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1
Introduction
This chapter gives a general introduction on metal nanoparticles with the focus on gold nanoparticles (Au NPs). First, we introduce nanoparticles in general, followed by a brief history
of metal gold and gold nanoparticles. Next, we introduce optical properties of metals and the
concept of plasmons. Then, a description of the optical and photothermal properties of isotropic
and anisotropic Au NPs follows. We furthermore look at the structural and morphological stability of such NPs, specifically anisotropic NPs. Finally, we give an outline of the different
chapters in this thesis.
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Nanoparticles

Nowadays, we are constantly surrounded by the word ’nano’. We find nanoparticles in food,
cosmetics and electronic devices and everybody has probably once thought about why these
nanoparticles are so special. It is their size. Nanoparticles (NPs) are in a size regime between
the atomic and the macroscopic world. As the name suggests, at least one dimension of a nanoparticle or nanostructure is below 100 nanometers [1], where 1 nm (10−9 m) is a million times
smaller than 1 mm. An atom is of the order of 0.1 nm and thus very small nanoparticles of
e.g. 1 nm in size consist of only few atoms. Many nanoparticles are larger than that containing
tens of thousands to hundreds of thousands atoms. Still, the size confinement leads to intriguing
new properties which cannot be observed for macroscopic systems. In order to understand these
properties a whole new research area of nanoscience developed. The plethora of nanoparticles
is huge and nanoscience deals with many different materials as all of them exhibit different size
confinement effects. Here, we briefly want to introduce two material systems, which exemplarily show the interesting effects when macroscopic systems are confined to the nanoscale.
The first example is semiconductors. Semiconductors show electrical characteristics between
those of a conductor (e.g. metal) and an insulator (e.g. glass). The quantum mechanical description for many materials includes energy bands, which describe the range of energies that
an electron in such a material can have. The highest energy band that is occupied by electrons
is called valence band. When an electron makes it into the conduction band it can move around
freely and thus conduct current. In metals, valence and conduction bands overlap, which causes
their good conductivity. In insulators, the bands are energetically so far apart that electrons
cannot reach the conduction band and consequently these materials do not conduct electricity. Semiconductors are in-between metals and insulators. They have a band gap between
the valence and the conduction band, but it is small enough to be overcome by e.g. excitation
by light. Thus, upon illumination electrons can jump into the conduction band. Every semiconductor has a specific band gap which is material dependent. Once an electron has spent a
certain amount of time in the conduction band, it most likely jumps back to the valence band
by emitting light of a specific colour, i.e. a photon with a specific energy. When confined to
the nanoscale, semiconductors are often known as Quantum Dots (QDs). The quantum confinement leads to a size dependence of the band gap which means that by changing the size of the
QD the colour of the emitting light can be tuned. This ability to tune the optical properties by
simply changing the size of the QD has led to many applications. Nowadays, QDs are found in
optical devices such as solar cells, light-emitting diodes (LEDs) and TVs.
Another interesting example is metals, which behave differently on the nanoscale compared
to the macroscale. For example, bulk gold is chemically inert, which makes it so valuable, but
gold nanoparticles are excellent catalysts for sizes below about 5 nm. Furthermore, bulk gold
has its well-known shining yellow colour, but when confined to the nanosize, gold is not yellow
but rather purple-red. We elaborate a bit more on gold in the next section.

1.1.1 A brief history of gold (nanoparticles)
Gold has fascinated mankind ever since the earliest civilization. The first found gold objects
(screptes, axes, bracelets and more) date back to around 4500 BC and were found in modernday Bulgaria [2]. From that time on, gold finds were often linked to royalties and found in
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Figure 1.1: The Roman Lycurgus cup from the fourth century AD a) illuminated from the outside and
b) from the inside. The images were obtained from the free image service of the British museum

graves of kings or queens. One famous example is the tomb of Tutankhamun in Egypt (13331324 BC), which contained a vast collection of gold and jewellery [2]. In these early times,
gold was also already used for monetary exchanges, mainly in form of gold coins, and it is still
used as such today. Next to monetary value, gold was also used in food, drinks (e.g. as gold
leaves) and medicine [2] because pure gold is non-toxic and was associated with immortality
and longevity due to its ability to withstand chemical corrosion. For that reason it has also often
been used for tooth restoration, although it needed to be alloyed with other materials due to its
softness. Metallic gold in other medical fields turned out to be mainly ineffective due to its inert
character without any therapeutic action. However, this changed with the emergence of many
medical applications using gold nanoparticles.
The appearance of gold in the form of nanoparticles or nanograins is highly connected to
the usage of red-coloured glass [2] which is, for instance, often seen in church windows. One
famous example of red-coloured glass and a milestone in the history of ‘gold ruby glass’ is the
Lycurgus cup from the fourth century AD exhibited at the British museum in London (Figure
1.1). When illuminated from the outside (a), the cup exhibits a green colour due to the diffusion
of light, whereas when illuminated from the inside (b), it shines red due to the absorption of
light from the metal nanoparticles inside the glass. An analysis of the glass showed that it
is made of 500-100 nm sized gold-silver (30:70) alloy nanoparticles [3]. The production of
‘gold ruby glass’ really started at the end of the 17th century when Johann Kunckel managed to
produce ‘gold ruby glass’ on a large scale [2]. Nowadays, metal NPs and specifically gold NPs
can be found in many different shapes and sizes and are used in various applications ranging
from physics via chemistry and biology to medicine. The main interest in these NPs stems from
the same phenomenon that gives gold ruby glass its colour: at the nanoscale, metals exhibit
so-called localized surface plasmons (LSP), which lead to strong absorption and scattering of
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the particles. In the following part, it will be explained where these optical properties come
from and what plasmons are. First, we look at the bulk scale optical properties of metals and
then move on to optical properties of metal NPs.

1.2

Optical properties of metals

For many metals several important properties stem from quasi-free electrons which are responsible for the characteristics of metals, namely their high reflectivity and high conductivity. Upon
excitation by an electromagnetic wave with an electric field ~E(ω,~r), the electron cloud oscillates, which can be described by a dynamic polarization ~P(ω,~r). Due to the incident electric
field and the induced polarisation, the electrons will be displaced relative to their atomic cores,
where the dielectric displacement ~D(ω,~r) is linked to ~E via its dielectric constant ε(ω) [2]:
~D = ε0 ~E(ω,~r) + ~P(ω,~r) = ε0 ε ~E(ω,~r)

(1.1)

The dielectric function ε(ω) captures the response of a metal to an incident electromagnetic
wave and lies at the core of many properties of metals. It is generally complex:
ε(ω) = ε1 (ω) + iε2 (ω)
and can be connected to the complex index ñ = n + ik by ε(ω) =
imaginary parts of ε can be expressed by:

(1.2)
ñ2 .

Thus, the real and

ε1 = n2 − k2

(1.3a)

ε2 = 2nk

(1.3b)

In principle, ε(ω) can be measured and is known for most metals. In a simple way, it can
be approximated by the Drude model [2, 4, 5] which describes the behaviour of a cloud of
electrons which move in a sea of immobile ions.
εDrude (ω) = 1 −

ω p2
2
ω + iΓω

(1.4)

where ω p is the plasmon frequency and Γ the damping constant. However, the Drude model
is not precise enough as it only captures intraband contributions in which electrons can freely
move around. Transitions between different bands, interband transitions, are not accounted for.
For gold, the interband transitions mainly concern the transition of 5d electrons to the 6s band.

1.3

Plasmons

Plasmons are collective excitations of electrons and exist mainly in metals. An imaginable
analogue is a stadium wave which looks like a wave but arises from the single movement of
all the people participating. Plasmons are considered as quasi-particles and can be thought of
as the quantum of plasma oscillation, similar to photons being the quantum of electromagnetic
radiation. There are three different types of plasmons: bulk, surface and localized surface
plasmons.
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1.3.1 Bulk plasmons
Bulk plasmons arise from a freely propagating electron gas behind a background of positively
charged atom cores. In principle, an electric field cannot exist inside a metal because the electrons in the metal will follow the field until they compensate it. However, above a certain
frequency ω p , known as the plasma frequency, the external field oscillates too fast for electrons
to follow and an electromagnetic wave can propagate inside the metal. The plasma frequency
ω p depends on the conduction electron density n and thus varies per metal:
s
ne2
ωp =
(1.5)
mε0
where e is the elementary charge, m the electron mass and ε0 the vacuum permittivity. For
most metals the plasmon energy E p = h̄ω p lies in the ultra-violet regions with typical energies
of 5-15 eV. For gold E p is 8.95 eV. At the plasma frequency, i.e. when the dielectric function
ε(ω) changes sign, a collective longitudinal excitation mode arises which is known as bulk
plasmon. However, a bulk plasmon cannot couple to transversal electro-magnetic fields and can
thus not be excited by light irradiation.

1.3.2 Surface plasmons
Surface plasmons are plasmons that propagate along the interface between a metal and a dielectric. The system is then composed of an electro-magnetic wave in the dielectric medium and
an oscillating electron plasma in the metal. Thus, surface plasmon waves essentially stem from
the coupling of two waves: mechanical oscillations of the electrons and the electromagnetic
oscillations of the electric field. The combination of both is often referred to as surface plasmon
polariton. Both modes exhibit an exponentially decaying character perpendicular to the surface.
The penetration depth of the electro-magnetic wave in the dielectric is of the order of half of the
wavelength and in the metal it is determined by the skin depth which is about 20 nm for gold at
an excitation of 500 nm. In vacuum, surface plasmon polaritons cannot be directly excited by
light as momentum transfer is needed to guarantee momentum and energy conservation at the
same time. Excitation by light can be achieved by e.g. total internal reflection in a so-called
Kretschmann geometry [2].

1.3.3 Localized surface plasmons
When the size of the metal is of the order of the wavelength of light and thus of the penetration
depth of an electro-magnetic field, localized surface plasmons, also called particle plasmons,
occur. These are non-propagating plasmon excitations on metallic nanostructures. Because
for NPs the particle size is of the order of the skin depth, the whole electron cloud of the NP
is probed (Figure 1.2). Surface charges accumulate alternately on both ends of the NP and a
restoring force is consequently created by the positive lattice ions. If the excitation stops, the
oscillation is damped as we will detail later. Thus, the system can be understood as a damped
harmonic oscillator with a resonance eigenfrequency. If the excitation frequency is in resonance
with the eigenfrequency of the system, a strong oscillation occurs known as the localized surface
plasmon resonance (LSPR). It is interesting to note that the occurring localized plasmon is not
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Figure 1.2: Schematic presentation of a particle plasmon induced by an electromagnetic wave with the
direction along k and an electric field E.

solely a surface effect but rather a bulk effect on a confined volume. The LSPR can be directly
excited by light and leads to strong absorption and scattering of the metal NP. It has attracted
much scientific attention because many LSPRs lie in the visible range of the spectrum and
giving e.g. Au NPs its specific red-purple colour. In the following section, it will be explained
where the LSPR comes from and how it changes with the shape of the particle.

1.4

Optical properties of metal NPs

1.4.1 Spherical metal NPs
An exact solution of Maxwells equations for a plane wave incident on a spherical particles
was derived by Gustav Mie in 1908 [6]. Mie was partially motivated to explain the colour
of dispersions of metal NPs, but his solution is also valid for much larger spherical particles in
general. Applied to NPs, Mie theory is often truncated in the dipolar approximation, also known
as the quasistatic or Rayleigh limit, where the full result is restrained to the first term. This
approximation is only valid for particles that are much smaller (<60 nm) than the wavelength of
light. Thus, the applied field ~E induces a dipole moment ~p, which is connected to the applied
field ~E via the polarizability α: ~p = εd α ~E, where εd is the dielectric constant of the surrounding
medium. Thus, α captures the electromagnetic response of the particle to an applied field. For
a spherical particle, obtained from Mie theory, the polarizability can be calculated by:
αsphere = 3V

εm − εd
εm + 2εd

(1.6)

where V is the volume of the particle, εm the (complex) dielectric function of the metal
and εd the (real) dielectric constant of the surrounding medium. From eq. 1.6 it can be seen
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Figure 1.3: Optical properties of spherical NPs and NRs. a) Cross sections for a spherical gold NP with
a radius of 15.874 nm. b) Cross sections for a gold NR with the same volume (length of 60 nm, diameter
of 20 nm, AR = 3). Only the longitudinal resonance is considered. The cross sections are an order of
magnitude higher at resonance compared to the spherical NP of the same volume which is a pure shape
effect (‘lightning rod effect’). c) Electric field amplitude |E|2 distribution of the same particle from a).
d) Electric field amplitude |E|2 distribution of the same NR from b). Higher near-fields can be achieved
compared to the spherical particle. In all cases the surrounding medium was water (εd = 1.77).

that αsphere is maximized when |εm (ω) + 2εd | is minimized. Thus, a resonance occurs at that
wavelength where εm (λ ) = −2εd . Thus, the LSPR wavelength depends on the surrounding
medium. For Au NPs in water (εd = 1.77) this wavelength is at 525 nm as displayed in Figure
1.3a.
With the polarizability α the scattering (Csca ), absorption (Cabs ) and extinction (Cext ) cross
sections of the NP can be calculated [7]:
k4
|α|2
6π
Cabs = kIm(α)

(1.7b)

Cext = Csca +Cabs

(1.7c)

Csca =

(1.7a)
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Figure 1.4: Measured extinction spectrum of a gold nanorod solution exhibiting a transverse and longitudinal plasmon resonance. The average aspect ratio of the Au NRs was 3.1 (length of 61 nm, diameter
of 20 nm). The Au NRs were coated with a mesoporous silica shell and dispersed in ethanol.

√
where k = 2π εd /λ is the wave number. Absorption dominates the optical response for
NPs of sizes well below the wavelength. This is demonstrated for a Au NP with a radius of
almost 16 nm for which the cross sections are plotted in Figure 1.3a.
The occurrence of a plasmon resonance leads to a local field enhancement of the incident
light because the electric field in the close vicinity of the NP is a sum of the incident field and a
second field produced by the particle. Such a near-field image is shown in Figure 1.3c for a Au
NP of radius 16 nm.

1.4.2 Anisotropic metal NPs
Interesting physical effects generally appear when symmetry is broken. The same is true for
plasmonic particles. Anisotropic NPs are, from a plasmonic point of view, much more interesting than spherical particles. Anisotropic NPs can be found in many shapes due to rapidly
evolving synthesis techniques. Examples of such shapes are rods, triangles, cubes and many
more. Since this thesis mainly deals with metal nanorods (NRs), we introduce metal nanorods
rather than other anisotropic shapes. Contrary to a spherical NP, a NR exhibits two plasmon
resonances connected to the shape of the particle as illustrated in Figure 1.4 where we present
a measured extinction spectrum of a solution of metal NRs. The transverse LSPR arises from
a collective electron motion along the short axis of the particle whereas the longitudinal LSPR
stems stems from the motion along the long axis. Whereas the transverse LSPR is almost independent of the size of the NP and lies around the LSPR of spherical NPs, the longitudinal
resonance can be tuned by changing the aspect ratio, which is defined as the length of the
particle divided by its width. The longitudinal LSPR usually lies in the near-infrared region of
the electromagnetic spectrum. This position and the non-toxicity of gold, make Au NRs highly
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interesting for biological and medical applications. Human tissue absorbs least in the nearinfrared region and gets less damaged compared to irradiation by photons with more energy
like X-rays.
On the other hand, theoretical descriptions of the optical properties of anisotropic metal
NPs become significantly more difficult. So far, an analytic description of the polarizability
only exists for ellipsoidal particles, known as Mie-Gans theory [8]:
αx,y,z =

V (εm − εd )
εd + Lx,y,z (εm − εd )

(1.8)

Compared to eq. 1.6 it can be seen that a geometric factor L enters the description. L
is also known as depolarization factor and can be calculated when the aspect ratio AR of the
ellipsoid is known. Assuming that the long axis of the ellipsoid is aligned with the x-direction,
the depolarization factors for prolate ellipsoids are:




1 − e2 1
1+e
Lx =
ln
−
1
(1.9)
e2
2e
1−e
Ly = Lz =

1 − Lx
2

(1.10)
q
where e = 1 − AR1 2 is the eccentricity and only depends on the aspect ratio of the ellipsoid. The depolarization factors Ly and Lz generate the transverse LSPR whereas Lx is solely
responsible for the longitudinal LSPR.

1.4.3 Beyond the quasistatic approximation
While equation 1.8 qualitatively describes the optical properties of varying NR shapes, it cannot
quantitatively reproduce the results for synthesized NRs. There are three main reasons for
that which we briefly discuss. First, synthesized NRs rather exhibit a spherocylindrical shape,
a cylinder capped with a hemisphere at each end, than an ellipsoidal shape. Second, MieGans theory does not account for several damping mechanisms that are present in experimental
systems and subsequently broaden the resonance. In the next part we briefly discuss these
damping mechanisms. Third, the only shape parameter that goes into equation 1.8 is the aspect
ratio of the NR. However, nowadays it is known that resonance peak positions differ for different
volumes with the same aspect ratio [9]. For a constant aspect ratio the resonance red-shifts, i.e.
further into the infrared, for increasing volumes. Such a red-shift to longer wavelengths is
known for spherical particles. The main effect here is the so-called phase retardation. It stems
from the finiteness of the speed of light. It can be seen as a delayed reaction to a change of the
opposite charge on the other side of the particle (in case of a dipolar mode) if the particle size
increases.
As a result, Mie-Gans theory is not accurate enough to quantitatively model the optical
properties of experimental systems. Nowadays, many different methods exist to overcome this
problem. For spherical particles, the full Mie-theory captures retardation effects well. A simplified version, known as the Modified Long Wavelength Approximation (MLWA) [10, 11], adds
only the lowest order correction to the quasistatic theory. The modified polarizability to account
for retardation effects is given by
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αMLWA =

α
3

2

k
k
1 − i 6π
α − 2πl
α

(1.11)

where l is the length of the NR, α the quasistatic polarizability (e.g. eq. 1.8) and k the wave
number. The k2 correction terms accounts for dynamic depolarization and captures the red-shift
of the resonance wavelength due to the finite ratio of the particle size to the wavelength. The
k3 term accounts for radiation damping which is one of the damping mechanisms that will be
explained in the following section.
Alternatively, numerical approaches have been developed which can reproduce measured
spectra accurately. Common examples are the Discrete Dipole Approximation (DDA), the
Boundary Element Method (BEM) and the Finite Difference Time Domain (FDTD) method.
In FDTD simulations, a method that is employed in this thesis, Maxwell’s equations are solved
explicitly for a discretized version of time and space. For every grid point, Maxwell’s equations
are solved and the fields are subsequently updated. In the next time step, the procedure is repeated on the updated fields. A good review of several modelling techniques is given in Ref.
[5].

1.5

Plasmon damping

Once the excitation stops, the collective movement of the electrons dephases, which is known
as damping. The single electrons can get out of phase with respect to each other if e.g. one
electron is scattered by a lattice vibration, a phonon, and the neighbouring one is not. The
electrons dephase on a short time-scale and a coherent plasmon resonance exists only for about
15 fs. In our analogy of a stadium wave this can be understood as e.g. some people might get
tired and stop their movement or move their arms slower than their neighbours.
If a short light-pulse, e.g. of the order of 100 fs, with a centre wavelength on resonance
with the plasmon is sent onto a gold nanoparticle, its energy is absorbed by the electrons in the
system. Once the laser pulse stops, the system loses this energy due to different mechanisms.
First, internal thermalisation among the electrons occurs due to electron-electron collisions,
which takes about 100 fs. Simultaneously, electrons also lose energy by scattering with phonons
of the crystal lattice, which is of the order of a few picoseconds for gold. Finally, by phononphonon scattering and ultimately heating up the surrounding medium the energy is dissipated
into the surroundings.
The scattering of the electrons with other electrons, phonons or defects in the crystal happens within the same band and is thus termed intraband damping. Intraband damping is generally constant with respect to the excitation wavelength and the value can be obtained by e.g.
fitting a Drude model to the dielectric function (eq. 1.4). Since the Drude model only includes
intraband transitions, the contribution due to intraband damping can be obtained from Γ in eq.
1.4. Alternatively to scattering of the electrons with other electrons, phonons or defects, plasmons can decay to single-electron excitations which is called Landau damping. For example,
by Landau damping plasmons can decay into intraband electron-hole pairs. Additionally, if
the plasmon resonance is close to interband transitions, interband electron-hole pairs can be
created as well. Both, intraband and interband damping, are commonly referred to as nonradiative decay processes, as the damping does not involve the emission of photons. Next to
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non-radiative damping, the induced dipole can spontaneously emit photons which is known as
radiation damping. The emission increases with particle size and hence radiation damping is
specifically important for larger particles (sizes above roughly 20 nm).
Additional damping arises for very small particles. Electrons can move freely in metals, i.e.
without scattering, for an average distance which is known as the mean free path. The electron
mean free path is about 20 nm in gold. Thus, for particle sizes below the mean free path the
electron might not have scattered and lost energy when reaching the surface of the particle. It
can then undergo electron-surface scattering which is the dominant damping contribution for
small metal NPs.

1.6

Photothermal properties of metal NPs

Among the many damping mechanisms, electron-phonon scattering has an important role and
remains the dominant mechanism. By the excitation of phonons, i.e. lattice vibrations, the
crystal heats up. Thus, the absorption of light leads to the heating of the nanocrystal, which
is subsequently referred to as a photothermal effect. In the case of NPs, the whole particle is
heated up and thus ’nano-heaters’ can be made. By exciting a NR at its longitudinal plasmon
resonance, a lot of energy can be deposited into the particle and subsequently transformed into
heat. Surprisingly high temperatures can be reached, e.g. above the melting temperature of
gold (1064 °C). Compared to spherical NPs, NRs are more efficient heaters due their higher
absorption strengths [12].
Very high temperatures can only be reached when the particle is excited by fs-laser pulses
[13, 14]. The reason is that on longer time-scales not all of the pulse energy can be efficiently
transformed into heat as lattice cooling competes on time-scales longer than a few hundred
femtoseconds. Lattice cooling means that the metal NP starts to exchange its energy with the
surroundings, mainly by phonon-phonon scattering, which heats up the surroundings but cools
down the particle. The exact time scale of heat dissipation to the surroundings depends on the
properties and geometry of the surrounding medium. Yet, only a small volume around the NP
is heated up, usually just a few nm. Thus, metal nanoparticles are local sources of heat.
This photothermal ability is made use of in many applications which we mention throughout the thesis. Here, we want to mention one of the biggest promises in applications, which lies
in medicine where metal NPs are used for hyperthermic cancer treatment [15]. The idea is the
following: Au NPs attach to tumour cells after modifying the NPs surface in such a way that it
only binds to tumour cells. Then the Au NP is excited by laser irradiation, locally heats up and
destroys the tumour cell. If NRs are used, the absorption is in the infrared where human tissue
absorbs the least. Thus, the healthy tissue gets less photo-damaged, one of the major problems
with commonly used more energetic irradiation, including X-rays. Hyperthermic cancer treatment using gold nanoshells, which also absorb in the infrared have already undergone clinical
trials [16] and thus cancer treatment using metal NPs can become reality.

1.7

Shape-stability of anisotropic nanoparticles

One problem with anisotropic NPs, especially with respect to photothermal applications, is their
shape instability. In thermodynamic equilibrium, every crystal has an unique shape. For bulk
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crystals this shape is determined by the so-called Wulff construction. Gold exhibits a facecentred cubic (fcc) crystal structure and according to the Wulff theorem the equilibrium shape
is a truncated octahedron exposing the (100) and (111) faces. For most Au NPs, unless they
consist of less than 200 atoms, the truncated octahedron is the expected equilibrium shape.
Thus, from a thermodynamics point of view, nanoparticles with an out-of-equilibrium shape
reach their equilibrium shape within minutes by surface diffusion [17] and thus all anisotropic
Au NP shapes are thermodynamically unstable.
However, synthesized NPs contain ligands on their surface which force the particle to grow
in a specific direction and also kinetically stabilize the shape, at least at room temperature.
However, at elevated temperatures this kinetic barrier can be overcome, e.g. when ligands are
removed from the surface, and the particles will transform towards their thermodynamically
stable shapes. It is important to understand when and how this shape transformation happens.
Often it is undesired, e.g. when Au NRs deform towards more spherical shapes they lose their
interesting plasmonic and photothermal properties. More stable and rigid coatings like silica
(SiO2 ), the main ingredient in glass, can help to improve stability with respect to organic ligands.

1.8

Take-away message and thesis outline

The take away message of this introduction is that nanoparticles are fascinating systems to
study. They exhibit properties that cannot be found for their bulk counterparts. For instance,
confining metals to the nanoscale gives rise to localized surface plasmons, a collective motion
of the conduction band electrons. The phenomenon of localized surface plasmons results in
strong absorption and scattering resonances of metal nanoparticles compared to bulk metals
and in strong electric fields in the vicinity of the particle. Anisotropic shapes like nanorods are
especially interesting from a plasmonic point of view due to increased absorption and scattering
cross sections and intense field enhancements. The strong absorption at the plasmon resonance
leads to an increase in particle temperature due to plasmon damping with electron-phonon scattering. Hundreds of degrees Celcius can be reached locally on a short time scale when e.g.
fs-laser pulses are used for the excitation. Thus, metal NPs can act as nano heat sources. When
non-toxic materials like gold are used, these properties can be even exploited in biology and
medicine. For example, gold NPs are already used in hyperthermic cancer treatment where
tumour cells are locally destroyed by this heat. A downside of the heating of the particle is
that anisotropic shapes are not stable and deform towards the thermodynamically stable more
sphere-like shape.
We will address several of the above mentioned points in the different chapters in the thesis.
In chapter 2 we start by exploring how the different theoretical approaches can be used to
model the optical properties of bimetallic NRs, e.g. NRs with a gold core and a silver shell.
In chapter 3 we look into plasmon damping, especially radiation damping which will be explored from a computational point of view. In chapter 4 we study the shape instability of
silica-coated Au NRs induced by fs-laser pulses on a single particle level. We continue to explore the shape instability of silica-coated and ‘bare’ ligand-coated Au NRs by heating them
with different means in chapter 5 and specifically look at the dependence on aspect ratio and
volume. In chapter 6 we make bimetallic alloyed NRs via heating and study the properties of
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mesoporous-silica-coated gold-silver, gold-palladium and gold-platinum alloyed NRs. We extend our methodology to non-metallic NRs, specifically semiconductor silica-coated CdSe/CdS
NRs in chapter 7, where we study their transformations upon fs-laser pulse excitation. Finally, we look at the impact of fs-laser pulses on small spherical Au NPs on a glass substrate in
chapter 8.

