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Abstract

Gold nanoparticles have gained significant attention in nanoscience for their
plasmonic properties. The localized surface plasmon resonance of gold nanopar-
ticles is a strong interaction between electrons and light, which results in high
absorbance in the visible spectrum, highly localized enhancement of the elec-
tric field at the particle surface, as well as the generation of highly excited elec-
trons. The lifetime of these ”hot electrons” is on a picosecond timescale before
they lose their energy through electron-phonon coupling. Both the excitation
of the localized surface plasmon resonance and the resulting hot electron dy-
namics have been explored in context of fundamental light-matter coupling
and applications that rely on light-energy conversion such as photocatalysis,
solar cells, or photothermal cancer treatment. For example, self-assembled
gold nanoparticle superlattices have been presented as a new metamaterial
with optical properties exclusive to this type of platform. Furthermore, ma-
nipulating the hot electron dynamics might lead to charge transfer reactions
that are otherwise energetically unfavorable. However, the fast relaxation time
of hot electrons is detrimental to their utilization in many applications.

Electron-phonon coupling is usually described as a heat transfer from the
electron to phonon distribution through the so-called two-temperature model,
which includes a characteristic coupling factor. Exploring the dependency of
this coupling factor on a variety of parameters has been at the heart of study-
ing hot electron dynamics in gold nanoparticles for the last two decades, but
there still remain open questions as to the valid parameter space of the two-
temperature model as well as the influence of hot electrons in applications
based on light-energy conversion. A powerful tool to address these questions
is transient absorption spectroscopy. This technique allows assessing the elec-
tron temperature in gold nanoparticles on a femto- to picosecond timescale.
Furthermore, new ultrashort x-ray techniques for studying the dynamic behav-
ior of nanostructures are constantly developed at free-electron laser facilities.

In this work, transient absorption spectroscopy and single-particle imaging
have been used to gain a deeper understanding of the hot electron dynamics
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in plasmonic gold nanoparticles. In particular, three studies were conducted:
1) Typically, time-resolved studies of hot electron dynamics are conducted at
room temperature. Using temperature-dependent transient absorption spec-
troscopy, the validity of the two-temperature model was explored for the low
temperature range from 100 K to 350 K. The results reproduced the predic-
tions made by the two-temperature model throughout the whole temperature
range, even without including a temperature-dependent electron-phonon cou-
pling factor or heat capacity below gold’s Debye temperature in the model.
2) Single-particle imaging was established as a powerful technique to study
the onset of coherent radial phonon modes, so-called ”breathing modes”. The
results confirm the need for an additional excitation source to electron-phonon
coupling described by the two-temperature model, which was previously con-
ceptualized as ”hot electron pressure”. A new theoretical framework has been
developed, which revealed the electron-density gradient as a novel description
of this additional source. 3) Hybrid superlattices consisting of plasmonic gold
and catalytic platinum nanoparticles were introduced as a novel platform for
photocatalysis. Wavelength-dependent experiments have indicated a catalytic
mechanism based on the local field enhancement by the gold nanoparticles. In
this study, a competing effect by hot electron transfer from gold to platinum
particles could not be found by transient absorption measurements, further
supporting the proposed mechanism.
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Zusammenfassung

Goldnanopartikel gehören aufgrund ihrer plasmonischen Eigenschaften zu den
weit verbreitetsten Materialien in der Erforschung von Licht-Materie Wech-
selwirkungen. Die lokalisierte Oberflächenplasmonenresonanz ist eine star-
ke Wechselwirkung zwischen elektrischem Feld und Elektronen und resul-
tiert in hoher Absorption sichtbaren Lichts, einer starken Lokalisierung des
elektrischen Felds an der Partikeloberfläche sowie der Erzeugung hoch ange-
regter Ladungsträger. Diese ”heißen” Elektronen haben nur eine sehr geringe
Lebenszeit von wenigen Pikosekunden bevor sie ihre Energie über Elektron-
Phonon Kopplung an Gitterschwingungen abgeben. Sowohl die lokalisierte
Oberflächenplasmonenresonanz als auch die Dynamik heißer Ladungsträger
wurden in den letzten Jahrzehnten ausführlich in verschiedenen Bereichen er-
forscht. Dazu gehören sowohl fundamentale Licht-Materie Wechselwirkung
als auch Anwendungen, welche auf Licht-Energie-Umwandlung basieren wie
etwa Photokatalyse, Solarzellen, oder photothermische Krebstherapie. Zu den
aktuellsten Entwicklungen gehören selbstangeordnete Nanopartikel-Filme -
ein Metamaterial mit neuartigen optischen Eigenschaften. Außerdem könnte
die Manipulation der Dynamik heißer Ladungsträger Reaktionen und Ener-
gieübertragungen ermöglichen, wo sie ansonsten energetisch ungünstig wä-
ren. Die Nutzung heißer Elektronen in Anwendungen wird jedoch durch ihre
schnellen Relaxationszeiten erschwert.

Elektron-Phonon Kopplung wird üblicherweise als Wärmetransfer von Elek-
tronen zu Phononen beschrieben. Dazu wird ein Zwei-Temperatur Modell an-
gewendet, welches einen charakteristischen Kopplungsfaktor beinhaltet. Die
Untersuchung der Abhängigkeit dieses Kopplungsfaktors von einer Vielzahl
von Parametern stand in den letzten zwei Jahrzehnten im Mittelpunkt der Un-
tersuchungen zur Dynamik heißer Elektronen in Goldnanopartikeln. Dabei ist
der Gültigkeitsbereich des Zwei-Temperatur Modells noch nicht vollständig
untersucht. Welchen Einfluss heiße Ladungsträger außerdem in photokataly-
tischen Reaktionen spielen ist ebenfalls eine offene Frage. Die Erforschung
dieser offenen Fragestellungen zur Dynamik heißer Ladungsträger profitiert
von der permanenten Entwicklung zeitaufgelöster Untersuchtungsmethoden.
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Während zeitaufgelöste Absorptionsspektroskopie eine etablierte und oft an-
gewendete Methode darstellt, werden an Freie-Elektronen-Lasern neue Expe-
rimente basierend auf ultrakurzen Röntgenpulsen entwickelt, die zur Erfor-
schung der dynamischen Eigenschaften von Nanopartikeln beitragen können,
z.B. ”Single-Particle Imaging”.

In dieser Arbeit wurden transiente Absorptionsspektroskopie und Single-Particle
Imaging eingesetzt, um ein tieferes Verständnis der Dynamik heißer Elektro-
nen in plasmonischen Goldnanopartikeln zu erlangen. Insbesondere wurden
drei Studien durchgeführt: 1) Mithilfe temperaturabhängiger transienter Ab-
sorptionsspektroskopie wurde die Gültigkeit des Zwei-Temperatur Modells
für tiefe Temperaturen (100 K bis 350 K) untersucht. Die Ergebnisse repro-
duzierten die Vorhersagen des Zwei-Temperatur Modells über den gesam-
ten Temperaturbereich, auch ohne Einbeziehung eines temperaturabhängigen
Elektron-Phonon Kopplungsfaktors oder Wärmekapazität unterhalb der Debye-
Temperatur von Gold in das Modell. 2) Single-Particle Imaging hat sich als
leistungsstarke Technik zur Untersuchung kohärenter radialer Phononenmo-
den, sogenannter „breathing modes“, herausgestellt. Die Ergebnisse bestätigen
die Notwendigkeit einer zusätzlichen Anregungsquelle zur Elektron-Phonon
Kopplung, die zuvor als „Druck heißer Elektronen“ konzipiert wurde. Es wur-
de ein theoretischer Rahmen entwickelt, aus dem der Elektronendichtegradi-
ent als neuartige Beschreibung dieser zusätzlichen Quelle hervorgeht. 3) Die
photokatalytischen Eigenschaften hybrider Superkristalle bestehend aus plas-
monischen Gold- und katalytischen Platinnanopartikeln wurden erforscht. Die
Abhängigkeit der photokatalytischen Aktivität von der Anregungswellenlän-
ge korreliert mit der Verstärkung des elektrischen Feldes in den Zwischenräu-
men der Goldnanopartikel durch die Plasmonen. Ein konkurrierender Einfluss
durch den Transfer heißer Ladungsträger von Goldnanopartikeln zu Platinna-
nopartikeln wurde mittels transienter Absorptionsspektroskopie untersucht.
Dabei konnte kein Hinweis auf einen Elektronentransfer festgestellt und so
der vorgeschlagene Mechanismus basierend auf der lokalen Feldverstärkung
weiter bekräftigt werden.
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Chapter 1

Introduction

Nanoscience studies the production, manipulation and properties of materials
on the nanometer scale. In this size regime many materials change their be-
havior compared to their bulk counterparts. Among the many nanomaterials,
noble metal nanoparticles have gained significant attention due to their plas-
monic properties. A plasmon resonance is a collective excitation of conduc-
tion electrons at the surface of noble metals. Noble metal nanoparticles in par-
ticular exhibit localized surface plasmon resonances, which interact strongly
with light, resulting in special absorption features and near-field enhancement
of the electromagnetic field on sub-wavelength levels [1–4].

Among the metals studied in this context gold nanostructures have attracted
significant - if not the most - attention in the scientific community. Two main
reasons can be identified for that: Chemically, gold nanoparticles (AuNP) can
be produced in mild conditions and through well-developed surface chem-
istry, they are passivated and can be tailored for application in different sce-
narios [5, 6]. Furthermore, the frequency of the localized surface plasmon
resonance (LSPR) of AuNP is in the visible to near-infrared spectrum, which

15
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simplifies its observation by optical means [4]. While the theoretical basis
for describing the optical properties of AuNP has been introduced by Gus-
tav Mie in 1908 [7], the field of AuNP-based plasmonics has been aided by
the development of robust synthesis protocols such as the Turkevich method
published in 1951 [8]. In line with the common theme in nanoscience, the
relation between the AuNP’s structure and their physical properties has been
widely studied since then. For example, the size and shape of the nanostruc-
tures are deeply connected to the resonance width and frequency of the LSPR,
respectively [9]. Recently, the achievements made in the field of nanoparticles
synthesis have progressed towards using these as building blocks for metama-
terials, which exhibit new collective properties [10–12].

The studies presented in this thesis all revolve around the question of how
the energy absorbed by the plasmonic AuNPs is converted afterwards: Over
the last two decades it has been established, that the optical excitation of
AuNPs generates highly energetic charge carriers on a very short timescale
[13]. These are thus termed ”hot electrons” and their dynamic behavior has
been widely studied. The common picture of hot electron dynamics includes
four steps: (1) The dephasing of the LSPR or the excitation of direct transi-
tions produce highly excited ”non-thermal” electrons [14]. (2) Redistribution
of energy within the electrons through inelastic scattering forms a thermal
hot electron distribution [15, 16]. (3) The energy of the hot electron distribu-
tion transfers to phonons through electron-phonon (e-ph) coupling [13,17–24]
and (4) the energy of the phonons finally dissipates to the surrounding of the
AuNP [25]. These processes are separated in their time-scale: Plasmon de-
phasing occurs within a few femtoseconds, electron-electron scattering within
a few hundred femtoseconds, e-ph coupling within a few picoseconds and en-
ergy dissipation within a few hundred picoseconds to nanoseconds [13].

The progress made in the fields of plasmonics and hot electron science goes
hand in hand with the development of the necessary tools to study them. For
plasmonics and plasmonic metamaterials the ongoing improvement of synthe-
sis routes and assembly protocols has been crucial [12, 26–28]. Studying the
hot electron dynamics by optical means only became possible because of the
development of ultrashort pulsed laser systems with sufficient time-resolution.
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This included the invention of chirped-pulse amplification by Donna Strick-
land and Gérard Mourou in 1985 [29], which was awarded with the Nobel
Prize in physics in 2018 [30]. Ultrashort laser pulses are now routinely used
for time-resolved optical spectroscopy with femto- to picosecond resolution
such as transient absorption (TA) spectroscopy [31, 32], which is the main
experimental technique employed in this work. Furthermore, with the recent
development of ultrashort x-ray techniques at free-electron laser facilities, new
possibilities to study nanostructures such as single-particle imaging (SPI) have
emerged [33, 34].

The ability to understand and utilize the plasmonic properties and hot electron
dynamics of gold nanoparticles is promising for various reasons. These range
from a fundamental science perspective in the context of light-matter [11,35]
and e-ph coupling [13] to the development of plasmonic and hot electron based
applications such as photocatalysis [36–38], solar energy conversion [39],
sensing [40, 41] or photothermal cancer treatment [42]. In all of these fields,
a deep understanding of the hot electron dynamics of plasmonic materials is
critical. The work presented in this thesis aims to contribute to this under-
standing. In particular, the following three studies will be presented:

Temperature-dependent electron-phonon coupling

Electron-phonon coupling can be conceptualized as heat transfer from an elec-
tron to phonon distribution through a ”two-temperature model” (2TM) [13,
43]. This model assigns temperatures to each distribution and the energy
transfer depends on the respective heat capacities and a material-specific cou-
pling factor g. The first study seeks to explore the validity of this model at
low temperatures down to 100 K, where the phonon heat capacity becomes a
function of temperature.
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Excitation mechanism of coherent acoustic phonon modes

Electron-phonon coupling also leads to the excitation of coherent acoustic
phonon modes, which result in the periodic expansion of the particle diam-
eter, so-called ”breathing modes” [44–47]. The determination of the exact
excitation mechanism of breathing modes has been proven difficult by stan-
dard techniques such as transient absorption spectroscopy and disparities be-
tween observations and models could only be resolved by introducing phe-
nomenological factors into the models in the past [45, 48, 49]. In the second
study, recently developed single-particle imaging has been utilized to study
the breathing mode excitation and a new theoretical framework was used to
understand the mechanism.

Hot electron dynamics of hybrid Au-Pt superlattices

Highly ordered, self-assembled AuNP ”superlattices” have emerged as a new
plasmonic metamaterial with optical properties exclusive to this platform [11,
12,50]. At the moment the assembly protocols are expanded to produce hybrid
superlattices, introducing new materials and functionality. In the third study,
the photocatalytic properties of a hybrid superlattice containing AuNP and
platinum nanoparticles (PtNP) are studied. In an antenna-reactor geometry,
the plasmonic particles concentrate the electromagnetic energy into highly-
localized nanometer sized volumes, ’hot-spots’, where they seem to amplify
the catalytic activity of the PtNP. To examine the competing contribution of
hot charge carriers to this process, the hot electron dynamics of the AuNP and
Au-Pt superlattices have been studied by transient absorption spectroscopy.

Before these studies are presented, the theoretical foundation of plasmonics
and hot electron dynamics is revisited in chapter 2, followed by the descrip-
tion of the methodology used throughout this work in chapter 3. The three
studies mentioned above are presented in chapters 4, 5 and 6 and contain de-
tailed descriptions of the specific theory, literature and methodology of that
respective part.



Chapter 2

Theoretical background

In this chapter the current state of the research on hot electron dynamics in
AuNP following the excitation of the LSPR is presented. After introducing
the general concepts of plasmonics in AuNP the current understanding of hot
carrier dynamics that follow the plasmon excitation is discussed.

2.1 Plasmonic properties of gold nanoparticles

2.1.1 Basic principles

The starting point for describing the optical properties of metals such as gold
is the free-electron model developed in the early 20th century by the suc-
cessive works of Paul Drude and Hendrick Antoon Lorentz. The Drude-
Lorentz model is a classical description of the electron transport properties
associated with free electrons, i.e. electrons that are not bound to a specific

19
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Figure 2.1: Depiction of different plasmon oscillation types in gold.

atomic core and therefore do not experience a restoring force [51]. This theory
was further developed to adhere to Fermi-Dirac statistics by Arnold Sommer-
feld [52]. The equation of motion of free electrons in an electromagnetic field
E(t) = E0e

−iωt [51] is

m0ẍ+m0γẋ = −eE(t) (2.1)

where m0 is the electron mass, γ is the damping rate and e is the electron
charge. Choosing x(t) = x0e

−iωt leads to the solution

x(t) =
e

m0(ω2 + iγω)
E(t). (2.2)

The electric displacement in a metal is given by D = ϵ0ϵrE = ϵ0E + P
with the polarization P = Nex. Inserting equation 2.2 into these expressions
yields:

D(t) = ϵ0E(t)− Ne2E(t)

m0(ω2 + iγω)
, (2.3)

resulting in the equation for the dielectric function of the material:
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ϵr(ω) = 1− Ne2

ϵ0m0

1

ω2 + iγω
= 1−

ω2
p

ω2 + iγω
. (2.4)

ωp is the plasma frequency and defines the natural resonance frequency of a
free electron gas oscillating against the background of a positive ionic lattice.

ωp =

√
Ne2

ϵ0m0
(2.5)

N is the electron density. This charge oscillation is the plasma resonance or
(volume) plasmon. In the low damping regime (γ → 0) the dielectric function
becomes

ϵr(ω) = 1−
ω2
p

ω2
(2.6)

with the dispersion relation (also shown in Fig. 2.2a):

ω2 = ω2
p + k2c2 (2.7)

Therefore, the dielectric function ϵr = 0 at the plasma frequency. This shows
the longitudinal character of the volume plasmon oscillation. Because elec-
tromagnetic waves are transversal, volume plasmons are not excitable by light
(D = ϵrϵ0E = 0). Instead, other forms of excitation mechanisms have to be
used to study this effect, like in electron energy loss spectroscopy [1, 51].

However, as the dielectric function is related to the refractive index via n =√
ϵr, the plasma frequency directly influences the optical properties of a ma-

terial: the plasma frequency separates the transparency regime (ω > ωp) from
the reflectivity regime (ω < ωp) (cf. Fig. 2.2b). Because most metals’ plasma
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Figure 2.2: a) Dispersion relation of volume plasmons. b) Reflectivity of a
metal in relation to the plasma frequency.

frequency is in the UV spectral region, they appear highly reflective in the vis-
ible.

Gold is one of few metals that have additional optical features in the visible
range: interband absorption from the 5d to the 6sp band. This gives gold its
distinct color compared to most colorless metals. Thus, the Drude-Lorentz
model is only a good approximation of gold’s optical properties for near in-
frared (NIR) wavelengths and longer [51]. To account for interband absorption
the dielectric function is modified:

ϵr(ω) = ϵib(ω) + 1−
ω2
p

ω2 + iγω
(2.8)

In 1972 Johnson and Cristy have measured gold’s refractive index by reflec-
tivity and transmission measurements (cf. Fig. 2.3) [53]. These data can
be converted to the dielectric function and are nowadays commonly used to
model gold’s classical optical behavior.

In the context of this work it is also noteworthy that the dielectric function
depends on the electron temperature. Brown et al. have pointed out that the
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electron temperature will affect the Fermi distribution of the electrons and the
electron-electron (e-e) scattering rate, which in turn lead to changes in the
dielectric function of gold [22]. The dependence of the LSPR on temperature
will be discussed in the next section.
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Figure 2.3: Real and imaginary part of the refractive index of gold measured
by Johnson and Christy [53].

Gold films support surface plasmon polaritons (SPP). These are resonant charge
density oscillations that travel along the metal-dielectric interface. Solving
Maxwell’s equations for such a system yields the dispersion relation [1, p. 26]:

k′ = k0

√
ϵ1ϵ2

ϵ1 + ϵ2
(2.9)

As shown in Fig. 2.4, the SPP dispersion relation exhibits an additional lower
branch as compared to bulk plasmons. The lower polariton branch has a light-
like character for low wavevectors and then tends towards the resonance fre-
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quency of SPPs (ωSPP ). Between ωSPP and ωp the plasmon dispersion is
purely imaginary and thus no electromagnetic waves are supported at that
wavelength range. All light in that frequency range is reflected by the mate-
rial [51]. Similar to bulk plasmons, SPPs are purely longitudinal oscillations
and therefore not excitable by visible light without further aid by e.g. grat-
ings [1, ch. 3]. This is apparent in the dispersion relation as there is always a
momentum mismatch between surface plasmon polariton and photons.
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Figure 2.4: Dispersion relation of surface plasmon polaritons.
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2.1.2 Localized surface plasmon resonance

Metal nanoparticles such as AuNP exhibit a localized surface plasmon reso-
nance. These are collective oscillations of surface electrons against the posi-
tively charged lattice of gold atoms. In contrast to SPPs, these oscillations do
not travel along the surface, i.e. they are localized.

Most commonly, the description of LSPRs is focused on the particle size range
that the quasi-static approximation is valid in: For particles with diameter
much smaller than the wavelength of the electric field (d << λ) the phase of
the electric field is constant throughout the particle. By calculating the electric
potentials in- and outside of an isotropic sphere with radius a described by its
complex dielectric function ϵ and embedded in a non-absorbing medium with
ϵm one arrives at an expression for the polarizability α [1, ch. 5]:

α = 4πa3
ϵ− ϵm
ϵ+ 2ϵm

. (2.10)

Hence, the polarizability is enhanced resonantly if ϵ = −2ϵm, which is called
the ”Fröhlich condition”. For a metal sphere in air, this condition is met at
ω =

ωp√
3

and for gold particles with 5 nm < a < 100 nm the resonance is in
the visible wavelength range [1, 4].

From the polarizability, the cross sections for scattering and absorption can
be calculated:

Csca =
k4

6π
|α|2 =

8π

3
k4a6

∣∣∣∣ ϵ− ϵm
ϵ+ 2ϵm

∣∣∣∣2 (2.11a)

Cabs = k Im{α} = 4πka3 Im

{
ϵ− ϵm
ϵ+ 2ϵm

}
(2.11b)
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with k = 2π/λ. These cross-sections can also be obtained from Mie-theory,
which is an analytical solution of Maxwell’s equations and therefore valid in
more broader terms and not only in the quasi-static regime. According to
Mie-theory, the frequency of the LSPR maximum can be expressed as [1, 7]:

ωmax =
ωp√

1 + 2ϵm
(2.12)

In contrast to bulk plasmons and SPPs, an electric field can couple directly to
the LSPR. Hence, AuNP exhibit a resonant absorption and scattering feature
in the visible spectrum as shown in Fig. 2.5, giving a dispersion of AuNPs its
distinct rubin-red color. To the lower-wavelength side the LSPR overlaps with
interband transitions from the 5p to 6sp band [4].
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Figure 2.5: Simulated absorbance spectrum of a 40 nm AuNP.

Influences on the LSPR

Equations 2.10-2.11 as well as the Fröhlich condition already indicate the de-
pendence of the LSPR on the surrounding medium and particle size. Below
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30 nm, the particle size becomes smaller than the mean free path of the elec-
trons, leading to additional surface scattering and damping of the LSPR [4,9].
This effect is theoretically accounted for by an additional term to the damping
constant:

γ(L) = γbulk +A
vF
a

(2.13)

with a material constant A, the Fermi-velocity vF and particle radius a. For
larger particles, the LSPR depends on the ratio of absorption- and scattering
cross sections. Figure 2.6 shows these for 20 nm, 40 nm and 60 nm AuNPs
as simulated using Mie theory. Because the absorption scales with a3 while
scattering scales with a6, absorption will dominate the overall extinction of
small particles up to around 50 nm with scattering contributing more and more
to the extinction with increasing size. For even bigger nanoparticles, the quasi-
static approximation is no longer valid and multipolar plasmon oscillations
become more important, resulting in a red-shift and broadening of the LSPR
[4,9].
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Figure 2.6: Extinction, absorption and scattering cross sections of differently
sized AuNP in water calculated using the Mie-theory package PyMieScatt
[54, 55]

The second major factor influencing the LSPR is the surrounding medium of
the AuNPs. This contains the (usually non-absorbing) dispersion medium and
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ligands that stabilize the particles in that medium. As predicted by the Fröhlich
condition, an increase in dielectric function - e.g. going from air to water - will
cause a red shift of the LSPR. To account for ligands on the particle surface
and in solution, an effective dielectric function can be calculated using mixing
rules [56]. Additionally, ligands will affect the LSPR by providing additional
relaxation pathways for excited charge carriers and thereby cause chemical in-
terface damping [57, 58]. Apart from non-absorbing media, AuNP can also
be incorporated and/or combined with optically active materials, which leads
to effects such as LSPR quenching or plasmon-exciton coupling [4]. The sen-
sitivity of the LSPR to the immediate surrounding is one of the major effects
utilized in plasmonic applications such as surface enhanced Raman scattering
(SERS) [40].

