

general amplitude A, the latter being necessary due to uncertainties in the initial heating

and concentration of the sample. Besides the result of the fitting procedure (full red line

in Figs. 4.11(a) and 4.11(b)), we also plotted the dynamics of the respective contributions

of gold and solvent. As expected, the solvent contribution to the full signal is not negligi-

ble, its amplitude being significantly larger for ethanol than for water, due to the larger

temperature dependence of its refractive index (see Sec. 4.3.2).

A very good agreement between experimental data and simulated signals could be obtained

for both solvents (Figs. 4.11(a) and 4.11(b)), using the following interface conductance val-

ues for the gold-water and gold-ethanol interfaces, respectively:

GAu−H2O = (113± 10)
MW

m2K
GAu−EtOH = (40± 10)

MW

m2K
. (4.27)

For comparison, we also fitted the signals assuming proportionality to the metal excess

temperature ΔTp only. Only the experimental data for bare gold in water could be re-

produced with this simplified model, yielding however a different value for the thermal

conductance G̃Au−H2O ≈ 175MW/(m2K). This turned out to be not possible for the

description of the kinetics of gold nanospheres in ethanol, no value of G̃Au−EtOH leading

to a good reproduction of the experimental signals. In the present experimental configu-

ration (infrared probing), the contributions of metal and solvent have opposite signs (see

Fig. 4.10) which leads to an acceleration of the decay of the time-resolved signals. G is
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thus easily overestimated if the solvent contribution is not taken into account. Note that

this effect is larger for an ethanol solvent than a water one, compensating for a slower heat

evacuation in ethanol, which leads to almost similar experimental signals in Figs. 4.11(a)

and 4.11(b).

The value of GAu−H2O (113MW/(m2K)) is in very good agreement with the extracted

value for the gold-water interface conductance in Ref. [226](105MW/(m2K)), where X-

rays have been used to probe G, whereas it is slightly smaller compared to other optical

pump-probe experiments [217, 218, 222, 224]. The interface conductance obtained with-

out consideration of the water temperature dynamics, G̃Au−H2O, is in better agreement

with these literature values, which confirms the presumption that values in the past were

slightly misleading due to the common assumption of signal linearity to the particle tem-

perature. Changing the solvent to ethanol decreases the interface conductance GAu−EtOH

(40MW/(m2K)) as compared to water, which is the same trend as in previous studies on

metal nanoparticles in organic solvents [220, 223]. However, in this work, Au nanoparticles

in water and ethanol were stabilized with different surfactants (see Sec. 4.1.1), and values

for the two samples should thus be compared with caution.

4.4.2 Probe wavelength-dependent optical response

We measured the time-resolved signals of bare gold nanospheres in ethanol for different

probe wavelengths. The setup allowed to keep a constant pump beam of 410 nm, and to

change the wavelength of the probe beam independently. Fig. 4.12 represents the exper-

imental data together with the simulated signals, using again the full model with similar

parameters as in Sec. 4.4.1. The sample response consists of the sum of metal and solvent

contributions, which are shown as well. All experiments were reproduced using the inter-

face conductance GAu−EtOH extracted with the 820 nm probe within the given error bars

(Fig. 4.11(b) and Eq. (4.27)). To include possible uncertainties in the probe wavelength,

as well as small shifts in the position of the sample SPR, due to nanoparticle size and

morphology dispersion, a variation of the probe wavelength of 5 nm at most to the blue

or red was allowed for the simulations. A very good reproduction of the signals is ob-

tained for all probe wavelengths larger than 540 nm. In this region, the optical response of

metal and solvent feature opposite signs, leading to a fast decrease of the signals for probe

wavelengths in the IR, as observable at 820 nm (Fig. 4.11(b)) or 600 nm (Fig. 4.12(a)).

With decreasing wavelength, the ethanol contribution becomes more important, yield-

ing a sign change in the transient signals as observable for probe wavelengths at 560 nm

(Fig. 4.12(b)) and 550 nm (Fig. 4.12(c)). The simulation of the signals is less precise at

530 nm (Fig. 4.12(e)), this wavelength being very close to the position of the SPR of the
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Figure 4.12: Pump-probe relative transmission change ΔT/T of bare gold nanoparticles (D =
18.5 nm) in ethanol at probe wavelengths 600 nm (a), 560 nm (b), 550 nm (c), 545 nm (d) and 530 nm
(e). Experimental data (full black line), simulated full response (full red line), also decomposed into
its distinct gold (red dashed line) and ethanol contributions (red dotted line). For all signals the
pump wavelength was tuned to 410 nm and F ≈ 20 �J/cm2. (f) Ap/AEtOH ratio (see Sec. 4.3.3) and
positions of chosen probe wavelengths (red vertical lines).
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system. The optical response is hence extremely sensitive to the exact position of the

resonance peak as well as its width, due to the derivatives of the absorption spectrum

with respect to the dielectric constants (Fig. 4.9). As in this model we did not introduce

any nanoparticle size or shape dispersion, uncertainties in the proportion between particle

and solvent response remain in this wavelength range. Most probably at λpr = 530 nm we

overestimate the contribution of ethanol to the signal, the metal contribution (red dashed

line in Fig. 4.12(e)) being in better agreement with experiment than the full response.