2
Plasmonic properties of (bi)metallic
nanorods: A quantitative modelling
approach
In this chapter we model the plasmonic properties of bimetallic core-shell and alloyed nanorods
(NRs). In the case of the core-shell NRs the core is always Au and the shell material either has
better (Ag) or significantly poorer (Pd,Pt) plasmonic properties. For core-shell Au-Ag NRs the
plasmonic properties can be tuned between those of Au and Ag NRs by increasing the Ag-shell
thickness while keeping the rod volume constant. Interestingly, the situation is different for
alloyed AuAg NRs where intermediate compositions exhibit worse plasmonic properties than a
pure Au or Ag NR of the same volume. In core-shell Au-(mesoporous-silica-Pd or Pt) NRs the
plasmonic properties are significantly damped when the volume fraction of Pd/Pt in the composite silica-Pd/Pt metallo-dielectric shell is above 10%. By comparing the results to experimental
spectra we conclude that the shape of the bimetallic NRs can be better modelled by spherocylinders than cylinders and that experimental results can be well reproduced by FDTD calculations.
Furthermore, we study how well faster and cheaper alternative techniques to FDTD, such as
analytical Mie-Gans calculations or the Modified Long Wavelength Approximation (MLWA),
can model the plasmonic properties. While the Modified Long Wavelength Approximation
(MLWA) cannot satisfactorily reproduce the plasmon peak position but performs well for the
intensities of the plasmon peaks, retardation-corrected Mie-Gans theory succeeds in predicting
the correct resonance wavelength but a correction factor needs to be added to accurately obtain
the peak intensities.
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Localized surface plasmon resonances (LSPRs) are oscillations of the conduction electrons
of metallic nanostructures when these interact with an electromagnetic field. They can cause
strong local electromagnetic field enhancements close to the nanoparticle’s surface, especially
at sharp corners and edges. Noble metallic nanoparticles like Au and Ag have been extensively
studied due to their strong LSPR, and the many LSPR-related applications [18–20]. Advances
in wet chemical methods allow the preparation of gold nanoparticles with various shapes and
sizes [21, 22], enabling fundamental studies focused on the effect of these parameters on the
plasmonic properties. Among these different shapes, gold nanorods (AuNRs) exhibit strongly
enhanced plasmonic properties with large local field enhancements due to their antenna-like
shape, especially compared to spherical particles [23–26]. Apart from a transverse LSPR (perpendicular to the length of the rods) AuNRs exhibit a shape/symmetry-induced longitudinal
LSPR in the direction of the length of the rods at lower energies. The longitudinal LSPR can
be tuned by changing the aspect ratio of the rods and extended into the near-infrared region of
the electromagnetic spectrum making Au NRs interesting for many biological applications, as
biological cells and tissues show significantly less absorption in this region of the spectrum.
However, single-component Au-nanostructures are not always the ideal choice for practical applications [27]. Compared to single-component Au nanoparticles, bimetallic Au-metal
nanostructures offer additional control over size, shape, composition and morphology, leading to unique optical properties and functionality [28–31]. In particular, Au-Ag [32–37], AuPd [38–42], and Au-Pt [43–49] nanostructures have attracted much attention because of their
broad range of applications in fields ranging from plasmon driven photocatalysis (enhancing the
rates of chemical transformation using light) [43, 46], electrocatalysis [44, 45, 47, 49], sensing
[35, 38, 40], surface enhanced Raman scattering (SERS) [33, 42], light harvesting [39, 42], to
biotechnology [48].
In the case of coating a Au NR with a Ag shell, the plasmonic properties are generally
improved due to the superior properties of Ag over Au which stem from a smaller imaginary
part of its dielectric function in the visible part of the spectrum and consequently less damping.
For example, by using assemblies of Au@Ag (core-shell) bimetallic nanorods, Uhlmann et al.
demonstrated a remarkable SERS enhancement of the Au@Ag core-shell particles as compared
to those of pure Au, whereby the intensity of the SERS signal depended on the thickness of the
Ag shell surrounding the Au NR [33].
As Pd and Pt have desirable catalytic properties for several reactions, combing Au with Pd
(or Pt) can lead to better catalytic activities; under certain conditions it has been demonstrated
that the catalytic reaction can be even simultaneously followed using SERS [42]. For example,
Majima et al. demonstrated that Pt-tipped Au NRs showed an improved catalytic activity and
selectivity in hydrogen production from the reduction of water when irradiating the nanorods
with photons from the visible to near-infrared region of the spectrum [46]. Interestingly, Pttipped NRs exhibited much higher activity than fully covered rods, showing that precise control
over the morphology and composition of bimetallic particles are crucial for e.g. optimizing
catalytic applications.
Thus, bimetallic NRs are intriguing systems to study. Despite the advantage over monometallic systems, only a few reports exist on the study of plasmonic properties of anisotropic
shapes from a modelling point of view. In most reports modelling was used to support the exper-
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imental results [50–54]. However, modelling can also help to get a greater fundamental insight
into the plasmonic properties as larger parameter spaces can be assessed and parameters can be
more easily controlled with respect to experiments. For example, the deposition of a shell layer
around a Au NR in experimental systems leads to volume and aspect ratio changes. This makes
it difficult to decouple the influence of the additional shell layer from the additional change in
volume and aspect ratio. A good example where modelling can help to understand the underlying fundamental properties is demonstrated in the work of Yan et al. [38]. The authors showed
that an effective medium approach (EMA) can help to understand the resonance peak shifts for
Au core - composite Pd/dielectric shell NRs [38]. They unravelled that a percolation threshold,
above which the composite shell behaves metal-like and below which dielectric-like, lies at the
core of the initial red-shift and subsequent blue-shift for increasing Pd volume fraction.

Plasmonic properties can be modelled in various ways where each approach has its own
advantages and disadvantages [5]. In principle, numerically extensive methods like finitedifference time-domain (FDTD), discrete dipole approximation (DDA) and boundary element
(BEM) methods can simulate plasmonic properties accurately [26]. However, these methods
might not be accessible to everybody and cost significantly more time due to demanding computations. Analytical quasistatic theories like Mie-Gans theory can help to understand the underlying physics but do not include retardation effects or radiation damping which are naturally
included in e.g. FDTD simulations. Prescott and Mulvaney showed that retardation effects can
be incorporated by using adjusted depolarization factors derived from DDA [9]. Furthermore,
it is possible to include radiation damping by modifying the dielectric function of the metal
[4]. Alternatively, the Modified Long Wavelength Approximation (MLWA) can be employed,
in which electrodynamic corrections are used to directly include dynamic depolarization and
radiation damping in the quasistatic Mie-Gans theory [11, 55]. Additional damping terms like
electron-surface scattering due to particle size confinement below the electron mean free path
are neither included in FDTD nor Mie-Gans based calculations. Similarly to incorporating radiation damping into Mie-Gans theory, however, electron-surface scattering can be added in both
methods by modifying the dielectric function of the metal [4]. To specify, surface roughness or
several layers with different properties are included in FDTD if the specific layers or surfaces
are built into the structure.

Despite the variety of modelling strategies and the increasing experimental interest in bimetallic NRs, no extensive and systematic study exists, as far as we are aware of, to model
such nanosystems and to compare the applicability of the different approaches to various bimetallic systems. In this chapter we study bimetallic model systems like Au@Pd/Pt NRs and
Au@Ag NRs with the various approaches described above and compare them to experimental
results. The idea is to assess how well bimetallic model systems can be quantitatively described
by relatively simple analytic theories like Mie-Gans and MLWA. We will furthermore present
extensive FDTD calculations of Au@Ag core-shell NRs to study the impact of the shell layer
while keeping the volume and aspect ratio of the overall NR constant. Finally, we compare
core-shell Au@Ag NRs to alloyed AuAg NRs and find that the plasmonic responses are quite
different from each other.
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Methods

2.2.1 FDTD simulations
The FDTD simulations were carried out with the commercial software package Lumerical
FDTD Solutions 8.11. A total field scattered field source was used to simulate a propagating plane wave interacting with the nanostructures, with a typical wavelength range of 500 nm
to 1200 nm. Only the longitudinal surface plasmon resonance was calculated by setting the polarization parallel to the long axis of the Au NRs. A three-dimensional non-uniform mesh was
used with a finer mesh grid size for the nanorods and the immediate vicinity of the structures.
For the smallest particles a mesh grid size of 0.25 nm was used but for most calculations a mesh
grid size of 0.5 nm was enough. This was judged from the obtained spectra. If the spectra were
not smooth the grid size was reduced. The shapes of the NRs (both cores and shells) were either
modelled as cylinders or spherocylinders. On a side note, some nanorods, e.g. Au NRs after fslaser excitation (see chapter 4) can be best modelled as a combination of both but no analytical
model exists for such shapes. For section 2.3.2.3 and for the Figures 2.7 and 2.8 sizes were used
from the corresponding experimental particles as determined from TEM images. These sizes
are summarized in Tables 2.2 and 2.3. More details on the FDTD simulations can be found in
section 3.2.1. The dielectric functions of the pure metals were obtained by fitting the data of
Olmon et al. (Au) [56], Yang et al. (Ag) [57], and Rakić et al. (Pd, Pt) [58]. For the composite metallo-dielectric shells with varying packing fraction of Pd or Pt we used the by EMA
calculated dielectric function εe as described in section 2.2.3. A AuAg alloy dielectric function
was calculated from Rioux et al. [59] which is detailed in section 2.2.3.1. In order to compare
the FDTD results to the experimental results for the mesoporous silica coated Au-Pd, Au-Pt and
Au-Ag core-shell NRs, which were stored in water, we used a surrounding dielectric constant as
a mix of silica and water. For our solvent penetrated silica shells we assumed a porosity of 63%
(f) for the mesoporous layer of silica [60] to which we assigned a dielectric constant of 2.10
(εSiO2 ) and assumed that the pores were filled with the solvent water thus having a refractive
index of 1.77 (εH2 O ) and used a volume weighed average of the pores and silica:
ef f

εd

=

q
2
εH2 2 O · f + εSiO
· (1 − f )
2

(2.1)

The obtained effective dielectric constant is 1.89, which we assumed to be valid for all
wavelengths. For the experimentally obtained mesoporous silica-coated alloyed NRs we had
to use a different surrounding dielectric constant as they were deposited on a microscope slide
and not in solution. Thus, the effective surrounding refractive index is lower than for the NRs
ef f
in solution but needs to be slightly higher than a pure mix of silica and air (εd = 1.44) to
ef f
account for the glass substrate. Thus, for the alloy calculations εd was assumed to be 1.65
which could reproduce the measured extinction spectrum of the Au@SiO2 NRs dropcasted on
a microscope slide which were used as a basis of making the alloyed NRs (more details can
be found in chapter 6). The same dielectric functions and εe f f were used for the analytical
Mie-Gans calculations described in the following section.
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2.2.2 Mie-Gans calculations
2.2.2.1

Quasistatic theory

The polarizability αx,y,z for a monometallic metal spheroid can be calculated analytically by
Mie-Gans theory [8]:
αx,y,z =

V (εm − εd )
εd + Lx,y,z (εm − εd )

(2.2)

where V is the volume of the particle, εm the dielectric function of the metal, εd the dielectric
constant of the surrounding medium. This analytical solution is valid for a spheroidal shape
where the corresponding shape factors Lx,y,z can be calculated by:




1 − e2 1
1+e
Lx =
ln
−
1
(2.3)
e2
2e
1−e
Ly = Lz =

1 − Lx
2

(2.4)

r

1
(2.5)
AR2
where e is the eccentricity and only depends on the aspect ratio AR of the NR. Only the
polarizability along the long axis of the nanorod was considered in the calculations. The factor
Lx describes the behaviour along the long axis of the rod and thus is solely responsible for
the longitudinal LSPR. This geometrical shape factor, however, is not accurate enough to reproduce the longitudinal LSPR positions of experimental nanorods with a rather (sphero)cylindrical
than spheroidal shape [26]. Additionally, due to its quasi-static character, it does not include
retardation effects. Prescott and Mulvaney [9] calculated the corresponding shape factors for
cylinders with varying end-cap geometries to account for the plasmon resonance red-shift for
increasing volumes. We used their work to determine Lx factors by fitting their data with a twodimensional polynomial which allowed us to extract the Lx factor for a given radius and AR. In
order to compare the results to the FDTD calculations we only used their data for cylindrical
and spherocylindrical shapes and did not include other end-cap geometries. For the Au NRs in
section 2.3.1 this resulted in the Lx factors presented in Table 2.1.
e=

1−

Table 2.1: Sizes of Au NRs as used in FDTD calculations. The corresponding Lx factors were obtained
for a spherocylindrical shape (Lxsp ) and cylindrical shape (Lxcy ) [9].

system
NR 1 (55.1 nm × 15.7 nm)
NR 2 (39.0 nm × 9.5 nm)
NR 3 (115.7 nm × 34.2 nm)
NR 4 (69.0 nm × 15.4 nm)
NR 5 (70.8 nm × 13.8 nm)
NR 6 (42.1 nm × 7.4 nm)
NR 7 (82.0 nm × 13.5 nm)

Lxsp
0.0761
0.0653
0.0672
0.0566
0.0477
0.0430
0.0378

Lxcy
0.0666
0.0572
0.0508
0.0510
0.0437
0.0377
0.0354
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Table 2.2: Sizes of Au-Pd and Au-Pt NRs as determined from TEM images. These sizes were used for
the FDTD calculations and the corresponding Lx factors (assuming a spherocylindrical shape, [9]) were
used for the Mie-Gans calculations presented in section 2.3.2.3.

system
Au core (58.5 nm × 17.7 nm)
Pd shell smooth (60.5 nm × 19.7 nm)
Pd shell rough (78.6 nm × 19.4 nm)
Pt shell smooth (60.5 nm × 19.7 nm)
Pt shell rough (70.2 nm × 20.2 nm)

Lx
0.0843
0.0886
0.0613
0.0886
0.0752

Table 2.3: Sizes of Au-Ag NRs as determined from TEM images. These sizes were used for the FDTD
calculations and the corresponding Lx factors (assuming a spherocylindrical shape, [9]) were used for the
Mie-Gans calculations (Figures 2.7 and 2.8).

system
Au core (60.8 nm × 19.5 nm)
NR 1 (61.4 nm × 20.0 nm)
NR 2 (66.2 nm × 21.6 nm)
NR 3 (68.3 nm × 22.5 nm)
NR 4 (72.4 nm × 25.6 nm)
NR 5 (74.3 nm × 27.2 nm)
NR 6 (74.9 nm × 27.7 nm)
NR 7 (74.9 nm × 30.0 nm)
NR 8 (74.7 nm × 31.6 nm)

Lx
0.0858
0.0873
0.0867
0.0868
0.0934
0.0970
0.0981
0.1076
0.1156

In the case of core-shell spheroids the polarizability αxcs along the long axis of the nanorod
is given by [23]
αxcs =

Vcs {(εms − εd ) [εms + (εmc − εms )(Lxc − f Lxs )] + f εms (εmc − εms )}
[εms + (εmc − εms )(Lxc − f Lxs )] [εd + (εms − εd )Lxs ] + f Lxs εms (εmc − εms )

(2.6)

where Vcs is the volume of the entire core-shell nanorod, εmc and εms are the dielectric functions of the core material (gold in all cases in this chapter) and shell material, respectively, and
f is the volume fraction of the core volume with respect to the entire core-shell volume. Lxc and
Lxs are the geometrical shape factors along the long axis of the nanorod of the core and shell,
respectively. Similarly to the monometallic case we extrapolated the shape factors from [9] by
fitting their data to a two-dimensional polynomial. We present the sizes of the Au@Pd@SiO2
and Au@Pt@SiO2 NRs from section 2.3.2.3 and the corresponding shape factors in Table 2.2.
The resulting Lx factors of the Au@Ag@SiO2 NRs are summarized in Table 2.3.
The absorption, scattering and extinction cross sections can then be obtained by
Cxabs = kIm (αx )

(2.7)

k4
|αx |2
6π

(2.8)

Cxsca =

Cxext = Cxabs +Cxsca

(2.9)
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√
where k = 2π εd /λ is the wave vector in the surrounding medium.
Radiation damping Γr (and in principle other damping terms) can be added by adjusting the
imaginary part of the dielectric function ε2 in the following way [4]:
ε2 = ε2bulk +

ω p2
× Γr
ω3

(2.10)

where ε2bulk is the contribution from the bulk dielectric constant, ω p the plasma frequency
V
and Γr = 2h̄κmetal εεm(ω)
as derived in chapter 3. For the dielectric functions of Ag and Au,
2
ω p was determined to be 8.9 eV and 8.45 eV, respectively [56, 57]. We furthermore used
κAu,Olmon = 2.59 · 10−7 fs−1 nm−3 and κAg = 2.10 · 10−7 fs−1 nm−3 as obtained in Chapter 3.
It needs to be mentioned that electron-surface scattering due to the size confinement of the
electron mean free path was neither included in the FDTD nor in the Mie-Gans calculations,
except for the AuAg alloys (see section 2.2.3.1), because the same modified dielectric function
(similar to equation 2.10) would be inserted in both cases. Thus, it would not modify the
comparison of the two methods or the results obtained in this Chapter.
2.2.2.2

Modified Long Wavelength Approximation

As an alternative to using the extracted shape factors from ref. [9] and including Γr in the metal
dielectric function, a correction term can be added to equation 2.2 which yields the polarizability
αMLWA in the so-called Modified Long Wavelength Approximation [11, 55]:
αxMLWA =

αx
1 3
k2
1 − i 6π k αx − 4πa
αx

(2.11)

where a is half of the length of the NR. Herein, the purely imaginary correction term describes radiation damping whereas the second term accounts for dynamic depolarization and
causes the red-shift of LSPR resonances for increasing sizes. Since retardation effects are included in αMLWA we do not use the Lx factors determined by Prescott and Mulvaney but calculate
them from equation 2.3.

2.2.3 EMA calculations
In order to calculate an effective dielectric function of the composite metallo-dielectric shells
consisting of Pd or Pt with varying volume fractions and the mesoporous silica-solvent shells
we used Bruggeman’s effective medium theory for spherical inclusions following the work of
Chen et al. [38]
p

εm − εe
εd − εe
+ (1 − p)
=0
εm + (ξ − 1)εe
εd + (ξ − 1)εe

(2.12)

where εm , εd and εe are the dielectric functions of the shell metal (Pd, Pt), dielectric environment (silica-water) and the composite system. p is the volume fraction of the Pd/Pt in the
composite shell. ξ is the dimensionality of the system and is equal to 3. The dielectric function
for Pd and Pt was taken from Rakić et al. [58] and εd is 1.89 for the mix of water and silica
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assuming the same porosity as discussed earlier (section 2.2.1). The obtained dielectric functions for varying volume fractions for Pd and Pt inclusions are plotted in Figure 2.1. εe was then
inserted into the FDTD software or used for Mie-Gans calculations.
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Figure 2.1: Real and imaginary part of εe as a function of a) Pd and b) Pt packing fraction p for a
dielectric medium εd = 1.89.

2.2.3.1

Calculation of the dielectric function of AgAu alloys

The dielectric function of the AuAg alloy was taken from Rioux et al. [59] who developed
an analytical model to obtain the dielectric function of AuAg alloys for all compositions. The
dielectric functions were corrected for electron surface scattering which mainly influences the
overall damping Γ p by an additional term [59, 61]:
Γ p (Le f f ) = Γ pBulk + A

hυF
Le f f

(2.13)

where Γ pBulk is the damping obtained for the bulk metal and A Lhυe fFf is a correction term to
account for the modification of the mean free path due to the size confinement [59]. Hereby,
υF is the Fermi speed of the free electrons (1.4 × 106 ms−1 for Au, Ag and their alloys) and
Le f f the effective electron mean free path which can be calculated by Le f f = 4V /S where S is
the surface area of the particle and V its volume [61]. For the alloyed NRs in section 2.3.2.2
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which were 65 nm × 26 nm (based on the experimental system from chapter 6) this results
in Le f f =22.5 nm (assuming a spherocylindrical shape) and in Le f f =25.6 nm for a sphere of
equal volume. The surface scattering parameter A is often assumed to be 1 although different
values were obtained in literature ranging from 0.3 to 1.4 [62–65]. To compare spherical and
rod-shaped particles we chose A to be 1 for both cases. It does not influence the comparison
of different alloy compositions since a different A factor changes all calculations in the same
way. In order to compare the influence of the shape we used the same Le f f = 22.5 nm value
for the cylindrical and spherocylindrical shapes although Le f f is slightly lower for cylinders
(Le f f = 21.7 nm). Although we do not include electron-surface scattering for the bimetallic
core-shell and monometallic NPs it is important to incorporate it in the calculations on the AuAg
alloys because we compare the results to spherical particles of the same volume. However, this
comparison can only be properly done if electron-surface scattering is included due to a change
in Le f f .
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Figure 2.2: Calculated dielectric functions of AuAg alloys for different compositions. a) Dielectric
function for Le f f =22.5 nm (corresponding to the experimental AuAg alloy NRs obtained by heating
Au@Ag@SiO2 NRs in N2 , see chapter 6 for details). b) Dielectric function for Le f f =25.6 nm (corresponding to spheres of the same volume as in a).
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2.2.3.2

Synthesis of bimetallic nanoparticles

The preparation of bimetallic NRs and alloyed NRs is described in detail in chapter [66]. Briefly,
a typical synthesis of bimetallic core-shell nanorods is a four step process. First Au nanorods
with a typical size around L = 70 nm and D = 20 nm are grown via a colloidal synthesis whereby
a surfactant, cetyl trimethylamonium bromide (CTAB), is used to induce the rod shape and stabilize the rods in aqueous solution [67]. Thereafter the rods are coated with a mesoporous silica
layer to increase the thermal and colloidal stability of the rods [68]. Subsequently, part of the
Au is removed by partially etching the Au rod with H2 O2 and HCl to create some space in the
silica shell for the deposition of a second metal shell on the Au core. Finally, an Ag, Pt or Pd-salt
can be reduced on the Au core within the silica shell, yielding bimetallic core-shell nanorods
[66]. For the Ag, Pd and Pt shells synthesized in this chapter AgNO3 , Na2 PdCl4 and K2 PtCl4
precursors were used. By varying the precursor concentration the shell thickness and morphology can be tuned [66]. A typical example of obtained Au@Ag@SiO2 and Au@Pd@SiO2 NRs
is shown in Figure 2.3. The Au@Pt@SiO2 particles were very similar to the Au@Pd@SiO2
nanorods.

AuAg
SiO2

0.5 mM AgNO3

20 nm

1.5 mM AgNO3

2.5 mM AgNO3

20 nm

20 nm

increasing precursor concentration
SiO2
AuPd

2 mM Na2PdCl4

20 nm

10 mM Na2PdCl4

20 nm

Figure 2.3: EDX images of typical bimetallic Au@Ag@SiO2 (upper row) and Au@Pd@SiO2 (lower
row) for increasing precursor concentrations.

2.3

Results & Discussion

2.3.1 Modelling of monometallic NRs
In order to compare the different modelling approaches it is helpful to study monometallic NRs
first before looking at bimetallic particles. For that we chose different ARs and sizes of Au NRs
(summarized in Table 2.1). It has been shown that FDTD calculated spectra are in excellent
agreement with experimental results obtained on gold NRs [69]. We can thus use the results
from FDTD calculations to understand how certain parameters influence plasmonic properties
and to judge how well analytic modelling approaches can describe them. We start by comparing
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Figure 2.4: Comparison of extinction spectra calculated by FDTD and Mie-Gans theory for Au NRs of
various sizes and aspect ratios for a spherocylindrical and cylindrical shape. The depolarization factors
Lx for Mie-Gans theory were extracted from [9].

extinction spectra obtained by FDTD simulations for the particle sizes from Table 2.1 to MieGans calculations based on the shape factors from ref. [9]. The authors in ref. [9] derived
shape factors Lx for cylindrical and spherocylindrical particle shapes, and also accounted for
retardation effects. These shape factors can be inserted in eq. 2.2 instead of the shape factors for
ellipsoidal shapes as derived by Gans (eq. 2.3). Figure 2.4 compares the obtained normalized
extinction spectra for cylindrical and spherocylindrical shapes and Figure 2.6 (black and red
dots) summarizes the corresponding resonance wavelengths of the longitudinal LSPR and the
extinction peak intensities. As seen from Figures 2.4 and 2.6a) and b) the longitudinal LSPR
peak positions obtained by FDTD calculations can be generally well reproduced by Mie-Gans
theory, especially for smaller ARs, as expected. It can furthermore be seen that the red-shift
due to retardation effects can be captured by Mie-Gans theory as well when using the shape
factors from [9]. For example, the smallest AR rod (AR=3.4) has a much larger volume (V =
9.6 · 104 nm3 ) than the NR with AR = 3.5 (V = 9.7 · 103 nm3 ) and therefore its longitudinal
LSPR resonance is red-shifted with respect to particles of smaller volume but almost similar
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Figure 2.5: Extinction spectra for the same Au NRs as in Figure 2.4 calculated by a) MLWA and b)
radiation damping corrected Mie-Gans theory for a spherocylindrical shape. The inset in b) displays the
intensity correction factor between b) and the FDTD spectra for spherocylinders in Figure 2.4.

AR which is reproduced with both approaches. It should be mentioned that for the remainder of
the chapter we always use the shape factors from Prescott and Mulvaney [9] when referring to
Mie-Gans theory instead of calculating them from equation 2.3, except for when the MLWA is
used.
The deviations in resonance wavelengths between the two methods seem to be slightly
higher for a cylindrical shape compared to a spherocylindrical shape. The reason might be
that the two-dimensional fits for obtaining the cylindrical shape factors are not as good as for a
spherocylindrical shape due to an error in the table displaying the shape factors in the paper of
Prescott and Mulvaney [9]. For this reason the shape factor fits were obtained from a smaller
parameter space and thus interpolation to other sizes might be less accurate.
From the plots in c) and d) in Figure 2.6 it can be seen that the agreement between the
two methods is less good for the extinction peak intensities than for the resonance wavelengths.
There are two main reasons for this observation. Firstly, while the shape factors can reproduce
the longitudinal LSPR wavelengths quite well, they cannot capture the influence of the shape
on the extinction intensity. It is known that sharper tips can enhance the plasmonic properties
(’lightning rod’ effect) [70]. Thus, shape deviations do not only lead to a shift in resonance
wavelength but also to differences in extinction efficiencies. Secondly, radiation damping is
naturally included in FDTD simulations but not in Mie-Gans calculations. For this reason, the
discrepancy in extinction intensities increases dramatically with higher volumes. While the
difference is a factor of about 1.4 for the two particles with the smallest volumes (AR = 4.1/V =
2.5 · 103 nm3 and AR = 5.7/V = 1.7 · 103 nm3 ), it increases to about a factor of 2 for particles
with volumes around 104 nm3 (AR = 3.5, 4.5, 5.1 and 6.1) (see insets in Figure 2.6c), d)). For
the particle with a volume around 105 nm3 the difference is an order of magnitude. From Figure
2.4 it can also be seen that radiation damping is not included in Mie-Gans theory as the particle
with the largest volume (bright red colour) does not show any broadening in the resonance width
whereas for the FDTD calculated result the resonance is broadened.
Despite the sharper tip in spherocylindrical particles the extinction intensity is always slightly
higher for cylindrical particles than for spherocylindrical particles which mainly stems from the
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Figure 2.6: Comparison of the results obtained for the same Au NRs from Figures 2.4 and 2.5 for
different modelling methods: FDTD (red dots), Lx -corrected Mie-Gans (black dots), MLWA (blue dots)
and radiation damping corrected Mie-Gans (green dots). a) and c) display the resonance wavelengths
and extinction peak intensities, respectively, as a function of AR for a spherocylindrical shape and b) and
d) for a cylindrical shape.

difference in volume. The cylindrical particles have a larger volume for the same length and
diameter compared to spherocylindrical particles (see also the labels in Figure 2.4).
In order to distinguish between the two main contributions to the discrepancy between
FDTD and Mie-Gans theory, namely radiation damping and shape deviations, we included radiation damping in our Mie-Gans theory by adding an additional damping term Γr to the imaginary part of the dielectric function as described in equation 2.10. The resulting extinction spectra
are plotted in Figure 2.5b) for a spherocylindrical shape. As expected, the additional radiation
damping leads to a broadened resonance width for larger volumes. The resonance wavelengths
and extinction peak intensities are included in Figure 2.6 as green points. Since the same shape
factors were used as for Mie-Gans theory without radiation damping the LSPR resonances are
the same. A reduction in extinction intensity is obtained, especially for the largest volume,
compared to Mie-Gans theory without including radiation damping (black points). However,
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for the aspect ratios and volumes studied there is still a difference compared to the FDTD results. Thus, radiation damping alone cannot explain the deviation and shape differences need to
be taken into account as well. The corresponding correction factor is plotted as an inset in Figure 2.5b) and scales with the volume of the NR. A volume dependence of this correction factor
is surprising if the shape deviation between spheroids and spherocylinders is the sole reason for
the remaining intensity differences as this would rather result in a dependence of the correction
factor on aspect ratio. The following could be the reason. Although dynamic depolarization
is somewhat captured by the shape-corrected Mie-Gans approach as it reproduces the plasmon
red-shift due to retardation effects, it cannot reproduce the resulting magnitude changes, which
is especially seen for larger volumes.
Finally, we also compare the results from the Modified Long Wavelength Approximation
which includes dynamic depolarization and radiation damping as a correction term to the polarizability (equation 2.11). The corresponding extinction spectra are plotted in Figure 2.5a). The
obtained resonance wavelengths and peak intensities are also included in Figure 2.6a) and c)
(blue points), respectively. Especially for the highest volume (AR = 3.4) it gives a better result
for the peak intensity, i.e. closer to the FDTD results, than the other two methods. As speculated above, the reason most likely is that dynamic depolarization is included in WLMA but
not directly in the radiation-damping corrected Mie-Gans theory which shows that for a quantitative description dynamic depolarization should be included, especially for larger volumes.
However, the obtained LSPR resonance wavelengths are significantly blue-shifted with respect
to the results from FDTD and Mie-Gans theory. This shift could stem from the fact that the
MLWA is not shape-corrected and is valid for ellipsoidal shapes.
To summarize this section: including retardation-corrected Lx factors in Mie-Gans theory can satisfactorily reproduce the LSPR resonance wavelengths obtained from FDTD simulations. Unsurprisingly, the extinction coefficients are overestimated, especially for larger
volumes where the difference can be an order of magnitude (for volumes of 105 nm3 ). This
can be improved by including radiation damping effects but a residual correction factor is still
needed. In order to reproduce the intensities obtained from FDTD calculations, dynamic depolarization should be included directly as it is done for the MLWA, especially for largest volumes.
Unfortunately, the MLWA underestimates the resonance wavelength due to the shape deviation
between a spheroidal shape and a spherocylindrical shape (FDTD).