The last noteworthy effect on the LSPR is temperature. As mentioned above,
the LSPR frequency depends on the plasma frequency:

ωp(T ) =

√
e2ne(T )

meff ϵ0
. (2.14)

with the electron charge e, effective electron massmeff , the vacuum dielectric
constant ϵ0 and - most importantly in this case - the electron density ne(T ).
Thermal expansion of the particles with increasing temperature will lead to
a decreasing electron density, which will in turn lead to a red-shift of the
LSPR [4]. Additionally, through the temperature-dependent dielectric con-
stant, the linewidth of the plasmon resonance increases with the temperature
associated with the Fermi-distributed electrons [59, 60]. Figure 2.7 displays
the absorption cross section of 30 nm AuNP calculated from Mie Theory for
different temperatures. The temperature-dependent dielectric constant was
taken from [22].
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Plasmon dynamics

The main topic that this thesis is discussing is the dynamics of highly ex-
cited charge carriers in plasmonic AuNP. One excitation mechanism of these
hot carriers is the coupling of the LSPR to electron-hole pairs. Generally,
the damping of the LSPR is categorized into radiative and non-radiative.
The non-radiative processes in turn are distinguished between scattering and
collision-less processes [1, 14]. The refractive index of a plasmonic material
introduced in equation 2.4 can be expressed as follows:

ϵ(ω) = 1−
ω2
p

ω2 + iγω − βk2
. (2.15)

γ expresses a scattering-related damping parameter that is comprised of e-
e scattering, e-ph scattering, scattering on defects, scattering on surfaces etc.
These scattering processes depend on material- and other physical parameters.
For example, e-ph coupling usually increases with temperature and electron-
surface scattering increases with the surface-to-volume ratio of nanoparticles
[13, 61].

The β-term expresses Landau damping, which is a collision-less process by
which single electrons gain energy from the LSPR as they are accelerated
due to the phase-velocity relationship between a single electron and plasmon.
Landau damping is considered to be the dominant damping mechanism of the
LSPR in small nanoparticles as it scales with confinement [14].

Both of these damping mechanisms lead to the broadening of the plasmon
resonance. Hence, the bandwidth of a LSPR observed in optical spectra is
used to calculate the plasmon lifetime, which is usually in the low femtosecond
range [62]. Because of this very short timescale, time-resolved measurements
of the LSPR lifetime are challenging. However, the development of attosecond
laser sources and newly developed E-field sampling techniques might enable
a direct experimental access to the plasmon dephasing in the near future [63].
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Figure 2.7: Absorbance spectra calculated using PyMieScatt for two temper-
atures 300 K and 1000 K. The particle size was set to 30 nm and dielectric
functions for gold were obtained from the data provided by Brown et al. in
Ref. [22]. nmedium was set to 1.33 for water.

2.2 Hot carrier dynamics in gold nanoparticles

2.2.1 Overview

The dynamics of charge carriers following the excitation of plasmonic ma-
terials is commonly described as a 4-step process (cf. Fig. 2.8): First, the
plasmon dephases and Landau damping leads to the excitation of highly ex-
cited non-thermal electrons. Through e-e scattering these carriers exchange
energy to form a ”hot” Fermi distribution. Next the electrons relax via e-ph
coupling. The last step is the energy transfer from the metal to the surrounding
medium [13].

In principle, these processes can occur simultaneously. However, their timescales
differ in orders of magnitude: Plasmon dephasing is the fastest process - only
taking a few femtoseconds, which makes a direct observation of this effect
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Figure 2.8: Overview of the hot electron dynamics in AuNP. The classic un-
derstanding of hot electron dynamics consisting of plasmon dephasing, e-e
scattering and e-ph coupling (ph-ph coupling to the surroundings is omitted).

challenging. e-e scattering is a sub-picosecond process as well [18, 64, 65],
while e-ph coupling occurs on a low picosecond timescale [18–21,23,24,32,
66–68]. Lastly, depending on the material, the heat transfer from the particles
to the surroundings is in the 100-1000’s ps range [13, 69–71].

Since hot charge carriers are thought to be useful for a range of applications,
their dynamics have attracted much interest in the research community, es-
pecially since the development of tabletop solutions for femtosecond laser
pulse generation in the late 1980’s and early 1990’s led to broad access to the
timescales under investigation by optical means. In particular e-ph coupling
is studied intensely to this day and the focus of this work as well.
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2.2.2 Electron-electron scattering

Before we turn our attention to e-ph coupling - the main mechanism studied in
this work - we must first arrive at an excited hot-electron distribution. As men-
tioned above the decay of the LSPR and direct interband transitions lead to the
excitation of hot electrons. Within a short amount of time these electrons are
not distributed according to a Fermi-Dirac statistics and are therefore termed
”non-thermal”. Because of the short lifetime of a few hundred femtoseconds,
the initial non-thermal electron distribution is hard to assess experimentally.
Experimental studies typically use either electron transport through barriers
and molecules or time-resolved photoemission from thin films. Recent exam-
ples are the work of Reddy et al. who have used the energy-sensitive molecular
orbitals of adsorbates for electron tunneling and Hartelt et al. who have used
time-resolved photoemission electron microscopy [72,73]. However, the non-
thermal electron distribution in AuNP could not be successfully resolved yet.
Our current understanding of the non-thermal electron distribution in AuNP
is therefore based on theoretical calculations. These show a wavelength de-
pendent generation of hot charge carriers: Above the interband threshold of
2.3 eV, direct transitions lead to much higher excited holes than electrons. Be-
low the interband threshold electrons and holes are created equally. Because
of the required momentum transfer, this process is less intense than the direct
excitation of hot carriers [61, 74].

Electron-electron scattering will lead to a redistribution of energy among elec-
trons, eventually resulting in a ”hot” Fermi-Dirac distribution of electrons.
Theoretical studies of this process usually describe this process by applying
Fermi’s golden rule. Generally, the e-e scattering rate is proportional to the
square of the energy difference between electron and Fermi-energy. Further-
more, the increase in temperature of the final hot electron distribution ∆Te

can be calculated by

∆Te =

√
T 2
0 +

U

γ
− T0 (2.16)
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where U is the absorbed energy, T0 is the ambient temperature and γ is the
electronic heat capacity coefficient [21]. This temperature increase is also
accounted for by adding respective terms to the 2TM that is commonly used
to describe the electron dynamics following plasmon decay. This model will
be described in detail in the next chapter. The basic principle is describing
the energy transfer from electrons to lattice vibrations as a heat transfer from
electrons to phonons and e-e scattering is introduced into these equations by
different extensions [16, 75, 76].

The rise time of the signal in transient optical pump-probe spectroscopy is
sensitive to this process, because the TA signal depends on the temperature
of the thermalized electron distribution, while non-thermalized electrons do
not contribute to the signal. This allows to study e-e scattering depending on
different parameters and e-e scattering times of roughly 400 fs to 500 fs are de-
termined. Under 10 nm particle size the rise time decreases towards smaller
particles while it remains roughly the same above 10 nm [18,65]. Earlier stud-
ies on Au thin films by Sun et al. have found similar times, indicating bulk-like
behavior for AuNP above 10 nm [64].

2.2.3 Electron-phonon coupling

In classical electrodynamics e-ph coupling was first introduced to explain the
temperature-dependence of electric internal resistance of a metal. The average
time between e-ph scattering events is inverse proportional to the resistance
and an increase in temperature, i.e. in the kinetic energy of an electron, will
lead to a lower coupling time and increased resistance. In semiconductors,
e-ph coupling is responsible for the relaxation of an electron-hole pair to the
bandgap, which explains the energy difference between absorbed and emitted
photons. In the context of BCS theory of superconductors, e-ph coupling is
responsible for the creation of Cooper pairs in metals at very low temperatures
[77].
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Generally, e-ph coupling is a process by which electrons and phonons ex-
change energy through Coulomb interactions. The electron’s wavevector in-
creases or decreases by annihilating or creating a phonon, respectively. Be-
cause the phonon energy is much lower than the Fermi-energy, electrons don’t
gain or lose a significant amount of their energy in a single scattering event.
Hence, only electrons near the Fermi-level participate in e-ph coupling. This
is also why the energy transfer from electrons to lattice vibrations is slower
than the e-e interactions that lead to plasmon dephasing or energy redistribu-
tion within the electronic system.

In this work, two theories of e-ph coupling will be discussed and experimen-
tally examined: the 2TM and a microscopic theory for describing the exci-
tation of breathing oscillations, i.e. the coupling of electrons to coherent
acoustic phonon modes that lead to an oscillation of the nanoparticle size.
Additionally, a variety of approaches have been used to theoretically model
e-ph coupling in gold, such as density functional theory [78,79], Monte Carlo
simulations [80], or time-dependent Boltzmann equation formalisms [23,81].

Two-temperature model

In the context of e-ph coupling in metals, the 2TM was first used by Anisimov
et al. in 1974 to describe electron emission from a laser heated metal [43].
The model expresses the energy of the electron and phonon distribution in
terms of their respective temperatures Te,L and heat capacities Ce,L. The
energy transfer between the distributions due to e-ph coupling is then basi-
cally described as a heat exchange between the two ”heat baths”, with a ma-
terial specific e-ph coupling constant g governing the rate of heat exchange:
∂Ee/∂t = −g(Te − TL), ∂EL/∂t = g(Te − TL) [32]. This results in a set
of coupled differential equations describing the change in temperature of the
electron and phonon distributions over time, respectively [43]:
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Ce(Te)
∂Te

∂t
= −g(Te − TL) + χ∆Te + f(r, t), (2.17)

CL(TL)
∂TL

∂t
= g(Te − TL) (2.18)

Equation 2.17 contains two additional terms: χ∆Te describes the redistribu-
tion of energy within the electronic system and f(r, t) the optical excitation of
the electrons. If only e-ph coupling between an excited Fermi-distribution of
hot electrons with known temperature and the lattice vibrations is considered,
these two terms can be omitted. Due to the aforementioned differences in time
scales between excitation of electrons, e-e scattering and e-ph coupling, the
2TM has been widely accepted as a good representation of the energy transfer
from electrons to phonons [13]. Later works only either extended the 2TM or
sought to understand details of the coupling constant g. For example, O’Keefe
et al. have proposed a three-temperature model and an extended 2TM in or-
der to explain e-e scattering and the related shift of the LSPR frequency ob-
servable in femtosecond optical spectroscopy shortly after plasmon desphas-
ing [16]. However, the basic framework of the 2TM has been used like this for
the last 30 years of research in this area [16, 18, 20, 21, 24, 32, 66, 67, 82, 83].

The main prediction of the 2TM is a rather obvious one: The time it takes for
the electron and phonon subsystems to equilibrate depends on the temperature
difference (Te − TL) between them. Thus, the more energy is deposited into
the electronic system, the longer it will take for electrons and lattice to reach an
equilibrium temperature (c.f. Fig. 2.9). Additionally, the electron temperature
after excitation is much higher than this equilibrium due to the differences in
heat capacity. The electronic heat capacity is given by the product of the heat
capacity coefficient γe and the electronic temperature Te: Ce(Te) = γTe,
with γ = 61.76 Jm−3K−2 [77]. This linear relation holds true for electron
temperatures up to about 3500 K [61]. The phonon heat capacity is a material
constant for temperatures above the Debye-temperature (ΘD) and decreases
for lower temperatures. For gold CL = 25.418 J/molK [84] and ΘD = 170 K
[77].
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Figure 2.9: Electron and lattice temperatures in a 20 nm AuNP after excita-
tion to two electronic temperatures Te,0 according to the 2TM. g was set to
2.0×1016 Wm−3K−1.

2.2.4 Parameter studies on electron-phonon coupling in AuNP

This section seeks to give an overview of the basic dependencies of e-ph cou-
pling on the excitation conditions (wavelength and power) and sample param-
eters (size, crystallinity, ligands and composition). There are many more con-
texts in which e-ph coupling in AuNP is investigated. For a broad overview, the
reader is referred to the excellent 2011 review by G. Hartland [13]. Some of
the parameters that influence e-ph coupling are part of the studies presented in
the rest of this thesis, such as the excitation of breathing modes, temperature-
dependent coupling, or hot electron dynamics in hybrid systems for photo-
catalysis, and the respective theory is presented in those chapters.
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Excitation wavelength and power

The 2TM predicts that the relaxation time of the hot electron distribution is
dependent on the temperature difference between electrons and phonons. The
initial temperature difference is given in Eq. 2.16 and depends on the absorbed
energy U and ambient temperature T0. The absorbed energy in turn can be
calculated via the absorbance or absorption cross section of the AuNP, which
are functions of the photon energy (cf. Fig. 2.5-2.6), and the photon fluence
per unit volume of gold:

U =
Iabs

NAuNPVAuNP
(2.19)

The excitation wavelength dependence of the e-ph coupling time has been
shown for AuNP of different sizes by Minutella et al. [68]. Two regimes have
been identified: For a given photon flux, direct interband transitions lead to
longer e-ph coupling times than intraband transitions. Around the resonant
wavelength of the LSPR, the times seem to be longer as well. The same holds
true for the e-ph coupling time as a function of the excitation fluence. Theoret-
ical predictions of the coupling strength by Brown et al. in the same year con-
firmed the distinction between inter- and intraband regimes [85]. The linear
power dependency of the e-ph coupling time has been shown by G. Hartland
via time-resolved spectroscopy [32] and the slope of that linear relationship
depends on the e-ph coupling constant g and the electronic heat capacity co-
efficient γ via

τe−ph =
γ

g
T init.
el =

γ

g

(
∆T init.

el + T0

)
. (2.20)
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Figure 2.10: Typical e-ph coupling time vs. ∆T init.
el for AuNP.

Size and crystallinity

The following subsection presents a study I have been involved with in the
conceptual design as well as first experiments together with one of our

students Kai-Fu-Wong. The main body of work has been performed by my
colleague Yannic Stächelin. The study has been published here:

ACS Photonics, 2021, 8 (3), 752-757

A lot of research has been directed at the e-ph coupling constant and its de-
pendence on various material and environmental parameters. For example,
the particle size dependence of the coupling constant has been a matter of
discussion for quite a long time. Previous experimental work - mainly per-
formed via transient optical spectroscopy - both indicated the absence of any
size dependence [18, 68, 86] while others have found an increasing coupling
constant roughly below 10 nm [20, 83] supported by theoretical calculations
by Saavedra et al. and Brown et al. [61, 87]. In theory, a size dependency
of the e-ph coupling constant could result from the increase in scattering of
the electrons at the particle surface with increasing surface-to-volume ratio of
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small nanoparticles - in particular if the particle size becomes smaller than the
mean free path of the electrons (ca. 50 nm [22]).

Another important material parameter to consider is the particle crystallinity:
Internal grain boundaries or other defects should have the same effect as the
particle surface - suggesting a crystallinity dependence of the e-ph coupling
constant. This is supported by a number of experimental studies, which have
found the e-ph coupling constant to increase for polycrystalline films com-
pared to monocrystalline ones [66, 82, 88].

Studying the dependence of the physical properties on any material parame-
ter requires a good control of such parameter in sample preparation. Because
the synthesis of AuNP has been further developed parallel to the particle size
studies mentioned above, it can be assumed that these were performed on poly-
crystalline particles. Since then, Zheng et al. have improved the synthesis
routine to produce highly crystalline AuNP of different sizes [27] (the routine
will be described in detail in chapter 3).

To disentangle the effects of particle size and crystallinity on the e-ph cou-
pling constant, two sets of AuNP with different sizes were prepared: One
synthesis route led to polycrystalline AuNPs and the other to monocrystalline
particles. The crystallinity and sizes were assessed using transmission elec-
tron microscopy (TEM), x-ray diffraction (XRD) and UV-Vis spectroscopy
(cf. Fig 2.11).

In order to obtain the coupling constant, TA measurements were performed.
The exact methodology will be explained in detail in chapter 3. To summa-
rize: For a given sample and excitation condition (photon energy and fluence),
a decay of the TA signal is measured as a function of delay between pump and
probe. For AuNP this decay is biexponential. The initial, fast decay is at-
tributed to e-ph coupling [13]. Relating the according decay time to initial
temperature of the hot electron distribution after e-e scattering for different
∆T init.

el according to Eq. 2.20 determines the e-ph coupling constant g of a
given sample.
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Figure 2.11: a)-d) representative TEM images of 45 nm and 39 nm AuNP,
respectively. c) UV-Vis spectra of the samples shown in a)-d). d) X-ray Bragg
peak in the (111) direction of the samples shown in a)-d). Reprinted with
permission from [24]. Copyright 2021 American Chemical Society.
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Figure 2.12: Electron-phonon coupling constant vs. particle size for mono-
and polycrystalline AuNP. Dashed lines indicate bulk values of the e-ph cou-
pling constant reported in [61, 67, 89]. Reprinted with permission from [24].
Copyright 2021 American Chemical Society.

This procedure was repeated for both sets of AuNP, yielding the coupling
constant as a function of particle size for mono- and polycrystalline sam-
ples. The results are displayed in Fig. 2.12. These show a clear difference
in size-dependence for mono- and polycrystalline AuNP: Polycrystalline par-
ticles do not show any size-dependent e-ph coupling. The coupling constant
is around 3.6 W/m3K to 4.3 W/m3K, whereas the monocrystalline particles
exhibit a clear increase of g going from 40 nm to smaller particles. While
the value for large particles is in the range of what has been determined for
bulk gold [61, 67, 89], the value tends towards the same as for polycrystalline
particles at 10 nm size.

The differences in g were attributed to the effect of grain boundaries as hy-
pothesized above: For monocrystalline particles, surface scattering becomes a
considerable factor in e-ph coupling around 30 nm to 40 nm, because the parti-
cle size becomes considerably smaller than the mean free path of the electrons.
In polycrystalline particles, this size effect is compensated by scattering at in-
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ternal grain boundaries. The mean crystallite sizes obtained from XRD via
the Scherrer formula were 10 nm. For 10 nm particles, both synthesis routes
resulted in monocrystalline particles and surface scattering becomes the dom-
inant effect for the size-dependency.

Ligands and composition

Nanostructured materials exhibit special properties because of their increased
surface-to-volume ratio. In the production of nanoparticles much attention
needs to be allocated towards controlling the surface chemistry in order pro-
duce homogeneous, high-quality structures. The wet-chemistry approach to
synthesizing nanoparticles therefore utilizes ligands to control particle size
and shape and prevent agglomeration. The surface passivation will also af-
fect the physical properties of plasmonic nanoparticles. As mentioned in the
LSPR theory section, the plasmon resonance is very sensitive to the dielectric
function of the dispersion medium. Additionally, surface passivation will af-
fect the hot electron dynamics as well. For example, Aruda et al. have used
TA spectroscopy to compare e-ph coupling between 3.5 nm AuNP stabilized
by thiol based and amine based ligands and have found a higher e-ph coupling
constant for thiol stabilized AuNP. This effect was attributed to the alteration
of electronic surface states by the covalent Au-sulfur bond [21]. A similar
result was obtained by Foerster et al. who have studied chemical interface
damping in Au nanorods of different sizes stabilized by thiol ligands com-
pared to ethanol or cetyltrimethylammonium bromide (CTAB), which only
physisorb to the surface [58]. In contrast, Guzelturk et al. have found a de-
creasing g upon changing the AuNP ligand from thiols (EDT and DDT) to
oleylamine [83].

Moreover, the particle surface is frequently used to add new functionality to
the pure core substance. One of the many promises of studying hot electron
dynamics is the possibility for charge transfer to a semiconductor or other
metal for photochemical reactions. There is an abundance of studies covering
hybrid plasmonic systems and the reader is pointed to the review of Zhang et
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al. for a comprehensive overview [90]. Generally, the transfer of hot electrons
either follows a direct or indirect pathway. The direct route involves the ex-
citation of electrons into excited states of the adjacent material, whereas the
indirect route involves the excitation of electrons within the plasmonic mate-
rial with a subsequent charge transfer across the interface. Recently, Tomko et
al. have proposed an additional pathway of a ”ballistic” energy transfer from
hot electrons to conduction band electrons of a semiconductor [91]. In chap-
ter 6, we support enhanced catalytic activity of Au-Pt hybrid superlattices by
a time-resolved study of e-ph coupling. For reference, it has been shown that
Au@Pt core-shell nanoparticles exhibit a faster decay of plasmon broadening,
i.e. Au hot electron temperature, with increasing Pt amount. Here, e-e inter-
actions between the thermalized hot electron distributions in Au and Pt occur
faster than e-ph coupling in pure AuNP [92].
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Chapter 3

Methods

3.1 Transient absorption spectroscopy

3.1.1 Introduction

Transient absorption spectroscopy is an experimental technique based on the
pump-probe principle. Short laser pulses excite the sample (pump) and the
absorbance of time-delayed pulses (probe) by the excited sample is measured.
The absorbance in the excited state is referenced by the absorbance of the sam-
ple in its ground state. The resulting differential absorption map as a function
of probe wavelength and delay time (see Fig. 3.2a) allows the investigation of
excited charge carrier dynamics in optically active materials. The origin of the
optical change varies depending on the type of material. For example, mate-
rials with discrete electronic transitions might show photoinduced absorption
by enabling new excitation pathways and they show photoinduced bleaching
of an absorption pathway due to Pauli blocking. AuNP show contrast in TA
because of the LSPR’s sensitivity to the electron temperature. As shown in

45
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Figure 3.1: Schematic of transient absorption spectroscopy. An optical pump
pulse excites the sample and the absorbance of a time-delayed probe pulse
is determined. By referencing the absorbance in the excited state with the
absorbance at ground state a differential absorption spectrum is determined
per delay time. Scanning a delay time window allows to assess the dynamics
of the differential absorption.
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Fig. 3.2c-d, the LSPR bandwidth increases with temperature leading to the
difference in absorption displayed there. Generally, the TA signal scales with
the energy intake of the electron distribution. The absorbance characteristics
of the sample thereby introduces a dependence of the signal on pump wave-
length and power. Because the contrast will decrease with time (c.f. Fig. 3.2b),
the relaxation dynamics of electrons in AuNP can be determined.

400 500 600 700 800
Wavelength (nm)

0

20

40

De
la

y 
tim

e 
(p

s)

a)

0 20 40
Delay time (ps)

20

15

10

5

0

A 
(

OD
)

b)

400 500 600 700 800
Wavelength (nm)

15

10

5

0

5

A 
(

OD
)

c)

400 500 600 700 800
Wavelength (nm)

4

2

0

a.
c.

s. 
(a

.u
.)

d)

25 0 25
A ( OD)

Figure 3.2: a) Typical TA map of an AuNP solution. b) Kinetic (∆A vs.
delay time) extracted at a probe wavelength of 525 nm. c) TA spectrum at a
delay time of 1 ps. d) Difference of AuNP absorption cross section (a.c.s.)
between 300 K and 1000 K from Fig. 2.7b.