An important effect is observable at 545 nm (Fig. 4.12(d)). For this wavelength Ap

(Fig. 4.12(f)) vanishes, which is equivalent to no contribution of the gold particle to the

transient ΔT/T . The long decay response of the signal is thus exclusively ascribed to the

consecutive heating and heat evacuation in ethanol.
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Figure 4.13: Simulated (simulated line) normalized transient transmission change (G =
40MW/(m2 K)) for bare Au nanoparticles in water as a function of probe wavelength for a probe
delay of 2 ps (a) and 500 ps (b). Red dashed and dotted lines correspond to the gold and ethanol
contribution to the signal, respectively.

The probe wavelength dependence of time-resolved experiments is more explicit in Figs. 4.13(a)

and 4.13(b), where the simulated normalized transmission change and the separated gold

and ethanol contributions are plotted for two fixed time delays (G = 40MW/(m2K)).

Because of the time necessary for the solvent to heat, the contribution of ethanol is weak

for a short time delay (Fig. 4.13(a), 2 ps). For a longer time delay (Fig. 4.13(b), 500 ps) its

amplitude becomes of the same order as the one of gold. The metal response features a sign

change around 545 nm, independently of the time delay as discussed in Sec. 4.4.2. This

wavelength, for which the metal contribution vanishes, is therefore experimentally identi-

fiable by a vanishing pump-probe signal for short time delays, as shown in Fig. 4.12(d).

Directly measuring the cooling dynamics of the solvent allows a more explicit estimation

of the interface conductance G. The position of this wavelength being predictable, this

153



Chapter 4. Thermal relaxation of colloidal gold and gold-silica nanospheres

determination could be exploited for metal nanoparticles in different environments, pro-

vided that their dielectric function strongly varies with temperature.

In order to identify the same kind of signal for bare gold particles in water, we slightly

varied the probe wavelength around 545 nm, accounting for small differences in the absorp-

tion spectrum of nanospheres in water and ethanol (Fig. 4.14). For a probe wavelength of
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Figure 4.14: Time-resolved long delay relative transmission change for gold particles in water (same
consitions as in Fig. 4.13, λp = 410 nm and F ≈ 20 �J/cm2). The probe wavelength varies from 535 to
550 nm while pump power and other experimental parameters are similar for all signals. The signals
are vertically translated for clarity, their vertical zero position being indicated by a horizontal line.

540 nm, the signal (after the strong peak which corresponds to the metal particle excita-

tion and internal thermalization) vanishes, whereas for the other wavelengths the signal

is negative or positive with a slow decay. The wavelength for which the metal part does

not contribute to the time-resolved signals has thus shifted from 545 nm to 540 nm for

the sample in water. This slight shift is due to the slightly shifted position of the surface

plasmon resonance with changing solvent. This is less pronounced in the linear absorption

spectra (Fig. 4.2, inset) but becomes clear in the more sensitive ultrafast experiment.

While in the case of bare Au nanoparticles in ethanol, after an initially flat signal one could

observe a rise and a subsequent decay corresponding to solvent heating and cooling, we

could not observe this structure for water whose optical constant is around ten times less

sensitive to heating than the one of ethanol (see Sec. 4.3.2). In the present experimental

setup, the signal associated to water is therefore not detectable, the signal to noise ratio

being too small.
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4.4.3 Thermal conductance at gold-silica and silica-liquid inter-

faces

In this section the transient transmission signals of gold-silica core-shell particles in wa-

ter and ethanol are investigated in order to determine the thermal interface conduc-

tances GAu−S, GS−H20 and GS−EtOH at the metal-silica and silica-solvent interfaces, re-

spectively. While experiments have previously been performed on solid-dielectric inter-

faces [216, 221, 227, 228], to our knowledge no experimental study identifying values for

the interface conductances of core-shell nanoparticles has been done by now. The silica-

liquid interface is difficult to address experimentally. Both materials being transparent,

optical experiments which are most adapted for thermal interface conductance measure-

ments cannot be performed directly and have to be done via excitation of an absorbing

medium (Au core here). Experimental values of G for the silica-water and silica-ethanol

interfaces are not available.

In contrast to the bare gold particles diluted in a liquid, we now have to treat two inter-

faces using the equations of Sec. 4.2.3 which allow the determination of ΔTp, ΔTS and

ΔTsol. Furthermore, even though thermal conductance and volumetric heat capacity of

fused silica are well known (see Table 4.1), these quantities can deviate from tabulated

values for silica prepared by Stöber method, due to possible porosity. Before discussing

the determination of the thermal conductances of the core-shell-solvent interfaces, we first

have to analyze the extent of silica porosity in our samples and give an estimation of its

impact on the thermal parameters of the silica shells.

4.4.3.a Estimation of the silica porosity

For silica particles synthesized by Stöber method [232], densities have been experimentally

observed in the range of 2000 kg/m3 [249] which is smaller than the value of bulk fused

silica (see Table 4.1). Experiments were principally performed on dried particles and the

lowered density has been explained by a microporosity of the samples [250]. An estimation

of 10-15% of porosity [251] for silica spheres of a diameter of 80 nm is in good agreement

with the measured density. In solution one could imagine an important liquid penetration

in the porous silica shell [220], an assumption supported by Refs. [252] and [253] which

found water to penetration into small channels of the porous silica.

Porosity and/or liquid penetration is expected to impact the thermal properties of the

silica shells, as well as their optical constants derivatives with respect to the temperature.