2.3.2 Modelling of bimetallic NRs
2.3.2.1

Ag@Au core-shell NRs

In order to explore the right parameters needed for modelling core-shell NRs we start by comparing FDTD spectra to measured spectra of Au@Ag@SiO2 NRs. The AgNO3 precursor concentration can be used as a parameter to grow differently sized Ag shells around a Au NR
core as demonstrated in 2.3. Figure 2.7a) shows the measured extinction spectra for such a
series. The average sizes of the Au core and varying Ag shells were obtained by TEM and are
used as parameters in the FDTD simulations (Table 2.3). With increasing shell thickness the
longitudinal LSPR blue-shifted. The initial longitudinal LSPR of the Au NRs was 746 nm ,
and finally blue-shifted to 645 nm (Ag-Au NR 8) for the experimental results. The blue-shift
partially stems from the higher resonance energy of Ag compared to Au, but is also strongly
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Figure 2.7: Comparison of measured and simulated extinction spectra of Ag@Au@SiO2 NRs for different precursor concentrations and thus different Ag thickness. a) Experimental extinction spectra with
AgNO3 concentration ranging from 0 mM (Au NR) to 4 mM (Ag-Au NR8). The corresponding NR sizes
are summarized in Table 2.3. b) Comparison of resonance wavelength obtained in experiments (black
dots) and from FDTD simulations for a spherocylindrical (red dots) and cylindrical curve (blue dots).
The lines are a guide for the eye. c) and d) Extinction spectra calculated by FDTD simulations for a
spherocylindrical and cylindrical shape, respectively.

influenced by a decrease in the overall aspect ratio from 3.1 (Au NR) to 2.4 (Ag-Au NR 8).
The longitudinal LSPR intensity increased, relative to a pure Au NR, with an increasing Agshell thickness due to decreased plasmonic damping of Ag compared to Au in the visible and
near-infrared but also due to an increase in overall volume. These trends are well reproduced
by the FDTD calculations. The calculated spectra for a spherocylindrical and cylindrical shape
(assumed for both core and shell) are plotted in Figure 2.7c) and d), respectively. Specifically, a
spherocylindrical shape matches the measured LSPR resonances well as shown in Figure 2.7b).
Assuming a cylindrical shape results in resonance wavelengths that are red-shifted. Thus, a
spherocylindrical shape for core and shell reproduce the experimental results best. The relative intensities are slightly higher with respect to the experimental spectra though. However,
polydispersity broadens the peaks and consequently lowers the maximum peak intensity. Fur-
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Figure 2.8: Comparison of calculated extinction spectra for Ag@Au@SiO2 NRs with a spherocylindrical shape. a) Spectra obtained from retardation-corrected Mie-Gans theory. The inset shows the
comparison of resonance wavelength for the different methods. The NR numbers refer to the same NRs
as presented in Figure 2.7 where 0 corresponds to a Au NR and 8 to the Ag-Au NR8. b) and c) Spectra
obtained from retardation and radiation damping corrected Mie-Gans theory and MLWA, respectively.
d) Comparison of extinction peak intensities for FDTD (red dots), retardation-corrected Mie-Gans (black
dots), MLWA (blue dots) and retardation and radiation damping corrected Mie-Gans (green dots). The
same colours apply to the inset in a). The lines are a guide for the eye.

thermore, interface scattering could decrease the experimentally measured extinction intensity
as well. In order to really compare peak intensities single particle spectra need to be measured
which is beyond the scope of this chapter.
Knowing that FDTD calculations with a spherocylindrical shape can reproduce experimental results well, we will only consider that shape in the remaining of the section. In order to
assess how well Mie-Gans calculations can predict plasmonic properties we compared them to
the FDTD simulations (Figure 2.8a)). The shape factors Lx used, again obtained from ref. [9],
are summarized in Table 2.3. While the LSPR resonance wavelengths can be nicely reproduced
(inset in Figure 2.8a)), the extinction peak intensities are overestimated (d)) for the same reasons as discussed in section 2.3.1. Similarly to section 2.3.1 we also calculated the extinction
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Figure 2.9: FDTD simulations of a Au@Ag@SiO2 NR with a total constant length of 80 nm and AR=3
for varying shell thickness. a) Calculated extinction spectra for a Au NR (green curve), Ag NR (purple
curve) and core-shell NRs for varying Ag shell thickness. The black curves show the results for an
uniform shell thickness whereas the red curves were obtained for a constant core AR of 3. b) Resonance
wavelength versus the shell side thickness for the NRs from a). The same colours apply. c) Resonance
wavelength versus shell volume (left y-axis). The same colours as in a) and b) apply. The right y-axis
corresponds to the extinction peak intensity plotted for a Au NR (green dot), Ag NR (purple dot) and
the core-shell NRs (light and dark blue dots). d) Extinction peak intensity as a function of resonance
wavelength. The same colours apply as in a) and b). The blue line is the linear fit to the red and black
points.

spectra using MLWA (Figure 2.8c), blue curve in d) and the inset in a)) and radiation damping
corrected Mie-Gans theory (b), green curve in d)). As observed for monometallic NRs radiation
damping alone cannot explain the difference in extinction intensities for Mie-Gans and FDTD.
Also similar to monometallic particles, MLWA predicts too small resonance wavelengths but
intensities that are in better agreement with the FDTD calculations, especially for the NRs with
thicker Ag shells and thus larger volumes.
In order to better study the influence of a Ag shell on the plasmonic properties, we need to
decouple the volume dependence from the influence of the different metals. This can hardly
be done for an experimental system due to an increase in shell thickness with increasing precursor concentrations. For this reason we performed an extensive series of FDTD calculations.
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Figure 2.10: Extinction peak intensities as a function of a) resonance wavelength and b) shell volume
for four different total lengths for NRs of AR=3: L = 40 nm (red colours), L = 60 nm (blue colours),
L = 80 nm (green colours) and L = 100 nm (yellow colours). The dark and light colours represent the
same core differences as the black and red colours for Figure 2.9, respectively. The black and purple dots
present the results for the Au and Ag NR, respectively, of the corresponding size.

Hereby we kept the total volume of the NR constant and varied the core size. The AR of
the total core-shell NR was always 3. Four different total volumes were furthermore chosen
(L = 40, 60, 80, 100 nm). The core size was reduced in 1 nm steps up to a minimum diameter
of not smaller than 5 nm. Additionally, two different cases were looked at. In the first case the
shell thickness was kept constant at all sides (long and short axis of the particle) which resulted
in increasing ARs of the core for decreasing core sizes. In the second case, the core aspect ratio
was kept constant which resulted in a thicker shell layer at the long ends of the NRs compared
to the short ends. For all calculations εd = 1.89 was used.
Figure 2.9a) displays the calculated extinction spectra for a NR with a length of 80 nm and an
AR of 3. The green curve is the calculated extinction spectrum for a Au NR and the purple one
for a Ag NR. The curves in-between are the calculated extinction spectra for a decreasing core
size and thus increasing shell thickness with the overall volume of the particle staying constant.
The shell thickness on the NR sides is increased in 1 nm steps. In both cases, a uniform shell
thickness (black curves) and a constant core AR (red curves), are included. It can be seen that
with increasing shell thickness the spectra gradually blue-shift and increase in intensity. Since
the volume of the total particle stays the same this is solely the influence of the Ag shell. Thus,
this offers a new opportunity to tailor plasmonic properties without changing the morphology of
the particle. Interestingly, already for a thin shell of 1 nm the spectrum significantly blue-shifts
with respect to the Au NR.
The longitudinal LSPR peak positions are compared in Figure 2.9b). For a given shell side
thickness the LSPR resonance is always slightly more blue-shifted in case of the constant core
AR. The reason could be that the larger amount of Ag in the case of a constant Au core AR
leads to an increased blue-shift. In order to find out if that is the cause we plot the resonance
wavelength versus the shell volume (left y-axis, black and red colours) in Figure 2.9c). It can
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Figure 2.11: Extinction peak intensities as a function of total NR volume for four different total lengths
for NRs of AR=3: L = 40 nm (red colours), L = 60 nm (blue colours), L = 80 nm (green colours) and
L = 100 nm (yellow colours). The light (constant core AR) and dark spots (uniform dshell ) overlap as a
change in core size and shape does not influence the total volume of the NR. The black and purple dots
present the results for the Au and Ag NR, respectively, of the corresponding size.

be seen that it is not just simply a linear dependence on the shell volume. For comparable shell
volumes the LSPR resonance wavelength is slightly red-shifted in the case of a constant AR
core. This shows that the shape of the shell influences the plasmon resonance as well. In the
case of a constant core AR the shell is more elongated (see schematic in Figure 2.9a)) which
could be the reason for the slight red-shift compared to an uniform shell. On the first sight this is
surprising since for an uniform shell thickness the AR of the core increases with increasing shell
thickness. Thus, a resulting red-shift due to a red-shifting core resonance could be expected.
However, the core does not seem to influence the plasmon resonance too much. The reason
is most likely that when the AR of the core becomes really large (for dshell = 10 nm) the Au
core volume is very small compared to the Ag shell and does not contribute significantly to the
plasmonic response. However, the overall blue-shift with increasing shell thickness is stronger
than this difference between the two shell morphologies. For example, when increasing the Ag
shell thickness from 4 nm to 5 nm the resonance blue-shifts by 8 nm whereas the difference in
resonance wavelength between the two morphologies is 4 nm for both thicknesses.
In Figure 2.9c) we also plot the extinction peak intensity as a function of shell volume
(right y-axis, blue spots). The points for the two different cases do not fall onto one line. The
intensity rather scales with the resonance wavelength (2.9d)). This is understandable because
the imaginary part ε2 of the dielectric function (see e.g. Figure 3.3) depends on the resonance
wavelength. For decreasing resonance wavelengths ε2Ag decreases which results in an increase
of the extinction intensity. Thus, this gain from the reduced bulk damping for a blue-shifted
resonance is stronger than the gain in volume. The extinction peak intensity for the Au NR
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does not fall onto the same line but shows a decreased value as visualized by the linear plot
of the extinction intensities of the core-shell NRs (blue line in Figure 2.9d)). The reason is
that Ag exhibits better plasmonic properties due to less plasmon damping, e.g. smaller ε2 , than
Au. Since the peak intensity for the Au NR is the only one that does not fall onto the line, it
can be concluded that the plasmonic properties of the core-shell system are dominated by the
Ag shell, even if it is as thin as 1 nm. Interestingly, for spherical Au@Ag particles a double
peaked plasmon resonance can occur resulting from the individual core and shell resonances
[27, 71, 72]. Once the Ag:Au ratio exceeds about 1:1 the core resonance is masked by the
Ag shell [71, 73]. For the longitudinal LSPR resonance such a double peak was not observed,
neither in experiments nor simulations, in agreement with our results [51–54]. The appearance
of a new peak, at a comparable position to that of a Ag sphere, was observed for the transverse
plasmon resonance though resulting in a double peak structure around 400 nm [52, 53]. Since
we only monitor the longitudinal resonance it cannot be confirmed from our calculations.
The above described dependencies are true for all analysed total volumes as depicted in
Figure 2.10. For increasing total volumes the resonance wavelengths red-shift because of retardation effects. Identical to the L = 80 nm NRs, the extinction peak intensities of all volumes
depend on the resonance wavelength. However, for the largest volume (L = 100 nm) the change
in peak intensity with respect to the resonance wavelength is almost negligible. The same is
true for the dependence of the peak intensity on the shell volume, probably because the overall
volume dominates the peak intensity. Furthermore, for such high volumes radiation damping
strongly counteracts the gain in intensity from less bulk damping (lower ε2 ). More details can
be found in chapter 3 where we investigate radiation damping in metal NPs. The dependence
of the extinction peak intensity on shell volume for a fixed total volume is the strongest for the
smallest NRs (L = 40 nm) and is less important with increasing total volume. The main reason
for that might be that the relative blue-shift in LSPR resonance is a lot stronger for the smaller
NRs (see Figure 2.10a)), i.e. the influence of a small shell layer is relatively larger, which goes
along with an increase in extinction efficiency as discussed earlier.
In general it can be seen that the total volume dominates the extinction intensity rather than
the varying shell thickness and consequently the blue-shift in LSPR resonance wavelength. This
is demonstrated in Figure 2.11 where the extinction peak intensity is plotted as a function of
the total volume of the NRs. The different core sizes do not change the total volume per total
length used (L = 40, 60, 80, 100 nm), and thus there are only four data points on the x-axis. For
the same reason, the dark (uniform shell thickness dshell ) and light (constant core AR = 3) spots
overlap. Because the extinction peak intensities for different core sizes for one total volume
are relatively close, compared to the difference due to a change in total volume, the ensemble
of points appear as lines in Figure 2.11. For higher volumes the increase in extinction peak
intensity slows down due to an increase in radiation damping.
2.3.2.2

AgAu alloy NRs

The plasmonic properties change significantly for a bimetallic system when going from a Aucore-Ag-shell to an AuAg alloy system. For spherical particles it was shown that a single
peak occurs for alloyed particles contrary to the double peak structure observed for core-shell
particles [27, 71, 74]. The reason is that when an alloy is formed a new alloy dielectric function determines the properties of the composite particle. It generally cannot be described as a
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Figure 2.12: Comparison of extinction spectra for varying compositions xAg obtained from Mie-Gans
and FDTD calculations. a) and b) present FDTD and Mie-Gans calculations for a spherocylindrical shape
(Lx = 0.118) and c) Mie-Gans calculations for a cylindrical shape (Lx = 0.092). The insets display the
resonance wavelength as a function of XAg . The size of the nanorod was 65 nm × 26 nm for all cases.
The lower row depicts the calculated spectra for a sphere of the same volume obtained by either FDTD
(a) or Mie-Gans (b,c). The insets compare the peak intensities to the ones obtained for NRs. For b)
and c) the spectra of the spherical particles are the same but the insets differ since the intensities of the
nanorods are slightly different. All spectra are normalized to the corresponding peak intensity for a Ag
NR.
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Figure 2.13: a) Comparison of the resonance wavelengths obtained by FDTD (dots) and Mie-Gans
calculations (triangles) for a spherocylindrical (blue curves) or cylindrical (red curves) shape. b) Comparison of a measured extinction spectrum (black solid line) for an ensemble of mesoporous silica-coated
AgAu alloy NRs with an average size of 65 nm × 26 nm and xAg = 0.4 to the calculated extinction spectra
for a cylindrical (blue) and spherocylindrical (red) shape of the same composition and size. Furthermore,
the results for Mie-Gans (solid line) and FDTD (dashed line) calculations are compared.

composition-weighted average of the original two metals but needs to be measured independently as demonstrated for spherical NPs [75]. Recently, Rioux et al. measured the dielectric
function of AuAg alloys and developed an analytical model which makes it possible to calculate the dielectric function for any composition [59]. This enabled us to calculate the plasmonic
response for AuAg alloyed NRs for varying compositions. It needs to be mentioned that in order
to compare the results to the experiments performed on glass and not in solution as presented
in Chapter 6 we used a surrounding dielectric function of εd = 1.65 instead of 1.89 as for the
other calculations in this chapter.
While some studies looked at the plasmonic properties of spherical alloyed NPs [75, 76],
almost no literature is available on alloyed AuAg NRs. Lee and El-Sayed modelled the extinction spectra of alloyed AuAg NRs by using a composition-weighted average of the dielectric
functions of Au and Ag [77]. As can be seen from Figure 2.2 this does not yield reliable results
since the alloyed dielectric functions and especially their imaginary parts behave quite differently in the IR-range than a simple average of εAu and εAg would. For most compositions xAg
ε2 is higher than pure Au or Ag. Thus, we expect that for most compositions alloyed NRs have
lower extinction coefficients than particles of pure Ag and Au. This is confirmed by FDTD
simulations which we performed for all molar compositions xAg between 0 and 1 in 0.1 steps.
A spherocylindrical shape with a length of 65 nm and a width of 26 nm (AR=2.5) was used. As
a comparison we added the calculated extinction spectra for alloyed spherical particles of the
same volume in the lower row of Figure 2.12a).
As displayed in Figure 2.12a), the LSPR blue-shifts for increasing xAg , similarly as for
spherical particles. This is not surprising since in both wavelength ranges ε1 decreases for increasing xAg (Figure 2.2). Since the differences in ε1 are larger for spherical particles, these can
be tuned over a larger wavelength range compared to the NRs. All extinction spectra (also the
ones for the spherical NPs) are normalized to the peak intensity of the corresponding Ag NR. For
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the NRs, most compositions show comparable extinction intensities to those of a pure Au NR,
although around a Ag composition of xAg = 0.5 the intensities are slightly decreased, caused by
the dielectric functions of the alloys exhibiting higher losses close to 50% composition than the
pure metals, in agreement with our expectations. The plasmonic properties improve when more
Ag is added and exceed those of pure gold at xAg = 0.7. Still, the alloyed NRs show enhanced
plasmonic properties over their spherical counterparts with up to nine times higher extinction
coefficients (inset in Figure 2.12a) lower row) which can be further improved by increasing the
aspect ratio of the alloy NR (see Figure 6.11 in Chapter 6). Thus, similarly to monometallic and
bimetallic particles, the NR shape significantly enhances the plasmonic properties.
The peak position shifts and relative intensities are very similar for all compositions for the
calculated extinction spectra obtained from FDTD (Figure 2.12a) and Mie-Gans calculations
(Figure 2.12b). The relative intensities obtained from Mie-Gans theory are slightly lower compared to the FDTD results due to an overestimation of the extinction peak intensity for the Ag
NR since a decrease in magnitude due to radiation damping and dynamic depolarization is not
considered. We furthermore compare a cylindrical shape to the spherocylindrical used so far.
The results for a cylindrical shape obtained from Mie-Gans theory are shown in Figure 2.12.
The LSPR peak positions for spherocylindrical and cylindrical shapes are compared in Figure 2.13. The longitudinal LSPR resonances are red-shifted with respect to those obtained for
a spherocylindrical shape, in agreement with previous observations for monometallic (Figure
2.6) and bimetallic core-shell NRs (Figure 2.7). Furthermore, the LSPR resonances obtained
from FDTD are always at slightly higher wavelengths compared to the results from Mie-Gans
theory, again in agreement with previous results. Interestingly, when compared to the experimental spectrum of an alloy NR of the same dimensions and xAg = 0.4 (details in chapter 6), the
obtained extinction spectra from both FDTD and Mie-Gans calculations show better agreement
with the measured spectrum if a cylindrical shape is assumed. This is in contrast to the bimetallic core-shell case where a spherocylindrical shape gave better agreement. This discrepancy
can be explained by considering the synthesis procedure of the alloyed NRs. Alloyed NRs were
obtained by heating them in the oven at 400 °C which leads to a small deformation of the NR.
Since this deformation most likely leads to a flattening of the tips, the NR exhibits a more cylindrical than spherocylindrical shape after alloying. Such a slight flattening after alloying can,
for example, be seen for the lowest NR in Figure 6.2.
2.3.2.3

Pd@Au and Pt@Au core-shell NRs

Pd and Pt are important materials for catalytic applications but generally exhibit poor plasmonic
properties. Since it has recently been demonstrated that plasmons can enhance certain catalytic
performance [19, 78] it is intriguing to study the plasmonic properties of bimetallic systems
that combine Pd or Pt with a strong plasmonic material. Pd and Pt do not grow epitaxially
well on Au due to a large lattice mismatch. For mesoporous silica-coated NRs this resulted
in dendritic metal shells rather than smooth structures as obtained for Au@Ag@SiO2 [66].
Specifically, the morphology was seen to vary for different shell sizes as demonstrated in Figure
2.3. Au@Pd@SiO2 and Au@Pt@SiO2 NRs with a very thin Pd/Pt shell resulted in seemingly
smooth NRs, whereas thick shell layers resulted in dendritic structures. For this reason we
performed FDTD and Mie-Gans calculations for two different shell thicknesses based on the
sizes measured from TEM images and assuming a spherocylindrical shape of core and shell.
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Figure 2.14: Plasmonic properties of Au@Pd@SiO2 NRs obtained by FDTD calculations using an
effective-medium approach to calculate the composite dielectric function for the Pd-dielectric shell for
varying Pd volume fraction p and a comparison to experimental results. a) FDTD calculated extinction
spectra for a composite shell thickness of 1 nm (corresponding to the experimental results for 1.0 mM
Na2 PdCl4 ). The Au core size was 58.5 nm × 17.7 nm. b) FDTD calculated extinction spectra of the same
Au core size but with a larger composite Pd-dielectric shell (78.6 nm × 19.4 nm) of varying Pd volume
fraction (corresponding to the experimental results for 10.0 mM Na2 PdCl4 ). c) Experimental spectra
obtained for 1.0 mM (red) and 10.0 mM (blue) Na2 PdCl4 precursor concentrations normalized to the one
for the Au core NRs (black). The 10.0 mM Na2 PdCl4 was shifted by -0.2 for a better peak comparison.
d) The FDTD calculated spectra fitting to the experimental particles in c). The red spectrum is the one
obtained in a) for p = 0.1 and the blue spectrum is the one from b) for p = 0.4. The two insets in a) and
b) display the plasmon shift as a function of Pd volume fraction.

First we present the results for Pd as a shell metal and compare the results to measured extinction
spectra. The Au NR core size was 58.5 nm × 17.7 nm. For the seemingly smooth NRs (1.0 mM
of Na2 PdCl4 precursor) we took a shell thickness of 1 nm. It needs to be mentioned that this
thickness is rather a chosen value than an experimentally determined one as the shell layer
size was too thin to be measurable from the TEM images. The thicker shell corresponding
to a 10.0 mM Na2 PdCl4 precursor concentration resulted in about 78.6 nm × 19.4 nm sized
NRs. The dimensions used in the calculations are summarized in Table 2.3.2.3. Due to the
dendritic structure of the shell the Au NR is not fully covered by Pd but should be considered
as a composite system of Pd/Pt and the surrounding dielectric constant. We therefore chose to
model the effective dielectric function of the composite shell as a function of Pd volume fraction
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Figure 2.15: Comparison of Mie-Gans calculations to the FDTD simulations from Figure 2.14a) for the
Au@Pd@SiO2 NRs with a 1 nm thin composite shell. a) and b) compare the calculated spectra, c) and
d) the obtained peak intensities and e) and f) the extracted linewidths (full width half maxima (FWHM)).
The insets in a) and b) display the plasmon shift as a function of Pd volume fraction.

p by an effective-medium approximation (EMA) (details in section 2.2.3). As before we used
εd = 1.89 for the mix of SiO2 and water.
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Figure 2.16: Comparison of Mie-Gans calculations to the FDTD simulations from Figure 2.14b) for the
Au@Pd@SiO2 NRs with a thick composite shell. a) and b) compare the calculated spectra, c) and d)
the obtained peak intensities and e) and f) the extracted linewidths. The insets in a) and b) display the
plasmon shift as a function of Pd volume fraction.

There are two main factors that influence the optical properties of such a Au@Pd@SiO2
composite system, namely the volume fraction p of Pd in the shell and the shell thickness. We
first discuss the influence of the volume fraction p. In Figure 2.14 the FDTD simulations for the
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Figure 2.17: Plasmonic properties of Au@Pt@SiO2 NRs obtained by Mie-Gans calculations using an
effective-medium approach to calculate the composite dielectric function for the Pd-dielectric shell for
varying Pd volume fraction p and a comparison to experimental results. a) Calculated extinction spectra
for a composite shell thickness of 1 nm. The Au core size was 58.5 nm × 17.7 nm. b) Calculated
extinction spectra of the same Au core size but with a larger composite Pt-dielectric shell (70.2 nm ×
20.2 nm) of varying Pt volume fraction.

thin (a)) and thick (b)) composite shell for varying p are compared. The spectra are broadened
and damped for increasing p in both cases due to an increase in ε2 (Figure 2.1a)), which is
consistent with the experimental results and the fact that Pd is a rather poor plasmonic metal
[66, 79]. More interestingly, with increasing Pd volume fraction, we found that the longitudinal
LSPR red-shifted for low p, reached a maximum at p = 0.4 and p = 0.6 for the thin and thick
composite shell, respectively, and blue-shifted for higher p. This so-called percolation phenomenon has been reported before for uncoated Au-Pd core-shell nanorods [38]. For low Pd
volume fractions the composite shell behaves like a dielectric with increasing dielectric constant
up to the percolation threshold. Up to that point the resonance wavelengths red-shift due to the
increase in effective surrounding dielectric constant. Once the volume reaches the percolation
threshold the composite shell behaves metal-like and the resonance starts to blue-shift. This is
also manifested in the change of the real part of εe from positive to negative values (Figure 2.1).
A thicker shell enhances the observed effects. For a thin composite shell of 1 nm thickness the LSPR peak position shifts are moderate (inset Figure 2.14a)) and the spectrum for
a complete shell (p = 1) is blue-shifted with respect to the Au NR. For the thick shell analysed in Figure 2.14b) all spectra are red-shifted with peak shifts up to 150 nm (inset). Figures
2.14c) and 2.14d) compare the experimental data and the FDTD calculations, for a thin (1.0 mM
Na2 PdCl4 concentration) and thick (10.0 mM Na2 PdCl4 concentration) composite shell. Despite the seemingly smooth NRs for a 1.0 mM concentration (see Figure 2.3) the spectrum for a
complete thin shell (p = 1) does not reproduce the experimental results but rather the spectrum
for p = 0.1. This suggests that the Pd shell is actually incomplete and might appear smooth
due to a low volume fraction (around 10%) of Pd. Although it is hard to estimate how accurate FDTD calculations for a 1 nm thin shell are, it is striking how such a thin composite layer
can already significantly influence the plasmonic properties of the NR, especially for higher Pd
volume fractions. Note that there is a small offset of about 30 nm between the measured and
calculated Au core NR spectra which could be due to two reasons. First, the sizes of the NRs
were determined by TEM where only a limited amount of particles can be measured. Second,

42

C HAPTER 2

slight inaccuracies in the dielectric constant can already lead to peak shifts. For the calculations
we used a dielectric constant of the surrounding medium of 1.89 assuming a silica porosity of
63%. However, this could be slightly different for the experimental system studied here. Furthermore, discrepancies between the experimental results for a composite shell and the FDTD
results can stem from the assumption that the Pd inclusions are spherical. From TEM images
it seems that the Pd dendrites follow the pore structure of the mesoporous silica and thus are
not spherical. In short, there may be several reasons for deviations in the effective dielectric
function of the composite shell as compared to what we assumed in the calculations.
Finally, we compare the FDTD calculations to Mie-Gans calculations. For these calculations the same sizes and by EMA calculated dielectric functions were used as for the FDTD
calculations. Identical to the calculations for Au@Ag@SiO2 NRs we determined the spherocylindrical shape factors based on ref. [9]. From Figures 2.15 and 2.16 it can be seen that
Mie-Gans theory qualitatively reproduces the FDTD calculations well. However, the longitudinal LSPR peak is overestimated, especially for volume fractions around 0.5. This discrepancy
is a lot more pronounced for the thicker composite shell. Furthermore, the damping relative to
the Au NR peak maximum is more severe for the Mie-Gans calculations (Figures 2.15c),d) and
2.16c),d)) which goes along with a slightly increased linewidth (Figures 2.15e),f) and 2.16e),f)).
This stems partially from the red-shifted resonances which leads to increased ε2 values and partially from a probable overestimation of the peak intensity calculated for Au NRs (p = 0) with
respect to the FDTD calculations. The quantitative differences in plasmon shift stay surprising,
however, as they were neither observed for monometallic nor Au@Ag@SiO2 NRs.
For completeness we also present the results for Au@Pt@SiO2 NRs calculated by MieGans theory in Figure 2.17. Due to the similarities in dielectric functions of Pd and Pt and thus
for the resulting εe the results are similar to those for the Au@Pd@SiO2 NRs and the above
discussion is valid here as well. Note that the shell thickness of the thicker shell is slightly
different compared to the Au@Pd@SiO2 NRs.