Brown et al. have calculated the dielectric function of Au for electron tem-
peratures between 300 K and 7000 K [22]. To support the commonly claimed
linearity between the TA contrast and the electron temperature, these functions
were used to calculate the extinction cross sections (Qext) of a 30 nm AuNP for
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Figure 3.3: Minimum values of the difference in extinction cross section
∆Qext as a function of electron temperature differences ∆Te.

the reported electron temperatures up to 3500 K using the Mie-solver PyMi-
eScatt. Differential spectra of the extinction cross section (∆Qext) were then
calculated resulting in similar plots as displayed in Fig. 3.2d) for a given elec-
tron temperature difference (∆Te). The minimum value of the bleach feature
is plotted against the electron temperature increase in Fig. 3.3. A linear re-
gression of ∆Qext vs. ∆Te confirms the common assumption, that the TA
contrast is linearly dependent on the electron temperature increase with only
minor deviations.
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3.1.2 Technical Overview
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Figure 3.4: Schematic of the TA spectrometer used in this work.

The experimental TA setup used in throughout this work is a commercially
available spectrometer (Ultrafast Systems Helios). Its layout is displayed in
Fig. 3.4. The system is seeded by a pulsed laser system, a Ti:Sapphire mode
locked laser with a 800 nm output (Spectra Physics MaiTai), which is then
amplified by a regenerative, chirped pulse amplifier (Spectra Physics Spit-
fire, pumped by a Spectra Physics Empower) operating at 1 kHz. Its output
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is split into two arms, which will serve as pump and probe, respectively. The
wavelength of the pump pulses may be adjusted using frequency doubling in a
barium borate (BBO) crystal or using optical parametric amplification (OPA,
Light Conversion TOPAS) and their power is easily controlled using neutral
density (ND) filters. A chopper wheel running at half the frequency of the
laser system blocks every second pump pulse. The pulses are then focused
onto the sample and dumped afterwards. The probe pulses are delayed with
reference to the pump pulses using a motorized delay stage that increases the
beam path. Then the 800 nm pulses are focused on a quartz or calcium fluoride
crystal to produce a white-light continuum. For stable white-light generation
(WLG), the power of the fundamental pulses must be carefully adjusted using
an ND filter and aperture. The white-light pulses are focused on the sample
ensuring a spatial overlap between pump and probe and the transmitted pulses
are recorded by a spectrometer for a set range of delay times. The reflection
of the white-light by a ND filter in front of the sample is recorded as well to
correct intensity fluctuations in the white-light continuum (WLC).

Generation of femtosecond laser pulses

The measured signal in TA is a convolution of the sample response and an in-
strument response function (IRF), which is intrinsic to the experimental setup
and usually limits the time-resolution. Therefore, TA requires laser pulses
that are intense enough to produce a sufficient signal-to-noise ratio on the de-
tector and short enough to resolve the physical processes in question. Laser
pulses are routinely generated by mode-locked laser systems with various de-
signs and output wavelengths. However, these pulses are usually not intense
enough to drive the non-linear processes needed for manipulating the wave-
length. In 2018, Gérard Mourou and Donna Strickland were awarded the No-
bel prize in physics ”for their method of generating high-intensity, ultra-short
optical pulses” [30], which is chirped-pulse amplification [29]. To understand
”chirp” let us quickly examine the form of laser pulses. In a frame moving
with the laser pulse, these are expressed as a simple electromagnetic wave
with an envelope multiplied with the amplitude:
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Figure 3.5: Illustration of chirped laser pulses in a frame moving with the
pulse.

E(t) = E0e
− t2

2σ2 cos (ω0t+ ϕ(t)) (3.1)

Here, the envelope function has a Gaussian form. However, the envelope of
real laser pulses might differ. Also note that the phase of the wave is generally
time-dependent. Due to the time-bandwidth product ∆t∆ω ≥ 1

2 , a very short
laser pulse will contain more than one frequency and ω0 in Eq. 3.1 is regarded
as the center frequency [31].

While traveling through a medium other than vacuum, the phase velocity is
determined by the speed of light and the refractive index of the medium, vph =
c0
n , while the group velocity, i.e. the velocity of the wave-packet envelope, is
vgr = dω

dk . A dispersion of the group velocity causes different speeds for the
spectral components of the laser pulse and generally leads to a longer pulse
duration. Normally, optical elements cause an ”up-chirp” or positive chirp,
i.e. lower frequencies travel faster through a medium than higher frequencies.
However, by using either prism pairs or gratings, a ”down-chirp” or negative
chirp can be introduced (see Fig. 3.5).

Introducing positive and negative chirp is utilized in chirped-pulse amplifica-
tion: First, a positive chirp is introduced that stretches the laser pulses, thereby
lowering the peak intensity of the wave-packet before it is amplified. The
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lowered peak intensity prevents damage to the gain medium of the amplifier,
which limited the employable gain in the past. After amplification a nega-
tive chirp is introduced to compress the pulse back to its shortest duration of
usually a few femtoseconds [29].

Manipulation of pump and probe wavelengths

The output of the laser system is modified utilizing non-linear optical effects.
The processes used in this work were simple frequency doubling and OPA to
control the pump beam wavelength and WLG for the probe beam. Two laser
photons of the same frequency traveling through a material can turn into a
single photon with a doubled frequency. This process is referred to as second-
harmonic generation (SHG) and is an effect of the second-order electric sus-
ceptibility χ

(2)
eff of the material. The intensity of the second-harmonic radia-

tion I(2ω) is further dependent on the incident intensity I(ω), the refractive
index of the medium n, and the propagation distance through the material l:

I(2ω) =
27π3ω2χ2

eff l
2

n3c2
I2(ω)

(
sin∆kl/2

∆kl/2

)
(3.2)

c is the speed of light and ∆k = k2 − 2k1 is the dephasing quantity [31, pp.
39f.]. In order to maximize the intensity of SHG the phase matching condition
must be satisfied, i.e. the fundamental (k2) and second-harmonic radiation
k1 should interfere constructively. ∆k → 0 in this case. This is routinely
achieved in birefringent materials, which have an ordinary and extraordinary
refractive index for each frequency. At a certain crystal angle relative to k1,2,
where the refractive indices for fundamental and second-harmonic coincide,
the phase matching condition is satisfied. This angle is therefore called the
phase matching angle.

For the optical parametric generation of light (OPG), a photon with frequency
ωi and wavevector ki incident on a birefringent material will produce two
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photons with ω1,2 and k1,2, conserving energy and momentum in the process:
ωi = ω1 + ω2, ki = k1 + k2. By adjusting the phase matching angle the out-
going frequencies are adjustable within a certain range. The higher frequency
photon, produced in OPG is termed signal while the lower frequency pho-
ton is termed idler. Optical-parametric amplification of light (OPA) describes
basically the same process, but with in an additional incident signal photon.
In the setup used in this work (Light Conversion TOPAS Prime), the incident
signal photon is produced using WLG prior to OPA. The probe pulses used
for TA undergo a similar process in order to allow recording broadband spec-
tra. WLG is a process based on several non-linear optical affects. Describing
these in detail is beyond the scope of this work and the reader is referred to
textbooks about non-linear optics [31, 93]. It should be noted, however, that
WLG is very sensitive to the peak intensity of the incident pulses and there-
fore, the focusing, power and pulse length of the fundamental must be carefully
adjusted.

Recording transient absorption spectra

With the wavelengths of the pump and probe pulses tuned to the required val-
ues, both beams are focused onto the same spot on the sample using simple
spherical mirrors or lenses. Before the measurement, the spatial and temporal
overlap between pump and probe pulses is ensured. By convention, the spot
size of the pump beam is larger than the probe. This ensures that all the ma-
terial probed by the WLC is excited, which is crucial for fluence-dependent
measurements. The white-light transmitted through the sample is focused into
an optical fiber that leads to the CMOS sensor of the spectrometer.

For the choice of pump power, several points need to be considered. The most
obvious one is signal-to-noise ratio since a stronger excitation of the sample
will lead to a bigger change in absorbance. Signal-to-noise ratio usually limits
the pump power on the lower end. On the higher end, the intensity should not
damage the sample or lead to significant structural changes. For example, the
pump beam should not melt the AuNP or heat up the solution above the boil-
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ing point. Additional limitations might be imposed by the physical properties
of the material. For example, to relate the measured dynamics to the 2TM,
the electron temperature should not be raised above ca. 3500 K, because the
electron heat capacity becomes non-linear. All other parameters and settings
are usually set to guarantee stability and good quality of the recorded signal.
This usually includes an averaging time for each delay time and conducting
multiple consecutive measurements for averaging as well to suppress noise.
The proper delay time window and step size depend on the dynamics under
investigation.

The result of a measurement is a ∆A map as a function of probe wavelength
and delay time as shown in Fig. 3.2a. The data acquisition software automat-
ically distinguishes between the recorded spectra of the excited (Aexc) and
the unexcited sample (A0), by synchronizing to a trigger signal sent out to
the spectrometers and chopper wheel by the time delay generator of the laser
system (c.f. Fig. 3.4). The two spectra are then subtracted to produce the dif-
ferential absorption spectrum. The differential spectra are recorded for every
step of the delay line. In contrast to steady-state UV-Vis spectroscopy no back-
ground correction spectrum (Ainc) is needed, if the probe pulses are stable:

Aexc,0 = log10
Iinc
Iexc,0

(3.3)

∆A = Aexc −A0 = log10
Iinc/Iexc
Iinc/I0

= log10
I0
Iexc

(3.4)

The commercial TA spectrometer used in this work underwent several up-
grades, among which a reference channel for the white-light was installed.
This provides an intensity reference for all the recorded spectra and the differ-
ential spectrum for a given delay becomes:

∆A = log10

(
I0
Iexc

· I0,ref
Iexc,ref

)
(3.5)
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Time resolution

The time resolution of the experiment depends on various factors, which in-
clude the pulse length at the laser output, the induced chirp by the optical
elements that the pulses travel through until they eventually hit sample and
detector, as well as other considerations regarding the experimental design
such as the choice of detector or angle between pump and probe [94]. The
pulse length at the laser output may be determined by autocorrelation mea-
surements, while the time resolution in TA can be determined by analyzing
the coherent artifact visible when pump and probe pulses convolve.

In this work, the pulse length of the laser output (λ = 800 nm) was monitored
by recording the intensity autocorrelation. Autocorrelation measurements is
an interferometric technique: The pulsed laser beam is split into two arms,
which then overlap after one of the arms was directed through a variable de-
lay stage. The overlap is measured either through two-photon absorption or
SHG as a function of delay time. The employed commercial autocorrelator
(MiniUSB, APE, Berlin) in this work was based on the latter. The measured
signal is the second-order intensity autocorrelation function, which is fitted us-
ing a Gaussian or sech2 function, as displayed in Fig. 3.6. Depending on the fit
function different conversion factors need to be employed for calculating the
pulse length (full width at half maximum, FWHM) ∆t from the FWHM of
the fit functions ∆τ : Gaussian: ∆τ

∆t = 1.75, sech2: ∆τ
∆t = 1.54 [31]. Usually,

the laser system yielded a pulse length of ca. 35 fs (Gaussian fit). With the
number of the following optical elements in mind, one can already assume a
sub-ps time resolution from that.

In TA, another signal is commonly used to determine the time resolution: the
”coherent artifact”. The coherent artifact is a signal produced in the sam-
ple at the point of convolution between pump and probe. There are different
sources for the artifact, which include two-photon absorption [95], stimulated
Raman emission [96] and cross phase modulation [97]. Which of these effects
dominate the artifact is dependent on various factors such as the employed
wavelengths and type of sample, e.g. liquid in a cuvette or film on a glass sub-



56 Chapter 3. Methods

150 100 50 0 50 100 150
Time (fs)

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16
In

te
ns

ity
 a

ut
oc

or
re

la
tio

n
data
fit

Figure 3.6: Example of an intensity autocorrelation measurement at the laser
output. From the gaussian fit (red) a pulse length of 37 fs was determined.

strate [94]. Fig. 3.7a shows an exemplary artifact measured in a 2 mm glass
cuvette filled with H2O. The envelope of the absolute value of that artifact
is then fitted with a Gaussian function, the FWHM of which is taken as the
time-resolution of the experiment [98]. From the examples given in Fig. 3.7b)
and c) for the two types of sample containers used in this work it can be con-
cluded that the time resolution of the setup was ca. 100 fs, which is sufficient
to analyze the few-ps dynamics measured throughout this work.

3.1.3 Data analysis

The first steps of analyzing TA spectra is correcting the measurement for chirp
(c.f. Fig. 3.8) and subtracting the constant signal produced by scattering of the
pump beam. The latter is only needed if the pump wavelength is within the
range of the recorded WLC. For chirp correction, the first delay time show-
ing contrast, time-zero, is manually selected at several (at least four) probe
wavelengths. These points are then fitted with the function
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Figure 3.7: Analysis of the coherent artifact in TA to determine the time
resolution. a) Coherent artifact measured in a 2 mm glass cuvette filled with
H2O, pump: 515 nm, probe: 550 nm. b) blue: absolute value of the coherent
artifact shown in a). Red: Fit of the envelope of the absolute artifact. The
FWHM of the Gaussian was 123 fs. c) Same as in b) but the artifact was
measured in a glass slide mounted inside the cryostat used for temperature
dependent TA in chapter 4. The determined FWHM of the gaussian fit was
91 fs.

t0 = a ·
√

b · λ2 − 1

c · λ2 − 1
+ d (3.6)

where t0 is the delay time, λ is the probe wavelength and a, b, c, d are fit pa-
rameters. According to the resulting fit function, time-zero is then corrected
for every probe wavelength.

Determining the e-ph coupling time

The main figure used to quantify e-ph coupling in AuNP using TA spec-
troscopy is the fast decay time of the signal (see Fig. 3.9). In particular, the
decay of the signal is usually found to be biexponential, with the first, faster
decay indicating the equilibration of the electron distribution and the lattice
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Figure 3.8: a) raw TA spectrum within the first picoseconds. The dotted line
represents the fit of the wavelength-dependent time-zero. b) Corrected TA
spectrum. For each wavelength, time-zero given by the fit function was set to
t = 0 ps.
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Figure 3.9: Data analysis of the bleach kinetic. a) TA spectra at increasing
delay times. b) Bleach kinetic and fit function.
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and the second, longer decay indicating phonon-phonon interactions with the
environment, i.e. the cooling of the AuNP to the ambient temperature. There-
fore, the decay is fitted using a biexponential function and the fast decay time
is interpreted as the e-ph coupling time τe−ph.

∆A = a1 · exp
(
− t

τe−ph

)
+ a2 · exp

(
− t

τph−ph

)
(3.7)

This function is sometimes multiplied with a heavyside function to include
the rise of the signal. The rise - if it is determined to be longer than the IRF
- is used to quantify e-e scattering, which is usually a faster process than e-
ph coupling. Since e-e interactions were not the focus of this work and are
ignored in the analysis of e-ph coupling, the heavyside function was omitted.

For precision, it is insufficient to analyze the decay kinetics at a single probe
wavelength, because the signal is not only comprised of the LSPR broaden-
ing, but also a spectral shift of the resonance. Therefore, the minimum of the
bleach component is determined for every delay time by fitting an inverted
Gaussian or a polynomial function to the local minimum and taking the min-
imum value of that function as the ∆A value of that delay time. From there,
the resulting kinetic is used to determine the e-ph coupling time.

Calculation of the e-ph coupling constant

As mentioned above, the change in absorbance by AuNP is the result of the
increase in electron temperature upon excitation. Hence, the absorbed energy
is a crucial parameter to interpret the e-ph time. Because of this power depen-
dence, the e-ph coupling factor g is a better value to characterize a given ma-
terial. Two strategies are commonly employed to determine the e-ph coupling
constant. The first strategy is the excitation of the sample in a low perturba-
tion regime. In that case, the electron temperature is only slightly increased by
the pump (∆T init.

e << T0) and the general relationship between the coupling
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time, the coupling constant and the electronic and ambient temperatures given
in Eq. 2.20 would simplify to

τe−ph =
γ

g
T0. (3.8)

The advantage of this strategy is the ability to determine g from a single mea-
surement and the changes of the electron heat capacity with temperature can be
ignored (although, they are still included in the equation above via the electron
heat capacity coefficient, γ). However, in order to satisfy ∆T init.

e << T0, the
pump fluence has to be kept at a minimum and acquiring data with sufficient
signal-to-noise becomes challenging.

Another strategy to reach this expression is measuring a series of kinetics with
increasing excitation fluence and interpolating the determined e-ph coupling
times to minimum power. This strategy allows more precise measurements,
because the signal-to-noise ratio is much better. The drawback of this tech-
nique, however, is the uncertainty introduced by the linear regression of the
obtained e-ph coupling times vs. power.

In this work, another method was chosen. Instead to trying to simplify Eq. 2.20,
it is chosen as it is to determine g from a series of measurements at increasing
excitation fluences. For that, the employed excitation fluence is translated to
the increase in electron temperature. This has the advantage that instead of
using the error prone intercept of the linear regression of τe−ph vs. P we use
the more reliable slope of τe−ph vs. Te. The only drawback of this technique
is the uncertainty of the absorbed energy that is used to calculate the electron
temperature. From experience, this uncertainty is lower than the standard de-
viation of the τe−ph vs. P intercept.
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3.2 Sample preparation

The relationship between the size and shape of nanoparticles and the emerging
chemical and physical properties is at the core of nanoscience. Additionally,
collective effects of nanoparticle assemblies have gained significant attention
in the scientific community as well. Therefore, techniques that allow precise
control over size, shape and environment of nanostructures are under constant
development. Even if this thesis deals with the physical properties of AuNP,
the underlying principles of the nanoparticle preparation shall be briefly pre-
sented here - especially since all samples used in this work were synthesized
in-house.

The basic principles of AuNP synthesis and assembly is the control of the
nanoparticle surface. Gold atoms at the surface of a particle possess a higher
chemical potential than their counterparts in bulk. Hence, without further ma-
nipulation AuNP would be unstable and agglomerate, because of their high
surface-to-volume ratio [99]. The main strategy in a bottom-up, wet-chemical
synthesis protocol is the surface passivation by adsorbed ligands [100]. There
is a multitude of different suitable agents, ranging from lightly bonding cit-
rate to covalently bonding thiolated polymers [8, 27]. The exact choice of
ligand depends on the synthesis route, the size of the AuNP and the disper-
sion medium. For potential biomedical applications, further manipulation of
the ligand shell is one of the main strategies under investigation in current
research [101,102].

3.2.1 Gold nanoparticle synthesis

The synthesis of AuNP used in this study was introduced by Zheng et al. in
2013 [27] and slightly adapted to the needs of the experiments in this thesis
and other studies in our group [12, 24]. An overview of the protocol is given
in Fig. 3.10. It consists of at least two steps: The nucleation of Au clusters
followed by the seed-mediated growth into AuNP in the size range of 5 nm to
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12 nm. These AuNP can in turn function as seeds for additional growth steps,
enabling the control of the AuNP size from 5 nm to 150 nm while producing
highly spherical AuNP. In this work, AuNP between 20 nm to 40 nm were used
as samples, hence two seed-mediated growth steps were applied. The protocol
is ”seed-mediated” since the relative quantities of Au clusters or seeds and Au
precursor controls the size of the product.

In all stages, elemental Au is produced by reduction of tetrachloroauric acid
(HAuCl4) in an aqueous solution and cetyltrimethylammoniumbromide or -
chloride (CTAB, CTAC) ligands stabilize the Au0 clusters or particles. The re-
actions take place under mild conditions: room temperature and atmospheric
pressure. Slight heating to 30 °C helps for control of the temperature and re-
producability.

The first step of the protocol is the preparation of Au clusters. For that, HAuCl4
is first mixed with the stabilizing ligand CTAB. Under rapid stirring the reduc-
tant sodium borohydride (NaBH4) is added via one-shot injection. NaBH4 is a
strong reducing agent and its rapid addition ensures a low size distribution of
the resulting Au clusters [103, 104]. Keeping the time window for nucleation
as small as possible (”burst nucleation”) is a common strategy in producing
homogeneous nanoparticles. The solution is stirred for another 3 minutes to
complete the growth of the Au clusters and is then kept undisturbed for 3 hours
so excess NaBH4 can react with water to form NaB(OH)4 + H2.

The CTAB stabilized Au clusters are only stable for a few hours and are there-
for immediately used to grow larger, more stable AuNP in the first growth step:
Here, HAuCl4 is mixed with CTAC instead of CTAB and ascorbic acid (AA)
as a weak reductant. Under stirring, the Au clusters are added to the solution
via one-shot injection. Since gold has two common oxidation states, AuIII and
AuI, there is a chemical equilibrium in solution: AuIII + 2 Au0 −−⇀↽−− 3 AuI,
with AuI being most stable in solution. AA is used to reduce AuIII to AuI and
therefore avoid the oxidation of the Au0 clusters, by shifting this equilibrium.
The added Au clusters then serve as catalysts for the reduction of AuI to Au0.
Hence, new elemental Au only forms on the surface of the clusters and not
as new nuclei. Once again, the rapid injection of the clusters ensures homo-
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Figure 3.10: AuNP seeded growth synthesis
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geneous growth of the particles. After a reaction time of 15 minutes, stirring
is stopped and the solution is washed by centrifugation and replacement of
the supernatant with fresh CTAC solution. This first growth step results in
CTAC-stablized AuNP of roughly 10 nm, which can be used as seeds for fur-
ther growth steps.

The following growth steps use the same ligand and reductant, but the small
AuNP are used as seeds instead of the Au clusters. Another difference is the
order and injection speed of the reactants. The AuNP-seeds are first thor-
oughly mixed with CTAC solution by ultrasonication. Then, AA is added and
the solution is stirred for 60 seconds before the drop-wise addition of new Au
precursor, HAuCl4, starts. The size of the particles is controlled by the rela-
tive amounts of Au seeds to HAuCl4. For the same amount of added HAuCl4,
more seeds lead to a smaller particle size. The shape of the resulting particles
depends on three factors: the choice of ligand, the rate of atom deposition and
surface diffusion on the particles. Using CTAC as ligand instead of CTAB fa-
vors the growth of spherical particles [28,100]. Additionally, HAuCl4 is added
slow and steady to the solution under stirring to guarantee a slow enough atom
deposition rate for surface diffusion to shape the particles into spheres. After
the addition of HAuCl4 is completed and additional 10 minutes reaction time,
the dispersion is washed by centrifugation and replacement of the supernatant
with fresh CTAC solution. This process extracts Au precursor, which is has
not yet reacted, and thereby stops the growth of the particles.

3.2.2 Quality assessment

UV-Vis spectroscopy

UV-Vis spectroscopy was used in this thesis to quickly assess the sample qual-
ity and to determine the particle concentration of a AuNP dispersion. Accord-
ing to the Lambert-Beer law the intensity of radiation transmitted through a
sample I depends on the incident intensity I0, the path length through the
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sample l, the molar concentration of the absorbing species c and the material-
specific extinction coefficient ϵ [51]:

I = I0 · 10−ϵcl (3.9)

As presented in chapter 2, the LSPR is very sensitive towards the particle size,
shape and environment. Generally, a red-shift and broadening of the LSPR
indicates a deviation from an ensemble of individual, spherical AuNP. If the
wavelength-dependent extinction coefficient is known, UV-Vis spectroscopy
can be used to determine the concentration of Au in a solution. To obtain
particle concentrations, two strategies are routinely used. For both protocols
wavelengths corresponding to interband transitions are used. For AuNP sizes
small enough to ignore scattering (cf. Fig. 2.6), Scarabelli et al. have deter-
mined an absorbance of 1.2 at 400 nm corresponds to 0.5 mM of elemental
gold [28]. Accounting for the amount of gold in a single AuNP of a given
size and shape determined by TEM yields the particle concentration. Thus,
this method is suitable for non-spherical particles as well. Haiss et al. have
reported extinction coefficients at 450 nm for spherical AuNP between 2 nm
to 100 nm, which can be used to relate the measured absorbance at that wave-
length to the particle concentration [105].