In order to characterize the thermal behavior of silica shells and exclude an important

solvent penetration we performed a series of pump-probe experiments varying the probe

wavelength around 545 nm for the nanospheres with the thickest silica shells a4 = 25.7 nm

(see Sec. 4.1.1) in ethanol, as in this spectral range the contribution of metal to the signal
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vanishes (see discussion in the previous section). Fig. 4.15 illustrates the results for the

samples in ethanol. An initially vanishing signal is obtained for a probe wavelength of
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Figure 4.15: Time-resolved long delay relative transmission change for core-shell gold-silica
nanospheres (a4 = 25.7 nm) in ethanol. The pump wavelength is set to 410 nm (F ≈ 20 �J/cm2,
similar to Fig. 4.14) while the probe wavelength varies around 545 nm.

545 nm, proving that at this wavelength the optical response is insensitive to the temper-

ature of the gold particle. The signal remains flat for longer delays, hence the sensitivity

of the optical constant of the shell to temperature increase is too small to be detected in

the experiment. This was not the case for bare gold particles in ethanol (see Sec. 4.4.2)

and we can, as a consequence, exclude an important liquid penetration in the silica shells

(at least for thickest ones).

In the following we will impose 10% (volumic fraction) of solvent penetration in the shells,

consistent with measurements on density and porosity of silica synthesized by the Stöber

method and our experiment. The volumetric heat capacity c is then estimated as the

arithmetic mean of the constituent materials, which leads to:

cS−H2O = 0.9cS + 0.1cH2O = 1.77× 106
J

m3K
,

cS−EtOH = 0.9cS + 0.1cEtOH = 1.54× 106
J

m3K
,

(4.28)
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with cS−H2O the volumetric heat capacity of silica shells in water, cS−EtOH the one of

silica shells in ethanol and cS, cH2O and cEtOH the tabulated (see Table 4.1) volumetric

heat capacities of the respective constituents (fused silica, water and ethanol). In contrast

to the heat capacity, the thermal conductivity is not expected to be proportional to the

amount of solvent penetration, as it depends in general on the detailed structure of the

pores [254] and can strongly differ from the averaged value of the conductivity of the

constituents. For these reasons, the thermal conductivity of silica in water ΛS−H2O and

ethanol ΛS−EtOH were left as free parameters.

4.4.3.b Estimation of interface conductances

To limit the quantity of free parameters for a given signal, in a first step we consider the

pump-probe measurements on the samples with the thickest silica shell a4. In this case,

the effect on the dynamics of the second interface conductance is negligible and the system

is equivalent to gold particles in an infinite porous silica matrix. It is noteworthy that

the remaining free parameters, namely the conductance at the first interface and silica

thermal conductivity can be separately determined as they act on different timescales. In

Figs. 4.16(a) and 4.16(b) we present the transient transmission signal (P/Pr 540/820 nm)

for the core-shell nanoparticles in water and ethanol, respectively. As mentioned before,
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Figure 4.16: Experimental (λp = 540 nm, λpr = 820 nm and F ≈ 40 �J/cm2), full black line)
and simulated (full red line) pump-probe signals for core-shell gold-silica nanospheres (D = 18.5 nm,
a4 = 25.7 nm) in water (a) and ethanol (b). Red dashed and dotted lines show the gold and solution
contributions, respectively.

these signals are proportional to the metal temperature because of the poor sensitivity of

the silica dielectric constant to heating, and the large distance between the solvent and the

metal (see Sec. 4.3.3). This accounts for all shell thicknesses except the thinnest one (a1).
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In order to fit the experimental results, a similar metal-silica thermal interface conductance

GAu−S for the particles in water and ethanol was imposed, assuming identical surface

conditions. However, an influence of solvent penetration on the thermal conductivity of

the shells was considered. The best reproduction of the experimental signals could be

obtained with:

GAu−S = (104± 20)
MW

m2K
ΛS−H2O = 0.9

W

mK
ΛS−EtOH = 0.73

W

mK
. (4.29)

The values of the thermal conductivities are around 35% and 45% lower than the one

of fused silica (Table 4.1), for the samples immersed in water and ethanol, respectively.

This is in good agreement with solvent penetration in the shell, the conductivities of

both water and ethanol being smaller than the one of tabulated silica. Furthermore

ΛS−EtOH < ΛS−H2O featuring the same trend as the conductivities of the two solvents.

The thermal conductance at the gold-silica interface is in the same range as the values

determined for the gold-water interface before (see Sec. 4.4.1). It is also in good agreement

with Ref. [19] (Au-glassy matrix), where similar experimental conditions were used. The

discrepancy with other values of G for metal-dielectric interfaces [216, 221, 227, 228] can

most probably be explained by the high sensitivity to the precise surface conditions and

to the detailed structure of the gold and silica components, as was shown in Ref. [228].

In the following, these values were used for analysis of time-resolved signals with thinner

shells in order to determine the conductances at the silica-liquid interfaces GS−H2O and

GS−EtOH , which are the only free parameters left (apart from a multiplying factor for the

global amplitude). The samples whose thermal dynamics are most sensitive to the second

interface are the ones with the thinnest shell a1. Figs. 4.17(a) and 4.17(b) display the

corresponding pump-probe signals (same experimental conditions as before) for the two

solvents, water and ethanol, along with the respective fits. Here, the ethanol response was

included for a good reproduction of the signal (Fig. 4.17(b)), whereas the response of water

could be neglected. In contrast to the other investigated interfaces involving metal-liquid

or metal-dielectric boundaries, the thermal conductances at the insulator-liquid interfaces

were considerably higher. The results from the respective fits revealed:

GS−H2O > 1000
MW

m2K
GS−EtOH = (300± 150)

MW

m2K
. (4.30)