2.4

Conclusions

We demonstrated that bimetallic NRs offer an increased and powerful parameter space for tuning plasmonic properties. In the case of a Ag-shelled Au NR the longitudinal plasmon resonance
can be tuned between that of a Au NR and a Ag NR. The extinction intensity increases with
an increase in Ag shell thickness without changing the overall volume of the NR. The main
influence of the peak intensity, however, is the total NR volume which influences the intensity
more than the relative shell thickness. Alloyed AuAg NRs on the other hand behave differently due to weaker plasmonic properties for intermediate compositions compared to a pure Au
or Ag NR but still much better with respect to their spherical counterparts. For a composite
Pd/Pt-dielectric shell volume fractions above about 10% of the shell metal significantly damp
the extinction intensity but still allow to tune the plasmon resonance, especially for thick shells.
Furthermore, we compared how reliably fast and simple analytic techniques can model the
plasmonic properties by comparing the results to FDTD calculated extinction spectra and measured ones. We found that when the shape factor Lx from Prescott and Mulvaney’s work [9] is
included in Mie-Gans theory that the LSPR peak positions for Au and Au@Ag NRs can be very
well reproduced when assuming a spherocylindrical shape. The MLWA model on the other hand
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is not suited to reliably determine the plasmon peak positions which can be related to the assumed ellipsoidal model shape. However, the peak intensities can be better reproduced than for
the Mie-Gans methods, presumably due to included dynamic depolarization effects, even when
radiation damping is included in Mie-Gans theory. For a composite Pd/Pt-dielectric shell the
agreement in plasmon peak positions is less good although Mie-Gans theory can qualitatively
reproduce the observed changes in plasmon properties.
Thus, if the exact extinction intensity is not needed, Lx -factor corrected Mie-Gans theory
offers a very cheap and fast alternative to predict plasmon resonances in bimetallic (and monometallic) NRs.
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3
A quantitative description of radiation
damping for nanorods and nanospheres
of various metals
Radiation damping plays an important role in the dephasing of localized surface plasmons of
metallic nanoparticles (NPs) but its dependencies are not yet well understood. We systematically studied radiative decay of the localized surface plasmon resonance (LSPR) of spherical
and rod-like metal nanoparticles by finite-difference time-domain (FDTD) simulations and developed a phenomenological, analytic formula which makes it possible to calculate radiation
damping as a function of resonance energy and medium for various metals. A constant κmetal is
needed as input which we obtained for Au, Ag, Cu and Al. Our results can be used to determine
optimal particle sizes for which the overall damping is least as we demonstrate for Au nanorods
(NRs), but might also open the way to better understand luminescence in metal NPs which is
governed by the radiative decay of surface plasmons.
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Introduction

Metal nanoparticles have attracted much scientific attention due to their unique optical and
photothermal properties which stem from localized surface plasmon resonances, which are collective oscillations of the conduction electrons. A LSPR can be conveniently tuned by changing
the size, shape, dielectric environment or composition of the nanoparticle [22, 23, 80] which
is used in many applications such as (bio)sensing [25], (photo)catalysis [19], optical data storage [81], photovoltaics [82], hyperthermic cancer therapy [15] and surface-enhanced Raman
scattering (SERS) [83]. For most applications an intense and sharp plasmon resonance is crucial, which generally coincides with strong field enhancements. The strength of the resonance
and the homogeneous broadening of the linewidth for single particles is strongly influenced by
the dephasing of the collective electron oscillations, which contributes to a phenomenon termed
plasmon damping. Because of this, several recent studies focused on the linewidth of plasmonic
resonances for differently shaped nanoparticles [62, 65, 84–94].
Both non-radiative and radiative decay mechanisms contribute to plasmon damping. The
former involves, amongst other mechanisms, interband and intraband excitations which are determined by the inherent nature of the metal and are reflected in its bulk dielectric function. The
intraband contributions are mainly related to electron scattering by phonons, defects or other
electrons. However, plasmons can also decay by transferring its energy to a single electron-hole
pair excitation known as Landau damping. For plasmon energies, which are close to interband
transitions, an interband electron-hole pair can be excited as well by this mechanism which is
also referred to as interband damping. For small particles with sizes below the electron mean
free path (e.g. about 20 nm in Au) electron surface scattering needs to be taken into account
as well which leads to additional non-radiative damping Γs . An effective mean free path le f f
can be defined and the electron-surface scattering contribution to the overall damping is generally included as Γs = Av f /le f f where v f is the Fermi velocity and A indicates the strength of
the electron-surface scattering. A general expression for arbitrarily shaped nanoparticles was
recently derived yielding le f f = 4V /S where V and S are the volume and surface area of the
particle, respectively [61].
Radiation damping occurs due to photon emission of the radiative dipole and is proportional
to the volume V of the particle. For example, with Au NRs it was shown that it matters for sizes
above 20 nm [62]. Γr is commonly described as Γr = 2h̄κV where κ indicates the strength of
radiation damping [62, 87, 90, 93]. It is proposed that radiation damping depends on resonance
energy and shape [84, 94–98], dependencies that are not yet well understood.
Au and Ag are normally model systems for plasmon resonances due to low intrinsic damping
and because they do not exhibit interband transitions in the energy regions where their plasmon
resonances occur. Recently, interest has grown in non-precious metals like Cu and Al, mainly
due to their high abundance and because they can exhibit plasmon resonances in different energy
regions, e.g. in the UV for Al. In these metals interband transitions can overlap with the plasmon
resonance and it was shown theoretically and experimentally that a double-peaked resonance
can appear when the plasmon resonance comes close to an interband transition [99, 100], e.g.
about 1.5 eV in Al and 2.1 eV in Cu. The relative contributions of damping mechanisms can
also be quite different compared to Au and Ag [88]. For example, for Al it was suggested that
the radiative linewidth dominates the overall damping with only a small relative contribution
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from non-radiative processes, whereas for Ag non-radiative processes are far more important
compared to radiative ones [86].
This shows that it is important to learn more about radiative damping and a more quantitative description of it could help to understand damping over a large energy range. Whereas bulk
and surface damping have been quantitatively more studied [62, 91–93], this is not the case for
radiation damping, especially not for a large variety of metals. A few measurements on Au and
Ag nanoparticles were performed to quantitatively obtain κ but different values were reported.
For instance, Sönnichsen et al. found κ = 4 × 10−7 fs−1 nm−3 for spherical Au NPs [90] and
Novo et al. extracted κ = 7 × 10−7 fs−1 nm−3 for Au NRs of aspect ratios 2 to 4 [62]. For Ag
nanoprisms κ = 12 × 10−7 fs−1 nm−3 was obtained [84]. However, experimental studies are often limited by other influences such as surface scattering for small NPs and chemical damping
and have so far only been conducted for narrow energy ranges [62, 84, 90, 93]. Numerical calculations can help to probe a large parameter space. Numerical methods like finite-difference
time-domain calculations are suitable since they intrinsically include radiation damping but not
damping due to particle size confinement below the electron mean free path [89]. We therefore
performed FDTD calculations on nanospheres and nanorods for a broad range of parameters
and different metals (Au, Ag, Cu and Al) and extracted κ(ω). Changing the resonance energy
by varying the shape of the NP and not as it was recently done by changing its volume [84, 88],
allows us to decouple the strong volume dependence of radiation damping from its other dependencies. We found that κ scales with the inverse of the imaginary part of the metal dielectric
function and linearly with the surrounding dielectric constant and that an underlying material
constant κmetal can be ascribed to each metal as the corresponding proportionality constant. Our
approach can reproduce the different κ measured so far for Au nanorods and nanospheres. It
can potentially help to explain luminescence in Au NPs, a process which is mainly governed
by the radiative decay of localized surface plasmons [101–104]. We furthermore show that by
looking at the sum of the obtained radiation damping Γr , bulk damping Γb and surface scattering effects we can predict optimal radii for Au NRs of different aspect ratios, i.e. for which
size the overall damping is the least. Our approach can be extended to many metals and shapes
and helps to choose the right metal and particle size for which the least (or most) damping is
obtained for each desired application.

3.2

Methods

3.2.1 FDTD simulations
The FDTD simulations were carried out with the commercial software package Lumerical
FDTD Solutions 8.11. A total field scattered field source was employed to simulate a propagating plane wave interacting with the nanostructures. Spheres and nanorods were used to investigate the radiation damping. The nanorods were modelled as spherocylinder, which are cylinders
with hemispherical end caps. Only the longitudinal surface plasmon resonance was calculated
by setting the polarization parallel to the long axis of the nanorods. The dielectric function of
the used material was imported as tabulated data [56, 59, 105] and fitted to obtain a continuous
dielectric function. The particles were always placed at the origin of the simulation box. The
simulation box was 0.5 µm×0.5 µm×1 µm, with the extended side parallel to the long axis of
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the rods. Perfectly matched layers (PMLs) surrounded the simulation box stretching 0.5 µm to
all sides. A three-dimensional non-uniform mesh was used for a volume closely encapsulating
the nanostructure. The mesh grid size depended on the size of the nanostructure. For the smallest nanostructures (r = 5 nm) a mesh of 0.2 nm was used. For the largest (r = 20 nm) a mesh
of 0.6 nm was used. Simulations with silver generally required a smaller mesh than simulations
with other metals due to its small real refractive index. The total field scattered field source was
placed on the boundary of the mesh volume. The simulations were normally run for 100 femtoseconds of simulation time. The simulation was automatically stopped when the field strength
decayed to a fraction (10−5 ) of the peak field intensity. If the simulation result was unreliable a
longer simulation time of 300 femtoseconds was used. Frequency-domain field monitors were
employed to record the power going through them. By using six 2D plane monitors a box was
created, where the power was recorded going through all six planes of that monitor box. One
of these monitor boxes was placed in between the plane wave source and the particle. This
was used to calculate the absorption cross section. A second monitor box was placed outside
the plane wave source, encapsulating both the source and the particle. This box was used to
calculate the scattering cross section.
To determine the extinction cross section of the particles, both the absorption and scattering cross sections were calculated. To calculate the scattering cross section the amount of
power transmitted through the monitor box enclosing the Rlight source was recorded, whereby
the transmitted power at a certain frequency is given by 12 Re[~P( f )monitor ] · d~S, where ~P( f ) is
the Poynting vector and d~S an infinitesimal surface area. The scattering cross section is equal
to the transmitted power divided by the irradiance of the source.
Csca ( f ) =

1R
~ monitor ] · d~S
2 Re[P( f )
1R
~ source ] · d~S
2 Re[P( f )

× Asource

(3.1)

where Asource is the total area of the source. The absorption cross section was calculated similarly by recording the total power dissipated in a small volume surrounding the nanoparticle
and dividing it by the incident light irradiance. The extinction spectrum follows from the sum
of the absorption and scattering spectra. The spectra were generated via a parametric sweep
across a wavelength range which was predetermined by looking at the particle’s spectrum as
calculated with Mie-Gans theory. This allows for a narrower wavelength range, which means
the simulation time can be reduced. Typical sweeps across the wavelength covered 100 − 200
frequency points with ∆λ = 400 − 500 nm.

3.2.2 Lorentzian fitting
In order to extract the linewidths of the obtained spectra we fitted the extinction spectra with a
Lorentzian function
Γ/2π
(3.2)
(ω − ωR )2 + (Γ/2)2
where ωR is the resonance energy, Ξ the integrated oscillator strength and Γ the linewidth.
Example fits are shown in Figure 3.1. However, when the plasmon resonance came close to
interband transitions the shapes of the extinction spectra deviated from perfect Lorentzian functions and could not be fitted reliably. For example, Figure 3.2a shows calculated extinction
Cext = Ξ
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Figure 3.1: Lorentzian fits (dashed lines) of calculated extinction spectra (solid lines) of Au NRs with
an aspect ratio of 3 dispersed in water (εm = 1.77).
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Figure 3.2: a) Normalized calculated extinction spectra of spherical Au NPs (r = 15 nm) for εm = 1
(vacuum, red line), εm = 1.77 (water, blue line), εm = 2.25 (immersion oil, yellow line) and εm = 3.24
(green line). The higher the resonance energy the more the spectra deviate from a Lorentzian shape. b)
Normalized calculated extinction spectra of Al NRs with AR = 5 and four different volumes in water
(εm = 1.77). The interband transitions around 1.5 eV interfere with the extinction spectra of the NR with
r = 15 nm and r = 20 nm.

spectra of spherical Au NPs in different media. For smaller surrounding dielectric constants εm
the spectra are in the energy region where increased absorption due to interband transitions influences the spectra. This influence can be especially seen for εm = 1 and εm = 1.77. A similar
problem occurred for Al NRs with resonance energies close to the 1.5 eV interband transitions
in Al as seen in Figure 3.2b which displays extinction spectra of Al NRs with AR = 5 and immersed in water (εm = 1.77). For the NRs with the largest volume (r = 20 nm) the spectra could
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not be fitted. In such cases where the fits were unreliable (as judged by eye) the results were
excluded from the analysis.

3.2.3 Calculating the radii of Au NRs for minimal plasmon damping
The sizes for which minimal damping occurs were determined by calculating the sum of the
electron-surface scattering and radiation damping for the aspect ratios 2, 3, 4, 5 and 6 and
various radii, ranging from 5 nm to 15 nm in steps of 0.01 nm. The radius for which the sum
Γs + Γr = A

vf
κmetal εm
+ 2h̄
V
le f f
ε2 (ωres )

(3.3)

was minimal, was taken as the optimal radius. The required resonance energy for the considered particles was taken from the calculated spectra of the corresponding AR for r = 10 nm.
In the energy range considered, the bulk damping changes only minimally with resonance energy. It was therefore excluded from the calculations.

3.3

Results & Discussion

In order to systematically study radiation damping we performed various FDTD calculations
of NPs with spherical or spherocylindrical shapes, motivated by synthesis results [67], and
extracted the corresponding linewidths. By varying the sizes and aspect ratios (AR) of the NRs,
LSPRs and thus κ over a large energy range could be probed. The calculations were carried
out with the software package Lumerical FDTD Solutions 8.11. A total field - scattered field
source was used and the mesh size was varied between 0.2 and 0.6 nm depending on the particle
volume. We primarily used the by McPeak and co-workers measured dielectric functions for
Au, Ag, Cu and Al [105] which are plotted in Figure 3.3. Figure 3.4 shows calculated extinction
spectra obtained for the four metals assuming a spherocylindrical shape with AR = 3 for four
different volumes, i.e. radii of r = 5, 10, 15, 20 nm. The dielectric environment was assumed to
be water with a dielectric constant of εm = 1.77, which was taken to be independent of energy.
For all four metals the spectra red-shift with increasing volume due to retardation effects and
increase in intensity since the extinction cross section increases with particle volume [4].
Fitting the extinction spectra with a Lorentzian function [63, 85, 87, 106]
Cext = Ξ

Γ/2π
(ω − ωR )2 + (Γ/2)2

(3.4)

where ωR is the resonance energy and Ξ the integrated oscillator strength, yields the linewidth
Γ. Example fits for the Au spectra are shown as dashed lines in Figure 3.1. This procedure was
repeated for different aspect ratios ranging from 1 to 6 and 3 to 4 different volumes per aspect
ratio. It is important to mention that it was not always possible to reliably fit all spectra for all
aspect ratios due to the onset of interband transitions, e.g. for spectra of spherical Au or Cu
particles or high aspect ratio Al NRs (see Figure 3.2 for details). Nevertheless, a large energy
range where plasmon resonances occur could be covered. Furthermore, the red-shift for the included volumes per aspect ratio was found to be relatively small (< 0.3 eV for Au, Ag and Cu)
to make sure that the same wavelength range in the dielectric function is probed. For that reason
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Figure 3.3: Real (ε1 ) and imaginary (ε2 ) part of the dielectric functions for a) Au, b) Ag, c) Cu and d)
Al measured by McPeak et al. [105].

not all 4 volumes corresponding to r = 5, 10, 15, 20 nm were always included in the analysis.
Still, at least 3 volumes were included to get a reliable fit. For Al, where the red-shift is larger
than for the other metals (Figure 3.4d), this therefore leads to a bigger shift in the energy range
(< 0.75 eV). The obtained Γ values for εm = 1.77 are shown as data points in Figure 3.5.
In order to extract κ(ω) the linewidths of particles with equal aspect ratio but different
volumes were then fitted using Γ = Γb + 2h̄κV whereby Γb and κ were used as fitting parameters. The fits are shown as solid lines in Figure 3.5. Γb is the linewidth due to bulk damping and
the obtained values are plotted in Figure 3.11 as a function of resonance energy. The resonance
energy for a certain aspect ratio is taken as the average of the LSPR resonance energies corresponding to the particles of the same aspect ratio but different volumes. For Au and Cu, Γb is
constant up to the onset of interband transitions as below that range only energy-independent intraband contributions play a role [88]. At the onset of interband transitions Γb increases linearly
which is in agreement with earlier work [88]. For Ag, Γb is constant over most of the energy
range probed, which is below the onset of the interband transition in Ag, and only slightly increases at higher energies. The constant values for Au, Ag and Cu at lower energies fit well to
the obtained bulk damping constants γ when fitting the corresponding
part of the dielectric func
tions with a Drude model ε(ω) = ε∞ − ω p2 / ω 2 + iγω , where ε∞ , ω p and γ are fit parameters,
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Figure 3.4: Extinction spectra obtained from FDTD simulations for nanorods with aspect ratio 3 and
different radii in water for a) Au, b) Ag, c) Cu and d) Al particles. The red-shifts of the LSPR resonances
with increasing volumes are due to retardation effects.

which yields γAu = 0.03 eV, γAg = 0.02 eV and γCu = 0.03 eV. For Al, energy-independent Γb
values around 0.55 eV were obtained from the Γ fits which is higher than γAl = 0.17 eV fitted
by a Drude model. The reason for this deviation probably lies in the residual influence of the
interband transition at around 1.5 eV (see Figure 3.3d). All Γb values agree well with literature
values [55, 107–109], however it needs to be mentioned that there are significant variations in
bulk damping values reported for Al dielectric functions measured by various authors.
The κ values obtained in this way for Au for all aspect ratios are plotted in Figure 3.6a as a
function of the resonance energy. As mentioned before, the resonance energy for a certain aspect ratio is taken as the average of the LSPR resonance energies corresponding to the different
volumes. The error bars in the energy range are thus obtained from the differences in LSPR
resonances for the different volumes chosen. The error bars in the κ range are obtained from
the standard deviation of the fits shown in Figure 3.5a. Since the strength of radiation damping depends on the surrounding medium [93] this procedure was repeated for several dielectric
constants εm and the results are also shown in Figure 3.6a. Theoretical descriptions showed
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Figure 3.5: Dependence of Γ on volume (points) for a) Au, b) Ag, c) Cu and d) Al NRs of different
aspect ratios. The solid lines are least-squares linear fits of the equation Γ = Γb + 2h̄κV .

that radiation damping increases with frequency [94–96]. However, for all media κ starts to
decrease at resonance energies above 1.8 eV. This decrease can be attributed to the onset of
interband damping which makes interband Landau damping more likely. Interband damping is
thus a competing damping mechanism at higher resonance energies lessening radiation damping. The theoretical description of Gersten and Nitzan [110] also predicts a decrease in κ at the
onset of interband transitions and a dependence on 1/ε2 . A comparison between their calculated
upper limit of radiation damping for a spheroidal shape in vacuum and our description is shown
in Figure 3.7a. Competing damping mechanisms were also observed by Frank Hubenthal for
elongated gold nanoparticles at resonance energies between 1.45 and 2.15 eV [91]. Hubenthal
found a weakening of electron-surface scattering for photon energies beyond the onset of interband transitions and proposed that damping occurs as a correlated effect and not as step by step
dephasing [91].
It can be seen from Figure 3.6a that κ has a similar dependence on resonance energy for
each chosen dielectric constant εm . Specifically, by comparing the dependence of κ(ω) to the
imaginary part ε2 (ω) of the dielectric function of Au (Figure 3.3a) it seems that κ(ω) scales
inversely with ε2 (ω). To verify that we performed least square fits of the form κ(ω) = B/ε2 (ω)
with B as a fitting constant. The fits are presented as solid lines in Figure 3.6a and reproduce the
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κ dependence very well. To further visualize this dependence we plot the corresponding κ × ε2
points together with the obtained values for B which are shown as straight lines in Figure 3.6b.
It needs to be mentioned that the errors in κ as well as in ε2 due to the energy uncertainties in
Figure 3.6a contribute to the resulting errors in κ × ε2 . These errors are therefore large at lower
resonance energies due to the steepening of ε2 (Figure 3.3a). The uncertainties for B, shown as
semi-transparent line thicknesses, stem from the quality of the fit in Figure 3.6a.
In order to understand the dependence of B with respect to εm we plot the obtained values
for B versus εm in Figure 3.6c. It can be seen that B depends linearly on εm as shown by the solid
lines which are linear fits to the B points. We denote the proportionality constant with κmetal , a
material constant that only depends on the type of metal, and thus κ(ω, εm ) can be written as
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κ(ω, εm ) = κmetal

εm
.
ε2 (ω)

(3.5)

For the dielectric function used for gold measured by McPeak [105], we find
κAu,McPeak = (2.71 ± 0.08) · 10−7 f s−1 nm−3

(3.6)

The κ values calculated for Au using eq. 3.5 and 3.6 are plotted as solid lines in Figure
3.8a and are compared to the obtained κ values from the FDTD calculations. As can be seen
in Figure 3.8a we found a good agreement for all εm in the analysed energy region. Radiation
damping for particles of a certain metal in the dipolar limit is thus governed by the medium, the
imaginary part of the bulk dielectric function and the volume, resulting in:
Γr (ω) = 2h̄κmetal

εmV
ε2 (ω)

(3.7)

The inverse dependence of Γr on the imaginary part of the dielectric function ε2 is reasonable because ε2 determines the bulk damping of the metal and both processes are competing
damping mechanisms, consistent with Hubenthal’s work, which demonstrated that plasmon dephasing occurs in a correlated effect [91]. In the case of low bulk damping, i.e. low ε2 , radiation
damping becomes more likely to happen. When bulk damping is strong, i.e. high ε2 , radiation
damping is less efficient and bulk damping dominates. This is due to the fact that non-radiative
processes in metals like electron-electron or electron-phonon scattering are very fast [4] and
agrees with the observation that the quantum yield (QY) of metal nanoparticles is still very
low despite an enhancement compared to smooth metal surfaces [103, 104]. Since radiation
damping of localized surface plasmons has been proposed to be involved in luminescence of
metal NPs [101–104], the dependence of κ(ω) and measured QYs should show some qualitative correlation. Yorulmaz et al. measured the QY of spherical Au NPs as well as NRs with
resonance energies ranging from 1.6 eV to 2.35 eV [103]. For particles with aspect ratios lower
than 3.5 and volumes of ≈ 104 nm3 , they found an increase in QY with decreasing resonance
energy which was also attributed to a decreased non-radiative damping due to interband excitations. Although less measurements were performed in the region below 1.8 eV it seems from
their data that the QY starts to decrease at lower energies. Fang et al. measured the QY of Au
NRs with aspect ratios between 2.4 and 4 with resonance energies ranging from about 1.5 eV to
1.9 eV and found a decrease in QY with increasing aspect ratio and thus decreasing longitudinal
LSPR resonance energy [104]. They excited at the resonance energy of the transverse LSPR and
explained their findings by a weakening of the coupling strength between the absorption (transverse LSPR) and emission states (longitudinal LSPR) but it could also be explained by our
results regarding the energy dependent strength of the radiative decay. Thus, both of the above
mentioned measurements correlate well with our found κ dependence which suggests that our
results could be used to better understand luminescence efficiencies of metal nanoparticles.
We furthermore compare our calculated results for κ by eq. 3.5 to the ones measured in dark
field scattering experiments [62, 90, 93] and obtained from simulations [87]. In experiments a
smaller parameter space is generally accessible meaning that different groups probed different
parts of the spectrum depending on their particles sizes and shapes. In dark field scattering
experiments immersion oil is used as a surrounding medium (εm =2.25). We can reproduce the
experimentally obtained κ values when using εm = 2.25 and the gold dielectric function of
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Figure 3.8: κ as a function of energy for different εm for a) Au, b) Ag, c) Cu and d) Al. The solid lines
are calculated κ values from equation 3.5 which fit the data points obtained by FDTD calculations very
well.

McPeak et al. [105]. The comparison is shown in Figure 3.9. Considering possible differences
in both the used dielectric functions and experimental uncertainties, like chemical interface
damping, the agreement is very good.
In order to ensure that κAu,McPeak is representative for the radiation damping behaviour of
gold and to validate our results we repeated the procedure for two different measurements of
the Au dielectric function by Olmon et al. [56] and Rioux et al. [59]. The radiation damping
calculated with these two dielectric functions obeyed eq. 3.7 and yielded similar values for κAu :
κAu,Olmon = (2.59 ± 0.06) · 10−7 fs−1 nm−3 and κAu,Rioux = (2.77 ± 0.08) · 10−7 fs−1 nm−3 . The
slightly different values are not surprising as differences in preparing plasmonic films can lead
to different qualities and thus varying dielectric functions [105]. For this reason we primarily
used the dielectric functions from McPeak and co-workers as much care was taken in preparing
the plasmonic films [105]. An average of the three obtained values for Au weighted by the
inverse of their errors gives a representative value for the radiation damping parameter of gold
which is κAu = 2.67 ± 0.06 · 10−7 fs−1 nm−3 .
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It is important to stress that our results were obtained for spherocylindrical and spherical
shapes. Nordlander et al. found that radiation damping depends on the geometry of the particle
as well by comparing the results for ellipsoids and nanoshells [89]. Thus, it needs to be investigated if and how our results can be extended to different particle shapes. Preliminary results,
obtained in the same way as described for the other shapes in this chapter, suggest that our found
κ dependence is valid for triangular shapes as well (Figure 3.7b). However, more shapes need to
be analysed. In an ongoing study we look at the radiation damping for hollow spherocylinders
because for Nordlander et al. a significant difference was obtained for nanoshells [89].
To find out whether eq. 3.7 holds for different metals, i.e. whether κmetal is a real material
constant, we performed the same analysis for the other three metals Ag, Cu and Al and found
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Figure 3.11: Comparison of bulk damping Γb (black points, all Γb values obtained for all four surrounding dielectric constants are included) and radiation damping Γr calculated by eq. 3.7 for the three
different volumes V = 103 nm3 (red solid line), V = 104 nm3 (blue solid line) and V = 105 nm3 (orange
solid line) for a) Au, b) Ag, c) Cu and d) Al. The surrounding dielectric constant was εm = 1.77.

good agreement with eq. 3.5 over the energy range that could be analysed (Figure 3.8b-d).
This strengthens our result that the dependence of κ on 1/ε2 is fundamentally true for different
metals. It needs to be noted that the energy error bars for Al are larger than for the other metals
because of the larger red-shifts with increasing volume (Figure 3.4d) and thus the error for κAl
is probably underestimated as it is obtained from the linear fit of B = κ × ε2 as a function of
εm which shows a nice linear dependence despite the relatively large energy uncertainties for
κ(ω) (Figure 3.10b). It needs to be mentioned that the overlap of the FDTD data and eq. 3.5
for εm = 1 for Ag (Figure 3.8b) is worse because the point at the highest energy dominated the
1/ε2 fit due to its small error (see Figure 3.10a).
The resulting values for the material radiation damping constant κmetal are summarized in
Table 3.1. It can be seen that Au, Ag and Cu exhibit similar κmetal . Thus, radiation damping in
such metal nanoparticles at the same resonance energy varies mainly due to the differences in
the imaginary part of their dielectric functions. In order to compare radiation damping to bulk
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κmetal (×10−7 )

Au
2.71 ± 0.08

Ag
2.10 ± 0.04

Cu
2.40 ± 0.11

Al
63 ± 1

Table 3.1: κmetal for Au, Ag, Cu and Al, obtained from the dielectric functions measured by McPeak et
al. [105].