Unless otherwise specified, all UV-Vis measurements were conducted using a
Varian Cary 50 spectrometer.

Transmission electron microscopy

Both methods for determining the particle concentration require the knowl-
edge of the particle size and shape. While Haiss et al. also report a size de-
termination based on the relative absorbance at the LSPR center wavelength
to the absorbance at 450 nm, the method of Scarabelli et al. is fully reliant on
the knowledge of the particle size and shape. Thus, the combination of UV-



66 Chapter 3. Methods

Vis spectroscopy with TEM is the standard routine for characterizing newly
synthesized AuNP.

Because of the Abbe-limit, the resolution of optical microscopy is too low to
assess the AuNP size and shape. This resolution, however, is much higher if
accelerated electrons are used instead of optical light (in the nm to pm range).
Conventional electron microscopy is the recording of bright- or dark field im-
ages like in optical microscopy and electrons are absorbed or scatter of AuNP,
leading to less intensity on the corresponding projection spot on the detector.
This ”mass-thickness” contrast increases with the atomic number. Hence, par-
ticle sizes of a ”pure” AuNP, without its ligand shell can be determined [106].
Through image processing - performed in the software imageJ in this work -
the AuNP images are analyzed to give the AuNP size distribution. For that,
the images are converted into binary pictures and touching AuNP are artifi-
cially separated by a line, or deleted if the overlap is too big. For sufficiently
spherical particles, the individual AuNP diameters are calculated from their
circular areas in the image.

Unless otherwise specified, all TEM measurements shown in this work have
been carried out using a Joel JEM-1011 Transmission electron-microscope
operating at 100 kV. Prior, the nanoparticles were deposited on carbon coated
copper grids and then dried either at air overnight, or in vacuum for 1 h.
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Temperature-dependent
electron-phonon coupling

Despite its simplicity the two-temperature model serves as an excellent model
to understand the e-ph dynamics in AuNP and it is therefore widely used for
the interpretation of time-resolved experiments. One of the assumptions of
the model is the coupling factor’s independence on the electron and lattice
temperatures. However, whether or not that is the case is debatable:

According to the classic e-ph coupling used to describe the temperature-dependent
resistance of metals, one would expect the e-ph coupling constant to increase
with Te [77]. Mueller and Rethfeld calculated the e-ph coupling constant de-
pending on the electron temperature of 2000 K and above. While the value is
only slightly changing between 2000 K to 3500 K, it increases with higher Te,
indicating an almost constant g for the temperature range usually employed in
optical pump probe studies [23]. These results are in line with recent exper-
imental work on hybrid AuNP-semiconductor systems by Hattori et al. and
Ghorai et al. [107, 108]. Their observations might indicate a difference in g’s
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temperature dependence between Au films and AuNP. However, Hattoria et
al. and Ghorai et al. focused on energy transfer between AuNP and semicon-
ductors and the latter did not analyze g at all, but argued based on changes in
τe−ph.

For laser-heated electrons in gold, several studies aimed at determining the
ambient temperature dependence of e-ph coupling. Giri et al. performed
time-domain thermoreflectance on a Au film depending on the ambient tem-
perature between 77 K to 300 K at two different excitation fluences. In the
low fluence regime (0.1 J/m2), the coupling factor was given by the product in
equation 2.20, i.e. τe−ph is proportional to the ambient temperature and the
e-ph coupling constant. At the higher fluence (3.52 J/m2) the coupling factor g
didn’t change significantly for ambient temperatures above 100 K and slightly
decreased below 100 K – reproducing the prediction from the 2TM, which in-
cluded the temperature-dependence of the lattice heat capacity below the De-
bye temperature [109]. These results were in line with thermal transport mea-
surements from Pt to Au by Wang and Cahill [110]: Their observations were
interpreted by accounting for the role of non-thermal electrons in e-ph cou-
pling. As mentioned in chapter 2, the e-e scattering rate scales with electron
temperature. Hence, at low effective electron temperatures the non-thermal
electrons contribute to e-ph to a larger extent, compared to high temperature
electrons, which thermalize quickly. This interpretation is supported by the-
oretical work of Mueller and Rethfeld [23]. Furthermore, Zhou et al. have
used time-dependent density functional theory and molecular dynamics sim-
ulations to calculate e-ph coupling constants and times in Au films [111]. They
have found an increase in the e-ph relaxation time with increasing temperature
from 100 K to 300 K and also an increase in g with temperature. However, they
yield constants an order of magnitude higher than the previously mentioned
studies.

Hence, for AuNP the question remains how the e-ph coupling constant de-
pends on the environmental temperature, i.e. the temperature of the system
at the start of the hot electron dynamics. In particular for temperatures below
gold’s Debye temperature of 170 K the decrease in phonon modes might affect
e-ph coupling. Thus, the study presented in this chapter aims at systematically



4.1. Two temperature model simulations 69

exploring the dependency of g in AuNP on the environmental temperature at
low temperatures (100 K ≤ Tenv ≤ 350 K). For this study, e-ph coupling in a
spin-coated film of AuNP was examined. The film was placed inside a cryostat
that allows to control the environmental temperature down to the temperature
of liquid nitrogen (≈ 78 K). A series of power-dependent TA experiments
(50 µJ/cm2 to 200 µJ/cm2) were conducted for a temperature range between
100 K and 350 K. The e-ph coupling time was determined from the experi-
ments and by comparing these results to the predictions made by the 2TM the
temperature-dependence of the e-ph coupling factor was tested.

4.1 Two temperature model simulations

In order to predict the e-ph coupling time using the 2TM, three initital pa-
rameters are needed: the initial temperatures of the electron and lattice given
by the environmental temperature Tenv , the initial temperature increase of the
electronic system, ∆Te,0 and the e-ph coupling constant g. e-e scattering will
be ignored and the initial electron temperature was calculated as described in
Eqs. 2.16 and 2.19. With that, the 2TM was implemented as:

γeTe
∂Te

∂t
= −g(Te − TL) (4.1)

CL
∂TL

∂t
= g(Te − TL) (4.2)

As mentioned previously, the change of the lattice and electron temperatures
through e-ph coupling is governed by their respective heat capacities, Ce;CL.
In the temperature range employed in this study the electronic heat capacity
increases linearly with electron temperature according to Ce = γeTe, with the
electronic heat capacity coefficient γe = 61.76 Jm−3K−2 [77]. The lattice
heat capacity is described by the Debye model and is shown in Fig. 4.1 for
gold. At low temperature - below the material specific Debye temperature -
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Figure 4.1: Lattice heat capacity normalized to the Dulong-Petit value
(CL,pd = 2.4×105 W/m3K). The data were reported by Geballe & Giauque
and converted to the units used in this study [112]. The grey line indicates
gold’s Debye temperature of 170 K.

the number of phonon modes and therefore the lattice heat capacity decreases.
For temperatures above the Debye temperature, the lattice heat capacity ap-
proaches the limit described by the Dulong-Petit law [77].

For the environmental temperatures and electron-temperatures deployed in
this study, one expects the change in lattice heat capacity to have the most
effect at the lowest Tenv of 100 K (TL,0 < TΘ) and highest ∆Te,0 of 2009 K,
because that induces the biggest change in CL throughout the measurement.
Fig. 4.2 shows the calculated electron and lattice temperatures over time ac-
cording to the 2TM for two cases: In one case, a constant lattice heat capac-
ity was chosen according to the reported value at room temperature, i.e. the
Dulong-Petit value. In the second case, the lattice heat capacity was treated
as a function of lattice temperature. For that, data measured by Geballe & Gi-
auque was taken and converted to similar units [112]. These data follow the
behaviour according to the Debye model with minor deviations. The e-ph cou-
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Figure 4.2: Electron and lattice temperatures calculated according to Eqs. 4.2.
Solid lines: constant CL; dashed lines: interpolated CL from values displayed
in Fig. 4.1, g was taken from Ref. [24] for 27 nm AuNP.

pling constant was taken from an earlier study on 27 nm AuNP (g = 2.4×1016 W/m3K,
[24]).

For both temperatures, the differences between the two cases are very minor.
Even without heat transfer to the environment implemented into the 2TM, the
difference in equilibrium temperature is only 4.9 K (∆TL : 56.8 K vs. 61.7 K).
Therefore, the expected differences in e-ph coupling time should be governed
only by the temperature difference between electrons and lattice. From the
2TM, the e-ph coupling times were determined by fitting a single exponential
decay to the electron temperature. They are displayed in the discussion section
of this chapter (see Fig. 4.9).

4.2 Temperature-dependent transient absorption

The sample investigated in this study consisted of a AuNP film, which par-
tially covers a borosilicate glass substrate. The AuNP were prepared using the
synthesis route described in chapter 3, yielding highly uniform, spherical par-
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Figure 4.3: Characterization of the sample. a)-b) Representative TEM im-
ages of the AuNP@CTAC after synthesis. The white bars measure 50 nm.
c) Size histogram obtained from analysis of the TEM images. d) Absorption
spectrum of the AuNP@PSSH25k. e) Photograph of the film. The scale bar
measures in units of cm. f) Optical microscopy image of the film.
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ticles with 27.1 nm diameter as shown in the TEM images, c.f. Fig. 4.3a-c. To
prepare the solution for spin-coating, a ligand exchange from CTAC to thio-
lated polystyrene (PSSH, Mn = 25×103 g/mol) was conducted, changing the
dispersion medium from water to toluene. For that, 1 mL of AuNP@CTAC
in water were injected rapidly into a mixture of 0.5 mL of PSSH and 1 mL
tetrahydrofuran (THF) and the mixture was stirred for another 3 min, result-
ing in two separate phases. The glass container was then shaken by hand and
the AuNP-containing phase stuck to the wall of the vial. This allowed for
the remaining liquids to be removed - first by pipette and then by drying over
nitrogen for 30 min. Afterwards, the AuNP were redispersed and washed in
a PSSH-toluene solution (0.1 mM) by centrifugation and replacement of the
supernatant with fresh PSSH solution. The resulting absorption spectrum of
the AuNP@PSSH dispersion is shown in Fig. 4.3d. 30 µL of particle disper-
sion were then spin-coated onto the substrate at 50 rpm for 10 min. The high
volume of dispersion in combination with the low rotation speed ensured that
the film showed enough optical contrast in TA at the expense of sample ho-
mogeneity (cf. Fig. 4.3e-f). To fit the sample into the cryostat, parts of the
substrate had to be cut off and for other tests, which will not be part of this
study, half of the film was washed off using a solution of PSSH in toluene.

The TA experiments were conducted using the TA spectrometer described in
chapter 3 in reference mode with the exception that the sample was placed in a
cryostat chamber. Six temperatures were applied by the cryostat: 50, 100, 150,
200, 250, 300 and 350 K. For each temperature TA measurements with a pump
wavelength of 400 nm and the following pump powers were conducted: 50,
100, 150, 200 µJ

cm2 . Each measurement consisted of 2 scans with an averaging
time of 1 s per delay time.

The data were corrected for chirp and scattering and time-zero was set to the
delay time of maximum bleach contrast. The bleach kinetic was obtained for
each measurement by fitting a polynomial function to the bleach and saving
the minimum value of that fit for each delay time. The resulting kinetic was
then normalized and fitted with an (bi) exponential function to obtain the e-ph
coupling time.
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Two challenges had to be overcome up to this point: For some of the applied
temperatures, the measured data did not show the expected behavior within
one series. Fig. 4.4 shows a comparison between a typical and a-typical power
series. As mentioned before, the contrast in TA scales with the deposited en-
ergy and while there is always a small spectral shift of the bleach wavelength
the features usually do not deviate too much except from an increasing inten-
sity with increasing power. Fig. 4.4b however shows both a-typical spectral
and intensity shifts of the bleach. These measurements also yielded much
lower overall contrast. Hence, the measurement series for some temperatures
(200 K, 250 K and 300 K) were repeated. The 300 K series was repeated to
test the robustness of the experiment. Within the whole data set, the compar-
ison of the results will thus be affected by the fact that not all measurements
were taken on the same spot of the sample. Because of imperfect coating of
the substrate with AuNP, sample inhomogeneity from spot to spot has to be
taken into account.
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Figure 4.4: Comparison of a) good quality power series and b) bad quality
power series.

The second challenge was the fitting of the bleach kinetic. Usually, a kinetic
is fitted using a biexponential function, because the signal decays via two pro-
cesses: e-ph coupling and heat transfer to the environment. Thus, the time-
constants of the fit can be directly related to these processes. However, the
measured kinetics have shown artifacts at 7 ps and 23 ps, which could not be
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avoided experimentally. Two options of the fit function were tested: Either
only the first 6 ps were fitted using only a single exponential decay, or the
whole kinetic was fitted using a bi-exponential function. An exemplary com-
parison of the fits is displayed in Fig. 4.5. For the calculation of the e-ph
coupling constant, the precision of the e-ph coupling time is more important
than the fitting of both e-ph coupling and heat transfer to the surroundings.
Fig. 4.5 shows that especially the artifact at 7 ps leads to an underestimation
of the e-ph coupling time with respect to the better quality fit of the first 6 ps
by a single exponential decay.
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Figure 4.5: Bleach kinetics and fits for TA measurements taken at Tenv =
300 K and fluence of 300 µJ/cm2

Fig. 4.6a shows shows the determined e-ph coupling times using the two fit
routines for both measurement series taken at Tenv = 300 K. The e-ph
coupling times determined using the biexponential fit are about 10 % lower
than the values determined from the single exponential fit. Both fit routines
lead to consistent values for repeated measurements up to a pump fluence of
150 µJ/cm2 - showing the robustness of the data acquisition and analysis. The
root-mean-square-error and R2 values of the fits confirm the higher fit qual-
ity of the single exponential fit, cf. Fig. 4.6b-c. Hence, the e-ph coupling
times determined from a single exponential decay of the first 6 ps were used
for further analysis. Since the first few picoseconds of the TA dynamic are
dominated by e-ph coupling and phonon-phonon coupling is a much slower
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process, it can be assumed that treating this as a single process and not as a
superposition of two processes is accurate.
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Figure 4.6: a) e-ph coupling times determined from exponential (red) and
biexponential (blue) fits of the data taken at Tenv = 300 K (solid: first mea-
surement, dashed: second measurement). b) Root-mean-sqare-error and c)
R2 values of the fits.

Measuring TA at low temperatures requires to put the sample in a vacuum.
This might reduce the heat transfer to the environment and in turn affect the
measurements by constantly heating the sample. To ensure that this is not
an issue, two measurements were performed at room temperature and two
pressures: atmospheric pressure and the vacuum pressure employed in this
study. The kinetics and spectra displayed in Fig. 4.7 show the same results
for both cases. Hence, it can be assumed that the e-ph coupling times are not
affected by the low-pressure environment.

The resulting e-ph coupling times were related not to the employed pump
power, but to the increase in electron temperature ∆Te,0, which is related to
the absorbed energy per unit volume of Au, U , via:

U =
1

2
γ
(
(∆Te,0 + Tenv)

2 − T 2
env

)
(4.3)
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Figure 4.7: a) TA-spectra at maximum contrast and b) bleach kinetics mea-
sured at atmospheric pressure (>1×103 hPa) and vacuum (4×10−5 hPa).

where γ is the electron heat capacity coefficient for bulk gold [21,83]. The ex-
act volume of Au excited by the pump could not be determined experimentally,
because of the inhomogeneity of the AuNP film. Hence, U was calculated by
multiplying the employed pump power per pulse, P , with the absorption cross
section of 27 nm AuNP at a pump wavelength of 400 nm, σ, and divided by
the volume of AuNP of that size, V :

U = σ
P

V
. (4.4)

σ = 7.78·10−16 m2 was calculated using Mie-theory with the refractive index
taken from the data by Johnson and Christy [53] and the refractive index of
the polystyrene ligand as the medium (nmedium = 1.625, [113]). Figure 4.8
shows the resulting increase of the electron temperature as a function of pump
fluence for each environment temperature.
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Figure 4.8: Increase in electron temperature calculated as described in
Eqs. 4.3 and 4.4.
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4.3 Discussion

Figure 4.9 shows a comparison of the e-ph coupling times obtained from TA
with the e-ph coupling times simulated by the 2TM under the assumption of
a temperature-independent g. The experimental values of the e-ph coupling
times reproduce the simulated values of the 2TM very well. Therefore, the
results of this study indicate that the e-ph coupling constant g is indeed in-
dependent of the environmental temperature in the range employed here in-
cluding temperatures below the Debye temperature. However, the experimen-
tally determined e-ph coupling constant (gexp. = (4.8±0.3)×1016 W/m3K) is
on average twice as high as the value used for the 2TM simulation (gsim. =
2.4×1016 W/m3K), which was measured in an earlier study on the same par-
ticles in solution [24]. If the e-ph coupling times were determined using a
biexponential instead of a single exponential fit, the e-ph coupling constant
was even higher (gexp. = (5.7±0.3)×1016 W/m3K). The reason that the simu-
lated values are this close despite the difference in g is probably a systematic
error in fitting the electron temperature as an exponential decay. As shown in
Fig. 4.10a-b, the 2TM does not predict a purely exponential behavior of Te.
The error in the fit then probably compensates for the differences in g - lead-
ing to similar τe−ph in the end. Directly fitting the electron temperature sim-
ulated by the 2TM to the data was not successful for every measurement, c.f.
Fig. 4.10c-d. For these fits, g was used as the only fit parameter and the good fit
results yield values ranging from 3.3×1016 W/m3K to 3.9×1016 W/m3K, which
is in between the value obtained from the standard analysis and the literature
value. In general, the absolute value of g has to be interpreted and used with
care, because of the differences in the methodology of its determination, and
the multitude of material parameters that influence it - as outlined in chap-
ter 2.2.4.

Another difference between the experiment and simulation that could affect
g is the calculation of the energy intake. In this study, the energy intake of
the electrons had to be calculated based on the refractive index reported by
Johnson and Christy, which was experimentally determined from bulk gold
at room temperature [53]. The absorbed energy by a single AuNP was then



80 Chapter 4. Temperature-dependent electron-phonon coupling

0 5 10 15
Time (ps)

500

1000

1500

T e
 (K

)

a)
2TM
exp. fit

0 5 10 15
Time (ps)

500

1000

1500

T e
 (K

)

b)
2TM
exp. fit

0 5 10 15
Time (ps)

A 
, T

e (
a.

u.
)

c)
data
2TM fit

0 5 10 15
Time (ps)

A 
, T

e (
a.

u.
)

d)
data
2TM fit

Figure 4.10: a)-b) Electron temperature Te simulated by the 2TM (blue) and
the exponential fit (red) that was used to determined τe−ph. c)-d) Bleach ki-
netics measured in TA (blue), fitted with the electron temperature in the 2TM
(red). a)-c): Tenv = 100 K. b)-d): Tenv = 250 K. Pump fluence in all pic-
tures: 100 µJ/cm2.
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calculated using Mie-theory as described above. The value of g used for the
simulation was determined from particles in a dispersion. There, the energy
intake was calculated from the employed fluence and the amount of particles
in the illuminated volume determined by the particle concentration. Both rou-
tines are based on well established theories. Hence it is hard to assess, which
one is preferable over the other. A study of the steady-state absorbance of the
sample at low temperatures, which would allow a more precise assessment of
the energy intake, could not be concluded by the time of this thesis. However,
for ambient temperatures of 298 K and above by Ferrera et al. show an in-
crease in absorbance with temperature, further increasing the uncertainty of
the calculated absorbed energy [114]. Using not only g, but also ∆Te,0 as
parameters for fitting the electron temperature given by the 2TM directly to
the TA data did not result in sensible values, which deviated by sometimes
multiple orders of magnitude from literature values.

Regardless of the exact value of g, both the experiment and the 2TM do not
show a change in g with ambient temperatures between 100 K and 350 K.
Changes in e-ph coupling due to the environmental temperature are fully cov-
ered by the temperature-dependent heat capacities of electrons and lattice.
Hence, the main hypothesis, that g is indeed a constant with regards to the en-
vironmental temperature, is supported by these results. Comparing this study
to the work of Giri et al. on Au films at comparable temperatures, a visible
effect by the temperature-dependence of the lattice heat capacity below the
Debye temperature on e-ph coupling can not be observed here. However, this
effect is minimal to begin with - both here (c.f. Figs. 4.2 and 4.9) and in the
work of Giri et al. at high fluences. The lowest excitation fluence employed in
this study is probably too high to be comparable to their low-fluence results,
which show a linear relationship between g and Tenv in accordance with the
low-fluence limit of the τe−ph vs. Tenv relationship given in Eq. 3.8.

To summarize, the temperature dependence of the lattice heat capacity below
the Debye temperature only has a small effect on the hot electron dynamics.
Despite differences in the absolute value of the e-ph coupling constant, the
2TM is able to describe these dynamics and the underlying assumption of the
independence of g on electron- and lattice temperatures seem to hold true.
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Hence, the valid parameter space of the 2TM could be expanded to tempera-
tures down to 100 K.
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Excitation mechanism of
coherent acoustic phonon
modes

This study has already been published in the two following articles:

D. Hoeing, R. Salzwedel, L. Worbs, Y. Zhuang, A.K. Samanta, J. Lübke, A.D.
Estillore, K. Dlugolecki, C. Passow, B. Erk, N. Ekanayake, D. Ramm, J. Cor-
rea, C.C. Papadopoulou, A.T. Noor, F. Schulz, M. Selig, A. Knorr, K. Ayyer,
J. Küpper, H. Lange, Time-Resolved Single-Particle X-ray Scattering Reveals
Electron-Density Gradients As Coherent Plasmonic-Nanoparticle-Oscillation
Source. Nano Letters, 23, 13, 5943-5950, (2023) https://doi.org/10.
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R. Salzwedel, A. Knorr, D. Hoeing, H. Lange, M. Selig, Theory of radial
oscillations in metal nanoparticles driven by optically induced electron den-
sity gradients. Journal of Chemical Physics, 158, 064107 (12 pp) (2023)
https://doi.org/10.1063/5.0139629

This work is a result of a collaboration of our group with the groups of Prof.
Jochen Küpper at the Centre of Free-electron laser science (CFEL), who were
mainly responsible for the design and performance of the SPI experiment,
the group of Dr. Kartik Ayyer at the Max-Planck Institute for the Structure
and Dynamics of Matter (MPI-MPSD), who analyzed the SPI results, and the
group of Prof. Andreas Knorr at Technische Universität Berlin, who have
developed and simulated the new theoretical framework. My contribution was
in the conceptual design of the study, sample preparation and TA experiments
as well as assisting the SPI experiment and development of the theory through
all phases.