Only the long delay part of the signals reflects heat evacuation at the second inter-

face. The sensitivity of the fit to this parameter is thus lowered, resulting in important

error bars. Especially for the sample in water, only a lower limit of GS−H2O can be ex-

tracted (Fig. 4.17(a)), the fit function varying only slightly for the relatively high interface

conductance. For both silica-liquid interfaces, the large conductances are in qualitative
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Figure 4.17: Experimental (full black line) transient transmission signals for core-shell gold-silica
nanospheres (a1) in water (a) and ethanol (b), with λp = 540 nm, λpr = 820 nm and F ≈ 40 �J/cm2

(similar to Figs. 4.16(a) and 4.16(b)). Full red lines correspond to simulated signals for the optimal
value of G at the silica-liquid interface, red dashed and dotted lines in (b) describe metal and solvent
contributions respectively, green dotted line in (a) is a simulated signal for the lower limit of G.

agreement with molecular dynamics predictions [255, 256]. However, the output of these

calculations depending on the algorithm, as well as the chosen parameters of the adjacent

liquid layer (interaction strength, wetting angle, polarisability [257]) and the surface con-

ditions (roughness [258], surface functionalization [259],...), a direct comparison with the

experiment is delicate.

The thermal interface conductances at the interfaces of the core-shell system, gold-silica

and silica-liquid, could thus be estimated via optical pump and probe spectroscopy, albeit

with important error bars. These results have been confirmed by the signals of the samples

with intermediate shell thicknesses, a2 and a3, which could be reproduced with the same

values for interface conductances and thermal conductivity.

4.4.4 Comparison to photoacoustic experiments

The investigations performed to study heat transfer and thermal interface conductances

may be exploited to yield information on photoacoustic experiments performed on similar

samples [229, 230]. In the last decade, photoacoustic imaging has shown up as a non-

invasive diagnostic tool for visualizing biological tissues, through the detection of acoustic

waves produced by thermal expansion of tissues absorbing a laser pulse [260]. In this

context, the introduction of gold in the medium has shown to be a good contrast agent

to enhance photoacoustic signals [229, 230]. In particular, silica coating (0, 18 and 38 nm)

of D = 26 nm Au nanospheres in aqueous solution led to an increase of the photoacoustic

signal which was most pronounced for the thicker shells [230]. The authors suggested an
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effective conductance for the gold-silica and silica-water interfaces which would be higher

than the bare gold-water one. As a consequence they concluded that heat transfer to the

liquid surrounding of the nanoparticles would be more efficient.

From our experiments, we have shown that the interface conductances GAu−S and GAu−H20

are of the same order. The amount of heat transferred from gold to water and from gold to

silica is thus comparable. For a core-shell particle, heat diffuses additionally in the silica

shell, and is subsequently transferred to water through an interface with very low thermal

resistance (GS−H20�GAu−S). The effective conductance at the surface of the nanospheres

is thus definitely smaller for bare Au nanospheres than for core-shell Au-silica nanopar-

ticles (due to diffusion). However, for the experimentally measured thermal parameters,

we can compare the water temperature for bare and core-shell particles at a fixed position

in the liquid. In Fig. 4.18(a) we show the calculated excess temperature of water for bare
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Figure 4.18: Calculated excess temperature of water (a) and ethanol (b) for D = 18.5 nm Au
nanospheres, bare or coated with silica shells of different thicknesses (a1, a2, a3, a4) in the corre-
sponding solvent. The initial heating of the gold core was 1K, the temperature was calculated at a
distance of 2D from the origin, i.e. ∼ 33.5 nm to ∼ 11.5 nm far from the external shell of the core-shell
particles. Interface conductance and thermal parameters were taken from Secs. 4.4.1 and 4.4.3.b if
given and from Table 4.1 otherwise.

gold or core-shell particles (shell thicknesses a1, a2, a3, a4) at a fixed distance of 2D from

the particles origin, after initial heating of the metal core of 1K using the experimental in-

terface conductances and thermal conductivities from Secs. 4.4.1 and 4.4.3.b. Fig. 4.18(a)

shows that heating of water at a fixed distance is more efficient with the addition of a silica

shell. Furthermore, this effect is stronger for thicker shells, as observed in photoacoustic

experiments [229].

The two main reasons for that are related to the different mechanisms governing heat

transfer in the systems. Firstly, the thermal conductance GS−H20 is very high, allowing a

very good heat transfer at the silica-water interface: there is almost no loss compared to
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the bare particles which have only one interface. Secondly, the thermal diffusivity κ = Λ/c

is larger in porous silica than in water yielding thus more efficient heat conductivity in

the shell. The same behavior can also be observed for ethanol (Fig. 4.18(b)), even though

GS−EtOH is smaller.

More detailed investigations could be useful to quantitatively interpret these photoacoustic

experiments, as a function of different experimental conditions, as the nature of nanoob-

jects and solvents [230].

4.5 Summary and conclusion

Using time-resolved pump-probe spectroscopy the kinetics of bare gold and silica coated

core-shell nanospheres in water and ethanol have been analyzed. As a consequence of a

rigorous analysis of both the temperature dynamics in metal, silica and liquid and their

impact on the optical properties of the samples, the probe wavelength-dependent dynam-

ics of the time-resolved signals could be quantitatively reproduced. Values for the thermal

conductances at gold-liquid, gold-silica and silica-liquid interfaces could subsequently be

extracted (Table 4.2).