Optimal radius (nm)
εm = 1
εm = 1.77
εm = 2.25
εm = 3.24

AR = 2
18.2
14.0
11.5
9.4

AR = 3
14.3
10.4
9.3
9.0

AR = 4
11.5
9.9
9.0
9.3

AR = 5
10.6
9.1
9.3
8.8

AR = 6
9.7
9.8
8.9
9.6

Table 3.2: Radii for gold rods of different aspect ratios and for different εm for which damping is
minimized calculated with the gold dielectric function found by McPeak et al. [105].

damping we calculated Γr by eq. 3.7 for the three different volumes V1 = 103 nm3 , V2 = 104 nm3
and V3 = 105 nm3 and compared it to Γb as obtained from the linear fits in Figure 3.5. The results
are shown in Figure 3.11. For all four metals, Γr only considerably contributes to the overall
damping in the case of the largest volume. Interestingly, this is also true for Al due to the higher
bulk damping and because the higher κAl constant gets partially compensated by the larger ε2 .
However, for larger energies radiation damping might also contribute for smaller volumes due to
its rapid increase with energy. Nevertheless, our results are in contrast to ref. [86] where it was
shown that radiation damping dominates for Al NRs with aspect ratios between 2.5 and 4.5 of
volumes around 2 · 104 nm3 in an energy range of circa 2-4 eV. However their general trend, i.e.
increasing radiation damping with increasing energy (despite the slight decrease in volume from
2.6 · 104 nm3 to 1.4 · 104 nm3 ), agrees with our results. The discrepancy in Γr strength might
stem from the different approaches in determining Γr . They determined the linewidths obtained
by the discrete dipole approximation (DDA) method, analytically calculated Γb and subtracted
it from the simulated FWHM to obtain Γr . Their obtained Γb values for Al are small (< 0.1 eV)
which then leads to higher radiation damping. This deviation to our result (Γb ≈ 0.55 eV)
probably comes from the large variations between Al dielectric functions measured by different
authors [105]. Figure 3.11 furthermore reveals that Cu is a good alternative to the precious
metals Au and Ag, especially in the infrared to visible part of the spectrum.
With the obtained description of radiation damping and the available experimental results
on the electron-surface scattering it is possible to determine the widths of rods of different
aspect ratios in different media for which damping is minimized by simply looking for the
particle radius where the sum of bulk, surface scattering and radiation damping contributions
are minimal. Since the surface scattering parameter A was mostly determined for Au NPs, we
demonstrate this for Au NRs. The electron surface-scattering damping is hereby included as
Γs = Av f /le f f with A = 0.3 as found for Au rods and spheres by various authors [62, 92, 93].
The effective mean free path of the electrons le f f is calculated using 4V /S where V is the
volume and S the surface area of the particle [51, 61]. More calculation details can be found
in the Methods section. Table 3.2 shows the results for aspect ratios ranging from 2 to 6 and
εm from 1 to 3.24. As can be seen from Table 3.2 the optimal radii are between 8.7 nm and
18.2 nm. For smaller sizes electron-surface scattering dominates the dephasing of the electrons
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whereas for larger radii radiation damping becomes effective. For these moderate volumes Γb
dominates the damping, especially at energies above 1.8 eV, as can be seen from Figure 3.11a.
For nanorods with smaller AR and εm , which have a resonance energy above or close to 1.8 eV,
it is therefore beneficial to have an increased volume which red-shifts the resonance energy and
thus decreases Γb . At lower resonance energies, i.e. higher aspect ratios and εm , the optimal
radii do not change much. The obtained radii around 9 nm for higher AR and εm are then
simply a trade-off between Γs and Γr and agree well with experiments that showed that optimal
diameters are around 20 nm [62].

3.4

Conclusions

In conclusion, we systematically studied radiation damping Γr = 2h̄κV in metal nanorods and
nanospheres by FDTD simulations. Changing the aspect ratio of the nanorods allowed us to
probe a large range of resonance energies. We found that radiation damping scales with the
inverse of the imaginary part ε2 of the metal dielectric function and is proportional to the surrounding dielectric constant εm and can be calculated by Γr = 2h̄κmetal εmV /ε2 . The proportionality constant κmetal was determined for Au, Ag, Cu and Al and the analytical expression found
could reproduce the radiation damping behaviours obtained from FDTD simulations for all four
metals and recent measurements on spherical Au NPs [90] and Au NRs [62, 93] where κ was
determined for limited resonance energy regimes. We furthermore showed that for volumes up
to 104 nm3 the overall damping for all four metals is mainly determined by bulk damping as
long as surface contributions do not play a role yet. Our results offer an analytical description
of radiation damping which can be extended to many different metals and can help to predict
optimal sizes for metal NPs for various applications. In the future a similar study could be conducted for the surface-scattering parameter A as it was also proposed to be energy-dependent
[91]. Our description of Γr helps experimental studies to differentiate between Γr and Γs and to
possibly predict quantum yields of metal NPs.
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4
Single particle deformation and analysis
of silica coated gold nanorods before and
after femtosecond laser pulse excitation
We performed single particle deformation experiments on silica-coated gold nanorods under
femtosecond illumination. Changes in the particle shape were analysed by electron microscopy
and associated changes in the plasmon resonance by electron energy loss spectroscopy. Silicacoated rods were found to be more stable compared to uncoated rods but could still be deformed
via an intermediate bullet-like shape for a silica shell thickness of 14 nm. Changes in the size
ratio of the rods after fs-illumination resulted in blue-shifting of the longitudinal plasmon resonances. Two-dimensional spatial mapping of the plasmon resonances revealed that the flat
side of the bullet-like particles showed a less pronounced longitudinal plasmonic electric field
enhancement. These findings were confirmed by finite-difference time-domain (FDTD) simulations. Furthermore, at higher laser fluences size reduction of the particles was found, also for
particles that were not completely deformed yet. We furthermore show preliminary results on
the deformation of silica-coated Au NRs assembled under 3D spherical confinement.
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Introduction

Gold nanorods (NRs) have attracted much scientific attention due to their unique optical and
photothermal properties [22–25, 70]. These result in a wide range of applications in various fields, such as photoacoustic imaging [111, 112], catalysis [113], drug delivery [114],
(bio)sensing [115–118], optical recording and data storage [81, 119–121] and hyperthermic
cancer treatment therapy in medicine [15, 122]. Several of these applications can even be combined using the same particles, like imaging and photothermal therapy [123] or image-guided
drug delivery and hyperthermia [124], which makes gold nanorods even more versatile.
Localized surface plasmon resonances (LSPR) which are accompanied by efficient interactions of light with these nanoparticles which include strong local field enhancement of the
particle tips lie at the core of many of those applications. Gold nanorods exhibit two distinct
plasmon resonances, a transverse and a longitudinal one, because of their anisotropic shape
and reduced symmetry compared to gold nanospheres. The transverse resonance, having a
wavelength of approximately 520 nm, is the same as for spherical gold nanoparticles, whereas
the longitudinal surface plasmon resonance depends strongly on the length to diameter aspect
ratio of the nanorods. Therefore, it can be tuned to span the visible and near-infrared parts of
the spectrum by changing the aspect ratio of the nanorods [63, 69, 80].
When exciting the longitudinal plasmon resonance with an high energy and short nanosecond (ns) or femtosecond (fs) laser pulse the photon energy is absorbed by the electrons with
subsequent electron-phonon scattering resulting in the heating of the particle. This electronphonon scattering takes on the order of 1-4 picosecond (ps) for gold nanoparticles [125]. The
heat is then released to the surrounding medium by diffusion, a process for which the time-scale
strongly depends on the properties and geometry of the surrounding medium [126]. It is well
established that gold nanorods undergo an aspect ratio reduction, up to a complete deformation into a crystalline nanosphere or even fragmentation, after absorption of sufficient photons
[127–129]. Furthermore, gold NRs can be deformed by thermal heating [130, 131]. The rate
of heating and cooling and the final temperature of the particles are of crucial importance to the
deformation mechanism and path followed. Petrova and co-workers inferred from their measurements that NRs that were deformed by fs-laser excitation did not show structural changes
below 700 ◦ C although the same particles already completely deformed at 250 ◦ C when heated
in an oven [132]. These findings were attributed to the rods not staying hot for long enough during pulsed laser irradiation. Indicating, as mentioned, that thermal diffusion plays an important
role.
Most work so far aimed at understanding the light and heat induced deformation of Au
nanorods was performed on large ensembles of these nanoparticles. Link et al. studied the
dependence of the deformation on the laser pulse width and found that significantly less pulse
energy is needed to deform and melt the particles when using fs-pulses compared to ns-pulses
[128, 129]. This was explained by competitive cooling during the pulse duration of a ns-pulse.
At high laser fluences fragmentation was observed. In related work the same group measured
a threshold energy of about 60 fJ to melt single nanorods with an average length and width of
44 nm and 11 nm, respectively, by fs laser pulses in aqueous solution [133].
Zijlstra et al. showed that much information can be gained by performing single-particle
measurements and thereby removing much of the heterogeneities of the sample [134]. They
used white light scattering spectroscopy and scanning electron microscopy to study the laser-
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induced melting of single gold nanorods. They measured a melting energy of 260 fJ for nanorods with an average size of 92 × 30 nm and inferred from their measurements that nanorods
with larger aspect ratio are thermodynamically less stable as they were found to deform more
easily. Taylor et al. studied the reshaping behaviour of individual nanorods under fs-laser illumination by scanning electron microscopy [135]. They concluded that the reshaping process
is driven by curvature-induced surface diffusion of Au atoms over the nanorod surface and that
the stability of the rods decreases with increasing aspect ratio.
From these results it has become clear that correlating single-particle reshaping experiments
with high-resolution electron microscopy and spectroscopy can reveal new insights into the
atomistic mechanisms behind light induced particle deformations. In our paper we show additionally that if both single particle spectroscopy and single particle imaging can be combined on
the same particle before and after deformation local shape and size effects can be connected to
specific local plasmonic properties instead of to properties that are averaged over all particles.
Examples of such properties are the flattening of the Au nanorods on only one side and a reduction in particle volume for some particles. Electron energy-loss spectroscopy (EELS) has
recently proven to be a good technique for imaging local plasmonic properties of metallic nanoparticles. It has become possible to perform a local mapping of the plasmon resonances of
single metal nanoparticles of various different shapes at a high resolution in energy and space
[136–142], additionally coupling of resonances of particles that are near each other has been
analysed as well [136, 137].
It is well known that coatings surrounding gold nanorods can greatly influence the deformation behaviour. Such coatings are often used to increase the colloidal stability of Au nanoparticles in solution as these metals are characterized by large Hamaker constants and thus large van
der Waals attractions inducing aggregation. So far, mainly heat-induced particle deformation
experiments were conducted to understand the influence of coatings on the deformation of gold
nanorods [143, 144]. It was shown for instance that a thin carbon layer can drastically increase
the thermal stability of a Au nanorod [145]. Silica is an important coating since it can enhance
the thermal, mechanical and colloidal stability. Furthermore, it can be made mesoporous and
thus the particle’s surface is still available for catalytic reactions and/or for sensing applications
[83, 113, 146, 147] and additionally drugs can be efficiently transported due to a large surface
area in the mesoporous shell [124].
Surprisingly, however, little effort has been made to study the heat-induced deformation behaviour of silica coated gold nanorods. Recently, it was shown that the thermal stability for oven
heated rods can be drastically enhanced by a mesoporous silica-coating [148]. Under illumination of ns-pulses mesoporous silica-coated gold nanorods were shown to be more stable as well
[149, 150]. Also, for photoacoustic imaging silica-coated gold nanorods are promising candidates since coating the Au nanorods with silica improved the imaging properties [151, 152].
Finally, for cancer treatment therapies silica-coating of gold nanorods enhanced the performance. Zhang et al. showed that chemotherapeutic drug release was significantly improved and
that hyperthermia is also possible for coated nanorods [124].
Looking at the many possible application improvements of silica-coated gold nanorods, fundamental research on how such layers influence the deformation properties is needed. Singleparticle measurements can help to unravel on a microscopic level the deformation process and
the influence of a silica shell. As far as we know, these are the first single-particle deformation
experiments of silica-coated gold nanorods under illumination of fs-laser pulses. The experi-
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ments were analysed by transmission electron microscopy (TEM) and EELS. Our method allows for specifically deforming single particles in 3D assemblies [153] which can lead to new
applications like the modification of metallo-dielectric photonic crystals.

4.2

Methods

4.2.1 Experimental
Gold nanorods were synthesized following the method of Ye et al. [67]. The average aspect
ratio and volume of the rods were 3.5 ± 0.5 and (9.9 ± 0.4)· 104 nm3 , respectively. The rods
were then coated with a 14 nm thick mesoporous silica shell following the method of Gorelikov
and Matsuura [68]. The coated particles were stored in ethanol. Shell thickness and particle
sizes and the polydispersity were determined by analysing TEM images of about 330 particles.
In order to achieve local single particle laser-induced heating a Leica SP8 confocal setup
(63x/1.4 oil-immersion confocal Leica objective) equipped with both, a Coherent chameleon
II Ti:Sapphire laser (80 MHz repetition rate, 140 fs pulse length) and a fibre-based white light
laser, was used. For the laser-induced deformations, a drop of the particle dispersion was dropcasted on a TEM finder grid. TEM images of all particles in a spot of about 12 µm × 12 µm
were taken with a TECNAI12 electron microscope. The grid was then placed on a microscopy
slide. Subsequently, glycerol was put on top of the grid to reduce the scattering of the silica
(refractive index of 1.45), while also being close to the index of the immersion oil and glass
(refractive index of 1.51). This sample system was then closed with a 0.1 mm thick cover glass.
The white light laser at the 480 nm laser line was used in reflection mode to find back the spot
which was looked at by the TEM before and to focus onto the right z-plane. For the laserinduced heating a thin 3D stack with 2D planes of 11.5 µm × 11.5 µm was scanned by the
Ti:Sapphire laser at 860 nm with a pixel size of 22.6 nm × 22.6 nm and a pixel dwell time of
1.2 µs (400 Hz scanning speed). From those values we estimate that roughly 2·104 pulses are
incident per nanorod. The simulated axial and longitudinal point spread functions for this specific setup can be found below. After illumination the glycerol was removed by drying the TEM
grid in vacuum overnight. The particles of the same spot were imaged in the TEM afterwards.
This enabled us to study the heat-induced deformation on a single particle level and to analyse
the same particles before and after deformation. The method is illustrated in Figure 4.3a. The
time-averaged laser power was measured by a Thorlabs PM200 powermeter using a Thorlabs
S170C microscope slide power sensor.
EELS measurements were performed on a monochromated aberration-corrected microscope
operated at 120 kV. Using a monochromator, an energy resolution of 150 meV was obtained as
measured by the width at half maximum of the zero loss peak. For the acquisition of the plasmon maps, a pixel size of 1.3 nm is used with a spectrum collection time of 0.03 s.In order
to analyse the recorded EELS data cubes, a power law background subtraction was performed
using Digital Micrograph 2.3.0. Plasmon maps are then obtained using an energy selecting
window that is positioned at the desired energy losses corresponding to the different plasmon
modes. The FDTD simulations were performed with the software FDTD solutions 8.12.590
from Lumerical Solutions. We used the dimensions as measured by TEM after deformation for
particle 1 in Figure 4.4b and a mesh size of 0.5 nm.
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4.2.2 Measured and calculated extinction spectra
The silica-coated gold nanorods were stored in ethanol where they exhibit a longitudinal plasmon peak position at 828 nm (Figure 4.1a black solid curve). After sandwiching the dried
particles between a microscopy slide and a 0.1 mm thick cover glass with glycerol in between
the spectrum red-shifts to 860 nm due to the higher surrounding refractive index (Figure 4.1a
red solid curve). For calculating the extinction spectra with Mie-Gans theory, which only has
an analytical solution for particles with a spheroidal shape, we used the corresponding shape
factors that were determined phenomenologically in Ref. [9]. ε1 and ε2 were taken from Olmon
et al. [56]. The peak positions of the spectrum measured in ethanol, glycerol and vacuum can
be reproduced by using a dielectric constant of the surrounding of 1.86 (black dashed curve),
2.06 (red dashed curve) and 1.7 (dashed blue curve) which are reasonable values. We assume
that the effects of a small jump in refractive index at the silica-glycerol interface to be negligible especially as the silica is also porous. Figure 4.1b compares the calculated peak positions
of the original (average) nanorod (black curve) to the measured reduced average aspect ratio
after illuminating with 5.3 mJ/cm2 (aspect ratio of 3.0). The thicker diameter in the case of the
deformed particle is taken into account by the corresponding shape factors from Prescott et al.
[9]. This approximation leads to a peak shift of 25 nm in glycerol which will shift it out of the
excitation wavelength of the laser. This calculated shift can only be seen as an indication as
other factors also influence the peak shift such as heating of the surrounding glycerol resulting
in a change of its dielectric constant and polydispersity [9].
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Figure 4.1: a) The black curve shows the extinction of the mesoporous silica-coated gold nanorods
in ethanol. The extinction in glycerol (red curve) is red-shifted by 30 nm due to a higher dielectric
constant. The black, red and blue dashed curves were produced by Mie-Gans theory with the shape
factors presented in [9] and an εd of 1.86, 2.06 and 1.7, respectively. b) compares the calculated peak
positions of an average nanorod before (black curve) and after an illumination of 5.3 mJ/cm2 .

4.2.3 Heat dissipation times
Heat dissipation times τd for our system and for comparison for the system in Ref. [134]
are estimated by using the relationship: τd ∝ R2 /(ρsCs Λs ) where R is the radius of the gold
particle and ρs , Cs and Λs are the density, the heat capacity and the thermal conductivity of the

66

C HAPTER 4
re f

surrounding medium, respectively. Hu et al. measured a heat dissipation time τd for a 15 nm
sized gold particle with a 10 nm thick Stoeber silica shell of 100 ps in ethanol [126]. The heat
dissipation time of our system τd can then be estimated by
re f

τd
re f

τd
re f

re f

=

re f

re f

R ρs Cs Λs
.
Rre f
ρsCs Λs

(4.1)

re f

The parameters ρs , Cs and Λs are taken for a composite system of Stoeber silica and
ethanol with a silica porosity of 13% [154]. For our system we assume a composite system
of mesoporous silica and glycerol with a silica porosity of 70% [155]. ρs , Cs and Λs for ethanol, silica and glycerol were taken from [156]. Based on those assumptions we estimate a
heat dissipation time of 500 ps for our system. The gold nanorods in [134] are embedded in a
poly vinyl alcohol matrix. The corresponding parameters are taken from [157] and τd can be
estimated to be 2000 ps. It needs to be mentioned that the thermal conductivity at the interface between the gold and the surrounding medium is neglected here since for gold particles
with a diameter above roughly 10 nm the cooling rate is dominated by heat diffusion into the
surrounding medium [126].

4.2.4 Confocal point spread functions
The lateral and axial point spread functions of our confocal setup (Leica SP8 using a 63x/1.4
oil-immersion confocal Leica objective) were simulated with the Huygens software for an excitation wavelength of 860 nm and glycerol as a medium. The point spread functions have
recently been measured for such a setup for an excitation wavelength of 488 nm and 543 nm
[158] and were in good agreement with the simulated ones (not shown here). Since the point
spread functions depend on excitation wavelength and surrounding medium we did not use the
measured values but simulated them for an excitation wavelength of 860 nm and glycerol as a
medium. The extracted profiles are presented in Figure 4.2a. The full width at half maximum
(FWHM) of the lateral profile is 319 nm which determines the radius of the spot size and was
used to calculated the fluences. For estimating the intensity drop below or above the focal plane
we simulated the axial point spread function in the x-z plane and extracted profiles in the focal
plane and 240 nm above. By comparing the area under the profile in the focal plane and 240 nm
above the focal plane we calculate an intensity drop to 70%.
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Figure 4.2: a) and b) show the lateral and axial profile of the point spread function with their FWHM,
respectively. c) shows the lateral extracted spectra at the middle (black) and 240 nm above the middle
(red) of the axial point spread function.
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4.2.5 Supraparticles
To form supraparticles a oil-in-water emulsion was prepared in a shear cell. The oil phase consisted of cyclohexane and contained OTMS-functionalised mesoporous silica-coated Au NRs
with average length and width of 88 nm and 24 nm, respectively. Dextran and SDS were added
to the water phase to increase viscosity and stabilize the oil droplets, respectively. The supraparticles are formed by slowly letting the oil evaporate. Details of the preparation method can
be found in [153, 159, 160].

4.3

Results & Discussion

4.3.1 Single particle deformation
It is well known that the position of the plasmon peak depends on the surrounding medium
[5, 23, 125]. Thus, in order to optimally excite the gold nanorods at their longitudinal plasmon
resonance in our confocal setup the refractive index change from ethanol to glycerol needs to
be taken into account. In glycerol the longitudinal plasmon peak is red-shifted by about 30 nm
to 860 nm (Figure 4.1) with respect to ethanol. For the deformation experiments the excitation
was therefore fixed at 860 nm but the power was varied. The laser power is directly connected
to the temperature the particle is heated to [14, 129, 132] and thus the degree of deformation
strongly depends on the applied laser power.
For different laser powers the aspect ratio and shape of the same particles before and after
laser irradiation were determined by TEM. By averaging over several particles for each applied
laser power a general dependence on the degree of deformation was determined. Such an average is helpful to compare our measurements with previous studies. A typical outcome for
different laser powers is shown in Figure 4.3b where the average aspect ratio of three different
areas on the same TEM grid of silica coated gold nanorods illuminated at three different values
of the laser power was averaged over about 100 particles. At the lowest fluence of 5.3 mJ/cm2
the average aspect ratio decreased to about 3.0. With increasing fluence the average aspect ratio
was further reduced to about 2.6 for 8.1 mJ/cm2 and to 1.6 for 10.6 mJ/cm2 . The laser power
that we used is generally much lower than Chen et al. reported when using ns-laser pulses to
deform silica-coated gold nanorods where changes in the absorption spectrum only occurred at
20 mJ/cm2 for 34 nm × 9 nm sized rods with a 20 nm thick silica shell [149]. This relates to
the fact that fs-heating is more efficient than ns-heating as the total energy from the laser pulse
can be transferred to the crystal before lattice cooling takes place. For uncoated gold nanorods Link et al. also reported that fs-heating requires less laser power compared to ns-heating
[128, 129]. In our experiment many more laser pulses were supplied than needed for deformation as gold nanorods with an average size of 92 nm× 30 nm but without a rigid shell could be
even deformed by single fs-laser pulses with the degree of deformation being dependent on the
fluence [134]. As we see a dependence on the provided fluence the deformation process must
be self-limiting in the sense that the laser light is not efficiently absorbed anymore once the
aspect ratio drops below a certain value shifting the plasmon resonance out of the wavelength
range of the laser excitation pulse. For example, at 5.3 mJ/cm2 the average aspect ratio dropped
to 3.0 leading to a longitudinal plasmon shift of about 25 nm (see Figure 4.1) which will thus
be shifted out of the excitation pulse.
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Figure 4.3: a) illustrates the schematic experimental setup and shows typical TEM images of Au NRs
before and after deformation. b) shows the average aspect ratio after an applied laser power. The change
in aspect ratio was averaged over about 100 particles. The initial average aspect ratio of the rods were
3.4 ± 0.5 coated with a 14 nm thick silica shell.

The curve in Figure 4.3b follows a similar trend as measurements from Zijlstra et al [134].
They performed single particle deformation experiments on gold nanorods without silica coating but embedded in a PVA film. For particles with an aspect ratio of 3 (92 nm × 30 nm) they
found partial melting to start around 1.3 mJ/cm2 and complete melting at 1.85 mJ/cm2 . From
that they calculated a melting energy of Qmelt = 260 fJ which is 15% higher than following
thermodynamic considerations where they calculated Qmelt to be 225 fJ according to


Qmelt = ρV c p (Tmelt − T0 ) + ∆H f us

(4.2)

where ρ is the density of gold, V the Au volume of the nanorod, c p the specific heat capacity of
gold, Tmelt the melting temperature of gold, T0 the ambient temperature and ∆H f us the heat of
fusion for gold. The authors attributed the higher stability in experiments to the viscoelasticity
of the PVA polymer matrix surrounding the particles, which hinders surface-driven migration,
and to heat dissipation.
The energy Qabs that is absorbed by a particle with an absorption cross section σabs under a
laser fluence F is calculated by using
Qabs = σabs F.

(4.3)
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Figure 4.4: Comparison of the same particles before (upper row) and after (bottom row) deformation
for average fluences of a) 5.3 mJ/cm2 and b)-d) 10.6 mJ/cm2 (with differently absorbed energies, see
text for clarification). The different columns show different stages of deformation. The absorbed energy
increases hereby from left to right. The aspect ratios before and after deformation are summarized in
table 4.1. EELS measurements presented in Figure 4.6 were performed on the exact same particles
marked with the name particle 1 to 3. All scale bars are 50 nm.