5.1 Introduction

A striking feature observable in TA spectroscopy on AuNP is the oscillation
of the signal on the edges of the bleach, c.f. Fig. 5.2. This is an effect of
coherent phonon mode excitations, "breathing modes". Breathing modes de-
scribe the oscillation of the particle size and shape [44–46, 49, 115–119]. In
case of spherical particles the fundamental, most dominant mode is the radial
size oscillation [26, 120]. Since the LSPR center frequency is dependent on
the electron density, the size oscillation leads to an oscillating red-shift. The
work presented in this chapter aims at studying the breathing mode excitation
mechanism. The main tool that was previously utilized to observe breath-
ing modes is TA spectroscopy. However, the TA signal at the delay times
of the breathing mode onset is dominated by the increased electron temper-
ature and the excitation mechanism is therefore hard to assess. With the de-
velopment of ultrafast x-ray techniques at free-electron laser (FEL) facilities,

https://doi.org/10.1063/5.0139629
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Figure 5.2: Example of breathing mode observation in TA spectroscopy. a)
TA spectrum of AuNP. The dashed line marks the probe wavelength displayed
in b). b) Kinetic at a probe wavelength of 545 nm. The breathing mode is
observable as an oscillation of the signal after hot electron relaxation.

more possibilities to study the structural dynamics of AuNP emerged over the
last decades. This includes the transient small angle x-ray scattering tech-
nique "single particle imaging" (SPI) [33, 34]. Small-angle x-ray scattering
(SAXS) gives information about the size and shape of a particle ensemble by
fitting the measured x-ray diffraction patterns with well known size and form-
functions [121]. Utilizing the ultrashort duration of x-ray pulses produced by
FELs allows to design a pump-probe SAXS experiment, that includes exciting
the sample by optical pulses and probing it by small angle x-ray diffraction.
In principle, this technique should allow observing the breathing mode onset
without contribution from hot electrons.

Hence, the following study included two experiments: SPI was used to gain
insight into the breathing mode onset and TA spectroscopy was performed on
the same particles as a reference for the SPI data and to increase the number of
applied parameters. Preceding these experiments was the preparation of the
samples using established protocols, that needed to be slightly adjusted to meet
the requirements of the SPI experiment. For interpretation of the results, they



5.2. Theoretical descriptions of breathing modes 87

are compared to predictions made by the newly developed theory presented in
the following section.

5.2 Theoretical descriptions of breathing modes

Breathing modes were observed in TA experiments on colloidal AuNP as an
oscillation of the LSPR frequency with a period of several ps. According
to equation 2.12 the frequency of the LSPR maximum is proportional to the
plasma frequency of gold. The plasma frequency in turn, depends on the elec-
tron density (c.f. Eq. 2.5). Since a breathing oscillation is basically an oscil-
lation of the particle size, the electron density and thus the LSPR frequency
will oscillate accordingly [48, 122, 123].

Breathing modes are usually described using a damped harmonic oscillator:

d2R

dt2
+

2

τD

dR

dt
+

(
2π

T

)2 [
R−

(
R0 +

R0α

3

)]
= 0 (5.1)

where R is the particle radius, R0 is the equilibrium radius, τD is a phe-
nomenological damping term, and T is the period of the oscillation [124],
which can be well described using the mechanistic model of an elastic sphere
introduced by Horace Lamb [125]:

T =
2πRc

ηcl
. (5.2)

Here, c is the speed of light, cl is the longitudinal speed of sound and η is an
eigenvalue of η cot η = 1 − η2

4δ2 with δ = cl
ct

(ct is the transverse speed of
sound). α is a thermal expansion coefficient that can be expressed as
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α =
1

B

(
γCL +

2

3
Ce(Te)

)
(5.3)

with the bulk modulus B and the Grüneisen parameter γ. The form of this pa-
rameter already indicates the importance of an electronic contribution to the
excitation of breathing modes. First attempts modeled the excitation mecha-
nism of the breathing mode as a result of rapid lattice heating. As a result,
the phase of the modeled oscillation always lagged behind the experimentally
observed oscillation. However, since the temperature of hot electrons is very
high for a few ps, the usually large difference between the electron and lattice
heat capacity is compensated for a short amount of time and both the elec-
tron and lattice have to be accounted for. Among a few works, which aimed
at resolving this phase difference [48, 49, 124], Perner et al. have adapted the
formalism of hot electron pressure by V.E. Gusev to explain the electronic con-
tribution to the breathing mode excitation [45,126]. In their work, the thermal
stress on the lattice has the form σ = σL + σe and the lattice and electronic
contributions are given by

σL,e = −γL,e

∫ TL,e

T0

CL,e dTL,e (5.4)

Under the assumption of an isotropic electron distribution in k-space, the elec-
tronic term can be interpreted as the pressure of the electron gas. The sudden
increase in electronic temperature leads to a high "pressure" of the electron
gas that exerts a force on the atomic lattice, adding to the thermal expansion
due to the lattice temperature rise. Including this factor allowed for modeling
the breathing oscillation with an exact phase by solving an equation of motion
for the deviation from the equilibrium size of the particle ∆x:

d2

dt2
∆x+ 2ρ

d

dt
∆x+ ω2

0∆x = Aσ/m (5.5)
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where ρ is a damping of the oscillation through interaction with the surround-
ing medium, ω0 is the eigenfrequency of the fundamental size oscillation
along a particular axis, A is the surface area and m is the mass of the par-
ticle. This model of the breathing oscillation was successfully expanded for
other materials and particle shapes and the reader is referred to a review by G.
Hartland that summarizes additional effects for non-spherical particles [46].

Microscopic theory for the excitation of breathing oscillations

In the context of our combined TA and SPI study, we have taken a close look
at the onset of the breathing oscillations and in collaboration with our part-
ners, we present an alternative theory of the breathing mode onset [47]. The
framework is based on a Heisenberg equation of motion. We use the following
Hamiltonian:

H = He +Hp +Hinter +Hep +Hee +Hpp (5.6)

with
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He =
∑
k,λ

ϵλkλ
†
kλk (5.7)

Hp =
∑
q

h̄ωqb
†
qbq (5.8)

Hinter = −
∑
k,K,λ

dλλ̄ ·E−Kλ†
kλ̄k+K (5.9)

Hep =
∑
q,k,λ

gλqλ
†
k+qλk

(
bq + b†−q

)
(5.10)

Hee =
1

2

∑
k,k′,q
λλ′

Vqλ
†
k+qλ

′†
k′−qλ

′
k′λk (5.11)

Hpp =
∑

q1q2q3

hq1q2q3

(
bq1 + b†−q1

)(
bq2 + b†−q2

)(
bq3 + b†−q3

)
(5.12)

He(Hp) includes the electron (phonon) dispersion with respective annihila-
tion and creation operators, Hinter accounts for direct interband transitions,
Hep describes e-ph coupling, Hee the carrier-carrier Coulomb interaction and
Hpp the phonon-phonon interactions resulting from the lattice anharmonicity.

We also define the microscopic phonon mode amplitude sq, which will deter-
mine the macroscopic lattice displacement, as

sq(t) =
1

2

(
⟨bq⟩ (t) + ⟨b†−q⟩ (t)

)
(5.13)

with the phonon annihilation (creation) operators b(†)(−)q(t). In gold, interband
transitions occur from the 5d to the 6sp-band [127]. We therefore arrive at
the equation of motion for the phonon mode amplitude in a two-band system
(denoted c for conduction band and v for valence band):
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(
∂2
t + 2γq

ph∂t + ω2
q

)
sq(t) = −ωq

h̄

∑
k

(
gc−q − gv−q

)
f̃ c
k(q, t)

−3ωq

h̄

∑
k

h̃−q,k,q−k δñk(q, t). (5.14)

The left hand side of Eq. 5.14 describes a damped harmonic oscillator with
the damping factor γq

ph resulting from phonon-phonon interactions and the
phonon dispersion ωq. On the right hand side we notice two source terms,
that arise from this framework: The first term includes the Fourier transformed
Wigner-functions for the band occupations f̃ c

k(q, t) = ⟨λ†
k−q − λk⟩. There-

fore, a spatial inhomogeneous electron distribution drives the phonon ampli-
tude sq(t) [128], which scales with the difference of the e-ph coupling element
of valence and conduction band

(
gc−q − gv−q

)
. The second term describes the

change in phonon occupation by phonon-phonon interactions, caused by the
heat transfer from electrons to phonons with ñk(q, t) = ⟨b†k−qbk⟩ (t) and
δñk(q, t) = ñk(q, t)− ñk(q, t → −∞).

From there we further investigate the Wigner functions via (1) deriving an
equation of motion with individual Wigner occupations for valence and con-
duction band, (2) expanding the Wigner functions in orders of the electric field
and applying a rotating wave approximation, (3) deriving equations for the
time-dependent Wigner occupations. Applying a coarse-graining procedure
with the lattice displacement given in Eq. 5.16 and a momentum expansion
of the Wigner occupations ρλ(r, t) ≡ eΩ−1

∑
k f

λ
k (r, t) lets us write macro-

scopic equations for the carrier densities in the two-level system ∂tρ
v
2(r, t) and

∂tρ
c
2(r, t). Via the macroscopic susceptibility χinter(ωopt), the contribution of

the interband transitions can be identified and the macroscopic description of
the carrier densities in the respective bands read:

∂tρ
c,v
2 (r, t) =

2eϵ0
h̄

|E(r, t)|2 Im
{
χinter(ωopt)

}
− 1

τ
ρc,v2 (r, t) (5.15)
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with the elementary charge e, the vacuum dielectric function ϵ0, and the elec-
tric fieldE(r, t). The last term includes the radiative lifetime τ of the electrons
in the conduction band, which was added phenomenologically to the Wigner
occupations.

The lattice displacement uβ at position r and time t is defined as

uβ(r, t) =
∑
q

√
h̄

2mNωβ,q
Aβ,qe

iq·r
〈
b†β,−q(t) + bβ,q(t)

〉
(5.16)

with the reduced Planck constant h̄, effective mass of the unit cell m, the num-
ber of unit cells in the crystal N , phonon dispersion ωβ,q with momentum q

and branch β = LA, and phonon annihilation (creation) operators b(†)β,q. With
that, we finally arrive at the equation of motion for the lattice displacement:

[
∂2
t + 2γph∂t − c2LA∇2

r

]
u(r, t) = ζ∇ρc2(r, t) + ξ [T (t)− T0] . (5.17)

For the equation of motion of the phonon amplitude, we identify two source
terms, which scale with their respective prefactors ζ, ξ. The first source term
results from an optically induced gradient in the spatial electron distribution,
while the second term accounts for the classic thermal excitation, with temper-
atures given by the two-temperature model. A numerical solution, that allows
to switch the individual source terms on and off, reveals the phase difference
resulting from the two excitations:

Figure 5.3 displays three predictions of the breathing mode onset depending
on the source terms used for the numerical simulation. The source term in-
volving the electron density gradient leads to a more rapid lattice displace-
ment than the purely thermal source term. The resulting phase difference is in
line with the studies mentioned above, which have also introduced additional
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source terms, e.g. hot electron pressure, to model a faster breathing mode on-
set [45, 48, 49, 124]. As this simulation was performed for a fixed excitation
fluence of the particles, we can also determine that for a given energy influx
and at short time scales, the electron density gradient dominates the overall
amplitude of the lattice displacement when both source terms are employed.
Furthermore, the theory predicts differences in the excitation fluence depen-
dency of the two source terms. While the ∇ρc2(r, t) contribution does not
include any power-dependent phase, the thermal contribution does. The ini-
tial electron temperature - and thereby the initial temperature difference in the
thermal source term - is proportional to the excitation fluence (cf. Eq. 2.16),
which introduces a time-difference for the energy transfer from electrons to
phonons and a resulting phase difference with excitation fluence.
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Figure 5.3: Predictions of the breathing mode onset by our microscopic the-
ory. The solid curve displays the breathing amplitude of all source terms are
used, while the dashed lines are the expected breathing amplitudes based on
the individual source terms only. The simulation was performed for a spheri-
cal AuNP of 27 nm diameter, excitation wavelength of 400 nm and excitation
fluence of 1.8 mJ/cm2. Reprinted with permission from Ref. [129]. Copyright
2023 American Chemical Society.
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5.3 Experiments and data analysis

5.3.1 Particle synthesis

The synthesis of the sample for SPI and TA followed the protocols introduced
in chapter 3. The aim was to produce AuNP with the lowest possible size
distribution, because the predicted size changes during breathing oscillations
were expected to be smaller than the standard deviation of a typical ensemble
produced by our approaches [46]. SPI imposed an additional criterion: To
maximize the number of recorded diffraction patterns during the experiment,
the AuNP dispersion had to be of the maximum possible particle concentration
- especially since it would eventually be mixed with ammonium acetate prior
to electrospraying.

The best synthesis route at that time to produce highly uniform, spherical par-
ticles was the modified protocol by Zheng et al. introduced in chapter 3 [27].
After synthesizing the particles and cleaning the dispersion, additional cen-
trifugation steps were introduced to achieve the maximum possible concen-
tration. In order to obtain a sufficient sample volume - given the predicted
rate of usage during SPI - the initial synthesis had to be scaled up in compar-
ison to the usual protocols developed in our group. The scaling was limited
by two factors: (1) The sample preparation was conducted during the early
COVID-19 pandemic, which limited the available time for producing a single
batch. For organizational matters this meant, that a single synthesis should
be completed within a day of work. (2) This in turn led to the second limit:
the maximum capacity of the centrifuges. The reaction of particle growth is
stopped by ending the precursor input and then quickly washing the disper-
sion to discard unreacted precursor. To avoid differences in the reaction time
within a batch, the whole dispersion therefore had to be washed simultane-
ously. Within these limits, the protocol by Zheng et al, which results in ca.
4 mL of AuNP solution after the complete addition of all precursors, was suc-
cessfully up-scaled to yield 240 mL at that point. As described below, this
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volume was reduced by centrifugation and redispersion of the AuNP to 6 mL,
thereby increasing the particle concentration.

Procedure

All chemicals were purchased from Sigma-Aldrich (USA), and used as re-
ceived. Ultrapure water was used for all procedures and the reactions were
conducted at room temperature and pressure. The procedure included 3 steps:
(1) Preparation of a cluster solution, which was (2) directly converted to 10.6 nm
AuNP. This solution served as seeds for (3) the seeded growth of the particles
to the final size of roughly 30 nm.

The Au clusters were produced by mixing 0.1 ml HAuCl4 (0.25 mM) with
10 ml CTAB (100 mM) and adding 600 µL of an aqueous solution of NaBH4
(10 mM) via one-shot injection. The solution was stirred during mixing, in-
jection and an additional 3 minutes. The solution was then kept undisturbed
for 3 hours. The clusters were grown to 10.6 nm AuNP by first mixing 2 ml,
0.5 mM HAuCl4 with 2 ml, 200 mM CTAC and 1.5 ml, 100 mM AA. While
stirring at 300 rpm 50 µL of the cluster solution was added to the mixture by
one-shot injection. The solution was stirred for additional 15 minutes before
it was washed twice by centrifugation (20 000 G, 90 minutes each time) and
replacement of the supernatant with fresh 10 ml, 20 mM CTAC.

The final particles were prepared by another seeded growth step: 3.6 ml of
the 10.6 nm AuNP dispersion was mixed with 120 ml, 100 mM CTAC. AA
(780 µL, 100 mM) was added and after 1 minute of mixing, 120 ml, 0.5 mM
HAuCl4 was added drop-wise within 1 hour. During addition of AA and
HAuCl4 and an additional 10 minutes, the solution was stirred at 300 rpm.
A total of five centrifugation steps followed in order to wash the dispersion
and sequentially increase the concentration by replacing the supernatant with
less CTAC (20 mM) each time: 5000 G, 2x 40 min in 40 ml tubes, 3x 20 min
in 1.5 ml tubes. The final pelet was redispersed in 6 ml, 20 mM CTAC.
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k' q

Figure 5.4: Illustration of SAXS on AuNP. Incident x-rays with wave vector
k0 are scattered by the particle. k′ denotes the wave vector of the scattered
light at a given deviation from the incident x-rays. The deviation is described
by the scattering vector q.

The resulting particles were characterized via UV-Vis spectroscopy for a quick
assessment of the particle quality and to calculate the particle concentration
and by TEM for assessment of the particle shape and size distribution. For UV-
Vis the sample was diluted by a factor of 1:100 with 20 mM CTAC solution,
which also served as background. To record TEM images a carbon-coated
copper grid was covered with a 8 µL droplet of the AuNP dispersion, which
dried overnight.

5.3.2 Single-particle imaging

Overview

Single particle imaging is a time-resolved x-ray scattering technique that uti-
lizes ultrashort x-ray pulses with high brilliance produced by FELs. The tech-
nique is described in two parts here: First, the basic principles of SAXS are
introduced. Afterwards the special considerations of conducting SAXS as
single particle imaging (SPI) are explained.
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Small-angle x-ray scattering

X-rays are electromagnetic radiation with wavelengths between 10 nm and
10 pm or photon energy between 100 eV to 100 keV. X-rays on the lower en-
ergy side of the spectrum are referred to as soft x-rays and the high energy
radiation as hard x-rays. Many experimental techniques have been devel-
oped since Wilhelm Conrad Röntgen discovered the radiation in 1896 [130].
Among the x-ray diffraction techniques, SAXS has been widely applied in
studying the size, shape and morphology of nanomaterials. As illustrated in
Fig. 5.4, the diffracted x-rays are projected onto a screen resulting in 2D scat-
tering patterns. The x-y-dependent intensity I(q) depends on the scattering
vector q, which is describes the deviation of the scattered light relative to the
incident x-rays:

k′ = k0 + q (5.18)

where k0 and k′ are the wave vectors of the incident and scattered light, re-
spectively. For a spherical, uniform object the background subtracted intensity
on the screen is the product of a form factor P (q) and a structure factor S(q):

I(q) = P (q) · S(q) (5.19)

with I(q) = I(q) because of the spherical symmetry. The form factor is
given by the electron density difference between object and background and a
shape function, while the structure factor describes the interference between
the scattered light of objects in close proximity. For a single object, the form
factor amplitude is basically the Fourier transform of the electron density dif-
ference [121].

Hence, x-ray diffraction is sensitive to the electron density, with high density
materials scattering at larger q than low density materials. Additionally, the
scattering vector is inverse to the size of the probed object. For example, the
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Figure 5.5: Illustration of single-particle imaging. AuNP are continuously
injected into a vacuum chamber by an "Uppsala injector". These are individ-
ually excited by an optical, femtosecond laser system and time-delayed x-ray
pulses produced by a FEL probe the sample. The diffracted x-rays are pro-
jected onto a pnCCD detector. From the resulting scattering patterns, the size
and shape of the particles can be determined.

high-density atomic cores lead to Bragg diffraction with large q, while metal-
lic nanoparticles dispersed in a dielectric scatter at smaller q. The recorded
patterns not only contain information about the dimension of an object, but
also on its shape. Crystalline materials scatter in different directions depend-
ing on the type and orientation of the crystal. The orientation and form of
nanoparticle ensembles or nanoporous materials can be assessed by fitting the
patterns to well known form- and structure factors.

Single-particle imaging

Single particle x-ray diffractive imaging is a pump-probe technique based on
SAXS, illustrated in Fig. 5.5. The pump is a femtosecond (optical) laser pulse
and the sample is probed by time-delayed x-ray pulses. The technique was
made possible by the development of FELs, which are able to produce very
bright, femtosecond x-ray pulses with low bandwidth. To further develop the
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technique towards studying biomolecules, substrate-free sampling methods
are routinely applied. Instead of mounting the sample on a substrate and deal-
ing with a large background signal, aerosolized particles are streamed into
the x-ray focus and discarded in a sample dump. This design is based on a
measure-before-destruct principle, which is very useful for measuring easily
damaged biomolecules. Additionally, it allows to sort the measured single-
particle diffraction patterns, such that the signal from non-spherical particles
or the interference between adjacent particles can be eliminated from the com-
bined sample signal.

The particle stream is routinely produced at FEL facilities by an "Uppsala
injector", which is a combination of an aerosolizer, a skimmer and a stack of
aerodynamic lenses, that focus the particles into the x-ray beam. Aerosolizing
is first achieved by electrospraying and the particles are subsequently accel-
erated and focused by the skimmer and aerodynamic lens stack [131, 132].
Under optimal conditions this results in single particles streaming through the
focus with a constant rate. For AuNP the focus spot and rate of particle deliv-
ery can be easily monitored by elastic scattering of an optical laser.

The focus of the particle beam is where they interact with the pump and
probe radiation. While the pump pulses are easily produced in the same way
as introduced in chapter 3, the probe pulses must be delivered by FELs to
achieve enough contrast and time resolution. FELs use similar processes as
synchrotrons: they produce electromagnetic radiation emitted from acceler-
ated electrons [133]. If electrons have relativistic speeds and are accelerated
on a curved trajectory, they emit light tangential to the trajectory. The dif-
ference between FELs and synchrotron sources is that FELs are linear light
sources that make use of undulators. First, electrons are produced and accel-
erated in a linear accelerator. Then they pass through an undulator, which is an
array of magnets with alternating pole-directions. The electrons are thereby
forced on an sinusoidal trajectory. The interaction between the electrons and
the emitted undulator radiation leads to a self-modulation of the electrons into
microbunches and the resulting radiation is coherent, has a narrow bandwidth
and high brilliance. After the undulator, the particle and x-ray beam are sep-
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arated by diverting the electrons into a dump and the x-ray beam is focused
into the reaction chamber [133].

At this point, the usual principles of pump-probe techniques apply: The delay
between pump and probe is controlled by a delay stage and for each delay time,
a series of single-particle diffraction patterns are measured by the detector.
The analysis of individual diffraction patterns follow the same principles as in
conventional SAXS, but the analysis method of the whole data set collected at
FEL experiments is continuously developed. In this work, the recently pub-
lished technique by Ayyer et al. [34] was applied, which includes a sorting
algorithm (EMC, [111], implemented in Dragonfly), which categorizes each
diffraction pattern into automatically generated models. For spherical AuNP,
the resulting models are based on size and ellipticity of the particles in addition
to noise-producing patterns like hits by aggregates, or scattering by different
species such as ligand micelles. Other types of noise from artifacts or cos-
mic rays are included as well. The combination of recording single-particle
patterns with this analysis method allows to subtract unwanted contributions
from the overall data set and thereby delete the noise produced by sample het-
erogeneity, contamination and other sources.

Procedure and data analysis

The experiment was conducted at the BL1 (CAMP) endstation at the FEL
FLASH at the Deutsches Elektronen-Synchrotron (DESY) [134]. The exper-
imental devices included KBr mirrors for incoupling of the FEL radiation, a
spherical holed mirror for incoupling of the optical pump beam, the 3D and
angle adjustable interaction chamber with the pnCCD detectors [135, 136] as
well as several apertures to block stray light. From user side, the setup was
complemented with the particle injection system and the motorized focusing
screens including a photodiode for detection of the reflection. A sketch of the
experimental setup is shown in Fig. 5.6.
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Figure 5.6: Sketch of the experimental setup at the BL1 endstation for the
SPI experiment. Except the optical lasers, all devices shown in this figure were
either placed within or attached to a vacuum chamber. The 3D adjustable YAG
and Si3N4 screen was used to define the focus position within the chamber.
All three laser sources were focused onto that point. The injector system was
motorized as well in order to deliver the AuNP to the focus position.
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The FEL delivered x-ray bursts of 100 pulses per train at a photon energy of
275.5 eV with an intratrain repetition rate of 250 kHz. The average fluence per
pulse at the focus position was 6×109 photons/mm2. The pulse length of 120 fs
was determined indirectly from the electron bunches. The optical pump was
delivered by a optical-parametric chirped pulse amplified Ti:sapphire laser
system. The output was frequency doubled by a BBO crystal resulting in a cen-
ter wavelength of (402.0±3.3) nm at a repition rate of 500 kHz and 80 fs pulse
length as determined from autocorrelation measurements before the beam
time [137].