Table 4.2: Experimental results for G and approximated acoustic mismatch Z1/Z2 for the different
interfaces. Thermal parameters have been taken from Table 4.1, describing the nanoparticle shells
with fused silica.

Au-H2O Au-EtOH Au-S S-H2O S-EtOH

G (MW/(m2K)) 113 40 104 > 1000 300

Z1/Z2 42 68 4.8 8.8 14

Thermal conductance between solids has often been described by the acoustic mismatch

model [214]. The parameter determining the interface conductance is approximately char-

acterized by the acoustic impedance mismatch of the materials on the two sides of the

interface Z1/Z2 (see Sec. 4.2.1). In Ref. [19], systematic studies of the interface conduc-

tance G between metal nanoparticles and glass matrices have been performed and a linear

dependence with the acoustic mismatch was found. The determined value of GAu−S and its

acoustic mismatch (Table 4.2) are in good agreement with these previous measurements.

However, the conductances deduced for solid-liquid interfaces do not agree with this lin-

earity relation. Possibly specific effects of solid/liquid interfaces (e.g. viscosity, presence

of surfactants,...), as well as diffuse scattering at the boundary has to be considered.

The simple models of AMM and DMM are not adequate for a global description of dif-

ferent types of interfaces e.g. metal-liquid and dielectric-liquid. Even though the AMM

predicts some trends of our measurements, namely a higher conductance for silica-liquid

interfaces (due to lower mismatch) than gold-liquid interfaces and higher conductance for
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the liquid interfaces involving water compared to ethanol, it predicts the highest conduc-

tance for the metal-silica interface, which has not been demonstrated experimentally. One

must not forget that the mechanisms for heat transfer in liquids, dielectrics and metals

can be very different (e.g. electronic contributions when metals are involved). For a better

reproduction of the different G, more sophisticated models should thus be developed in the

future, including also the exact density of states of the different phonon modes. Finally,

the measured interface conductances do not only depend on the nature of the materials

but also on their stabilizing surfactant molecules. Systematic studies of the parameters

influencing heat transfer at interfaces, e.g. coupling of the stabilizing groups at the inter-

faces, as well as heat propagation along those molecules would be of large fundamental

and technological interest.
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In this work the ultrafast dynamic processes in noble metal nanoparticles and clusters

were studied by time-resolved optical spectroscopy. Electron-electron and electron-lattice

interactions, acoustic vibrations and thermal relaxation in metal and hybrid nanoobjects

were investigated.

Chapter 2 describes the effects of size reduction on noble metal nanospheres from the few

nanometer range to the sub-nanometer range. For this purpose, the electronic interactions

in surfactant-free glass-embedded silver clusters (1.1 - 3 nm diameter) and thiol-stabilized

gold clusters (25 atoms - 3.5 nm diameter) in solution were investigated via the character-

ization of their electron gas thermalization and electron-lattice energy transfer times, and

their transient absorption spectra. Results for silver nanoparticles could be more precisely

interpreted, as these samples constitute less complex systems, due to their optical prop-

erties (e.g. interband transitions well separated from the surface plasmon resonance) and

to the absence of stabilizing surfactant molecules. For these systems, an increase of the

electron-electron and electron-lattice characteristic times with decreasing size was deter-

mined for particles smaller than around 2.3 nm, in stark contrast to larger nanoparticles,

where a decrease was previously observed. Additionally, an unpredicted spectral shift of

their transient absorption spectra occurred. The “small solid” model was not sufficient to

explain these modifications and we therefore ascribed them to changes in the electronic

energy structure. This onset of quantization effects could be confirmed by simple quantum

calculations for electrons confined in a box.

Quantum effects also strongly affected the response of gold clusters, due to their small sizes

(down to 25 atoms). Their linear absorption spectra showed strong modifications in the

25-144 Au atom range, which were ascribed to the appearance of molecular-like optical

transitions. Modifications in the transient spectra could be correlated to these transi-

tions. The observation of precise characteristic times and their attribution to explicit

physical processes appeared to be more complex than in the case of the silver samples.

However, similar trends for the characteristic times in the sample consisting of 144 atoms

(D ≈ 1.7 nm) and the small silver samples (D ≈ 2 nm) compared to larger nanoparti-

cles could be observed, and the onset of the observation of electron energy discretization

effects could thus be ascribed to this size. In the future, experimental measurements dis-
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criminating the effects of size reduction from other parameters, i.e. surfactant molecules,

synthesis method and metal properties (Au vs. Ag), could be done by using different

samples, e.g. surfactant-free gold or chemically synthesized silver clusters. Additionally,

theoretical work characterizing electronic interactions in more detail is necessary. In this

context, a quantum model describing electron-phonon interactions by taking into account

the density of electronic states and phonons is currently under development.

The transition from a bulk-like to a molecular-like behavior observed for electronic dy-

namical properties of metal nanoparticles in the 2 nm size range was in contrast to the

experimental observations of their mechanical properties (acoustic vibrations), presented

in Chapter 3. Here, size reduction showed few modifications to the diameter-dependent

scaling law of the breathing mode periods of thiol-stabilized gold clusters, down to samples

consisting of only 25 Au atoms. These could be predicted by classical continuum mechan-

ics, and were also in agreement with atomistic simulations. However, an additional longer

vibrational mode was observed, its physical origin still being unclear. Additional theoret-

ical work extending the available computations of the breathing-like vibrational periods

could bring more insight into the excitation and detection mechanisms of the different

vibrations in these clusters.