The absorption cross section for a gold rod is available as an analytical expression from MieGans theory for a spheroidal shape [132]:


2 ε
1/L
2
j
2πV 3/2
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(4.4)
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2

where ε1 and ε2 are the real and imaginary part of the dielectric constant of gold, respectively,
and εm is the dielectric constant of the medium. The depolarization factors L j are given by
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(4.5)

(4.6)

p
where e = 1 − 1/(L/W )2 is the eccentricity and L/W is the aspect ratio of the rod.
However, calculating a reliable absorption cross section is difficult since the analytical MieGans theory, which is only available for particles with an ellipsoidal shape, does not accurately
model experimental nanorods as not only the aspect ratio alone influences the extinction spectra
but also end-cap geometries and the volume of the rods [9]. Prescott et al. showed that by
adjusting the depolarization factors, reasonable results for the plasmon excitation wavelengths
can be obtained (Figure 4.1) [9]. However, for obtaining absorption intensities experimental
data are so far quantitatively more reliable. Zijlstra et al. measured experimental scattering
cross sections for single gold nanorods with an average size of 5.8·104 nm3 and calculated the
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according absorption cross section by multiplying by the intensity ratio [134]. Using their values and using a correction factor of 1.7 to account for the volume difference we can estimate
Qabs by Qabs = F · 11.3 · 10−11 cm−2 . However, this represents the absorbed energy when the
particle is oriented along the polarization of the laser beam. If the particle is oriented perpendicular it will absorb almost no energy. Our particles are randomly distributed with respect to the
polarization and will thus only absorb about 1/2 of that energy. For the experimentally applied
fluences of 5.3 mJ/cm2 , 8.1 mJ/cm2 and 10.6 mJ/cm2 the particles thus absorb approximately
300 fJ, 460 fJ and 600 fJ on average. The required melting energy calculated by equation 4.2
is 380 fJ for our rods. Thus, for the highest applied laser fluence (where particles are still not
all completely deformed to a spherical shape) the particles absorb about 55% more energy than
required for melting which is a lot more than the 15% that Zijlstra et al measured for uncoated
rods in PVA.
The increased stability is probably due to two reasons. First, heat diffusion is faster for
silica-coated gold nanoparticles compared to particles without a silica shell. Hu et al. measured
a decrease in the characteristic heat dissipation time constant after coating spherical gold nanoparticles with a thin silica shell in water compared to uncoated particles in water [126]. The
characteristic heat dissipation time depends on the size of the particle and the thermal properties
of the surroundings (details in section 4.2.3). Hu et al. measured a time constant of 55 ps for
a spherical gold particle with a thin silica shell in water. Taking different sizes and thermal
properties of the solvent into account we roughly estimate a characteristic heat dissipation time
of about 500 ps for our system (section 4.2.3). The same estimation leads to a time constant of
about 2000 ps for the particles in [134]. Thus, heat gets dissipated faster away for our system.
However, it was shown that structural transformations occur on fast time scales as well. Plech et
al. inferred from their measurements that complete melting of 100 nm sized spherical particles
in water (which is comparable in volume to our rods) occurred within 100 ps (their time resolution limit) [161]. Link et al. concluded from pump-probe absorption measurements that melting
of micelle-capped gold nanorods in solution takes 30-35 ps [162]. Their nanorods were about
25 to 50 times smaller than ours. Thus, from literature it can be estimated that structural transformations for sizes of our rods can happen between 35 ps and 100 ps. Thus, heat dissipation is
probably not the main reason for the increased stability.
Another influence of the silica shell is its rigidity which hinders the migration of surface
atoms and in addition hinders a shape change which does not fit in the original shell diameter.
External oven heating measurements performed by Gergely-Fülöp and co-workers confirmed
that [148] as well as measurements performed in our group [163]. In their work heat diffusion
does not play a role due to the long time scales involved. For an aspect ratio of 3.4 (30 nm
× 9 nm, 15 nm mesoporous silica shell) particles deformed to an almost spherical shape after
heating at 700◦ C for one hour. In comparison, uncoated nanorods with an aspect ratio of 3.3
(73 nm × 22 nm) already completely deformed to spherical particles after heating at 250◦ C
for one hour [132]. Thus, the silica-coated nanorods were stable at much higher temperatures
despite the significantly smaller volume and thus smaller surface to volume ratio. Therefore,
it is likely that the enhanced stability for our rods is mostly influenced by the hindrance of
surface atom movement and the confinement effects of the silica shell that has to deform to
accommodate thicker rods.
The different absorbed energies are not only reflected in the changed aspect ratio but also
in the shape of the resulting particles both with respect to the geometry of the gold core and
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Table 4.1: Aspect ratios before and after deformation for the particles from Figure 4.4 going from left
to right.

before deformation

after deformation

a)
3.6
4.3
3.0
3.0
3.6
2.2

b)
3.0
3.0

c)
3.2
3.5

1.6
2.0

1.3
1.6

d)
2.9
2.9
3.2
1.0
1.0
1.0

silica shell. Figure 4.4 shows the same particles before (upper row) and after (bottom row)
deformation where particles in different columns absorbed different energies (increasing from
left to right). The corresponding aspect ratio changes are summarized in table 4.1.
The amount of energy each single particle absorbs can vary strongly since it depends on the
exact position of the particle with respect to the laser beam. Since the laser beam is scanned
over the sample some particles will end up right in the middle of the beam and thus absorb more
energy as particles that are away from the middle. The z-position of the particle also plays an
important role here. The substrates are not perfectly flat and different particles will experience
small differences in z-position. Since the laser beam goes through an objective with a high
numerical aperture different z-positions experience different powers. The intensity variation is
expressed in the point spread function of the microscope used and has recently been measured
for this system [158]. For example, for 17 pJ pulse energy the fluence is 5.3 mJ/cm2 in the
focal plane and drops to 4.0 mJ/cm2 for a z-position 240 nm below or above the focal plane
(details in section 4.2.4) changing z might not have a significant influence since the particles
already absorbed energy and consequently their longitudinal plasmon resonance shifted out
of the excitation wavelength of the laser. Although the sample was scanned in a small 3D
stack (starting from the 2D focal plane determined in reflection mode) Another important factor
that influences the amount of absorbed energy is the orientation of the NR with respect to the
laser polarization. Particles that are aligned with the polarization will absorb more energy than
particles that are not aligned [135]. Additionally, the polydispersity of the sample will influence
the absorption behaviour. If the longitudinal peak position of one particle does not optimally
match the excitation wavelength it will absorb less energy. The above mentioned points are
reflected in the relatively large error bars, obtained from the standard deviation, observed in
Figure 4.3. Hence, calculating a temperature that can be ascribed to a single particle is difficult
and will be inaccurate, also because heat accumulation in the dispersion medium can play a role
for high-repetition laser systems. Zijlstra et al. showed that the threshold to deform and damage
particles increases with higher numerical aperture objectives [151]. This was explained by the
larger surface to volume ratio resulting in better heat dissipation for smaller focal spots. In our
setup heat accumulation might not play a major role since we have a highest numerical aperture
and thus a large surface to volume ratio of the focal spot.
Due to the considerations above, it cannot be determined which precise energy each single
particle in Figure 4.4 absorbed but the amount of absorbed energy clearly increases from the left
column to the right column since the deformation is enhanced. It can be seen that the particles
deform from a rod-shape via an intermediate bullet-shape to a final spherical shape. Particles
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Figure 4.5: Atomic resolution STEM images and diffraction patterns of deformed mesoporous silica
coated Au NRs. a) shows the same NR before (left) and after (middle) fs laser excitation (925 nm,
6.5 mJ/cm2 ) and an overlay of both (right). b) and c) display the corresponding FFT pattern of the NR
before and after excitation, respectively. The NR crystal was defect free before deformation, whereas
many twinning boundaries appeared after excitation. d) presents STEM images of two NRs that were
heated in an oven under air at 500 °C for 2 h. The insets show the corresponding FFT patterns. The left
NR exhibited one twinning boundary and the right one was defect free. All particles were found in the
[011] orientation as determined from the distances in the FFT patterns.
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in column (a) only deformed slightly and adopt a rod shape which is shorter and wider than the
original particles. Since the shell is mesoporous it can most likely densify without changing its
overall shape too much. The shape in the first column is mainly observed for the lowest used
laser fluence of 5.3 mJ/cm2 .
Particles in columns (b)-(d) were irradiated with an average fluence of 10.6 mJ/cm2 but different absorbed energies following the discussion above. The larger deformations could only be
achieved by deforming the silica as well to make enough room for the larger width of the gold
particle. A reduced mesoporosity can be observed as the mesopores are less visible in the TEM
images after laser irradiation than before. Additionally, the shells slightly shrink. Since the
shells are mesoporous, shape changes due to the stress exerted by the deforming gold can occur
more easily in comparison to a solid shell without internal pores. Furthermore, it was shown for
ordered mesoporous silica that the pores shrink and the mesoporosity is reduced when heated
above 600 °C, a temperature that is likely reached in our experiments. The observed intermediate gold shapes as in column (b) and (c) were bullet-shaped. There is still room between the
gold rod and the silica shell at the flat end of the particle. It is remarkable that in no case we
observed a change in rod shape on both ends of the Au particles which remained flush with
the silica shell on one end. An intermediate shape has not been so clearly and abundantly observed so far and as mentioned it is interesting that only one end was found to flatten and detach
from the silica shell. Some groups reported intermediate φ -shapes although this was mainly
observed for ns-pulses and particles without a solid shell [127, 129]. Chon et al. reported an
intermediate dumbbell-like structure [164] after fs-laser pulse illumination for initial rods with
an aspect ratio of 4, a silica-shell thickness of 35 nm and a smaller volume than our rods (no
exact volume was provided but from the TEM image it can be estimated to be 15 times smaller
than our volume). They argued that the structure occurred since the melting started at both tips
of the rods and stopped before a transformation to a spherical shape was completed. The exact
intermediate shape most likely depends on the surface-to-volume ratio, shell thickness or initial
aspect ratio of the rod as well. Research to get more insight in what is important for what shape
change is ongoing and the focus of a next paper. In case of complete deformation to a spherical
gold particle (column d)) the silica is also completely deformed and was found to remarkably
still enclose the spherical gold particles.

4.3.2 Defect creation
Interestingly, the laser-induced deformation was almost always accompanied by the creation of
lattice defects. To visualize the induced defects we imaged the same NR by atomic resolution
STEM before and after fs-laser excitation. For that, we chose a different sample of smaller mesoporous silica-coated Au NRs (67.7 nm × 15.1 nm) which simplified the imaging. The atomic
resolution STEM image of the NR before irradiation is shown on the left side of Figure 4.5a).
The length and width of the NR were 51 nm and 11 nm, respectively. The crystal was defect free
which is also seen in the corresponding Fast Fourier Transform (FFT) displayed in Figure 4.5b).
After irradiation the NR with laser pulses of wavelength 925 nm, which corresponds to the longitudinal plasmon peak of the sample in glycerol, and fluence of 6.5 mJ/cm2 , the NR showed
multiple twinning boundaries as can be seen in the middle image of Figure 4.5a). The deformation of the crystal lattice is also apparent from the FFT shown in Figure 4.5c) where streaks
appear. The length and the width of the NR changed to 47 nm and 12 nm after irradiation. The
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last image in Figure 4.5a) is an overlay of the two images before and after irradiation. The NR
clearly reduced in length and increased in width. The surface of the deformed NR seemed to
be rougher which is probably the result of the twinning planes. Defects after fs laser irradiation
were also observed for Au NRs without a silica shell [165]. It was even proposed that point,
twinning and stacking faults significantly influenced the deformation of the NR [165]. The authors proposed a deformation mechanism in which local melting at the point defect sites and
surface pre-melting/diffusion occurs simultaneously. Oven heated NRs of the same sample exhibited barely any defects. Two atomic resolution STEM images of two NRs after being heated
for 2 h at 500 °C in air are shown in Figure 4.5d). In the less likely case that defects exists, as
for the NR in the left image, a lot fewer twinning boundaries were observed (only one in this
case) compared to the NRs after laser irradiation. The surfaces of both NRs were also smoother
than for the irradiated NR. Thus, the defects are created due to the fast heating and/or cooling
of the NR in the case of fs laser irradiation. Since the NRs also deform without the creation of
defects, e.g. when they are heated in an oven, a deformation mechanism like curvature-driven
surface diffusion [135] without the involvement of defects seems to be more likely.

4.3.3 Plasmonic properties: Single particle EELS measurements
The changes in aspect ratio were accompanied by a change of the longitudinal plasmon resonance which we measured by EELS. First, we measured particles before laser irradiation which
is shown in Figure 4.6a. The left image in Figure 4.6a is the dark field image of the particles
including two coloured markers for the spots where the spectra were extracted that are shown in
the right Figure of 4.6a. The spectrum recorded at the blue position shows a strong resonance
at 1.55 eV (800 nm) which is the longitudinal plasmon resonance. The spectrum which was
recorded at the red spot shows a peak at 2.4 eV (520 nm) which corresponds to the excitation
of the transverse plasmon resonance. Comparing these measurements to the measured extinction spectrum in solution (Figure 4.1) one can see that the plasmon peak positions measured
by EELS are blue-shifted. These shifts can be explained by the different dielectric media as
the EELS measurements were performed in vacuum. When inserting the dielectric constant of
vacuum into eq. 4.4, the same longitudinal peak position is obtained (Figure 4.1). The two
resonance energies were mapped locally which resulted in the two images at the centre of Figure 4.6a. The longitudinal and transverse characters can be clearly identified and agree with
previous EELS measurements of gold nanorods [136, 137, 139].
The EELS measurements of the deformed particles were taken and plotted in the same
way as described above for the undeformed ones. Figure 4.6b shows the measurement of the
deformed particle which is marked as particle 1 in Figure 4.4. The longitudinal plasmon resonance was found to be blue-shifted to 1.8 eV (690 nm) which corresponds to the observed
decrease in aspect ratio with respect to the undeformed particles which exhibited a resonance at
1.55 eV (800 nm). The transverse plasmon resonance stayed at 2.4 eV. The plasmon maps for
both energies still show a clear longitudinal and transverse character which is preserved after
deformation. It can furthermore be seen that the flatter side of the rod exhibits a less pronounced
signal than the tip-shaped end of the rod. This is in agreement with the lightning rod effect and
is reproduced by FDTD simulations presented in Figure 4.7 where the longitudinal resonance
(signal at 694 nm) is depicted. As in the experiments it exhibits a stronger local field enhancement at the round tip of the rod and a less enhanced one at the flat end. Due to the sharp corners

S INGLE PARTICLE DEFORMATION AND ANALYSIS OF SILICA COATED GOLD NANORODS
75

BEFORE AND AFTER FEMTOSECOND LASER PULSE EXCITATION

1.5-1.7 eV

2.3-2.5 eV

1000 800

600

2.4reV

1.5

b)

particle 1

1.7-1.9 eV

400

1.55reV

Counts

a)

Wavelengthr(nm)

undeformed

2.0

2.5

3.0

3.5

Energyrlossr(eV)

2.3-2.5 eV

Wavelengthr(nm)
1000 800

600

400

1.8reV

Counts

2.4reV

1.5

2.0

2.5

3.0

3.5

Energyrlossr(eV)
Wavelengthr(nm)

particle 2

600

400

2.2reV 2.4reV

Counts

c)

1000 800

2.1-2.3 eV

d)

particle 3

2.3-2.5 eV

1.5

2.0

2.5

3.0

3.5

Energyrlossr(eV)
Wavelengthr(nm)
1000 800

600

400

Counts

2.4reV

2.3-2.5 eV

1.5

2.0

2.5

3.0

Energyrlossr(eV)

3.5

Figure 4.6: EELS measurements of undeformed (a), partially deformed (b),(c) and completely deformed
nanorods (d). The same particles which are shown in Figure 4.4 are presented here. The longitudinal
plasmon resonance is blue-shifted with higher degree of deformation. The plasmon maps show the
longitudinal and transverse character. All scale bars are 50 nm.

in the simulations the two corners at the flat side also show strong local field enhancements. For
the experimental rod these corners were more rounded and not as sharp and thus no such strong
enhancements were observed at these corners.
The EELS measurement results for particle 2 of Figure 4.4 are shown in Figure 4.6c. The
longitudinal plasmon resonance was shifted to 2.25 eV (551 nm) and starts to overlap with the
transverse one. The plasmon maps still exhibit a longitudinal and transverse character but the
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Figure 4.7: Longitudinal plasmonic field enhancement from FDTD simulations for the rod in Figure
4.6b.

spatial extent of both resonances cannot be as nicely resolved as for 4a and b due to the limited
energy and spatial resolution. As observed for the particles in Figure 4.6b the flatter end of the
rods have a less pronounced plasmonic field enhancement than the rounded tip of the rods. This
difference, however, is less pronounced in Figure 4.6c due to the overlap of the longitudinal and
transverse resonances which makes it more difficult to separate the two signals for this smaller
aspect ratio. As expected, for a complete deformation into a nanosphere only one plasmon
resonance at 2.4 eV (520 nm) was observed. As is quite clear from the excitation maps this
resonance is spread out over the whole particle.

4.3.4 Size reduction of Au NRs
Our methodology allows us to not only observe changes in the particles aspect ratio and shape
but also to make estimates of the volumes before and after deformation. We estimated the
volume from the 2D shape and sizes that we measure from the TEM images. We hereby allow
a ± 15% discrepancy when comparing the volume before and after laser irradiation due to
uncertainties which occur when measuring the diameter and length of the nanorod from TEM
images and from small irregularities in shape of the deformed particles. It needs to be mentioned
that an exact volume determination is only possible in 3D. 3D tomography has been done on
gold nanorods and makes it possible to determine the exact volume [166]. For undeformed rods
the known geometry was used to determine the volume. For deformed particles the volume
could be estimated assuming that due to the 3D confinement of the silica shell the particles
deform similarly in the third dimension.
For absorbed energies above the melting threshold, particles were found to lose part of their
volume during laser deformation. At 8.1 mJ/cm2 only a very small fraction of particles were
reduced in size, whereas at 10.6 mJ/cm2 about one third of the particles suffered from a size reduction. Those particles were not included in the analysis since a volume loss can influence the
aspect ratio change. Again it needs to be stressed that this is only a rough estimate since we cal-
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Figure 4.8: Au volume loss at higher fluences. a) and b) show particles that reduced in size after being
illuminated with a fluence of 10.6 mJ/cm2 . For a fluence of 13.8 mJ/cm2 most particles disappear (c). b)
and c) furthermore show examples of cluster formation which increases with increasing fluence.

culate the volume based on a 2D projection. Examples of particles that underwent more severe
size reductions are shown in Figure 4.8a, where all volumes dropped to less than one third of the
volumes of the original rods, based on the 2D projection. A size reduction and laser ablation of
gold nanoparticles upon laser irradiation is well known in literature [167–169], also for fs-pulse
irradiation where they used micelle-stabilized rods with a volume 26 times smaller than ours
[128]. Those experiments were performed at higher fluences (about 200 J/cm2 ), though, despite
the smaller volume. Thus, the size reduction needs to be taken into account for photothermal
applications as we found it to also happen for increasing percentages of particles at lower fluences despite the mesoporous silica coating. Such effects would be hard to detect without our
single particle analysis where the same particles are observed before and after deformation. At
fluences above 10.6 mJ/cm2 all particles suffered from size reduction or completely disappeared
as shown in Figure 4.8c. It does not necessarily mean that the particles that disappeared were
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a)

50 nm
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50 nm

50 nm

Figure 4.9: a) and b) show two examples of small gold fragments that got stuck in a denser shell. A
thin layer of Stoeber silica was coated around the mesoporous shell resulting in a total shell thickness of
18 nm. From etching experiments we know that such a layer closes off the pores [66].

heated above the boiling temperature of gold (around 3100 K). Fragmentation can happen at
temperatures below the melting point even [170]. At high temperatures the silica shell can also
break and release the gold [148].
Particles that were reduced in size were often accompanied by the presence of small gold
droplets on the surface of the TEM grid which can be seen in Figure 4.4 already and is more
extremely visible in Figure 4.8b and c. This strengthens the point made by calculating the
volumes of the particles from the 2D projections that the particles lose volume. It should be
stressed that these small particles are most likely not present in the Au NR solution as the TEM
images before deformation prove. We verified that the droplets are gold by high-resolution
TEM (Appendix A). The volume of clusters found on the grid was found to increase for higher
fluences, not necessarily in the number of clusters but rather in their size.
In principle, the mesopores of the silica shell are big enough to allow material transport.
Thus, it seems that a lot of gold penetrated the shell through the mesopores and was deposited
around the particle or transported away in the surrounding liquid. To check whether that could
be the case we coated a small part of the sample with a more dense Stoeber silica shell on
top of the mesoporous shell closing off the pores and resulting in a total shell thickness of
about 19 nm. Thus, close to the rod the shell was more mesoporous than at the outer part of
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100 nm
Figure 4.10: Deformation of mesoporous silica coated Au NRs assembled under 3D spherical confinement. The supraparticles were irradiated with 860 nm fs laser pulses of three different fluences. The TEM
images on the left and right side show the supraparticles before and after irradiation, respectively. The
NRs within the supraparticles deformed while the supraparticles retained their structure. The magenta
arrows mark examples of NRs that obtained a bone-like shape after irradiation. The blue circle highlights
the same NR before and after irradiation.
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the shell. We observed that small gold fragments ended up inside the shell (Figure 4.9), even
before a significant volume reduction took place. Thus, the mesoporosity of the shell does not
only allow for accessibility of the surface as is important for e.g. catalysis and drug release,
but also for transport of gold fragments out of the shell. However, this happens only at high
laser fluences and there is a whole range of parameters for which the fs illumination gives great
control over the single particle aspect ratio without changing the volume of the particle.

4.3.5 Deformation of assembled Au NRs in spherical confinement
As a proof of principle we furthermore show that the method of deforming single NRs can be
extended to assemblies of NRs in 3D spherical confinement. Such ’supraparticles’ are intriguing
systems and have potential applications in catalysis and plasmonics. It is desirable to modify the
Au NRs confined in a supraparticle as this leads to additional tunability of the plasmonic properties. In principle, new plasmonic structures could be made when only addressing a targeted
sub-population. This could be achieved by linear polarization, i.e. only NRs that are aligned
with the laser polarization will deform, or specific laser powers which address certain particle
sizes (in relation to chapter 5). However, the first step is to check if the spherical confinement is
preserved after laser excitation and what the difference in deformation behaviour is with respect
to single Au NRs without confinement.
Figure 4.10 shows preliminary results on the deformation of supraparticles made of mesoporous silica coated Au NRs of average length and width of 88 nm and 24 nm (AR=3.7),
respectively. We deliberately chose supraparticles that contained only very few NRs to be able
to image all of them with TEM. The longitudinal plasmon resonance for these NRs was around
830 nm in solution in water and, similar to above, we excited the NRs by 860 nm pulses to
account for the surrounding refractive index shift. Three different laser fluences were applied:
8.1 mJ/cm2 , 10.6 mJ/cm2 and 13.8 mJ/cm2 . The left and right column of TEM images shows
the supraparticle before and after fs-laser excitation, respectively. As can be seen in Figure
4.10 the single NRs deformed within the supraparticle. Remarkably, the supraball structure was
preserved although at the highest applied fluence (13.6 mJ/cm2 , blue box) the supraparticles
slightly deformed. Furthermore, bone-like shapes could be found after fs laser excitation as
marked by the magenta arrows. We did not observe such a shape for the single NRs. An
explanation for the newly observed shape could be the additional confinement of the overall
supraparticle. As displayed in Figure 4.4 the silica shell of the single NRs needed to deform to
give enough room for the Au to deform inside the shell. The additional confinement due to the
proximity of the NRs under spherical confinement could hinder the deformation of the whole
silica-shell/Au-core NR. This could also explain why higher excitation fluences were needed
to achieve deformation compared to the single NRs (compare Figure 4.3). However, this could
also be related to the 2.75 times lower volume of the Au NRs used for making the supraparticles.
The fluence threshold of deforming NRs increases for decreasing volume of the NRs due to better thermal coupling and faster heat dissipation [171]. Yet, complete deformation of the Au NRs
inside a supraball was achieved at 13.8 mJ/cm2 . It should be noted that, similar to the discussion for the single NRs, not all supraballs deformed equally but a spread in deformation degree
was observed. Due to the large size of the supraball excited with 13.8 mJ/cm2 it is difficult,
however, to identify the single particles. One particle that could be identified before and after
laser excitation is labelled in blue. Notably, many small gold clusters were found around the

S INGLE PARTICLE DEFORMATION AND ANALYSIS OF SILICA COATED GOLD NANORODS
BEFORE AND AFTER FEMTOSECOND LASER PULSE EXCITATION

81

supraparticles in which the Au NRs deformed to spherical particles (not shown). This indicates that due to the additional hindrance complete deformation might be only possible by size
reduction. However, to obtain a statistical overview more measurements are needed to confirm
this speculation. Furthermore, tomography is required to study all single NRs, also in larger
supraparticles.

4.4

Conclusions

In conclusion, we performed single particle deformation experiments on silica-coated gold nanorods under fs-illumination analysing both shape and plasmon resonances by electron microscopy. Silica-coated rods were found to be more stable compared to uncoated rods and deform
via an intermediate bullet-like shape where one end of the rod was found to detach from the
mesoporous silica shell and become flatter than the other end which remained attached to the
silica shell. These morphological changes were also reflected in the plasmonic properties, which
were confirmed by FDTD calculations taking the observed shape as input. A less pronounced
longitudinal resonance and thus local field enhancement was measured and calculated at the
flatter side. Interestingly, most deformed NRs exhibited many twinning boundaries. Furthermore, size reduction of the particles was observed, also for a certain percentage of particles
that were not completely deformed yet and at relatively low fluences. Moreover, we showed
that silica-coated Au NRs can be deformed when assembled under 3D confinement while preserving the supraparticle structure. Our measurements pave the way towards understanding the
deformation behaviour of single gold nanorods under a mesoporous silica shell constraint and
are therefore of importance for all the applications where a shell enhances properties, also specifically for tailoring the plasmonic resonances of single particles in 3D photonic assemblies in
similar ways as a DVD disk can be written in a 2D fashion.
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4.6

Appendix A: Analysis of clusters
a)

b)

220
111
200

5 nm-1

3 nm

Figure 4.11: a) shows a high-resolution STEM image of a small gold cluster. b) shows the FFT of the
particle in a).

Table 4.2: Ratios and differences of the measured lattice spacings are compared to the calculated ones.
The ratios are dimensionless and the differences are displayed in nm.

measured
calculated

d111 /d200
1.158
1.155

d111 /d220
1.692
1.633

d200 /d220
1.462
1.414

d111 − d200
0.030
0.032

d111 − d220
0.090
0.091

d200 − d220
0.060
0.059

A high-resolution STEM image of clusters that were observed close to some Au nanorods
after fs-laser irradiation at higher fluences is shown in Figure 4.11a. The cluster is crystalline
and the corresponding fast Fourier transform (FFT) is shown in 4.11b). The measured lattice spacings d111 , d200 and d220 are 0.22 nm, 0.19 nm and 0.13 nm, respectively. Calculated
lattice spacings for the known lattice constant of 0.40786 nm are 0.2355 nm, 0.2039 nm and
0.1442 nm. The measured spacings are a bit smaller since the lattice constant of gold decreases
with decreasing cluster size [172]. That we see the three lattice spacings d111 , d200 and d220 can
be confirmed by calculating the ratios of the three values and comparing them to the calculated
values as shown in Table 4.2. Furthermore, by taking the difference between the three values
and comparing them to the calculated ones it can be confirmed that the clusters are gold (Table
4.2). It is worth mentioning that the clusters did not necessarily penetrate through the shell as a
whole but they could also be in forms of ions and enter in an oxidized form the glycerol forming
clusters there and finally precipitating after drying.

5
Increased thermal stability of surface
coated gold nanorods
In this chapter we studied the influence of surface coatings and the aspect ratio and size on the
thermal stability of Au nanorods (NRs). The effects on temperature induced shape transformations of both, Cetyl trimethylammonium bromide (CTAB) stabilized and mesoporous silicacoated layers, on Au NRs were investigated. First, we heated CTAB-stabilized Au NRs in-situ
in an electron microscope and found that the electron beam transformed the CTAB bi-layers
into an amorphous carbon layer with a thickness of only a couple of nm, preventing the Au
NRs from deforming even at 400 °C. Without electron beam irradiation reshaping started for
the same NRs at temperatures as low as 100 °C when heated for 1 h, indicating that even thin
surface layers can tremendously increase the thermal stability of Au NRs. Second, we heated
differently sized mesoporous silica-coated Au NRs in-situ in a heating stage mounted onto a
microscope equipped with a Fourier transform visible (VIS) infrared spectrophotometer (FTVIS-IR) and revealed that the thermal stability did not only depend on the aspect ratio (AR)
of the NR, as commonly assumed, but also on the surface-to-volume ratio (S/V ) and thus the
absolute size of the NR. Moreover, the rigidity of the silica shell, which is known to increase
with temperature, played an important role in the stability and slowed down the deformation
significantly. The results in this chapter help to understand the many influences on the thermal
stability of Au NRs and show that in-situ TEM experiments should be critically assessed and
accompanied by ex-situ experiments.
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Introduction

Due to their tunable optical properties, high chemical stability and bio-compatibility Au NRs
have been employed in a wide variety of applications like catalysis [19, 113], drug delivery
[114, 124], sensing [115–118], data storage [119–121, 173] and hyperthermic cancer treatment
[15, 122–124]. It is well known that the optical properties of gold nanorods depend on the shape,
size and the dielectric environment of the NR. More specifically, the longitudinal localized
surface plasmon resonance can be tuned from the near-infrared to the visible by decreasing the
aspect ratio of the NR [69, 80].
Understanding the thermal stability of Au NRs is of crucial importance since a heat-induced
deformation of the NR affects its optical properties. For some applications such reshaping of
the NR is desired, e.g. as in optical data storage, but for most applications it is not. For this
reason, quite some work focused on the (photo)thermal stability of Au NRs [127–132, 134,
135, 143–145, 148, 174–179]. It is generally established that the NR shape is unstable upon
heating at temperatures several hundreds of degrees below the bulk melting temperature. Shape
changes occurred at temperatures as low as 60 °C [130, 180] for CTAB-stabilized Au NRs with
an AR of 2.8 (34 nm×12 nm) [180] and 3.3 (60 nm×18 nm) [130] heated in solution. The shape
deformation happened within about 30 min for both references. Taylor et al. demonstrated by
single particle electron microscopy analysis of Au NRs of different sizes and ARs before and
after fs-laser pulse excitation, that the underlying deformation mechanism of such photothermal
reshaping is curvature-driven diffusion of surface atoms of the Au NRs [135]. As mentioned in
chapter 1, from a kinetic point of view, ligands and the specific crystal facets they are attached to
play an important role in the shape stability as well [17]. Different synthesis procedures which
are known to result in different crystal facets [166], e.g. CTAB-assisted growth of Au NRs
without [67] and with the presence of gemini surfactants [181], are thus also likely influencing
the stability of the NR.
The thermal stability can be enhanced by hundreds of degrees by a coating that hinders
the migration of surface atoms [143–145, 176, 177]. Especially rigid coatings like silica have
proven to greatly enhance the (photo)thermal stability of Au NRs [148, 149, 178]. For example,
in a recent work mesoporous-silica coated Au NRs with different aspect ratios were heated
on a silicon substrate in the range of 300 °C to 900 °C [148]. The authors found that NRs with
AR<3 were stable up to 500 °C and became spherical at 900 °C. The stability decreased for NRs
with AR>3 where a significant deformation was already observed at 300 °C. However, lower
temperatures were not analysed.
Yet, despite the amount of work performed, the understanding of the thermal stability of
Au NRs is still incomplete and there are several unresolved issues and discrepancies left. For
example, Au NRs seem to be more stable when heated in an electron microscope than in a laboratory oven. Specifically, Khalavka and co-workers heated CTAB-stabilized Au and Ag NRs in
an electron microscope and observed a high thermal stability of the NRs [145]. Conformational
changes of a CTAB-stabilized Au NR only happened after hours of heating at 650 K (377 °C)
and Ag NRs were stable up to temperatures close to their bulk melting point (1235 K; 962 °C).
The high shape stability was related to the occurrence of a graphitic shell around the NRs, which
was especially observed for Ag NRs, which was created by graphitisation of organic residues
due to the high heating temperature [145]. On the other hand, outside of an electron microscope,
Petrova et al. found that PVP-stabilized Au NRs with AR = 3.3 (73 nm×22 nm) completely de-
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formed to a spherical shape after heating in an oven for only 1 h at 250 °C (523 K) [132], a
temperature more than 800 °C below the bulk melting temperature of gold Tbulk = 1064 °C.
Furthermore, a possible influence that was not studied so far is the size dependence of the NRs
on the thermal stability. Similar to the size-dependent melting temperature of more spherical
(but still crystalline) metal NPs [182–185], the thermal stability of Au NRs is likely influenced
by the volumes of the particles as well. Furthermore, since the thermal stability also depends
on the AR of the NR these two factors need to be decoupled for a full understanding.
In this chapter we systematically study the thermal stability of Au NRs. In the first section
we compare the thermal stability of CTAB-stabilized Au NRs heated under air in an oven and
in-situ in an electron microscope. We found that the thermal stability was enhanced in the
latter case due to a formation of a protective carbon layer which is created by the modification
of the CTAB by the electron beam. In the second section we study the size and aspect ratio
dependence of the thermal stability of mesoporous-silica coated Au NRs. We observed that
NRs with a smaller volume were less stable than larger particles for the same AR which we
ascribe to an increased instability due to a larger surface-to-volume ratio. For the same surfaceto-volume ratio the thermal stability increases with decreasing aspect ratio. Our results help to
improve Au NRs based applications as for almost all thermal stability is of crucial importance.