For the pump, probe and particle beam to interact, all systems had to be fo-
cused onto the same point in the vacuum chamber. To achieve that, a screen
was developed, which could be controlled by a 3D motorized translation stage
and that contained two areas: One area was coated with yttrium aluminium
garnet (YAG, Y3Al5O12) and the second area was coated with silicon nitride
(Si3N4). The screens were monitored using a camera based system and a pho-
todiode. YAG was used to determine the spatial overlap between the x-rays,
optical pump beam and a third optical laser (frequency doubled Nd:YAG, In-
nolas Spitlight), which served as a particle detection laser [138]. Once the
spacial overlap was ensured, the particle detection laser was turned off and the
screen was moved so that the x-ray and optical pulses hit the silicon nitride thin
film. These films are known to change their reflectivity in the optical regime
upon excitation with x-rays. The change in reflection is on the time-scale of
the convolution of x-ray and optical pulses [139]. Thus, a transient reflectivity
measurement was conducted to determine the temporal overlap between x-ray
pulses and optical pulses. This time was set as time-zero for SPI.

At this point, the interaction position and time-zero were defined, the control
screen was moved out of the interaction position and the particles could be
delivered to measure SPI. For delivery of the AuNP the dispersion was mixed
with ammonium acetate (5 mM). An aerosol was produced using a commer-
cial electrospray system (TSI Advanced Electrospray 3482) and the aersolized
particles were accelerated and focused onto the interaction point by an aerody-
namics lens stack with helium as the carrier gas. Proper sample injection was
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ensured by observing the particle detection laser scattering off the particles
and monitoring the Taylor cone of the electrospray [132].

Once a sufficient particle flow to the interaction point was established, the de-
tection laser was shut off in order to minimize noise on the x-ray scattering
detector. The detector was a two-part large-area pnCCD detector, with in-
dividual adjustability of the positioning for each of the two halves. Several
apertures were used to minimize the influence of stray light onto the detec-
tors. Unfortunately, it was necessary to block large parts of the detector with
the post-sample aperture, because of a signal from an unidentified radiation
source within the chamber.

For data collection, the pnCCDs were read out at 10 Hz. The delay stage os-
cillated between −3 ps and 22 ps with a 0.1 ps/s rate. Once a minimum total
signal threshold on the detector was determined, the signal was saved with
the current delay time. The resulting data sets for each employed excitation
fluence were analyzed as follows: First, the patterns were classified into class
averages in Dragonfly. Only patterns belonging to spherical particle classes
were kept for further analysis. Detected hits of elongated particles, species
other than AuNP or other sources of noise that superseded the total signal
threshold during the experiment were discarded. Exemplary patterns of these
four classes are displayed in Fig. 5.7. The remaining patterns were assigned
particle diameters according to the class average and then assigned to the delay
time at recording.

The analysis of the resulting data set suffered from a low number of hits per
delay time and potential experimental drift, since the delay time oscillated
within −3 ps and 22 ps and data was collected at random times. Thus, in or-
der to obtain meaningful results from the resulting data set, the diameters of
patterns in a bin of ±1 ps from the central delay time were averaged. This bin-
ning size ensured sufficient statistics while allowing to observe and analyze
the breathing oscillation properly. However, because the particle size changes
within the time frame of a single bin, the amplitude of the breathing oscilla-
tion is not determined precisely, with longer time-per-bin leading to a lower
amplitude.
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Figure 5.7: Model diffraction patterns for analysis of the SPI data. Top left:
Pattern by a AuNP dimer. Top right: scattering from contamination. Bottom
left: diffraction pattern of a spherical AuNP. Bottom right: diffraction pattern
of an elongated AuNP. Reprinted with permission from Ref. [129]. Copyright
2023 American Chemical Society.
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5.3.3 Transient absorption spectroscopy

The TA data were collected using the system described in chapter 3. AuNP
from the same batch that was used at the SPI experiment were used as samples.
The only differences between the samples (simple AuNP dispersion in a quartz
cuvette for TA vs. aerosolized single particles injected into a vacuum chamber
for SPI) were the addition of ammonium acetate to the dispersion in SPI, which
was not necessary in TA, and a lower concentration of the sample in TA.

For the pump beam, the second harmonic of the fundamental laser output was
created in a BBO crystal, resulting in a center wavelength of 400 nm. The
WLC was created by focusing the fundamental on a CaF2 crystal. Spacial
overlap was ensured by coarse alignment on an aperture fixed in the sample
holder and fine tuning through signal maximizing with the sample. The data
were collected using the commercial software of the TA spectrometer manu-
facturer Ultrafast Systems Helios. For each delay time, the TA spectra were
averaged within 1 s.

Data analysis

For data analysis, each recording was corrected for scattering of the pump
beam and chirp using the commercial software Ultrafast System SurfaceX-
plorer. Finally, the corrected data were exported and all further data analysis
was completed using self-written Python scripts. The excitation of coherent
phonon modes, aka breathing modes, leads to an oscillation of the nanopar-
ticle size and shape. As described in section 5.2 the fundamental breathing
mode of spherical AuNP is the oscillation of the size only. This size oscilla-
tion leads to the periodic red-shift of the LSPR and is therefore observable in
TA data as a modulation of the hot electron dynamics, most prominent on the
high gradient sides of the bleach (c.f. Fig. 5.8a). To extract the breathing oscil-
lation from the data, a single ∆A(t) trace (from here on out called "kinetic")
at a probe wavelength of 545 nm was chosen and analyzed. Even though the
breathing mode leads to an oscillating red-shift of the LSPR, not the whole∆A
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bleach signal was fitted, but a single kinetic. This analysis requires less fitting
of the signal, leading to more robust parameters, but it also complicates the
analysis of the breathing mode amplitude. However, the main goal of the anal-
ysis is to obtain the frequency and phase of the oscillation. Since the breathing
leads to an oscillating red-shift, the only probe-wavelength dependent phase
shift is with respect to the LSPR center wavelength and in principle, any probe
wavelength to one side of the LSPR center wavelength shows the same phase
behavior [46]. 545 nm was therefore chosen for further analysis because of the
amplitude of the oscillation in the data: at the point of highest gradient of the
∆A spectrum, a red-shift causes the biggest relative change of the signal. As
is obvious in the representative data shown in Fig. 5.8 the oscillation is still
superimposed with the hot electron dynamics, which are usually subtracted
from the kinetic first as done here, or simply fitted simultaneously.

∆A = ∆A0 · exp(−t/τD) · sin(ωbt+ ϕ) (5.20)

To determine the basic parameters of the oscillation it is fitted as a damped
harmonic oscillator (ref. Eq. 5.20) and since the fundamental Lamb mode
of the particles is the most dominant, it describes the oscillation quite well
without including higher-order modes. As mentioned in Eq. 5.2 the obtained
period of the oscillation is dependent on the particle radius. Phase information
are also indicative of the onset of the breathing oscillation and thereby on the
excitation mechanism - as will be shown later in this chapter. Lastly, it has been
shown, that the main dephasing mechanism of the breathing signal is due to the
standard size distribution of the measured particle ensemble, which as a result
can be calculated from the dephasing time τD via σ = R0T√

2πτD
(with mean

particle radius, R0, and period of the breathing oscillation, T = (2πωb)
−1)

[13].
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Figure 5.8: Exemplary breathing mode fitting. a) blue line: TA kinetic ex-
tracted from the long wavelength side of the bleach signal (c.f. dashed line
in the inset). Green line: hot electron contribution after e-ph thermalization
is fitted to the data and then subtracted from the data. The subset within the
dashed box is used for further analysis: b) The corrected data (blue) is fitted
with a damped harmonic oscillator (red).

5.3.4 Two-temperature model simulations

For the discussion of the results from SPI and TA, the time-dependent electron-
and lattice temperatures Te,l had to be known for the given particle system.
The model, which was introduced in chapter 2, was implemented here as

Ce(Te)
∂Te

∂t
= −g(Te − Tl) +

W0√
πσ

exp
{
−t2/σ2

}
, (5.21)

Cl
∂Tl

∂t
= g(Te − Tl)− (Tl − 298)/τs, (5.22)

whereCe andCL are the electron and lattice heat capacities, respectively, taken
from literature [22, 140]. g is the e-ph coupling constant and was taken from
a previous study on a similar sample [24]. W0 and σ were the amplitude and
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width of the optical pump pulse, respectively. Lastly, τs is the heat transfer
time constant from particle to the surrounding (taken from literature [13]),
which was assumed to be room temperature.

The last missing parameter for the numerical calculation of Te,l is the ini-
tial jump in electron temperature ∆T initial

el , which was calculated from the ab-
sorbed energy per pump pulse and unit volume of Au:

Iabs

NAuNP · VAuNP
=

1

2
γ((∆T initial

el + TRT)
2 + (TRT)

2), (5.23)

where Iabs is the absorbed energy per pump pulse according to Lambert-Beer’s
Law, NAuNP is the number of AuNPs in the pump beam, VAuNP is the volume
of a AuNP, γ is the electron heat capacity for bulk gold and TRT is the room
temperature [83].

5.4 Results and discussion

The quality of the AuNP sample used for this study was investigated by UV-Vis
spectroscopy and TEM. The UV-Vis spectrum shows a typical form for spher-
ical AuNP with the LSPR center wavelength of 525 nm indicating no aggre-
gation. As described in chapter 3, the particle concentration of the dispersion
was determined to be 7.76×1012 particles/ml (12.9 nM) from the absorbance
at 450 nm. The necessary particle size for this analysis was determined from
TEM images as described in chapter 3: (26.9±1.3) nm. Even though the AuNP
on the representative TEM images shown in Fig. 5.10 do not appear to be per-
fectly spherical, the particle size standard deviation indicates a high quality
of the sample. Since the preparation of the sample included scaling up the
usual protocols by a factor of 6 and multiple centrifugation steps to increase
the concentration to an unusual value, particle aggregation and a deteriorating
AuNP shape could be expected. In fact, the protocol resulted in multiple failed
attempts with AuNP aggregating beyond the possibility of redispersion. How-
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ever, considering these difficulties in sample preparation, the sample quality
of the batch shown in Figures 5.9 and 5.10 was decided to be sufficient for the
SPI and TA experiments.
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Figure 5.9: UV-Vis spectrum of the AuNP-batch used for this study.
Reprinted with permission from Ref. [129]. Copyright 2023 American Chem-
ical Society.

As described in the previous section, the SPI experiment and data analysis
resulted in two data sets of particle diameter vs. delay time between op-
tical pump and x-ray probe for different applied fluences (0.7 mJ/cm2 and
1.8 mJ/cm2) displayed in Fig. 5.11. The particle diameter transients show
an increase in size starting immediately with the optical pulse. However, a
breathing oscillation is only observable at a pump fluence of 1.8 mJ/cm2. At
a fluence of 0.7 mJ/cm2 only a size increase by roughly 0.02 nm (0.07 %) is
observed. Generally, the size increases by a maximum of 0.05 nm, which is
smaller than gold’s atomic radius (0.135 nm, [141]) and much smaller than
the diameter standard deviation obtained from TEM (0.8 nm) or the FWHM
of the size distribution of the corrected SPI data set (0.62 nm). This speaks to
the sensitivity of the experiment, but also commands a certain degree of skep-
ticism about the amplitude of the breathing oscillation. As mentioned above,
the binning of particle diameters within 1 ps for each delay time has reduced
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Figure 5.10: a)-c) Representative TEM images of the AuNP-batch used for
this study. The white bars indicate 100 nm. d) Size histogram obtained by
image analysis of TEM results. Particle diameter: (26.9±1.3) nm. Reprinted
with permission from Ref. [129]. Copyright 2023 American Chemical Soci-
ety.
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the amplitude of the resulting diameter-vs-time data and the real increase in
size is probably bigger. Calculations by G. Hartland or Bonafé et al. suggest
size oscillations in the range of just under 1 % [118, 124]. The reason of the
absence of any breathing at low fluence might therefore be the low amplitude
of the breathing oscillation in combination with insufficient number of hits
during the experiment. However, the data obtained at 1.8 mJ/cm2 pump flu-
ence clearly shows a full oscillation and will be further analyzed in the rest of
this chapter.

Two additional values were plotted in Fig. 5.11: The dotted line is a Gaussian
curve indicating the estimated x-ray pulse duration of 120 fs. In combination
with the measured optical pulse duration of 80 fs, the time-resolution of the
experiment can be estimated to be below 1 ps, which is sufficient to measure
the changes observed here. The red line indicates the rise in lattice temperature
calculated from the 2TM. The comparison between the diameter and lattice
temperature vs. time shows that the first maximum of the diameter is reached
well before the maximum lattice temperature as predicted from the 2TM. The
observed rise even for the low-fluence SPI data is therefore not a strict thermal
expansion of the particle.

We referenced the SPI data with TA studies at the same excitation conditions
(wavelength and fluences) to establish the robustness of the SPI data. The
results are displayed in Fig. 5.12. Subfigure a) shows TA spectra at the de-
lay time of maximum contrast (0.5 ps). The spectra show the usual form for
spherical AuNP, with a bleach signal at the LSPR center wavelength of 525 nm
(cf, UV-Vis spectrum in Fig. 5.9) and two positive sidebands. The electron-
and lattice temperature were simulated using the 2TM (Fig. 5.12d). Compar-
ing the bleach kinetics (Fig. 5.12c) to the electron temperatures confirms the
established picture of the TA contrast’s origin. By fitting the breathing os-
cillation shown in Fig. 5.12b as described in the previous section, the period
of the breathing oscillation was determined to be 8.8 ps. The analysis of the
breathing mode dephasing yields a standard size deviation of 1.78 nm, which
is about 1 nm higher than what was determined from TEM and SPI, but in
the same order of magnitude. Especially, the SPI determined size distribution
is expected to be smaller, because slightly elliptical particles, which would
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Figure 5.11: Particle diameter obtained from SPI (blue) and lattice temper-
ature calculated from 2TM (red) vs. delay time for the applied fluences of
a) 0.7 mJ/cm2 and b) 1.8 mJ/cm2. The blue shadow is the particle diame-
ter standard deviation and the dotted lines the envelope of the optical pulses.
Reprinted with permission from Ref. [129]. Copyright 2023 American Chem-
ical Society.

increase the size distribution of the ensemble, were sorted out during data
analysis.

Given that SPI is a fairly new technique to study breathing oscillations, we
relate the results to the TA kinetics in Fig. 5.13a). Even without adjusting
time-zero, the second maximum of the oscillation measured in SPI matches
the first resolvable maximum of the breathing oscillation in TA spectroscopy.
This confirms the similarity of the underlying effect that leads to the oscillation
of the signals and shows the robustness of SPI for studying dynamic structural
changes of nanoparticles upon optical excitation.

In order to discuss the breathing mode excitation mechanism, the combined
SPI and TA data are compared with the prediction of our newly developed
theory presented in section 5.2 (cf. Fig. 5.13a) as well. The theory exactly
predicts the excitation behavior of our combined observations, matching both
frequency and - more importantly - the phase of the oscillations. Fig. 5.13b
shows the prediction of the breathing oscillation if only one of the source terms
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Figure 5.12: TA results for two pump fluences. a) TA spectra at delay time
of maximum contrast (ca. 0.5 ps after excitation). Dashed lines mark the
probe wavelengths shown in b)-c). b) TA kinetics at probe wavelength of
545 nm. c) TA kinetic obtained by tracing the bleach minimum. d) Elec-
tron and lattice temperatures calculated from 2TM. Reprinted with permission
from Ref. [129]. Copyright 2023 American Chemical Society.
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is used with the respective prefactors of the combined calculation. The com-
parison between the purely thermal and purely electron density gradient pro-
duced oscillations show the importance of the new excitation source, which
dominates over the [T (t)− T0]-sourced oscillation at the onset, thereby shift-
ing the overall phase.

To further investigate the phase behaviour of the newly developed theory, flu-
ence dependent TA measurements are compared to the predicted breathing
oscillations in Fig. 5.14. Once again the theory predicts the fluence depen-
dency of the breathing oscillation very well. Both the TA results and the over-
all theoretical breathing oscillation lack a strong fluence dependence of the
breathing mode phase. Distinguishing between the contributions of the two
source term reveals a key difference in this regard. The ∇ρc2(r, t)-sourced
oscillations lack any fluence dependence as they depend on the square of the
electric field (cf. Eq. 5.15). In contrast, the [T (t)− T0]-sourced predicted os-
cillation very clearly shows a fluence dependence, because the initial electron
temperature after excitation depends on the deposited energy. This compari-
son supports the dominant role of the electron density gradient in the breathing
mode excitation again.

Overall, we have successfully measured the breathing mode of AuNP after
optical excitation using SPI, thereby providing critical information about the
onset of the oscillation, that is inaccessible by TA. This technique - pending
further improvements to increase the number of recorded patterns - will be
useful to further investigate breathing oscillations in nanoparticles - in partic-
ular anisotropic structures, which show more complicated modes. Theoret-
ically, the inclusion of the electron density gradient in describing the onset
of the breathing oscillation contributes a source term, which accelerates the
initial rise of the particle expansion during the first breathing mode period.
Simply describing the excitation of breathing modes excitation as an ultra-
fast heating of the lattice is insufficient. This problem was solved in previous
studies only by using the phenomenological hot-electron pressure [45] or other
direct interactions between electrons and lattice [48, 49, 124]. In contrast, the
influence of the electron density gradient on the excitation of the breathing os-
cillation evolved naturally from our calculations. Therefore, one might think
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Figure 5.13: a) Experiments-theory comparison. The TA kinetic was only
plotted starting at a delay time of 10 ps for clarity (the first 10 ps of the ki-
netic are dominated by the hot-electron dynamics). b) Comparison of ex-
pected breathing oscillation from theory if only the electron density gradient
or thermal energy transfer are used as sources, respectively. Reprinted with
permission from Ref. [129]. Copyright 2023 American Chemical Society.
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Figure 5.14: Comparison of fluence-dependent phase behavior of the breath-
ing oscillation. Top row: TA results. Bottom three rows: theoretical predic-
tions (2nd row: all source term used. 3rd row: only electron density gradient
used as source term. The amplitude offset was artificially implemented for
clarity. 4th row: only thermal contribution used as source term.) Reprinted
with permission from Ref. [129]. Copyright 2023 American Chemical Soci-
ety.



5.4. Results and discussion 117

of the new source term as a new microscopic description of the direct excita-
tion mechanism.
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Chapter 6

Hot electron dynamics of
hybrid Au-Pt superlattices

The work presented in this chapter was a collaborative effort by the groups of
Emiliano Cortés at Ludwig-Maximilians-Universität Munich, Germany (*),
Stephanie Reich at Freie Universität Berlin (§) and Holger Lange at Univer-
sität Hamburg (&). Florian Schulz (&) synthesized the nanoparticles, pro-
duced the superlattices and recorded the TEM images. Sabrina Jürgensen (§)
was responsible for the characterization of the sample by optical microscopy
and micro-transmission/-reflection spectroscopy and conducted the FDTD sim-
ulations. Matias Herran (*) conducted and analyzed the photocatalysis exper-
iments. The TA experiments and analysis are my contribution.

Between submission and publication of this work the study has been published
in the following article:

M. Herran, S. Juergensen, M. Kessens, D. Hoeing, A. Köppen, A. Sousa-
Castillo, W.J. Parak, H. Lange, S. Reich, F. Schulz, E. Cortés, Plasmonic

119



120 Chapter 6. Hot electron dynamics of hybrid Au-Pt superlattices

Bimetallic Two-Dimensional Supercrystals for H2 Generation, Nature Catal-
ysis, 6, 1205-1214, (2023),
https://doi.org/10.1038/s41929-023-01053-9

A key motivation of studying the plasmonic properties of AuNPs is the sen-
sitivity of the LSPR to its surroundings. For analytics, SERS comes to mind
as an established experimental method that utilizes this property. Techniques
like SERS profit from the extremely high local electric fields produced by the
LSPR. The plasmonic near-field scales with 1/distance3 [1], which localizes
the SERS enhancement to the particle’s surface.

The plasmonic near-field also influences other AuNP, if they are in close prox-
imity to each other. This results in plasmon coupling, observable as a red-shift
of the LSPR [99]. A straight-forward model to explain plasmon coupling is
analogous to the linear combination of atomic orbitals. Just like hybrid molec-
ular orbitals form upon bringing two atoms close to each other, plasmon cou-
pling can be described as the formation of a hybridized plasmon state, which is
lower in energy than the LSPR of individual particles. In this case, both plas-
mon resonances oscillate in phase and produce a highly intense electric field
localized at the particle gap [1], called a ’hot spot’. Theoretically, a higher-
energy antiparallel plasmon mode exists as well, however due to the vanishing
dipole moment it can not couple to the far field and is thus termed a ”dark”
state [142].

In principle, this should also apply to multiple layers of AuNP within the quasi-
static approximation. If, however, there is a gradient in the electric field across
the multilayers, new plasmon-polariton modes emerge, which have properties
exclusive to AuNP superlattices. These new plasmon modes were studied and
described by Mueller et al. and a first study on the hot-electron dynamics of
these systems has been published by myself as well [11, 12, 50, 143].

Currently, the development of hybrid AuNP superlattices is in progress - incor-
porating other species with additional functionality. Combining the plasmonic
and hot-electron properties of AuNP superlattices with catalytic materials is
a promising pathway for bridging the gap between fundamentals and appli-

https://doi.org/10.1038/s41929-023-01053-9
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cations. The study presented in this chapter seeks to explore the hot-electron
dynamics of a hybrid AuNP-PtNP (’Au-Pt’) superlattice in the context of pho-
tocatalysis. Our collaborators studying the photocatalytic properties of this
system, have found a peak in activity at the excitation wavelength leading to
the highest electric field intensities in the particle gaps. The goal of this work
is to explore the electron dynamics of the hybrid superlattice and contribute to
the understanding of the enhancement’s origin. For that, the hot electron dy-
namics were determined using TA spectroscopy. The results were compared
to the dynamics in a pure AuNP superlattice and a solution of PtNP.

First, the AuNP superlattice’s properties will be summarized followed by ad-
ditional background on hybrid plasmonic systems and their hot-electron dy-
namics. Afterwards we turn to the preparation of such hybrid superlattices
and finally the TA study on the hybrid Au-Pt superlattice will be presented.

6.1 Properties of AuNP superlattices

6.1.1 Plasmon-polariton modes and ultrastrong light-matter
coupling

The preparation of AuNP superlattices using the wet-chemical approach de-
scribed later in this chapter yields a face-centered cubic assembly, which was
studied by means of optical and NIR transmission and reflection spectroscopy
by Mueller et al. [11, 143]. The spectra revealed new absorption bands in the
near-IR in addition to the interband absorption starting at 520 nm, with high
reflectance in between. The number and position of the new absorption bands
depended on the number of layers (cf. Fig. 6.1c). The results were then ratio-
nalized by a theoretical model that includes a quantum-mechanical formalism
to obtain the dielectric function of the supercrystal and a microscopic theory,
which yields the dispersion relation of the plasmon-polariton modes [11,144].