The effect of combining two metals was investigated on small (2-3 nm) core-shell Pt/Au

and Ni/Ag nanospheres and larger alloyed or core-shell (∼ 30 nm) Au-Ag nanoparticles.

Measurement of the breathing mode period allowed the experimental discrimination of

the structure of the particles (alloy, core/shell, shell/core) in the case of the Pt/Au and

Au-Ag samples. Conversely, the morphology suggested for the Ni/Ag core/shell clusters

by comparing the measured breathing mode period with elastic modeling was more consis-

tent with a silver core structure, being therefore unexpected. Further analysis of acoustic

properties on samples with other compositions or materials, together with an accurate

morphology characterization, would be of large interest.

Chapter 4 was devoted to the heat transfer mechanisms between metal nanoparticles

and their environment. These were studied on bare and silica-coated gold nanospheres

(D ∼ 20 nm) in a solvent (water or ethanol). The time-resolved measurements were

analyzed with a quantitative approach, describing the time and position-dependent tem-

perature increases in metal, silica and solvent and modeling the impact of heating of all

parts of this system on the optical pump-probe signal. Due to the temperature sensitiv-

ity of the dielectric constants of water and ethanol, a solvent contribution to the signal

was found for bare nanoparticles. This was very pronounced in ethanol, where probe-

wavelength dependent measurements could be realized, quantifying the relative amplitude

of the metal and solvent contributions to the signal. An interesting effect was found for

probe wavelengths close to the surface plasmon resonance, where the signal was propor-

tional to solvent temperature, with vanishing contribution of the heated gold nanoparticle.
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This effect could be exploited for future local and ultrafast temperature measurements.

This detailed description allowed the extraction of reliable values for the interface ther-

mal conductance, a crucial parameter ruling heat transfer at the nanoscale, at gold-liquid,

gold-silica and silica-liquid interfaces.
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F. Vallée, J. Burgin, C. Guillon and P. Langot, “Optical properties and
relaxation processes at femtosecond scale of bimetallic clusters”, Faraday Discuss.
138, 137 (2008).

[195] M. Harb, F. Rabilloud and D. Simon, “Structural, electronic, magnetic and
optical properties of icosahedral silver-nickel nanoclusters”, Phys. Chem. Chem.
Phys. 12, 4246 (2010).

[196] F. Rabilloud, “UV-visible absorption spectra of metallic clusters from TDDFT
calculations”, Eur. Phys. J. D 67, 18 (2013).

[197] M. Pelton, J. E. Sader, J. Burgin, M. Liu, P. Guyot-Sionnest and

D. Gosztola, “Damping of acoustic vibrations in gold nanoparticles”, Nature Nan-
otech. 4, 492 (2009).

[198] R. Marty, A. Arbouet, C. Girard, A. Mlayah, V. Paillard, V. K. Lin,

S. L. Teo and S. Tripathy, “Damping of the Acoustic Vibrations of Individual
Gold Nanoparticles.”, Nano Lett. 11, 3301 (2011).

[199] M. Pelton, D. Chakraborty, E. Malachosky, P. Guyot-Sionnest and

J. E. Sader, “Viscoelastic flows in simple liquids generated by vibrating nanos-
tructures”, Phys. Rev. Lett. 111, 244502 (2013).

[200] A. Gambetta, C. Manzoni, E. Menna, M. Meneghetti, G. Cerullo,

G. Lanzani, S. Tretiak, A. Piryatinski, A. Saxena, R. L. Martin and

A. R. Bishop, “Real-time observation of nonlinear coherent phonon dynamics in
single-walled carbon nanotubes”, Nature Phys. 2, 515 (2006).

[201] H. Ledbetter, “Monocrystal elastic constants and derived properties of the cubic
and the hexagonal elements”, in “Handbook of Elastic Properties of Solids, Liquids,
and Gases, Vol. 2”, Academic Press, New York (2001).

[202] G. W. C. Kaye and T. H. Laby, Tables of physical and chemical constants,
Longman, 16th edition (1995).

[203] G. Simmons and H. Wang, Single crystal elastic constants and calculated aggre-
gate properties: a handbook, M.I.T. Press, Cambridge, 2nd edition (1971).

181



Bibliography

[204] S. S. Chouhan, G. Pagare, S. P. Sanyal and M. Rajagopalan, “First
principles study on structural, electronic and elastic properties of AgX and AuX
(X=Mg, Sc, Zn and Cd) intermetallic compounds”, Comput. Mater. Sci. 65, 58
(2012).

[205] S. S. Chouhan, G. Pagare, M. Rajagopalan and S. P. Sanyal, “First
principles study of structural, electronic, elastic and thermal properties of YX (X =
Cd, In, Au, Hg and Tl) intermetallics”, Solid State Sci. 14, 1004 (2012).

[206] Q. Wu and S. Li, “Alloying element additions to Ni3Al: site preferences and
effects on elastic properties from first-principles calculations”, Comput. Mater. Sci.
53, 436 (2012).

[207] G. Stenuit and S. Fahy, “First-principles calculations of the mechanical and
structural properties of GaNxAs1x: lattice and elastic constants”, Phys. Rev. B 76,
35201 (2007).

[208] N. Zotov and A. Ludwig, “First-principles calculations of the elastic constants
of FePt alloys”, Intermetallics 16, 113 (2008).

[209] D. Polli, I. Lisiecki, H. Portales, G. Cerullo and M.-P. Pileni, “Low
sensitivity of acoustic breathing mode frequency in Co nanocrystals upon change in
nanocrystallinity”, ACS Nano 5, 5785 (2011).