5.2

Methods

5.2.1 Gold nanorod synthesis
The Au NRs used in section 5.3.1 were grown via a silver-assisted seeded growth method with
CTAB as a surfactant described by Liz Marzán et al. [181] without using a gemini-surfactant.
A detailed synthesis description can be found in [186]. The resulting mixture was washed twice
by centrifugation at 6500 RPM for 1 h. In order to keep the rods from aggregating the CTAB
concentration of the aqueous solution was kept at 8 mM. The CTAB concentration was above
the critical micelle concentration and therefore a CTAB bi-layer was surrounding the NRs. The
Au NRs used in section 5.3.2 were synthesized following the method of Ye et al. [67]. In both
cases CTAB-stabilized seeds were used which resulted in single crystalline NRs exhibiting
mainly {100} and {110} facets [166]. For the mesoporous silica coating the procedure of
Gorelikov and Matsuura was followed [68]. The sizes of the synthesized NRs are summarized
in Table 5.1. The silica shell thickness was typically about 18 nm for all samples. A detailed
description of the synthesis of mesoporous-silica coated Au NRs used in the group can be found
in [66, 187].

5.2.2 Heating experiments
For comparison to the in-situ heating experiments in an electron microscope (section 5.3.1) the
same NR samples were heated ex-situ in an oven as well. A small droplet of the Au NRs was
dried on a glass plate and placed in a preheated oven at either 100 °C, 150 °C or 200 °C for
one hour in the presence of air. The Au NRs were then redispersed in a droplet of H2 O before
placement on a TEM grid. After ex-situ heating of the Au NRs on a glass plate the absorption of
the NRs was measured with an empty glass plate as a reference. The absorption measurements
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Table 5.1: Sizes, aspect ratios AR, volumes V and surface-to-volume ratios S/V of CTAB-stabilized
(marked as CTAB) and Au@SiO2 (marked as SiO2 ) NRs used for thermal stability experiments in section
5.3.1 and 5.3.2, respectively. A spherocylindrical shape was assumed to calculate the the volume and
surface area of the NRs.

Sample name
CTAB-01
constant AR
SiO2 -022
SiO2 -031-3
SiO2 -035
SiO2 -032-7
constant S/V
SiO2 -044
SiO2 -047
SiO2 -038
SiO2 -039-1

length (nm)
64.5

width (nm)
18.6

AR
3.5

V (104 nm3 )
1.6

S/V (nm−1 )
0.2

38.9
59.5
79.4
120.0

9.4
15.1
19.0
29.0

4.1
4.0
4.2
4.2

0.3
0.6
2.1
7.3

0.5
0.3
0.2
0.15

76.6
64.3
59.7
47.2

12.8
15.0
15.6
16.5

6.0
4.3
3.8
2.8

1.0
1.1
1.1
0.9

0.3
0.3
0.3
0.3

were performed on a Bruker Vertex 70 FT VIS-IR spectrometer. The TEM measurements of
ex-situ treated samples (presented in Figure 5.1) were performed on a TECNAI 12 microscope
operating at 120 kV.
5.2.2.1

Heating stage TEM

A drop of the Au NRs dispersion was dried on a silicon nitride TEM heating chip (NanoChip from DENSsolutions). Such a chip contains a coiled Pt wire and electron-transparent
SiN membranes. The TEM heating chip was then placed in a special TEM heating holder
(DENSsolutions, type nr. SH30-SF01) and heated resistively in-situ to 400 °C by increasing the
temperature by 50 °C every 20 s. The TEM imaging of these experiments (presented in Figures
5.2 and 5.4) was performed with a TECNAI 12 operating at 120 keV. During heating only one
selected area of the SiN chip was exposed to the electron beam, while other areas were imaged
afterwards.
5.2.2.2

EELS

Electron energy-loss spectroscopy was performed on a Titan ETEM G2 (FEI) microscope operated at 80 keV.
5.2.2.3

Linkam cell

The heating experiments presented in section 5.3.2 were performed with a Linkam FTIR600
heating stage. The stage was mounted onto a Bruker Hyperion 2000 microscope which was
connected to a Bruker Vertex 70 FT VIS-IR spectrometer. For the in-situ experiments the NRs
were dropcasted on a cover glass which was part of the Linkam stage setup and inserted into
the cell. During in-situ heating all spectra were taken via the Hyperion microscope equipped
with a Si diode detector. First, a background reference spectrum was taken on an empty cover
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glass. Afterwards a sample spot was chosen and a spectrum was taken as a reference before
heating. The temperature was then increased by 1 °C per minute and a spectrum was taken every
25 min/25 °C. With the detector setup used the signal to noise ratio significantly worsened below
650 nm and became less trustworthy. For samples that deformed fast, this limit was reached at
lower temperatures and thus, depending on the sample, the temperature was either increased up
to 400 °C or 500 °C. The peak positions of the spectra were obtained by Gaussian fits. Because
the Linkam cell measurements were a lot noisier on the blue side (i.e. lower wavelengths) of the
peak (compare e.g. Figure 5.5a, b) which lead to inaccuracies in the fits, not the whole peak was
taken into account for the fits. Instead, the fit was mainly performed on the red side including a
smaller part of the blue side.
For reference measurements, that were performed to eliminate refractive index changes in
the surrounding mesoporous silica shells by e.g. differences in amounts of absorbed water, the
heated samples were measured in glycerol/water (85:15 w%, refractive index n21
D = 1.45 [188])
to match the refractive index of the SiO2 shell [189]. First, the dropcasted samples were heated
up to the desired temperature (100 °C, 200 °C, 300 °C, 400 °C or 500 °C) at a rate of 30 °C
per minute. Once the desired temperature was reached it was held for 2 h. After heating, a
drop of a glycerol-water mixture was put on top. The cell was then closed with a microscope
slide. A spectrum was then taken with the Bruker Vertex 70 FT VIS-IR spectrometer using a
cover-glass/glycerol-water/microscope-slide cell as a background reference.

5.3

Results & Discussion

5.3.1 Thermal stability of CTAB-coated Au NRs
In order to investigate the thermal stability of CTAB-stabilized Au NRs we first conducted a
series of heat treatments on freshly prepared Au NRs (CTAB-01, average length=64.5 nm, average width=18.6 nm), and subsequently characterized the material. Au NRs with an average
aspect ratio of 3.5 and volume of V = 1.6 · 104 nm3 (Figure 5.1a) were first heated ex-situ in a
preheated oven at either 100 °C, 150 °C or 200 °C for 1 h in air and imaged with TEM (Figure
5.1b-d). Furthermore, absorption measurements (Figure 5.1e) were performed to monitor the
shift of the longitudinal plasmon peak and thus the deformation of a large number of particles.
Already after one hour at 100 °C the average aspect ratio of the Au NRs decreased to 3.1,
while after one hour at 150 °C the average aspect ratio of the Au NRs dropped to 1.7. The
decreasing aspect ratio was also confirmed by a shift of the longitudinal plasmon peak to lower
wavelengths upon heating (Figure 5.1e). For the NRs that were heated at 100 °C only a small
blue-shift occurred in agreement with a small decrease in AR to 3.1. After heating at 150 °C
the longitudinal surface plasmon peak still occurred as a shoulder whereas the strong transverse
peak around 550 nm indicates that many NRs became more spherical-like which is in agreement with the observed decrease in AR to 1.7 obtained from TEM images. When the sample
was heated at 200 °C for 1 h, the Au NRs lost their anisotropic shape almost completely by deforming to nearly spherical particles with an average aspect ratio of 1.2 and by sintering to large
spherical-like but still crystalline particles (Figure 5.1d). The deformation to nearly spherical
particles is also seen in the absorption spectrum where the longitudinal peak almost coincides
with the transverse plasmon resonance at around 550 nm. The transverse peak was red-shifted
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Figure 5.1: TEM images of Au NRs after ex-situ heat treatments in air. a) Freshly prepared Au NRs
dropcasted on a TEM grid and dried at ambient conditions showing an average aspect ratio of 3.5. After
heating at 100 °C for 1 h in air (b) part of the Au NRs deformed, resulting in a reduction of the average
aspect ratio from 3.5 to 3.1. After heating at 150 °C for 1 h (c) the average aspect ratio of the Au NRs
further decreased to 1.7. After 1 h of heating in air at 200 °C (d) full deformation to a spherical shape with
an average aspect ratio of 1.2 and sintering was observed. The particles have been redispersed in water
after thermal treatment before being dropcasted on a TEM grid. (e) Absorption spectra for the unheated
and heated NRs show a clear deformation towards a spherical shape for a large sampling indicated by
the blue-shift of the longitudinal plasmon peak.

with respect to that of the unheated NRs (around 520 nm) which stems from the overlap with
the longitudinal peak and the average volume increase of the particles due to sintering. CTAB
is known to decompose above 250 °C [190]. Thus, CTAB was still present around the Au NRs
after heating which enabled the subsequent redispersion and drop-casting on a TEM grid. Yet,
some of the particles sintered after being heated at 200 °C for 2 h (see Figure 5.1d).
In order to study the thermally induced deformation in-situ we heated the same NRs in an
electron microscope (see Methods for details). In this experiment a SiN chip was used as a
support for the Au NRs. Surprisingly, the same NRs that completely deformed after 1 h of
ex-situ heating at 200 °C, barely deformed in the electron microscope even after heating at
400 °C for 1 h (Figure 5.2a). Electron energy loss spectroscopy (EELS) experiments revealed
that a 2 nm thin layer containing predominantly carbon atoms surrounded the Au NRs at room
temperature (Figure 5.3). This thickness is in the same order as the 3 nm thick bi-layer of CTAB
which is expected to be on the Au NRs surface from the synthesis [67]. It is likely that upon
electron beam irradiation, the CTAB layer around the Au NRs transformed into a carbon layer,
through the process of pyrolysis, as it is known from literature that hydrocarbon species easily
fragment and redistribute by electron beam irradiation [191]. However, it cannot be excluded
that there are more carbon sources. Our hypothesis is supported by the observation that the
NRs from other areas of the SiN chip that were not irradiated by the electron beam prior to and
during the heating completely deformed (Figure 5.2b), which is in agreement with the ex-situ
observations. A deposited carbon surface layer was shown to drastically increase the thermal
stability of Au NRs [145] which is confirmed by our experiments. This hypothesis also explains
other discrepancies between the thermal stability observed under ex-situ conditions and in-situ
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a) e-beam irradiated prior to heating
RT

400 °C

100 nm

5 min
b) non-irradiated prior to heating
400 °C

50 nm

50 nm

60 min

50 nm

Figure 5.2: Comparison of electron beam irradiated and non-irradiated Au NRs during in-situ TEM
heating. a) Au NRs imaged prior to heating at 400 °C, after 5 min and 60 min heating at 400 °C in
vacuum. Au NRs were mostly stable, with only slight deformation and sublimation observed. b) Several
areas of the same heating chip that were not exposed to the electron beam prior to and during heating to
400 °C, clearly showing complete deformation and even sintering of Au NRs.

electron microscopy experiments [132, 145]. Interestingly, some of the NRs in Figure 5.1a)
seemed to partially sublimate. Such an anisotropic sublimation behaviour, although at a much
faster speed, was previously seen for Ag NRs heated under vacuum in the electron microscope
[145]. The authors of Ref. [145] also observed a graphitic shell around the NRs and ascribed
the anisotropic sublimation to an opening of the shell at the tip of the NR [145]. However, the
authors did not relate the occurrence of the graphitic shell to the electron beam but to the high
heating temperature which can also graphitise organic residues.
Based on the above findings, we anticipated that in the absence of a CTAB layer, deformation of Au NRs might proceed uninterruptedly at even lower temperatures. In an attempt to
remove the CTAB layer, we plasma cleaned the Au NRs deposited on the SiN chip for 20 min
in a mixed O2 and Ar atmosphere [192]. In-situ TEM heat treatment (using the same conditions
as above) showed quite surprising effects: both electron beam irradiated and non-irradiated Au
NRs retained their anisotropic character, and only slight sintering occurred when the Au NRs
were close to each other (Figure 5.4). This suggests that instead of removing the CTAB, plasma
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Figure 5.3: Carbon layer formation around Au NRs induced by the electron beam. a) TEM and STEM
image taken at room temperature indicating the presence of a carbon layer around a Au NR on a holey
carbon film grid. b) EELS measurements at three different spots along the edge of the NR indicated by
the rectangle in a. The measurements show the absence of any signal several nanometers away from the
NR (left spectrum), the presence of a carbon peak at the spot that is within 2-3 nm from the NR (middle
spectrum) and a carbon peak that is hidden in the background of an intense Au signal (right spectrum).

cleaning altered the CTAB’s structure into a protective layer similarly to the electron beam that
induced carbon layers which we characterized by EELS. However, to fully address this phenomenon, additional experiments are required to find specific plasma cleaning conditions under
which the CTAB layer is fully removed.
To summarize this section, a carbon coating of only 2-3 nm around Au NRs had a tremendous effect on the thermal stability of these particles in non-oxidizing environments even at a
temperature as high as 400 °C where unprotected rods deformed in minutes. The protective carbon layer resulted from an almost instant pyrolysis of the CTAB surfactant layer surrounding
the Au NRs due to electron beam irradiation of the sample. Our experiments provide insight
into the thermal stability of nanoparticles, but also point to the effects that an electron beam can
have on the thermal stability of Au NRs. Therefore, in order to avoid misinterpretation, data obtained from in-situ TEM experiments should be critically assessed and preferably accompanied
by data obtained with ex-situ experiments.
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a) e-beam irradiated prior to heating
400 oC

RT

50 nm

5 min
b) non-irradiated prior to heating
400 oC

60 min

Figure 5.4: Comparison of electron beam irradiated and non-irradiated 20 min plasma cleaned (O2 + Ar)
Au NRs during in-situ TEM heating under vacuum. a) Au NRs imaged prior to heating at 400 °C, after
5 min and 60 min heating at 400 °in vacuum. Self standing Au NRs barely deformed while Au NRs that
were closed to each other slightly sintered. In the area that was not irradiated with electron beam prior
to and during the heating (b) Au NRs exhibited the same characteristic as the ones that were irradiated
(a). This suggests that plasma cleaning transformed the CTAB layer into a protective coating which
stabilized Au NRs irrespective of electron beam irradiation. Both zoomed-in insets display a thin carbon
layer presence around the NRs.

5.3.2 Thermal stability of mesoporous-silica-coated Au NRs
In order to investigate the volume and aspect ratio dependence on the thermal stability we
chose to study mesoporous silica-coated Au NRs for three reasons. Firstly, mesoporous silica
coated NRs are interesting for many applications since mesoporous silica enhances the thermal
stability, which includes both shape stability and stability against sintering, while allowing for
colloidal stability and accessibility of the Au surface at the same time [83, 113, 124, 146, 147].
Secondly, the enhanced thermal stability slows down the deformation process which makes it
easier to compare the stability of different samples. Thirdly, if the silica coating is thick enough
the Au NRs do not couple plasmonically and can be easily studied with extinction techniques.
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Figure 5.5: Dependence of the thermal stability of Au@SiO2 NRs on the surface-to-volume (S/V) ratio
followed in-situ. a) and b) present in-situ extinction measurements during heating of NRs with S/V =
0.15 nm−1 (V = 7.3 · 104 nm3 ) and S/V = 0.5 nm−1 (V = 0.3 · 104 nm3 ), respectively. The black curves
were taken at room temperature. The temperature was increased up to 500 °C (a, purple colour) and
400 °C (b, blue colour) with a rate of 1 °C per minute. Spectra in-between were taken every 25 °C. c)
Peak positions of four samples with four different S/V but the same aspect ratio of around 4.1 as a
function of heating temperature. d) Shift of peak positions for the same four samples with respect to
the resonance position at 25 °C. Heating was performed in a N2 atmosphere. All S/V ratios are given in
nm−1 .

5.3.2.1

Size dependence on the thermal stability

To study the influence of the size on the thermal stability of Au@SiO2 NRs we synthesized four
samples with the same aspect ratio 4.1±0.1 and four different volumes which resulted in four
different surface to volume ratios: 0.15 nm−1 , 0.2 nm−1 , 0.3 nm−1 and 0.5 nm−1 . It is important
to notice here that the unit is given in 1/nm. In order to exactly calculate the fraction of atoms
that are on the surface, the crystal facet and its planar density needs
√ to be taken into account. For
f cc
example, for a (110) fcc plane the planar density is PD(110) = 2/ 2a2 where a = 0.408 nm is the
f cc

lattice constant of gold. The number of atoms on the surface are then NS = PD(110) · S where S is
the surface area. The number of atoms in the volume are NV = nV ·V where nV = NA ρM /M is the
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Figure 5.6: Dependence of the thermal stability on the surface-to-volume ratio obtained from ex-situ
measurements. a) Peak positions of the same four samples as presented in Figure 5.5c. Every point was
obtained by heating for 2 h under N2 at the given temperature. The spectra were measured in a mixture
of glycerol-water to index-match the silica shell. b) Shift of peak positions for the same four samples
with respect to the resonance position at 25 °C. All S/V ratios are given in nm−1 .

number density containing Avogadro’s constant NA = 6 · 1023 mol−1 , the mass density of gold
ρM = 19.3 gcm−3 and the molar mass of gold M = 197 gmol−1 . Thus, the fraction of surface
atoms, assuming only (110) planes, is S/V multiplied by 0.14 nm. Thus, for the largest size the
surface atoms made up only 2% of the NR, whereas for the smallest size 7% of the atoms are at
the surface if only (110) planes are present. For the remainder of the text, we refer to S/V and
not to NS /NV . The silica shell thickness was for all samples about 18 nm. An overview of all
samples including their sizes, volumes, aspect ratios and surface-to-volume ratios can be found
in Table 5.1. In the first set of experiments we followed the heat-induced deformation in-situ
by connecting a heating Linkam stage to a Fourier transform visible-infrared spectrometer (FT
VIS-IR) via a microscope. Details about the setup can be found in the Methods section. For
the in-situ heating measurements we increased the temperature by 1 °C per minute and took an
extinction spectrum of the Au@SiO2 NRs after being dropcasted onto a glass substrate every
25 min/25 °C. The heating was performed in a N2 atmosphere.
Figure 5.5a) presents the obtained extinction spectra for the NRs with the lowest surface to
volume ratio of 0.15. The NRs were heated up to 500 °C and the peak positions of the spectra
gradually shifted from 922 nm at 25 °C (black curve) to 773 nm at 500 °C (purple colour). This
blue-shift is expected due to a decrease in aspect ratio upon heating. The spectra in Figure
5.5b) were obtained when heating the sample with the largest surface to volume ratio of 0.5 up
to 400 °C. A more radical blue-shift from 890 nm at 25 °C (black curve) to 641 nm at 400 °C
(blue colour) was observed indicating a lower thermal stability than observed for the NRs with
S/V=0.15 nm−1 . In order to verify this we compare the peak positions of the longitudinal surface plasmon resonance for all four samples in Figure 5.5c). Noticeably, despite the same AR
the peak positions do not completely overlap for all samples before heating. This is for two
reasons. Firstly, for larger volumes retardation effects red-shift the longitudinal peak as can
be seen for the S/V = 0.15 nm−1 sample. Secondly, the dielectric constant of the surrounding
medium influences the longitudinal peak position as well. Thus, different condensation stages
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of the silica and varying amounts of physisorbed water in the pores influence the peak position.
For this reason, we also plot the resonance shift with respect to the peak position at 25 °C in Figure 5.5d). It needs to be mentioned that the samples with larger S/V were only heated to 400 °C
and not 500 °C due to the detection limit of the detector that was connected to the microscope.
Spectra below about 630 °C became noisy and less reliable as can be seen for the blue spectra in
Figure 5.5b) and that limit was already reached at 400 °C for the high S/V samples. All of the
measurements were performed under N2 atmosphere. We did not observe a big difference with
heating under air (Appendix A, Figure 5.12). However, we observed that the peak position at
room temperature in air was not stable over time whereas it was stable under N2 which is most
likely related to the air humidity which changes the amount of physisorbed water in the pores
of the silica shell and consequently induces small shifts in the resonance position by inducing
small index changes in the shell.
In order to check the main observations of our results and to exclude the influence of possible
dielectric constant changes due to different degrees of condensation of silica we performed
additional ex-situ heating measurements. We heated the same samples for 2 h at a constant
temperature in the Linkam cell. The NRs were not expected to deform much further after 2 h
of heating [132, 180]. We then measured the extinction spectra of the NRs in a mixture of
glycerol-water (85:15 w%, n21
D = 1.45 [188])) which is known to index-match silica [189, 193].
In this way we only monitor changes due to the deforming Au NR and exclude modifications of
the surrounding dielectric environment. Figure 5.6 displays the obtained longitudinal resonance
wavelengths (a) and shifts (b) as a function of heating temperature. The curves follow a similar
behaviour as those obtained from in-situ measurements with a clear dependence on S/V . These
results confirm our previous findings. The absolute resonance wavelength values from Figure
5.5 and 5.6 are not the same due to a different surrounding medium. It is worth noting that,
as expected, the peak positions before heating overlap for the measurements in glycerol-water
except for the NRs with the largest volume for which the peak is red-shifted due to retardation
effects.
As a final check, we measured the average aspect ratio of the heated NRs presented in Figure
5.6 by TEM. The results are displayed in Figure 5.7 and 5.8 and show the same trend as in our
previous data. One small deviation can be observed, however. The difference in AR for the two
samples with smallest S/V after heating for 400 °C and 500 °C is not as large as suggested from
the obtained peak positions in Figure 5.6. This could again be connected to small differences
in the refractive index of the mesoporous silica shell. In principle the index-matching should
prevent such differences. However, small differences in e.g. the exact condensation state of the
silica itself may still arise between these samples [194].
The following observations can be made from Figures 5.5c), d), 5.6, 5.8 and 5.7. 1) Up to
about 125 °C similar peak shifts occurred for all samples. Since the shifts are small almost no
deformation occurred in this temperature regime and for the time scale used in our experiments
(hours). 2) Around 150 °C the NRs with higher surface-to-volume ratio (green and blue curves
with V = 0.6 · 104 nm3 and V = 0.3 · 104 nm3 , respectively) started to deform heavily. 3) The
NRs with lower surface-to-volume ratio (red and black curve with V = 2.1 · 104 nm3 and V =
7.3 · 104 nm3 , respectively) deformed more gradually and less than those with a large S/V . 4)
Interestingly, deformation slowed down for the samples after reaching about 275 °C, at least for
the two smaller volumes. 5) The NRs with S/V = 0.15 nm−1 and S/V = 0.2 nm−1 behaved quite
similarly although the S/V = 0.2 nm−1 sample was slightly less stable. Analogously, the NRs
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Figure 5.7: TEM images of the unheated and heated samples for AR=4.1±0.1 and four different surfaceto-volume ratios. The corresponding spectra and average aspect ratios are plotted in Figures 5.6 and 5.8.
The scale bar shown in the first row is valid for all images.

with S/V = 0.3 nm−1 and S/V = 0.5 nm−1 behaved quite similarly as well. The gap between
the curves for the NRs with S/V = 0.2 nm−1 and S/V = 0.3 nm−1 appears to be larger compared
to the difference between S/V = 0.2 nm−1 and S/V = 0.15 nm−1 or between S/V = 0.3 nm−1
and S/V = 0.5 nm−1 .
From the above observations it can be concluded that for a given AR, NRs with larger
volumes and thus smaller surface-to-volume ratios are more stable and deform less upon thermal
heating. The driving force for such a deformation is most likely a combination of a thermodynamic and kinetic effect. From a thermodynamic point of view, the NR shape is unstable as the
equilibrium shape of fcc gold is a truncated octahedron with (100) and (111) facets according
to the Wulff theorem [195]. Curvature-driven surface diffusion was used to explain the kinetic
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Figure 5.8: Dependence of thermal stability on surface-to-volume ratio obtained from measuring the
aspect ratio of the NRs after heating for 2 h under N2 atmosphere. For that, TEM images of the heated
samples from Figure 5.6 were taken and about 100 particles per point were measured. All S/V ratios are
given in nm−1 .

driving force behind the laser-induced deformation of Au NRs [135]. In this paper the reshaping of Au NRs is explained by the migration of surface atoms from high curvature (tip of the
NR) to low curvature (waist of the NR) in order to minimize the surface energy of the particle.
The authors in ref. [135] show that it can reproduce measurements on the Au NR deformation
upon oven and laser heating and that it can explain why higher aspect ratio NRs are less stable:
the bigger curvature leads to a stronger surface diffusion. Similarly, higher volumes lead to a
smaller curvature compared to the same aspect ratio of smaller volume. Thus, such a mechanism can explain our results. Interestingly, the effect is opposite for the photostability of Au NRs
[171]. It was shown that for the same optical densities and shapes smaller NRs are more stable
and the authors in Ref. [171] ascribe their findings to better thermal coupling and faster heat
dissipation due to the larger surface-to-volume ratio.
A fast initial drop in LSPR wavelength at lower temperatures for high surface to volume
ratios was also observed by Gergely-Fülöp and co-workers. For mesoporous-silica coated NRs
with an average AR of 4.3 (44 nm × 11 nm) and S/V of 0.4 they observed a decrease in LSPR
wavelength from around 920 nm to 735 nm upon heating at 300 °C for 1 h which is in excellent
agreement with our data for the NRs with a high surface-to-volume ratio. Furthermore, they
also observed a slowing down of the deformation at temperatures above 300 °C. After the initial
drop in aspect ration from 4.3 to 1.8 upon heating at 300 °C, the AR only slightly decreased
further to 1.6 and 1.2 at 500 °C and 700 °C. Such a deceleration of deformation for increasing
heating temperature was neither observed for CTAB-stabilized NRs in solution [130, 180] nor
on glass [132] nor for Au NRs in PMMA [144].
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Figure 5.9: Dependence of the thermal stability of Au@SiO2 NRs on the aspect ratio (AR) followed insitu. a) and b) present in-situ extinction measurements during heating of NRs with AR=2.8 and AR=6.0,
respectively. The black curves were taken at room temperature. The temperature was increased up to
400 °C (a, blue colour) and 500 °C (b, purple colour) with a rate of 1 °C per minute. Spectra in-between
were taken every 25 °C. c) Peak positions of four samples with four different AR as a function of heating
temperature. d) Shift of peak positions for the same four samples with respect to the resonance position
at 25 °C. Heating was performed under N2 atmosphere.