122 Chapter 6. Hot electron dynamics of hybrid Au-Pt superlattices

Figure 6.1: Optical properties of AuNP superlattices. a) Plasmon-polariton
dispersion. b) Normalized light-matter coupling factor depending on the fill
factor. c) Absorption features resulting from increasing number of AuNP lay-
ers. d) Illustration of plasmon-polariton excitations as standing waves within
the layers. e) Normalized light-matter coupling factor vs. Rabi frequency
reveals deep strong coupling. Reprinted from [11] with permission from
Springer Nature.
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The formalism models the supercrystal as an infinite array of spheres, which
interact through dipole-dipole interactions - the dipole moment of an individ-
ual sphere being in its center coordinate. Based on these models and simu-
lations the special optical properties of the superlattices could be explained.
These are governed by transverse plasmon-polariton modes, which are unique
to this type of platform and reveal a couple of interesting phenomena.

From the level of anti-crossing in the dispersion relation shown in Fig. 6.1a
it was determined, that the superlattices exhibit deep-strong light-matter cou-
pling with a normalized coupling factor η exceeding previously reported val-
ues for various systems (Fig. 6.1e). The coupling factor depends on the fill

factor in the lattice and thus on the particle size-to-gap ratio
(

d
d+a

)3

with
higher values leading to stronger coupling (Fig. 6.1b). One of the effects of
ultra-strong light matter coupling is the breakdown of the Purcell effect [145].
The Purcell effect describes the increased spontaneous emission of an emitter
in a cavity due to light-matter coupling. However, as light-matter coupling in-
creases this effect reverses. As a result, the deep-strong light-matter coupling
leads to narrowing and increased intensity of the absorption bands.

The plasmon-polariton modes form standing waves across the crystal, which
acts as an open cavity. With increasing thickness of the material, i.e. in-
creasing number of AuNP layers, higher-order modes are possible leading to
additional absorption peaks (Fig. 6.1c-d). The position of these peaks could
be successfully modeled as simple dipole-dipole interactions even though the
large fill factor would contradict the underlying quasi-static approximation
[11].

Because the superlattice’s properties depend on numerous controllable param-
eters such as particle size, gap between the particles and the dielectric medium,
it may serve as an excellent, tunable platform for applications utilizing plas-
monic materials. In a following publication, Mueller et al. have shown a
manifold enhancement in SERS, which can be attributed to the high density
of hot spots within the superlattice [41].
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Principle of superlattice assembly

The preparation of nanoparticle superlattices throughout this work is based
on evaporation-induced self-assembly on a liquid sub-phase as demonstrated
by Dong et al., who have prepared binary superlattices consisting of Fe3O4 an
FePt nanoparticles [146]. The protocol was further adapted for the preparation
of AuNP and AuNP-PtNP superlattices by Schulz et al. in the context of study-
ing the emerging plasmon-polariton modes described above [12, 147]. The
straight-forward principle is illustrated in Fig. 6.2. A nanoparticle solution in
a volatile solvent is pipetted onto a liquid sub-phase, which is not miscible with
the particle solution, in a Teflon well. The solvent of the nanoparticle phase
then slowly evaporates, which induces the self-assembly of the particles into
a superlattice sitting on top of the liquid sub-phase. The assembly into well
ordered lattices is aided by slowing down the evaporation rate of the solvent
through covering the well with a glass slide. Once the solvent has completely
evaporated, the superlattice can be transferred onto a substrate of choice.

As mentioned in the previous section, the properties of the superlattices de-
pend on the fill fraction of the AuNP. Hence, careful control of the particle-to-
particle gap in the lattice is crucial. For that, grafted polymers - in this work
PSSH - are used as stabilizing agents. By choice of the molecular weight
of the polymer in relation to the particle size, the gap size can be adjusted.
Schulz and Lange have shown, that the model to describe the gap scaling with
molecular weight depends on the particle size: For AuNP up to about 50 nm
in diameter the gap scales with molecular weight of the polymer, i.e. longer
polymer chains lead to larger gaps. For larger particles, however, the polymer
acts more like soft matter and their volumetric density as well as the grafting
density controls the gap size [147]. To date, the the number of nanoparticle
layers is only rudimentarily controlled through the number of particles in the
solution. While single and bilayers can be routinely obtained, ≥ 3 layered
superlattices often yield a mix of multiple domains with varying layer num-
ber [12].
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Figure 6.2: Illustration of the evaporation induced self-assembly of AuNP at
a liquid-liquid interface.

To prepare binary lattices, a mixture containing both nanoparticle species is
pipetted onto the liquid subphase. To avoid phase-separation of the particles
during evaporation, the relative sizes of the species are adjusted. For the Au-Pt
superlattice studied in this work, the PtNP sit in the particle gaps of a AuNP
lattice and thus have to be much smaller in size.

6.1.2 Hot-electron dynamics of AuNP superlattices

Previous to the work conducted for this thesis, we have investigated the hot
electron dynamics of a AuNP superlattice (particle diameter: 42 nm, gaps: 4
nm) with varying number of layers. The results were published in my Master
thesis as well as a research paper in the Journal of Chemical Physics [50]. As
the hot electron dynamics of a pure AuNP superlattice will serve as a bench-
mark for the hybrid lattice later in this chapter, this study shall be briefly re-
visited here.

A series of TA measurements were performed on three spots with varying
number of AuNP layers. One spot consisted only of a monolayer and therefore
did not exhibit the plasmon-polariton modes presented in the previous section
while the two other spots contained an increasing number of layers. While
the excitation power was held constant, the excitation wavelength was varied
to screen the visible-to-NIR spectrum of the films. The e-ph coupling time
at these spots was determined from fitting the bleach dynamics in the visible
spectrum with a bi-exponential function. The fast decay constant was inter-
preted as the e-ph coupling time. The results were related to the absorbance
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spectra of the different number of layers simulated using FDTD, which were
in turn verified by NIR microabsorbance measurements on the same film.

The resulting e-ph coupling times displayed in Fig. 6.3a show an increase
at those wavelengths where plasmon-polaritons are excited in the multilayers
in comparison to the monolayer (λpump > 700 nm). Therefore, the e-ph
coupling times follow the differences in absorbance between the layers (cf.
6.3b). Note that the plasmon resonance in the visible was analyzed.

The simulated spectra displayed in Fig. 6.3b did not show a “single-particle”
mode that would lie in the visible. The fact that a LSPR in the visible could be
measured in TA was probably the result of sample inhomogeneity within the
illuminated superlattices, but the reason why these can be routinely observed
in TA on superlattices (as we will see later in this chapter) could not be fully
resolved to this day.

Exciting the different layers at the wavelength at which the bleach dynam-
ics were measured (ca. 600-650 nm), yielded the same e-ph coupling times
for all spots with values similar to those obtained for exciting the plasmon-
polariton modes in multilayers. There might be a slight increase in e-ph cou-
pling times upon excitation of the plasmon-polariton modes, but these differ-
ences are within the expected uncertainties of the measurements. The e-ph
coupling times thus follow the absorbance of the respective superlattices. The
occurrence of additional absorption bands due to the formation of plasmon-
polariton in the near-IR translates to increased hot-electron generation.

One could expect the excitation of plasmon-polariton modes to yield increased
e-ph coupling times relative to the excitation of the LSPR in single AuNP, be-
cause the breakdown of the Purcell effect suppresses their radiative damping
and for a given excitation fluence per Au volume, more energy would be de-
posited into the hot electron distribution as a result. Within the accuracy of the
TA measurements, however, the difference might not be significant enough to
be observed. Since the exact illuminated unit volume of Au in a superlattice
is difficult to ascertain, a direct comparison of the hot electron dynamics be-
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Figure 6.3: a) E-ph coupling times in AuNP superlattices depending on the
excitation wavelength for different spots with varying amount of multilayers.
Spot ”mono” consisted of a single AuNP layer. Spot ”mixed” consisted of
67 % monolayers, 23 % bilayers and 10 % of ≥3 layers. Spot ”multi” con-
sisted of 21 % monolayers, 16 % bilayers and 63 % of ≥3 layers. b) Simulated
absorbance spectra of superlattices of 42 nm AuNP with 4 nm gaps. Reprinted
from [50] with the permission of AIP Publishing.
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tween the excitation mechanisms LSPR and plasmon-polaritons remains chal-
lenging.

6.2 Hot electrons and hybrid systems for photo-
catalysis

One of the main motivations in studying the hot-electron dynamics of plas-
monic systems is the possible utilization of the charge carriers in photocatal-
ysis. Since noble metal nanoparticles are usually inert, many strategies have
been developed to aid the photochemical reactivity by combining plasmonic
materials with more reactive agents like adsorbates, semiconductors or other
metals. A wide variety of combinations have been proposed both in terms of
materials and how intimately they are connected, ranging from metal alloys,
to core-shell nanoparticles, connected nanoparticle combinations and discon-
nected, but proximate materials. For a comprehensive overview, the reader is
referred to a review by Zhang et al. and the references therein [90].

The type of materials and connection also govern the electron dynamics of
these systems. Energy might be transferred from a plasmonic to a catalytically
active material or directly into an adsorbate via the plasmonic near-field, direct
or indirect transfer of hot electrons, or local heating. For example, Seemala
et al. have demonstrated for silver nanoparticles, that the strong and highly
localized plasmonic near-field affects the energy of antibonding states in an
adsorbed molecule, leading to its dissociation [148]. Furthermore, Rodio et
al. have studied the photocatalytic activity of AuNP for a glucose oxidation
and have found evidence for the contribution by non-thermal electrons to the
reaction [149]. In a recent publication Vanzan et al. have used real-time time-
dependent density functional theory to calculate the energy transfer from hot
electrons to vibrational states of adsorbed molecules. The exact modes ex-
cited by the hot electrons were specific to the type of plasmonic material and
adsorbed molecule [150]. Using TA spectroscopy Cushing et al. have found
a resonant energy transfer from the plasmonic excitation in AgNP to the ab-
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sorption in a TiO2 shell, which leads to photocatalytic enhancement [151].
The group of Naomi Halas has introduced the idea of antenna-reactor geome-
tries, which combine the light-harvesting properties of plasmonic nanoparti-
cles with the catalytic properties of typical transition metals [36, 152]. The
transfer of hot electrons from the plasmonic to the catalytic material can in
principle occur via a direct or indirect mechanism: either hot electrons are
generated within the plasmonic material and due to their increased energy
overcome the energy barrier into the catalyst, or they are directly excited from
the plasmonic into the catalytic material [153].

The role of hot electrons can be determined using TA spectroscopy. In particu-
lar the transfer of hot electrons to an adjacent material would alter the ultrafast
optical dynamics. The employment of hot electrons in photocatalysis is lim-
ited by their fast relaxation time. Hot electron injection into other materials
would have to be faster than the relaxation in order to contribute significantly
to the electron dynamics. Hence, one would expect a faster relaxation time of
the hot electron signature in TA. For example, Engelbrekt et al. have found
a faster decay of the plasmon broadening upon loading AuNP surfaces with
smaller PtNP, which was attributed to the energy transfer between hot electron
distributions in Au and Pt [92]. Nezemi et al. have attributed the faster decay
of ∆A in a AuNR-Pd hybrid system to increased hot-electron transfer from
Au to Pd after redistribution of Pd on the AuNR surface [154]. Zhang et al.
found the same for spherical Au-Pd core-shell particles [155]. The same prin-
ciples can be applied to AuNP-semiconductor combinations as well: Ghorai
et al. have studied AuNP-SiO2-TiO2 using TA. Here, increasing the relative
amount of the electron accepting TiO2 in a mixed SiO2 –TiO2 shell led to a
decreasing decay time of the TA signal - suggesting an electron transfer from
the light-harvesting AuNP to the semiconductor [108]. In an earlier study of
AuNP-TiO2 by IR-probe TA spectroscopy, Furube et al. found a hot electron
injection time of a few hundred femtoseconds, which is one order of magni-
tude faster than e-ph coupling times in AuNP [156].

From these considerations of the hot electron dynamics in antenna-reactor ge-
ometries, one could expect hot-electron transfer from AuNP to PtNP to occur
in the hybrid superlattices studied in this work. These charge carriers could
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then contribute to the catalytic properties of the PtNP. In that case, the TA
dynamics would reveal an accelerated decay of the AuNP bleach signal. In
contrast, photocatalytic enhancement due to the influence of hot spots in the
gaps of the hybrid lattice would not alter the electron dynamics in the AuNP.

6.3 Experiments

As mentioned at the beginning of this chapter, the study presented here was
not yet published by the time of submission and hence contains descriptions
of all the experimental procedures that led to the results presented afterwards
- not just the work done by myself - to ensure reproducability of the results
regardless of the publication status of the study.

6.3.1 Transient absorption spectroscopy

TA spectra were recorded using the setup described in chapter 3. Three sam-
ples were investigated: The AuNP-PtNP superlattice, a AuNP superlattice -
both deposited on borosilicate glass (BSG) substrates - and a PtNP solution
in a 2 mm quartz cuvette. Three pump wavelengths were chosen for the films:
400 nm, 500 nm and 650 nm and two wavelengths for the solution: 300 nm
and 650 nm. For all measurements, a single pump power of 150 µJ/cm2 was
selected. All samples were probed in the visible spectrum. The delay times
were chosen between −1 ps and 20 ps and for each delay time, the spectrum
was averaged for 1 s. Each measurement consisted of 3 scans, which were
averaged to yield the raw data. These were corrected for chirp and scattered
light.

For data analysis, the TA spectra at time of maximum contrast (delay time = 0
ps) were extracted. In case of the films, these were normalized to their bleach
signal. To study the hot electron dynamics, kinetics at two probe wavelengths
were analyzed: 420 nm and the wavelength of the bleach.
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Additionally, a single NIR-probe TA measurement was performed on the AuNP
superlattice. The pump wavelength was 450 nm, a delay time window of −1 ps
to 51 ps was scanned with an averaging time of 1 s per delay time. Only a sin-
gle scan was measured. The data were used for further analysis without chirp
correction. In contrast to visible-probe TA measurements presented in this
work, differential spectra were not recorded in reference mode, i.e. there was
no correction of the white-light intensity.

6.3.2 Superlattice assembly

AuNP@PSSH preparation: PSSH-stabilized AuNP were prepared by syn-
thesizing AuNP@CTAC as described in chapter 3 and a subsequent ligand
exchange from CTAC to PSSH. Before ligand exchange, excess CTAC was re-
moved from the AuNP@CTAC solution by centrifugation and the volume of
the solution was thereby reduced to ≤100 µL. This solution was then added
drop-wise to a PSSH in THF solution (2 ml, 0.5 mM), which was rapidly
stirred at 1000 rpm. The mixture was further stirred at 300 rpm overnight for
replacement of CTAC with PSSH. This led to the transfer of the AuNP into
the THF phase, which was then dried in a rotary evaporator. The remaining
AuNP@PSSH were redispersed in toluene and excess PSSH was removed by
two centrifugation steps. Remaining CTAC was removed by washing the so-
lution with water and ethanol in a 1:1:1 mixture with addition of sodium chlo-
ride to aid phase separation. The AuNP in toluene phase was removed and
centrifugated to obtain the final concentration needed for self-assembly [12].

PtNP@PSSH preparation: PtNP@citrate were prepared based on a pro-
tocol from Ref. [157]: Ultrapure water (8.6 ml) and hexachloroplatinic acid
H2PtCl6 (500 µL, 0.05 mM) were mixed and sodium citrate (500 µL, 0.1 mM)
was added for stabilization of the nanoparticles. These were formed by reduc-
tion of the Pt precursor with NaBH4 (500 µL, 0.015 mM). The solution was
stirred throughout at 500 rpm and left undisturbed for 10 minutes. 1000 µL of
this solution was then directly used for a ligand exchange by mixing it with
1100 µL PSSH-2k (0.18 mM, in toluene) and 1000 µL ethanol. The solution
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was thoroughly shaken and a few mg of sodium chloride was added to aid
phase separation [158]. The PtNP-containing toluene phase was removed and
used for assembly as is.

Self-assembly: For self-assembly of the AuNP and AuNP-PtNP superlattices,
a solution of
AuNP@PSSH or a mixture of AuNP@PSSH and PtNP@PSSH was pipetted
onto a DEG phase in a Teflon well. The well was covered with a glass slide
to slow down the evaporation of toluene. Within 16-24 hours all toluene has
evaporated and the lattices have formed on the DEG phase. These were then
transferred for further experiments and characterization onto different sub-
strates (indium tin oxide (ITO) for photocatalysis, copper grid for TEM and
BSG slide for TA).

6.3.3 Photocatalysis

The catalytic reactions were carried out in a 1 ml reactor with a flat quartz
window and a water jacket for temperature control (dT = ±0.5 °C). The re-
action time was 1 h and the mixture was stirred at 550 rpm using a magnetic
bar. Prior to the reactions, the H2O was degassed using N2 for 30 min . As
an excitation source a commercial broadband arc lamp (Newport 66921) was
used and bandpass filters were employed to block UV and IR radiation (broad-
band excitation) or to select narrow bands (450 nm, 550 nm, 650 nm, 750 nm
and 800 nm with 20 nm bandwidth). The excitation power was set to 5 mW
and corrected accordingly for all employed wavelengths. The H2 production
was measured via gas chromatography using a Perkin Elmer Clarus 590 GC
equipped with a thermal conductivity detector (TCD) for H2 detection and a
flame ionization detector (FID) for detection of organic traces. The FID was
also coupled to a H2 generator from Perkin Elmer (NM plus H2 100).

For normalization of the H2 production, the catalyst masses were measured via
Inductively Coupled Plasma - Mass Spectrometry (ICP-MS) using an Agilent
7700. Calibration curves were obtained using elemental standards from Carl
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Roth, Germany. The lattices on ITO were dissolved in 200 µl freshly prepared
aqua regia overnight and then diluted to 4000 µl with 2 % hydrochloric acid.
The platinum concentration was obtained by drying 50 µl of the dispersion
on an ITO substrate and then dissolving it in 240 µl aqua regia with subse-
quent dilution to 2500 µl using 2 % hydrochloric acid. From the determined
concentrations of the species, the catalyst and Pt masses were calculated.

6.3.4 Optical micro-transmission and -reflection spectroscopy

Transmission and reflection spectra of the lattices were recorded using a home-
built setup as described in Ref. [159]. A supercontinuum laser (NKT - FIU15)
produced broadband visible light, which was guided into an inverse micro-
scope (Olympus IX71). The light was focused onto the sample with a 100x
objective (NA = 0.9). The transmitted light was collected using another 100x
objective (NA = 0.8) and guided to a spectrometer (Avantes - AvaSpec 3648)
via optical fiber. The reflected light passed two beamsplitters before it was col-
lected by a lens and guided to the spectrometer via optical fiber as well. From
the transmitted (T ) and reflected (R) light, the absorbance was calculated as
A = 100%−R− T .

6.3.5 Finite-difference time-domain simulations

Finite-difference time-domain (FDTD) simulations were carried out using the
commercial Lumerical FDTD Solutions software package, implemented sim-
ilarly as in Refs. [11, 159]. A hexagonal lattice of 22 nm AuNP with 2 nm
was simulated. For the hybrid lattice the gap size was increased to 3.5 nm
and 3 nm PtNP were placed in the gaps. Calculations were performed for 1-3
layers stacked in ”abc” configuration. The cell size of the mesh was set to
0.2 nm. The dielectric function for gold and platinum were obtained by fit-
ting the data reported in [160] and [161], respectively, and for the dielectric
medium (polystyrene) a dielectric constant of n = 1.4 was set. The simula-
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tions were performed for a lattice unit cell with periodic boundary conditions.
As excitation source, a broadband plane wave traveling along the z-coordinate
was employed and to simulate unpolarized light, two measurement with linear
polarization along x and y were performed and averaged. For the electric field
enhancement presented below, the average field of the top layer was taken.

6.3.6 Materials

Tetrachloroauric(III) acid (≥ 99.9% trace metals basis), hexadecyltrimethy-
lammonium bromide (CTAB, ≥ 98%) and chloride (CTAC, ≥ 98%), L-
ascorbic acid (reagent grade), chloroplatinic acid solution (8% wt. in H2O),
sodium citrate trihydrate (≥ 99%), sodium borohydride (≥ 98%) and indium
tin oxide (ITO) coated glass slides (surface resistivity 8 W/cm2 to 12 W/cm2)
were purchased from Sigma-Aldrich (USA). Toluene (≥ 99.5%), tetrahydro-
furan (≥ 99.5%) and ethanol (denat., > 98%) were purchased from VWR
(USA). Diethylene glycol (DEG, reagent grade) was purchased from Merck
(Germany). Thiolated polystyrenes (PSSH, PSSH2k: MN = 2000 g/mol,
MW = 2300 g/mol; PSSH5k: MN = 5300 g/mol,MW = 5800 g/mol; PSSH10k:
MN = 11 500 g/mol, MW = 12 400 g/mol were purchased from Polymer
Source (Canada). All reagents were used without further treatment. H2 stan-
dards (100 ppm, 500 ppm and 1000 ppm) were purchased from Linde Gas.
Ultrapure water with resistivity of 18 MWcm was used in all experiments.

6.4 Results

6.4.1 Samples

Three samples were prepared: A AuNP supercrystal, a Au-Pt supercrystal and
a Pt control. These were deposited on ITO for the measurements of the cat-
alytic performance, copper grids for TEM analysis or BSG substrates for TA
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spectroscopy. Fig. 6.4 shows representative TEM images of the superlattices
employed for photocatalysis. The AuNP were highly spherical and had a di-
ameter of (22.0±1.0) nm. The PtNP were spherical, but less uniform than the
AuNP, and had a diameter of (2.7±0.6) nm. The absorbance of PtNP in so-
lution and the AuNP-PtNP mixture used for self-assembly are displayed in
Fig. 6.5a. Taking TEM images on different sites of the hybrid lattice con-
firmed that the PtNP were homogeneously distributed in the gaps between the
AuNP and did not form separate phases. Their introduction into the AuNP
lattice increased the AuNP-AuNP gaps from 3.0 nm to 3.5 nm.

Figure 6.4: A-B TEM images of the AuNP superlattice used for photocatal-
ysis measurements. The AuNP are (22.0±1.0) nm in diameter and assembled
into a hexagonal superlattice with 3 nm distance between the particle surfaces.
C Representative optical microscopy images of the AuNP superlattice. The
differences in transmission can be used to identify the layer numbers (1L, 2L,
3L, 3L+ indicate mono-, bi-, tri- and multi-layers, respectively). D-E TEM
images of a hybrid AuNP-PtNP superlattice. The same 22 nm AuNP were
used to produce the hexagonal lattice and the (2.7±0.6) nm PtNPs assemble in
the AuNP gaps [162].
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Figure 6.5: Absorbance spectra of a) AuNP-PtNP mixture used for self-
assembly (blue) and PtNP in solution (green), b) the AuNP superlat-
tice (weighted according to occurence of layers), c) the Au-Pt superlattice
(weighted according to occurence of layers) [162].

In addition to electron- and optical microscopy, the lattices were also charac-
terized by means of optical micro-transmission and -reflection spectroscopy.
From the transmission and reflection spectra, the absorbance was calculated.
The setup allowed characterizing the optical behavior of different layer num-
bers, which were then weighted according to the occurrence of the layer num-
bers within the whole sample. These weighted spectra are displayed in Fig. 6.5b-
c. While the pure AuNP superlattice absorbed more light throughout the vis-
ible spectrum, both Au and Au-Pt superlattices display broad absorption fea-
tures due to the mix of layer numbers shifting the plasmonic absorption bands
towards longer wavelengths. While the absorbance of the pure AuNP lattice
shows a broad peak centered around 600 nm, the Au-Pt superlattice absorbs
most around 500 nm with decreasing absorbance towards longer wavelengths.