[210] H. Portales, N. Goubet, L. Saviot, S. Adichtchev, D. B. Murray,

A. Mermet, E. Duval and M. P. Pileni, “Probing atomic ordering and multi-
ple twinning in metal nanocrystals through their vibrations”, Proc. Natl. Acad. Sci.
U.S.A. 105, 14784 (2008).

[211] J. H. Hodak, A. Henglein and G. V. Hartland, “Tuning the spectral and
temporal response in PtAu core-shell nanoparticles”, J. Chem. Phys. 114, 2760
(2001).

[212] A. Tlahuice-Flores, “Normal modes of Au25(SCH3)18- , Ag12Au13(SCH3)18-
and Au25(SCH3)18-clusters”, Mol. Simul. 1–4 (2013).

[213] S.-K. Park, K.-C. Min, C. Lee, S. K. Hong, Y. Kim and N.-S. Lee, “In-
termolecular hydrogen bonding and vibrational analysis of N, N-dimethylformamide
hexamer cluster”, Bull. Korean Chem. Soc. 30 (2009).

[214] E. Swartz and R. Pohl, “Thermal boundary resistance”, Rev. Mod. Phys. 61,
605 (1989).

[215] D. G. Cahill, W. K. Ford, K. E. Goodson, G. D. Mahan, A. Majumdar,

H. J. Maris, R. Merlin and S. R. Phillpot, “Nanoscale thermal transport”,
J. Appl. Phys. 93, 793 (2003).

[216] R. J. Stoner and H. J. Maris, “Kapitza conductance and heat flow between
solids at temperatures from 50 to 300 K”, Phys. Rev. B 48, 16373 (1993).

[217] O. Wilson, X. Hu, D. G. Cahill and P. Braun, “Colloidal metal particles as
probes of nanoscale thermal transport in fluids”, Phys. Rev. B 66, 224301 (2002).

182



Bibliography

[218] Z. Ge, D. G. Cahill and P. V. Braun, “AuPd metal nanoparticles as probes
of nanoscale thermal transport in aqueous solution”, J. Phys. Chem. B 108, 18870
(2004).

[219] Z. Ge, Y. Kang, T. A. Taton, P. V. Braun and D. G. Cahill, “Thermal
transport in Au-core polymer-shell nanoparticles”, Nano Lett. 5, 531 (2005).

[220] M. Hu, X. Wang, G. V. Hartland, V. Salgueiriño Maceira and L. M.

Liz-Marzán, “Heat dissipation in gold-silica core-shell nanoparticles”, Chem. Phys.
Lett. 372, 767 (2003).

[221] H.-K. Lyeo and D. G. Cahill, “Thermal conductance of interfaces between
highly dissimilar materials”, Phys. Rev. B 73, 144301 (2006).

[222] A. J. Schmidt, J. D. Alper, M. Chiesa, G. Chen, S. K. Das and K. Hamad-

Schifferli, “Probing the gold nanorod-ligand-solvent interface by plasmonic ab-
sorption and thermal decay”, J. Phys. Chem. C 112, 13320 (2008).

[223] J. Park, J. Huang, W. Wang, C. J. Murphy and D. G. Cahill, “Heat
transport between Au nanorods, surrounding liquids, and solid supports”, J. Phys.
Chem. C 116, 26335 (2012).

[224] J. Huang, J. Park, W. Wang, C. J. Murphy and D. G. Cahill, “Ultrafast
thermal analysis of surface functionalized gold nanorods in aqueous solution”, ACS
nano 7, 589 (2012).

[225] Z. Ge, D. G. Cahill and P. Braun, “Thermal conductance of hydrophilic and
hydrophobic interfaces”, Phys. Rev. Lett. 96, 186101 (2006).

[226] A. Plech, V. Kotaidis, S. Grésillon, C. Dahmen and G. von Plessen,
“Laser-induced heating and melting of gold nanoparticles studied by time-resolved
X-ray scattering”, Phys. Rev. B 70, 195423 (2004).

[227] R. J. Stevens, A. N. Smith and P. M. Norris, “Measurement of thermal
boundary conductance of a series of metal-dielectric interfaces by the transient ther-
moreflectance technique”, J. Heat Transfer 127, 315 (2005).

[228] R. Kato and I. Hatta, “Thermal conductivity and interfacial thermal resistance:
measurements of thermally oxidized SiO2 films on a silicon wafer using a thermo-
reflectance technique”, Int. J. Thermophys. 29, 2062 (2008).

[229] Y.-s. Chen, W. Frey, S. Kim, P. Kruizinga and S. Emelianov, “Silica-
coated gold nanorods as photoacoustic signal nano-amplifiers”, Nano Lett. 11, 348
(2012).

[230] Y.-S. Chen, W. Frey, S. Aglyamov and S. Emelianov, “Environment-
dependent generation of photoacoustic waves from plasmonic nanoparticles”, Small
8, 47 (2012).

183



Bibliography

[231] A. Plech, S. Kürbitz, K.-J. Berg, G. Graener, G. Berg, S. Grésillon,

M. Kaempfe, J. Feldmann, M. Wulff and G. von Plessen, “Time-resolved
X-ray diffraction on laser-excited metal nanoparticles”, Eur. Phys. Lett. 61, 762
(2003).

[232] L. M. Liz-Marzán, M. Giersig and P. Mulvaney, “Synthesis of nanosized
gold-silica core-shell particles”, Langmuir 12, 4329 (1996).