6.4.2 Photocatalytic properties

The Au-Pt superlattice forms an antenna-reactor geometry. Its catalytic prop-
erties were tested for a formaldehyde (HCOOH, FA) decomposition reaction:
HCOOH −−→ H2 + CO2. For a dark-vs-illuminated comparison, the samples
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were excited using a broadband lamp with bandpass filters blocking any UV
and IR radiation. The temperature of the reaction body was set to 25 °C and
the reaction yield was determined by gas chromatography.

Figure 6.6 shows the hydrogen production of the samples normalized to the
amount of catalyst and time. The Au-Pt superlattice clearly shows an increased
hydrogen production upon illumination, which is not the case for the Au lat-
tice. Upon illumination, the Au-Pt superlattice also shows superior hydro-
gen production compared to only platinum. Temperature-dependent measure-
ments of the reaction yield, which were analyzed to give the activation barrier
according to the Arrhenius equation, show a similar trend: The Au lattice
without illumination has the highest activation barrier (40.7 kJ/mol) followed
by the hybrid lattice without illumination (34.4 kJ/mol) and the hybrid lattice
with illumination (29.8 kJ/mol). These results demonstrate the importance of
the interaction of AuNP and PtNP since no single component reaches the same
catalytic activity under illumination as the hybrid system.
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Figure 6.6: Comparison of the hydrogen yield in the photocatalytic reaction
between the samples and illumination levels. a) and b) differ in their normal-
ization: The yield in a) was normalized to the mass of Au and Au/Pt (”cata-
lyst”), respectively, while in b) it was normalized to the Pt mass [162].

AuNP absorb visible light much better than PtNP. The local electric field pro-
duced by the optical excitation of the AuNP then excites the PtNP, which serve
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as the catalytic sites. To seek further evidence for this catalytic mechanism,
wavelength dependent measurements of the catalytic activity were conducted.
According to FDTD simulations, the intensity of the electric hot spots forming
in the gaps of the AuNP superlattice is wavelength dependent (cf. Fig. 6.8) and
limited to the top-most layer. Figure 6.7 shows that although the absorbance
dominated by the AuNP is highest on the short-wavelength side of the visi-
ble spectrum the field enhancement by the plasmonic near-field is strongest
at 650 nm. The wavelength dependent reaction yield follows the wavelength
dependence of the local field enhancement.
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Figure 6.7: Measured hydrogen yield depending on the excitation wave-
length related to the local E-field enhancement simulated by FDTD simula-
tions [162].
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Figure 6.8: Characterization of the E-field enhancement |E/E0|2 in AuNP
(A-F) and Au-Pt superlattices (G-L) according FDTD simulations with three
different wavelengths of E0: 550 nm, 650 nm and 800 nm. A-C and G-I show
simulated maps of the E-field enhancement in the particle gaps of the AuNP
and Au-Pt superlattices, respectively. D-F and J-L show line scans of the E-
field enhancement across the AuNP-AuNP particle gaps. Because the PtNP is
not placed in the center of the AuNP-gap, the intensity profiles appear asym-
metric [162].
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Figure 6.9: a) Steady state NIR absorbance spectrum of a AuNP superlattice.
b) NIR probe TA measurement of a AuNP superlattice. The excitation wave-
length was 450 nm.

6.4.3 Hot electron dynamics

Since the first study of the hot electron dynamics in AuNP superlattices has
been published, the TA setup underwent an upgrade, which included a NIR
continuum source and spectrometer. This allowed to test if the hot electron
dynamics affect the plasmon-polariton of AuNP superlattices in the same way
as the single-particle LSPR. Fig. 6.9a) shows a steady-state absorbance spec-
trum displaying a broad resonance feature centered around 1250 nm as one
could expect from a multilayer AuNP superlattice (cf. Fig. 6.3). A TA mea-
surement, however, did not yield any bleach signal in the NIR. Only a weak
oscillation of the signal was observed (cf. Fig. 6.9b), which can be interpreted
as the breathing oscillation of the strongly red-shifted single particle LSPR.
Hence, it may be concluded that the electron temperature of hot electrons does
not affect the absorption due to plasmon-polariton modes in AuNP superlat-
tices in the same way as the single particle LSPR. Because this is only a single
measurement, however, a comprehensive study on this topic is still needed to
confirm this interpretation.
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In order to further confirm that the local field enhancement within the Au-Pt
superlattice leads to the increased catalytic performance of the hybrid struc-
ture without any contribution by hot electron transfer, the hot electron dy-
namics were studied using TA spectroscopy. The excitation wavelengths were
chosen in accordance with some of the values employed in the wavelength-
dependent photocatalysis experiment presented above: 400 nm was chosen to
test interband excitations, and 500 nm and 650 nm were chosen to test different
scalings of the absorption and field enhancement. The hybrid superlattice ex-
hibits more absorbance at 500 nm than at 650 nm, but the E-field enhancement
is much stronger at 650 nm. Like in the catalytic experiments, the differential
absorption behavior of a hybrid Au-Pt superlattice was compared to an Au
superlattice and to a PtNP dispersion with the same particle sizes and gaps.

Figure 6.10a-c show the TA spectra at maximum contrast for the three sam-
ples. The spectra show the same basic features, indicating that the TA signal
is dominated by the optical activity of the AuNP. Comparing static absorbance
spectra of the superlattices with the absorption behavior of PtNP this is hardly
surprising, because AuNP are much more optically active in the visible spec-
trum as shown in Fig. 6.5. Additionally, within a given volume of the hybrid
lattice there is much more Au mass than Pt contributing to the optical proper-
ties of the sample.

While keeping the excitation power constant (150 µJ/cm2), the bleach kinetics
depending on the excitation wavelength are compared in Fig. 6.10d-f. Only
the kinetics recorded at a pump wavelength of 500 nm differ slightly between
the two superlattices with the hybrid lattice displaying a longer e-ph coupling
time (5.0 ps vs. 4.1 ps), whereas at 400 nm and 650 nm excitation wavelengths,
the bleach kinetics of the lattices coincide.

To evaluate the influence of the PtNP on the TA signal of the hybrid lattice,
measurements were taken of a PtNP dispersion as well. The results are com-
pared to the hybrid lattice in Fig. 6.11. The TA spectra of PtNP show photoin-
duced absorption (positive∆A signal) at 300 nm (cf. Fig. 6.5). A pump wave-
length of 300 nm instead of 400 nm was employed, because the absorbance of
PtNP increases towards shorter wavelengths (cf. Fig. 6.5) and thus a stronger
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Figure 6.10: TA results of the AuNP and Au-Pt superlattice. a)-c) TA spec-
tra at delay time of maximum bleach contrast for pump wavelengths of a)
400 nm, b) 500 nm and c) 650 nm. The spectra were normalized to the bleach
minimum. d)-f) Normalized TA bleach kinetics for pump wavelengths of d)
400 nm, e) 500 nm and f) 650 nm [162].
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TA signal was expected. The dynamics of the photoinduced absorption dis-
played in Fig. 6.11c show a quick exponential decay of the signal within 2 ps.
At the wavelength of the highest E-field enhancement within the Au-Pt super-
lattice (650 nm) the PtNP do not show any TA signal (cf. Fig. 6.11b and d),
as expected from their vanishing absorbance. Like the PtNP dispersion, the
hybrid superlattice displays photoinduced absorption at 400 nm probe wave-
length as well, which might indicate a contribution of the PtNP to the overall
measured kinetics at those wavelengths. However, it is doubtful that the signal
originates from PtNP, because of the differences in decay time, the generally
higher width of the positive TA signal produced by the hybrid lattice, and the
higher Au mass compared to Pt within the sample. Hence, it is much more
likely, that the signatures of the hybrid lattice at short probe wavelengths are
dominated by the AuNP as well. It can be concluded that the measured TA
signals of the hybrid lattice originate only from the hot electron dynamics in
the AuNP.

From previous studies on the hot electron dynamics in hybrid systems it can
be established that any hot charge transfer would result in an acceleration of
the bleach dynamics [92, 108, 154, 155]. This signature is not observable in
the data shown here. In fact, the only observable difference in bleach kinetics
between the pure and hybrid lattice shows the opposite trend. Thus, there is
no evidence for any charge transfer in the hybrid system. In contrast to previ-
ous studies on hot electron dynamics in hybrid materials, which have shown
evidence of hot electron transfer, the AuNP and PtNP are disconnected, sepa-
rated materials here. Hence, for any charge transfer to occur, these would need
to tunnel from the AuNP to PtNP. The likelihood of tunneling decreases with
distance between the two species. With the average PtNP diameter (2.7 nm)
and AuNP-to-AuNP gaps (3.5 nm) one can estimate an average distance from
AuNP to PtNP of 0.4 nm, which is a distance at which tunneling could the-
oretically occur, but with very low probability [163, p. 28]. However, the
TA results presented here indicate that for the type of material combination
and excitation conditions, this process is too unlikely to compete with the hot
electron relaxation within the AuNP. One should keep in mind, however, that
the relative amount of Pt is very low relative to Au within the hybrid lattice.
Hence, even if hot electron transfer may be unlikely because of the physical
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Figure 6.11: Influence of PtNP on the TA signal. a)-b) TA spectra of PtNP
dispersion at the delay time of maximum contrast. c)-d) PtNP TA kinetics
extracted at a probe wavelength of 400 nm. e)-f) For comparison: TA kinetics
at the same probe wavelength as in c) and d) of the Au-Pt hybrid lattice. The
text boxes indicate the pump wavelength [162].
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separation between AuNP and PtNP and the TA results show no signatures of
the effect, charge transfer can not be completely ruled out.

All in all, this interpretation of the TA data is consistent the photocatalytic
mechanism proposed in the previous section. The AuNP superlattice serves
as an antenna and concentrates the electromagnetic energy into the particle
gaps, which increases the catalytic activity of the PtNP. This results in a su-
perior H2 production compared to the individual species. The results are the
first study of the hot electron dynamics in a hybrid AuNP-PtNP superlattice.
The parameter space scanned here was limited to provide information on the
study of its photocatalytic properties and can be further expanded in the future
to obtain a more complete picture of the ultrafast dynamics in hybrid lattices.
Furthermore, an advantage of the hybrid superlattice system is the opportunity
for customization. For example, other catalytic materials such as palladium
could be incorporated in the future instead of Pt. Another interesting material
to incorporate would be TiO2, which was a popular material in previous stud-
ies of hybrid plasmonic systems [108, 164] and would therefore allow to put
the TA results into a broader context.
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Chapter 7

Summary and outlook

Plasmonic nanoparticles have become building blocks for exciting new meta-
materials and applications utilizing the plasmonic near-field. The dynamic
properties of hot electrons remain mostly in the realm of fundamental re-
search in solid-state physics, but are gradually explored for applications in
light-energy conversion as well.

The goal of the work presented in this thesis was to gain a deeper understand-
ing of the hot-electron dynamics in plasmonic Au nanostructures. The estab-
lished picture of hot electron dynamics included a four-step process. Excita-
tion of non-thermal hot electrons by Landau damping or direct optical excita-
tion, energy redistribution among the electrons via electron-electron scatter-
ing, energy transfer from electrons to phonons via electron-phonon coupling
and heat dissipation to the surroundings. Electron-phonon coupling in par-
ticular is modeled as a heat transfer from the electron- to phonon distribution
using the two-temperature model, which includes a characteristic coupling
factor.
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Three studies have been presented to test this established picture. First, the
validity of the widely employed two-temperature model was systematically in-
vestigated for environmental temperatures between 100 K and 350 K. While
most studies of e-ph coupling in AuNP are conducted at room temperature,
only few results on the hot electron dynamics at low temperatures were pub-
lished yet - most with a different focus than the ambient temperature depen-
dence of the two-temperature model. Since the two-temperature model in-
cludes the electron- and lattice heat capacities, cooling down the nanoparticle
to temperatures below Au’s Debye temperature of 170 K might necessitate to
include a temperature-dependent lattice heat capacity according to Debye’s
law or treating the e-ph coupling constant as a function of temperature. How-
ever, both the simulations of the two-temperature model and the temperature
dependent transient absorption results indicate a negligible impact of the de-
creasing heat capacity and the results are well reproduced employing a cou-
pling constant independent of temperature. This confirms the robustness of the
two-temperature model at low temperatures and thereby expanded the valid
parameter space of the model.

The second study dealt with the excitation mechanism of the nanoparticle
breathing oscillations that result from ultrashort optical excitation. For the
first time single-particle imaging was utilized to study the transient of the par-
ticle diameter of AuNP in this context, which further establishes this tech-
nique for studying the dynamic structural behavior of nanoparticles. The re-
sults reproduced the phase disparity of the breathing oscillation observable in
transient-absorption measurements by displaying a faster onset than expected
from an ultrafast heat transfer according to the two-temperature model. This
confirmed the need to include an additional source term to the excitation of the
oscillation. While this term was previously conceptualized as ”hot-electron
pressure” our new theoretical framework may serve as a detailed microscopic
description of the excitation mechanism. In context of the established series
of energy transformation within plasmonic AuNP, the excitation of phonon
modes based on the electron-density gradient, that emerged from the new the-
ory, has to be included for a full description of e-ph coupling.
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In the last study, mechanistic insight into the photocatalytic properties of newly
developed hybrid nanoparticle superlattices was obtained. The unique optical
properties of this new type of metamaterial and robust preparation techniques
have been recently established. At the moment, the platform is further de-
veloped towards incorporating additional materials with new functionality.
Among that, including catalytic nanoparticles such as PtNP might provide
a new platform for photocatalysis. Our collaborators have rationalized the
photocatalytic property of the hybrid structure by an antenna-reactor geome-
try and proposed that the catalytic enhancement was the result of plasmonic
hot-spots in the AuNP gaps of the superlattice, which concentrate electromag-
netic energy into the PtNP and thereby amplify their catalytic enhancement.
By determining the hot-electron dynamics of AuNP and AuNP-PtNP super-
lattices using TA spectroscopy, no evidence for a competing mechanism aided
by hot-electron transfer was found. Hence, the field enhancement mechanism
proposed by our collaborators could be further confirmed. Hybrid superlat-
tices comprising of plasmonic AuNP and catalytic nanoparticles thus prove to
be a promising, customizable platform for photocatalysis.

To summarize, by utilizing ultrafast optical and x-ray techniques to study plas-
monic AuNP-based systems, new knowledge on their hot-electron dynamics
could be obtained: The widely applied two-temperature model seems to be
valid also at low temperatures without introducing a temperature-dependent
coupling factor; the excitation of breathing modes in AuNP can be studied us-
ing single-particle imaging and the excitation mechanism could be explained
by a new source term based on an electron-density gradient; and hot-electron
transfer does not seem to occur in AuNP-PtNP hybrid superlattices, which fur-
ther indicates a field-enhancement based photocatalytic mechanism. While
the two-temperature model remains a useful, easy-to-understand and surpris-
ingly robust way to understand e-ph coupling, it does find its limit in explain-
ing the energy transfer from electrons to radial breathing modes. An even
deeper understanding of the breathing mode excitation can be acquired by
conducting excitation wavelength dependent single-particle imaging, because
the new theory implies differences in the relative importance between the
source terms. Furthermore, the experimental procedure and theoretical frame-
work can be expanded towards anisotropic particles such as gold nanorods,
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which display more complicated breathing oscillations. The possibility to re-
solve their structural changes upon optical excitation highlights the potential
of single-particle imaging. Besides the fundamental hot electron dynamics in
AuNP, their employment in applications such as photocatalysis is an exciting
prospect as well. Marrying the plasmonic properties of AuNP with catalytic
properties of other nanostructures has shown great potential in this regard and
more types of interactions like plexitons [165] or plasmons-dye [166, 167]
interactions are interesting to explore. The prospect of directly utilizing hot
electrons generated in AuNP for light-energy conversion remains as a promis-
ing endeavor for future research.
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P101 If medical advice is needed, have product container or

label at hand.
P102 Keep out of reach of children.
P103 Read label before use.
P201 Obtain special instructions before use.
P202 Do not handle until all safety precautions have been

read and understood.
P210 Keep away from heat/sparks/open flames/hot surfaces.

— No smoking.
P211 Do not spray on an open flame or other ignition source.
P220 Keep/Store away from clothing/. . . /combustible mate-

rials.
P221 Take any precaution to avoid mixing with com-

bustibles . . .
P222 Do not allow contact with air.
P223 Keep away from any possible contact with water, be-

cause of violent reaction and possible flash fire.
P230 Keep wetted with . . .
P231 Handle under inert gas.
P232 Protect from moisture.
P233 Keep container tightly closed.
P234 Keep only in original container.
P235 Keep cool.
P240 Ground/bond container and receiving equipment.
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P241 Use explosion-proof electrical/ventilating/lighting/. . .

equipment.
P242 Use only non-sparking tools.
P243 Take precautionary measures against static discharge.
P244 Keep reduction valves free from grease and oil.
P250 Do not subject to grinding/shock/. . . /friction.
P251 Pressurized container: Do not pierce or burn, even af-

ter use.
P260 Do not breathe dust/fume/gas/mist/vapours/spray.
P261 Avoid breathing dust/fume/gas/mist/vapours/spray.
P262 Do not get in eyes, on skin, or on clothing.
P263 Avoid contact during pregnancy/while nursing.
P264 Wash . . . thoroughly after handling.
P270 Do not eat, drink or smoke when using this product.
P271 Use only outdoors or in a well-ventilated area.
P272 Contaminated work clothing should not be allowed out

of the workplace.
P273 Avoid release to the environment.
P280 Wear protective gloves/protective clothing/eye protec-

tion/face protection.
P281 Use personal protective equipment as required.
P282 Wear cold insulating gloves/face shield/eye protection.
P283 Wear fire/flame resistant/retardant clothing.
P284 Wear respiratory protection.
P285 In case of inadequate ventilation wear respiratory pro-

tection.
P231 + P232 Handle under inert gas. Protect from moisture.
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P235 + P410 Keep cool. Protect from sunlight.
P301 IF SWALLOWED:
P302 IF ON SKIN:
P303 IF ON SKIN (or hair):
P304 IF INHALED:
P305 IF IN EYES:
P306 IF ON CLOTHING:
P307 IF exposed:
P308 IF exposed or concerned:
P309 IF exposed or if you feel unwell:
P310 Immediately call a POISON CENTER or doctor/

physician.
P311 Call a POISON CENTER or doctor/physician.
P312 Call a POISON CENTER or doctor/physician if you

feel unwell.
P313 Get medical advice/attention.
P314 Get medical advice/attention if you feel unwell.
P315 Get immediate medical advice/attention.
P320 Specific treatment is urgent (see . . . on this label).
P321 Specific treatment (see . . . on this label).
P322 Specific measures (see . . . on this label).
P330 Rinse mouth.
P331 Do NOT induce vomitting.
P332 If skin irritation occurs:
P333 If skin irritation or rash occurs:
P334 Immerse in cool water/wrap in wet bandages.
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P335 Brush off loose particles from skin.
P336 Thaw frosted parts with lukewarm water. Do not rub

affected area.
P337 If eye irritation persists:
P338 Remove contact lenses, if present and easy to do. Con-

tinue rinsing.
P340 Remove victim to fresh air and keep at rest in a position

comfortable for breathing.
P341 If breathing is difficult, remove victim to fresh air and

keep at rest in a position comfortable for breathing.
P342 If experiencing respiratory symptoms:
P350 Gently wash with plenty of soap and water.
P351 Rinse cautiously with water for several minutes.
P352 Wash with plenty of soap and water.
P353 Rinse skin with water/shower.
P360 Rinse immediately contaminated clothing and skin

with plenty of water before removing clothes.
P361 Remove/Take off immediately all contaminated cloth-

ing.
P362 Take off contaminated clothing and wash before reuse.
P363 Wash contaminated clothing before reuse.
P370 In case of fire:
P371 In case of major fire and large quantities:
P372 Explosion risk in case of fire.
P373 DO NOT fight fire when fire reaches explosives.
P374 Fight fire with normal precautions from a reasonable

distance.
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P375 Fight fire remotely due to the risk of explosion.
P376 Stop leak if safe to do so.
P377 Leaking gas fire: Do not extinguish, unless leak can be

stopped safely.
P378 Use . . . for extinction.
P380 Evacuate area.
P381 Eliminate all ignition sources if safe to do so.
P390 Absorb spillage to prevent material damage.
P391 Collect spillage.
P301 + P310 IF SWALLOWED: Immediately call a POISON CEN-

TER or doctor/physician.
P301 + P312 IF SWALLOWED: Call a POISON CENTER or doc-

tor/physician if you feel unwell.
P301 + P330 +
P331

IF SWALLOWED: rinse mouth. Do NOT induce vom-
itting.

P302 + P334 IF ON SKIN: Immerse in cool water/wrap in wet ban-
dages.

P302 + P350 IF ON SKIN: Gently wash with plenty of soap and wa-
ter.

P302 + P352 IF ON SKIN: Wash with plenty of soap and water.
P303 + P361 +
P353

IF ON SKIN (or hair): Remove/Take off immedi-
ately all contaminated clothing. Rinse skin with water/
shower.

P304 + P340 IF INHALED: Remove victim to fresh air and keep at
rest in a position comfortable for breathing.

P304 + P341 IF INHALED: If breathing is difficult, remove victim
to fresh air and keep at rest in a position comfortable
for breathing.
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Identifier Statement
P305 + P351 +
P338

IF IN EYES: Rinse cautiously with water for several
minutes. Remove contact lenses, if present and easy
to do. Continue rinsing.

P306 + P360 IF ON CLOTHING: Rinse immediately contaminated
clothing and skin with plenty of water before removing
clothes.

P307 + P311 IF exposed: Call a POISON CENTER or doctor/physi-
cian.

P308 + P313 IF exposed or concerned: Get medical advice/atten-
tion.

P309 + P311 IF exposed or if you feel unwell: Call a POISON CEN-
TER or doctor/physician.

P332 + P313 If skin irritation occurs: Get medical advice/attention.
P333 + P313 If skin irritation or rash occurs: Get medical advice/

attention.
P335 + P334 Brush off loose particles from skin. Immerse in cool

water/wrap in wet bandages.
P337 + P313 If eye irritation persists: Get medical advice/attention.
P342 + P311 If experiencing respiratory symptoms: Call a POISON

CENTER or doctor/physician.
P370 + P376 In case of fire: Stop leak if safe to do so.
P370 + P378 In case of fire: Use . . . for extinction.
P370 + P380 In case of fire: Evacuate area.
P370 + P380 +
P375

In case of fire: Evacuate area. Fight fire remotely due
to the risk of explosion.

P371 + P380 +
P375

In case of major fire and large quantities: Evacuate
area. Fight fire remotely due to the risk of explosion.

P401 Store . . .
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P402 Store in a dry place.
P403 Store in a well-ventilated place.
P404 Store in a closed container.
P405 Store locked up.
P406 Store in corrosive resistant/. . . container with a resis-

tant inner liner.
P407 Maintain air gap between stacks/pallets.
P410 Protect from sunlight.
P411 Store at temperatures not exceeding °C/°F.
P412 Store at temperatures not exceeding 50 °C/122 °F.
P413 Store bulk masses greater than kg/lbs at temperatures

not exceeding °C/°F.
P420 Store away from other materials.
P422 Store contents under . . .
P402 + P404 Store in a dry place. Store in a closed container.
P403 + P233 Store in a well-ventilated place. Keep container tightly

closed.
P403 + P235 Store in a well-ventilated place. Keep cool.
P410 + P403 Protect from sunlight. Store in a well-ventilated place.
P410 + P412 Protect from sunlight. Do not expose to temperatures

exceeding 50 °C/122 °F.
P411 + P235 Store at temperatures not exceeding °C/°F. Keep cool.
P501 Dispose of contents/container to . . .
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