[233] E. G. Dwight, American Institute of Physics Handbook, New York, third edition
(1972).

[234] N. B. Vargaftik, Handbook of physicalproperties of liquids and gases, Hemisphere,
New York (1975).

[235] A. Plech, V. Kotaidis, M. Lorenc and M. Wulff, “Thermal dynamics in
laser excited metal nanoparticles”, Chem. Phys. Lett. 401, 565 (2005).

[236] H. S. Carlslaw and J. C. Jaeger, Conduction of heat in solids, Oxford Uni-
versity Press, Oxford (1959).

[237] F. Cooper, “Heat transfer from a sphere to an infinite medium”, Int. J. Heat Mass
Transfer. 20, 991 (1977).

[238] C. W. Nan, R. Birringer, D. R. Clarke and H. Gleitner, “Effective ther-
mal conductivity of paticulate composites with interfacial thermal resistance”, J.
Appl. Phys. 81, 6692 (1997).

[239] G. Seifert, T. Patzlaff and H. Graener, “Size dependent ultrafast cooling of
water droplets in microemulsions by picosecond infrared spectroscopy”, Phys. Rev.
Lett. 88, 147402 (2002).

[240] K. Setoura, D. Werner and S. Hashimoto, “Optical scattering spectral ther-
mometry and refractometry of a single gold nanoparticle under CW laser excitation”,
J. Phys. Chem. C 116, 15458 (2012).

[241] M. Rashidi-Huyeh, M. Shirdel Havar and B. Palpant, “Thermo-optical
properties of embedded silver nanoparticles”, J. Appl. Phys. 112, 103101 (2012).

[242] F. Vallée and N. Del Fatti, “Ultrafast nonlinear plasmonics”, in T. V. Shah-

bazyan and M. I. Stockman (editors), “Plasmonics: Theory and Applications”,
167–205, SpringerLink (2013).

[243] N. V. Voshchinnikov and J. S. Mathis, “Calculating cross sections of composite
interstellar grains”, Astrophys. J. 526, 257 (1999).

[244] V. G. Farafonov and M. V. Sokolovskaja, “Construction of the Rayleigh
approximation for axysimmetric multilayered particles, making use of the eigen-
functions of the laplace operator”, J. Math. Sci. 194, 104 (2013).

[245] I. Malitson, “Interspecimen comparison of the refractive index of fused silica”, J.
Opt. Soc. Am. 55, 1205 (1965).

184



Bibliography

[246] M. Daimon and A. Masumura, “Measurement of the refractive index of distilled
water from the near-infrared region to the ultraviolet region”, Appl. Opt. 46, 3811
(2007).
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Résumé: Nous avons étudié par spectroscopie pompe-sonde résolue en temps la réponse
optique ultrarapide d’agrégats de très petite taille (< 2 nm), pour lesquelles une transition d’un
comportement de type solide à un comportement moléculaire est attendue. Les modifications
des processus de thermalisation interne (interactions électrons-électrons et électrons-phonons)
avec la réduction de taille ont été étudiées dans des nanosphères d’argent triées en masse
entourées de silice, et dans des échantillons d’or atomiquement définis stabilisées par des
surfactants. Ces expériences ont mis en évidence les effets de confinement quantique des états
électroniques sur la cinétique électronique. L’étude des vibrations acoustiques de nanoparticules
dans le même régime de taille a été effectuée. Les vibrations observées dans les agrégats
d’or sont dominées par leur mode de respiration radial avec une période proportionnelle à
leur diamètre, an analogie avec les nanoparticules plus grandes. Le mode de respiration
observé sur les nanoobjets bimétalliques de type cœur/couronne Pt-Au et Ni-Ag est en accord
quantitatif avec les estimations du modèle élastique macroscopique, malgré une paisseur de
couronne monoatomique. La spectroscopie résolue en temps a également été utilisée pour
étudier le transfert de chaleur à travers l’interface d’une nanoparticule sphérique. Dans ce but,
l’évacuation de la chaleur dans des nanoparticules d’or, nues ou enrobées de silice, en solution
collöıdale a été étudiée expérimentalement et modélisée de manière quantitative grâce à la prise
en compte de la contribution de l’environnement (échauffement du solvant) au signal optique.

Abstract: We used ultrafast time-resolved pump-probe spectroscopy to experimentally
investigate the optical response of small metal nano-objects in the few nanometer range
(< 2 nm), where a transition from a small solid behaviour to a molecular one is expected. The
modification of the intrinsic thermalization processes (electron-electron and electron-phonon
interactions) has been studied both on glass-embedded mass-selected silver samples and
chemically synthesized ligand-stabilized atomic-defined gold clusters. Electron gas internal
thermalization and cooling with the lattice are shown to be affected by size reduction and the
concomitant discretization of electronic states. The acoustic response in the same small size
range has been investigated. Vibrations of gold clusters were characterized by a quasi-breathing
mode scaling with their size, in analogy with larger nanoparticles. The breathing mode
of bimetallic core/shell Pt-Au and Ni-Ag nanospheres appeared to be in good quantitative
agreement with predictions of continuous elastic models, despite the monoatomic thickness of
the layer shell. The same time-resolved approach was used to investigate heat transfer through
the nanoparticles interfaces. In this context, heat evacuation of bare or silica-encapsulated gold
nanospheres in solution was monitored, and the contribution of solvent heating to the optical
signal was quantitatively reproduced, by the development of a precise model.