Our results can be interpreted in the following way. At lower temperatures, the rigidity
of the silica shell hinders the diffusion of surface atoms, which are assumed to be responsible
for most of the shape change, and consequently suppressed deformation up to about 125 °C.
Such a delayed deformation was not observed for Au NRs coated with ligands or polymers
[144, 180] and can thus most likely be ascribed to the stiffness of the silica shell. At medium
temperatures around 250 °C, the energy of the gold atoms is high enough to force deformation
which is possible due to some flexibility of the mesoporous silica which was shown to be able
to reduce its porosity upon mechanical stress [179]. It is important to stress that the decrease
in porosity was most likely not thermally induced as the porosity and the structure of the pores
are stable up to at least 550 °C [196] but mechanically induced by the deforming Au NR within
the shell. Next to such a mechanical consolidation, the silica also condenses further at elevated
temperatures. It was shown that dehydroxylation occurred between 300 °C-700 °C reaching
full condensation at 700 °C [196]. In Figure 5.7 a densification can be most clearly seen for the
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Figure 5.10: Dependence of the thermal stability on the aspect ratio obtained from ex-situ measurements.
a) Peak positions of the same four samples as presented in Figure 5.9c. Every point was obtained by
heating for 2 h under N2 at the given temperature. The spectra were measured in a mixture of glycerolwater to index-match the silica shell. b) Shift of peak positions for the same four samples with respect to
the resonance position at 25 °C.

S/V = 0.15 nm−1 NRs. At 500 °C the silica shell was thinner (about 13 nm thick) compared
to 200 °C or 25 °C (about 20 nm thick). This decrease of porosity of the mesoporous silica
shell can only happen up to a certain degree after which a densified shell has to form. This
consolidation of the silica shell is a likely reason for the slowing down of the deformation at
higher temperatures. This also means, that a non-mesoporous silica shell probably enhances the
thermal stability of Au NRs. Indeed, such an improved stability was indicated by measurements
performed by van Kats [163] who compared Au NRs of the same size coated with either Stöber
silica or mesoporous silica. However, the Stöber silica shell was more than two times thicker
than the mesoporous silica shell. For a quantitative comparison both shells should have the same
thickness. Also, in the case of a Stöber silica coating the Au surface would not be accessible
anymore.
5.3.2.2

Aspect ratio dependence on the thermal stability

In order to investigate how the thermal stability depends on the AR of the NR we synthesized
four different samples with ARs of 2.8, 3.8, 4.3 and 6.0 with a constant surface-to-volume
ratio of 0.3 nm−1 (V = 104 nm3 ). We followed the same methodology as in section 5.3.2.1.
In Figure 5.9 we present the in-situ heating measurements. Due to the differences in AR the
initial peak positions vary. While the peak positions barely shifted for low AR NRs (AR=2.8,
black curve), they drastically decreased for NRs with long ARs (especially AR=6, blue curve).
Ex-situ heating measurements, displayed in Figure 5.10, confirm the in-situ results. The green
and red curves are relatively similar due to a relatively small difference in AR.
The measurements unambiguously show that NRs with longer ARs are less stable than
shorter ARs which was also shown in previous work for volumes around 0.3 · 104 nm3 [148].
The results furthermore reveal that compared to the differences in stability for different aspect ratios, the volume dependence cannot be neglected. Moreover, the same observations
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can be made as described in the previous section. After an initial delay in deformation, the
NRs strongly deformed between around 125 °C and 275 °C after which the deformation slowed
down. Again, this is ascribed to changes in the consolidation of the mesoporous silica shell.

5.4

Conclusions

To conclude, the thermal stability of Au NRs is influenced by many factors. In the first section
we showed that the electron beam in a TEM creates a carbon shell around the Au NRs which
stabilized them tremendously for several hundreds of degrees. The NRs retained their shape
during in-situ heating experiments at 400 °C in the electron microscope when they were irradiated by the electron beam prior to the heat treatment, while the same NRs completely deformed
during ex-situ heating at 200 °C. Therefore, in order to avoid misinterpretation, data obtained
from in-situ TEM experiments should be critically assessed and preferably accompanied by
data obtained with ex-situ experiments.
Furthermore, in the second section we showed that the thermal stability of Au NRs does not
only depend on the aspect ratio but also on the size of the NRs. For NRs with the same AR we
showed that NRs with lower volumes and thus high surface-to-volume ratios were significantly
less stable than NRs with a low surface-to-volume ratio with the lowest and highest volumes
studied being 0.3 · 104 nm3 (S/V = 0.5 nm−1 ) and 7.3 · 104 nm3 (S/V = 0.15 nm−1 ). Moreover,
we found that the silica shell itself played a strong role in the stability as well. It increased the
onset temperature at which the particles started to deform with respect to uncoated NRs. At
higher temperature the mesoporous shell strengthened due to a higher degree of condensation
and most likely reduced in porosity due to mechanical stress induced by the deforming Au NR
and thus slowed down further deformation.
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5.6

Appendix A: Heating in air

Figure 5.12 compares the thermal stability of the same NRs when heated under N2 or air conditions. Despite the same dielectric constant of 1 of air and N2 the spectra in air were always
red-shifted with respect to the ones obtained in N2 . Most likely, under air conditions the amount
of physisorbed water inside the pores of the silica shell increased which increased the surrounding dielectric constant and thus red-shifted the spectra. An indication for this can be seen for the
spectra for a S/V=0.15 where the difference between the in air and N2 measured peak position
at 25 °C was very large. Upon heating at 100 °C the peak position rapidly decreased and came
close to the N2 one. This is in agreement with an expected dehydration which was found to
occur between 70 °C and 150 °C [196]. Thus, the spectra measured under air conditions are
less trustworthy. This can also be seen in Figure 5.11. Unlike the spectra obtained in N2 , the
spectra obtained in air first red-shift and/or increase in intensity which indicate changes in the
surrounding dielectric constant. Considering these influences, especially for the smallest S/V,
the obtained trends for heating in air and N2 were quite similar. The volume effect is also clearly
seen for the measurements in air.
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Figure 5.11: In-situ spectra of samples heated in air. The same colours apply as for Figures 5.5 and 5.9.
All S/V ratios are given in nm−1 .

950

S/V=0.5nair
S/V=0.5nN2

900
850
800
750
700
650

350

Resonancenshiftn6nm-

Resonancenwavelengthn6nm-

I NCREASED THERMAL STABILITY OF SURFACE COATED GOLD NANORODS

S/V=0.5nair
S/V=0.5nN2

300
250
200
150
100
50
0

600

-50

0

100

200

300

400

0

500

100

S/V=0.3nair
S/V=0.3nN2

850
800
750
700
650

250

Resonancenshiftn6nm-

Resonancenwavelengthn6nm-

900

200

300

400

500

Temperaturen6oC-

Temperaturen6oC-

S/V=0.3nair
S/V=0.3nN2

200
150
100
50
0

600
0

100

200

300

400

0

100

Temperaturen6oC1000

S/V=0.15nair
S/V=0.15nN2

950

200

300

400

Temperaturen6oC-

900
850
800

S/V=0.15nair
S/V=0.15nN2

200

Resonancenshiftn6nm-

Resonancenwavelengthn6nm-

101

150
100
50
0

750
0

100

200

300

400

Temperaturen6oC-

500

0

100

200

300

400

500

Temperaturen6oC-

Figure 5.12: Comparison of the thermal stability of Au@SiO2 NRs for heating in air or N2 followed
in-situ. The peak position as a function of temperature is displayed in the left column and the shifts with
respect to the peak at 25 °C in the right column. Furthermore, three different S/V are compared: S/V=0.5
(uppermost row), S/V=0.3 (middle row) and S/V=0.15 (lowermost row). All S/V ratios are given in
nm−1 .

6
Fully alloyed metal nanorods with highly
tunable properties
Alloyed metal nanorods offer a unique combination of enhanced plasmonic and photothermal
properties with a wide variety in optical and catalytic properties as a function of the alloy composition. Here, we show that fully alloyed anisotropic nanoparticles can be obtained with complete retention of the particle shape via thermal treatment at surprisingly low temperatures. By
coating Au-Ag, Au-Pd and Au-Pt core-shell nanorods with a protective mesoporous silica shell
the transformation of the rod to a more stable spherical shape was successfully prevented during
alloying. For the Au-Ag core-shell NRs the chemical stability was drastically increased after
alloying and from Mie-Gans and finite-difference time-domain (FDTD) calculations it followed
that alloyed AuAg rods also exhibit much better plasmonic properties than their spherical counterparts. Finally, the generality of our method is demonstrated by alloying Au-Pd and Au-Pt
core-shell NRs, whereby the AuPd and AuPt alloyed NRs showed a surprisingly high increase
in thermal stability of several hundred degrees compared to monometallic silica coated Au NRs.
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Introduction

Confining electrons in metals to the nanoscale leads to efficient interactions with light due to
localized surface plasmon resonances (LSPR) which give rise to interesting optical and photothermal properties. Unlike spherical particles, nanorods (NRs) have two LSPRs: a transverse
and longitudinal resonance. The longitudinal LSPR can be tuned by changing the aspect ratio and spans the visible until the near-infrared (NIR) region of the spectrum. Metal NRs also
exhibit better plasmonic properties and stronger local field enhancements than nanospheres,
making them valuable materials for light-based applications. Due to their strong plasmon resonance and chemical stability Au NRs are successfully employed in many applications such as
optical data storage [173], photocatalysis [19], sensing [25] and cancer treatment [15, 197].
From all metals Ag shows the best plasmonic properties due to a low imaginary part of its
dielectric function over a large energy region. By growing a silver shell around Au nanoparticles
(NPs), the plasmonic properties can be significantly enhanced [66, 74], but their applicability
is hampered by the relatively poor chemical stability of the Ag-shell. Alloying the two metals
solves this problem as it significantly increases the chemical stability of the particles, which was
shown for spherical NPs [74]. Furthermore it leads to additional control over optical properties
[59].
Alloyed metal NPs are also interesting for catalysis [150, 198], as their catalytic properties
can be superior to the single-component systems [199, 200]. Irradiating such metal catalysts
with light can enhance their catalytic performance due to their plasmonic properties [19, 78]. In
addition, alloying can lead to a significant increase in the thermal stability of the NPs [201, 202].
Ideally one would like to combine the superior rod-shape with the advantages of alloyed
materials. However, there is no facile way of making rod-shaped alloys while simultaneously
controlling their composition and shape and most studies to date have focused on spherical alloyed NPs. Only few examples were reported on the synthesis of alloyed NRs, such as templatedirected electro-chemical or wet-chemical co-deposition and low-temperature decomposition of
bimetallic precursors [203–208]. These synthesis routes only yield NRs with a fixed composition and/or are highly laborious with small amounts of sample obtained. Alternatively, alloying
of spherical core-shell nanoparticles via thermal treatment is a simple and scalable method with
precise control over composition and size [74, 209]. Unfortunately, at the elevated temperatures
required for alloying, the rod-shape is unstable and the rod deforms to a spherical shape [132].
A protective coating can improve the stability during heat treatment and was used for making
spherical alloy NPs [74]. However, it has not been shown yet that this method can be extended
to anisotropic particles without changing the particle shape after alloying and how an out-of
equilibrium NR shape influences this process.
Here we make, for the first time, fully alloyed nanorods via thermal treatment while retaining the anisotropic particle shape. This is achieved by coating the particles with a protective mesoporous-silica layer, which enhances their thermal stability, prevents sintering of NRs
during thermal treatment and allows mass transport to the metal surface, which is crucial for
catalytic applications. Surprisingly, alloying was achieved at much lower temperatures than
needed to alloy spherical NPs as reported by Gao et al. [74] implying that the out-of equilibrium shape of NRs could play an important role. The metal composition of the NRs can be
tuned precisely by varying the core-to-shell size ratio [66]. In this study, we followed the alloying of mesoporous-silica coated Au(core)-Ag(shell) nanorods (Au@Ag@SiO2 NRs), Au(core)-
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Pd(shell) nanorods (Au@Pd@SiO2 NRs) and Au(core)-Pt(shell) nanorods (Au@Pt@SiO2 NRs)
in-situ with high-angle annular dark field scanning transmission electron microscopy (HAADFSTEM) and energy-dispersive X-ray spectroscopy (EDX). We compared measured extinction
spectra of AuAg alloyed NRs to an empirically shape-corrected analytical model based on MieGans theory and to FDTD calculations, which show enhanced plasmonic properties of the alloyed NRs over their spherical counterparts. Moreover, the thermal stability of the alloyed NRs
was greatly improved. It is important to stress that our methodology is not limited to the metals
chosen in this paper or to rod-shaped nanoparticles, but can be applied to different metals and
different anisotropic particle shapes as well.

6.2

Methods

6.2.1 Synthesis of bimetallic core-shell NRs in a mesoporous silica shell
The synthesis of the uncoated Au NRs was done according to the procedure described by X.
Ye et al. [67], making use of a binary surfactant mixuture of hexadecyltrimethylammonium
bromide (CTAB) and sodium oleate (NaOL). For the silica coating the procedure described
by I. Gorelikov and N. Matsuura [68] was followed. The average silica shell thickness was
18 nm. The Au@SiO2 NRs were subsequently reduced in sized by oxidative etching following
the procedure described by T. Deng et al. [66], but with H2 O2 instead of air as oxidizing
agent for a more controllable and efficient etching of the Au NRs. The etched Au@SiO2 NRs
were overgrown with Ag, Pd or Pt according to the procedure described by T. Deng et al.
[66]. The extinction spectra of the etched Au@SiO2 NRs before and after overgrowth with
Ag or Pd are shown in Figure 6.1. Because of partial oxidation and dissolution of the Ag-shell
during storage, the Au@Ag@SiO2 NRs were not used more than two weeks after synthesis. We
therefore used different batches of particles for the experiments, which were produced under
the same conditions (see Table 6.1). However, we observed that the stability of the Ag-shell
can be significantly improved when storing the core-shell rods in the fridge at 5 °C. It should be
mentioned that the described metal overgrowth procedure was done equally successfully in H2 O
instead of PVP/H2 O, yielding ligand-free NRs. Besides, we do not expect the PVP molecules
to fit inside the silica pores and adsorb onto the metal surface because of their large molecular
size, making it relatively easy to wash them away with water and obtain ligand-free nanorods.
Furthermore, we checked that alloying also works for the NRs prepared without PVP.
The dimensions and aspect ratios of the NRs before and after oxidative etching and metal
overgrowth are summarized in Table 6.1. We used the same batch of silica coated Au NRs for
Ag and Pd overgrowth and a comparable batch of Au NRs for Pt overgrowth. The silica shell
thickness is the same for the batches in Table 6.1 (∼18 nm). It should be noted that an accurate
size determination of the Pd shell is difficult since it exhibits a dendritic structure.

6.2.2 In-situ heating experiments
The in-situ heating measurements were performed on a FEI Talos F200X operated at 200 kV
using a heating holder from DENSsolutions (type nr. SH30-SF01). The Au@Ag@SiO2 NR
solution was dropcasted on a heating chip consisting of several SiN windows surrounded by a
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Figure 6.1: Extinction spectra of the etched Au@SiO2 NRs (black curve) and after growing a Ag (blue
curve) and Pd (red curve) shell. The spectra were recorded in 1.1 wt% PVP in H2 O.
Table 6.1: Dimensions and aspect ratios (AR) of Au@SiO2 NRs before and after etching,
Au@Ag@SiO2 , Au@Pd@SiO2 and Au@Pt@SiO2 NRs after metal overgrowth, as determined from
TEM analysis.

Sample ID
Au@SiO2 NRs before etching
Au@SiO2 NRs after etching
Au@Ag@SiO2 NRs used for in-situ heating
Au@Ag@SiO2 NRs used for N2 heating
Au@Ag@SiO2 NRs used for air heating
Au@Pd@SiO2 NRs used for in-situ heating
Au@Pt@SiO2 NRs used for in-situ heating

Length (nm)
71
61
74
73
73
73
57

Diameter (nm)
20
20
27
27
27
22
18

AR
3.6
3.1
2.7
2.7
2.7
3.3
3.2

coiled Pt wire. Once a suitable spot was chosen the chip was resistively heated to 600 °C or
800 °C for the Au@Ag@SiO2 and Au@Pd@SiO2 /Au@Pt@SiO2 samples, respectively. The
temperature was changed in steps of 50 °C and kept for about 5 min. The temperature increase
per step was almost instantaneous (<1 s). However, since EDX maps were taken for 15 min the
chip was kept at specific temperatures for a longer time. For example, EDX maps were taken
of the spot from Figure 6.2 and a spot on a different window for the Au@Ag@SiO2 sample
at 400 °C (Figure 6.4). Thus, the sample was effectively heated for 40 min at that temperature.
The influence of heating time is further analysed in Figure 6.4a.
The Au@Pd@SiO2 and Au@Pt@SiO2 NRs were heated in a similar way. EDX measurements were performed at 600 °C, 700 °C and 800 °C and thus at these temperatures the particles
were heated for 20 min instead of 5 min. Complete alloying was observed after keeping the
temperature at 800 °C for 10 min more, thus 30 min in total. The EDX measurement at 800 °C

F ULLY ALLOYED METAL NANORODS WITH HIGHLY TUNABLE PROPERTIES

107

shown in Figure 6.12 was taken after these 30 min. This was done because 800 °C was the
maximal heating temperature and thus we increased the heating time at 800 °C and not the
temperature until alloying was observed.

6.2.3 EDX measurements and analysis of maps
All EDX measurements were also performed at a FEI Talos F200X. Each map was taken for
15 min to get a good signal-to-noise ratio. The obtained intensity maps were quantified by
using the Cliff-Lorimer method. Only Au and Ag or Pd were used for the quantification while
the other elements were used for deconvolution only. For clarity only the Au and Ag or Pd
maps are shown in the chapter and not the Si or O maps although the mesoporous-silica shell is
always present. All EDX maps in this chapter are presented in atomic percent except for Figure
6.7, 6.9a and 6.13 which show the intensity maps.

6.2.4 Oven heating experiments
For the oven heating experiments in N2 and air, the Au@Ag@SiO2 NRs were dropcasted on
microscope glass slides (76×26 mm, Thermo scientific, Menzel-Gläser). The oven heating in
N2 was done in a tube oven (Thermolyne 79300 tube furnace). The sample was placed in a
quartz tube and flushed with N2 for 1 h at room temperature. Thereafter the sample was heated
to 300 °C with a rate of 15 °C/ min under a constant N2 -flow. After keeping the temperature at
300 °C for 10 min, the sample was heated to 400 °C with a rate of 10 °C/min and kept at 400 °C
for 60 min. For the oven heating experiments in air we used a static air oven (Carbolite). After
preheating the oven the glass slide was inserted and heated at 400 °C for 30 min. As a control
experiment, we also heated the Au@Ag@SiO2 in air with a similar temperature program as
used for the N2 experiments, but this did not lead to a different result. The dimensions of the
Au@Ag@SiO2 NRs before and after heating in N2 and air are summarized in Table 6.2. It can
be seen that the particles heated under N2 barely changed their aspect ratio although they seem
to slightly have decreased in volume. However, a smaller amount of particles was available for
TEM analysis after heating compared to before heating. As the volume and ratio of Au and Ag
did not change during the in-situ measurements, we believe that the apparent volume loss is due
to limited statistics. A clear difference can be seen, however, for particles heated in air where
a drastic change in volume and aspect ratio occurred. We observed that the porous silica shell
structure was preserved during heat treatment. The mesopores in the silica shell are still present
and are expected to be stable up to ∼800°C [190].

6.2.5 FDTD calculations
The FDTD calculations were performed with the software package Lumerical FDTD Solutions
8.15. A total field scattered field source was used and the longitudinal localized surface plasmon
resonance was monitored at 200 points in a wavelength range from 500 nm to 1200 nm by
aligning the polarization with the long axis of the NRs. A three-dimensional non-uniform mesh
was used with a grid size of 0.5 nm for the NRs themselves and in their vicinity. The particles
were either modelled as spherocylinders or cylinders using the experimentally determined sizes
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Table 6.2: Dimensions and aspect ratios (AR) of Au@Ag@SiO2 , Au@Pd@SiO2 and Au@Pt@SiO2
NRs before and after heating in-situ, in N2 air at 400 °C of 1 h, as determined from TEM analysis.

Sample ID
Au@Ag@SiO2 NRs before in-situ heating
Au@Ag@SiO2 NRs after in-situ heating
Au@Ag@SiO2 NRs before N2 heating
Au@Ag@SiO2 NRs after N2 heating
Au@Ag@SiO2 NRs before air heating
Au@Ag@SiO2 NRs after air heating
Au@Pd@SiO2 NRs before in-situ heating
Au@Pd@SiO2 NRs after in-situ heating
Au@Pt@SiO2 NRs before in-situ heating
Au@Pt@SiO2 NRs after in-situ heating

Length (nm)
76
74
73
65
73
42
73
71
57
53

Diameter (nm)
25
27
27
26
27
25
22
22
18
18

AR
3.0
2.7
2.7
2.5
2.7
1.7
3.3
3.2
3.2
2.9

as presented in Table 6.2. A surrounding dielectric constant of εd = 1.65 was used. More
calculation details can be found in chapter 2.2.1.
The AuAg alloy dielectric functions were obtained from [59] (details in section 2.2.3.1) and
FDTD calculations were furthermore performed for all compositions xAg between 0 and 1 in
0.1 steps. Either a spherocylindrical or cylindrical shape with a length of 65 nm and a width
of 26 nm was used. The results for a cylindrical shape are shown in Figure 6.10. All of the
calculation results, details on the methods and a comparison to Mie-Gans theory is presented in
chapter 2 (specifically 2.3.2.2).

6.3

Results & Discussion

To study the thermally induced alloying of nanorods we first synthesized Au@Ag NRs in a mesoporous silica shell [66]. The average length of the Au@Ag rods was 73 nm and the diameter
27 nm, while the Au core length and diameter were 61 nm and 20 nm, respectively. In order to
find the required heating temperature for alloying which can deviate substantially from bulk values [209, 210], the core-shell NRs were heated in-situ in a high-resolution electron microscope
operated in HAADF-STEM mode. The temperature was increased in 50 °C steps and kept constant for 5 min at each temperature (Figure 6.2). Below 400 °C the Au core and Ag shell can
clearly be distinguished by the z-contrast inherent to STEM. At 400 °C this contrast difference
became less apparent and vanished at 450 °C indicating that an alloy was formed. The EDX
measurements in Figure 6.2b show that alloying started at the Au-Ag interface at 400 °C and
confirm the transition of the core-shell structure to a homogeneous alloy at 450 °C. After cooling back to room temperature, the alloyed structure was preserved (Figure 6.2b) and the FCC
crystallinity of the rod retained (Figure 6.3), as expected for AuAg alloys. The (111) lattice
spacing of a formed AuAg alloy NR was measured to be 0.235 nm in good agreement with
the known values of 0.2355 nm and 0.2358 nm for Au and Ag FCC crystals, respectively. The
particles preserved their anisotropic shape during heat treatment due to the stabilizing silicashell. The same Au-Ag ratio before and after heating was obtained, which was approximately
57/43 as determined from EDX. Next to the heating temperature, the heating time was an im-
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Figure 6.2: In-situ heating of silica coated Au@Ag core-shell nanorods. a) HAADF-STEM images
recorded before, during and after heating to 450 °C. The scale bars are 50 nm. b) EDX maps showing
the metal distribution of Ag (green) and Au (red) in the core-shell and alloyed metal nanorods before
and after heating, respectively. The average aspect ratio of the four particles shown here changed from
3.0 to 2.7 when heated to 450 °C. All scale bars are 40 nm. c) EDX line scans perpendicular and along
the long axis of the top left nanorod at 20 °C and d) 450 °C. It should be mentioned that the SiO2 shell is
always present although the Si or O EDX maps are not shown here and the SiO2 -STEM contrast is weak
compared to the metals.

portant parameter in the alloying process. Figure 6.4a shows the influence of heating time for
a temperature of 400 °C. Right after changing the temperature to 400 °C, a core-shell structure
was still clearly visible (upper left image in Figure 6.4a). After 5 min the shell started to disappear but was still distinguishable from the core. After 5 min of heating the EDX measurement
presented in Figure 6.2b was started. After the EDX measurement and thus after 20 min heating at 400 °C, a core-shell structure was less visible (lower left image in Figure 6.4a). Finally,
after 40 min no core-shell structure can be seen anymore (lower right image in Figure 6.4a).
Additionally, to make sure that alloying was not induced or accelerated by the electron beam,
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Figure 6.3: High-resolution electron microscopy of an alloyed NR. a) High resolution TEM image,
b) the corresponding FFT and c) zoom in of an AuAg@SiO2 alloyed nanorod (L=74 nm, D=27 nm,
AR=2.7) after in-situ heating showing the lattice planes in the (111) direction with a lattice spacing of
0.235 nm.
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Figure 6.4: Influence of time and electron beam on the in-situ heating. a) Spot of Figure 6.2 after different times: directly after changing the temperature to 400 °C (0 min), after 5 min, after 20 min and after
40 min. b) EDX of a different spot on a different SiN window heated at 400 °C for 20 min without prior
exposure to the electron beam. c) HAADF-STEM images of different spots on different SiN windows
and thus without prior electron beam exposure after the end of the heating process.

we checked different spots on the same heating chip that had not been exposed to the electron
beam prior to heating (Figure 6.4b and c) and concluded that the alloying was not modified by
the electron beam.
It needs to be mentioned that it is remarkable that alloying was achieved at such low temperatures which are well below the bulk melting temperatures of Au and Ag. For spherical NPs,
Gao et al. needed to heat to at least 930 °C to obtain fully alloyed AuAg NPs [74]. Similarly
to the volume dependent thermal stability of nanoparticles, an effect that is mainly relevant for
sizes below 10 nm [182, 211–213], smaller particle volumes could be expected to alloy at lower
temperatures. However, the decrease in alloying temperature cannot be ascribed to a smal-
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Figure 6.5: Alloying of silica coated Au@Ag core-shell nanorods in different gas atmospheres and increased chemical stability against etching of AuAg alloyed NRs. a) Extinction spectra of AuAg nanorods
before (black) and after heat treatment (red) under N2 atmosphere and b) under air atmosphere show a
LSPR peak shift from 740 to 667 nm and from 745 to 586 nm, respectively. The HAADF-STEM image
and EDX maps show homogeneously mixed Au(red)-Ag(green) nanorods after heating in N2 and deformed rods that lost most of the silver after heating in air. The average aspect ratio of the four particles
shown in a and b are 2.4 and 2.1, respectively. The Au-Ag ratio after heat treatment in N2 was 56/44
whereas after heating in air Ag loss occurred and the Au-Ag ratio shifted to 79/21. The scale bars are
40 nm. c) Extinction spectra of core-shell (red) and alloyed (blue) nanorods before (solid) and after (dotted) exposure to an aqueous etching solution (1.7 vol% H2 O2 and 0.9 vol% NH3 solution). The EDX
maps show alloyed nanorods after 2 h of etching. The scale bars are 50 nm.

ler particle volume in this case, since our rods have a 6.6 × larger volume than the spherical
particles used by Gao et al. Also a difference in Au-Ag interface area can hardly explain the
temperature difference since the rods and spheres have a comparable interface-to-volume ratio
of 0.13 nm−1 and 0.10 nm−1 , respectively. This implies that alloying for out-of equilibrium
shaped particles like NRs is quite different to equilibrium processes. Such out-of equilibrium
behaviour was for example also observed in the thermal deformation of Au NRs towards more
spherical shapes which happens at temperatures far below the melting point of Au [132].
Alloying of larger quantities of Au@Ag@SiO2 NRs was successfully achieved outside the
electron microscope in an oven. We observed a strong effect of the surrounding atmosphere on
the alloying process when heating the NRs to 400 °C. The EDX maps in Figure 6.5a demonstrate that alloyed NRs were formed during heating in nitrogen. The blue-shift in the extinction
spectrum after alloying is mainly due to a slight decrease in aspect ratio and is in agreement with
our calculations. Figure 6.6 compares the calculated extinction spectra for the core-shell AuAg NRs before heating to the alloyed NRs after heating under N2 . The NRs were modelled as
spherocylinders and the dielectric function for a composition of xAg = 0.4 was used which was
the experimentally determined composition of the NRs in Figure 6.5a. The longitudinal plas-
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Figure 6.6: Comparison of the extinction spectra calculated for the core-shell Au-Ag NRs before heating
(core length and width of 61 nm and 19.5 nm, respectively; shell length and width of 73 nm and 26.5 nm,
respectively) and the alloy NR after heating (length and width of 65 nm and 26 nm, respectively) with a
composition of xAg = 0.4. A spherocylindrical shape was assumed in both cases.
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Figure 6.7: STEM image and EDX intensity maps of initial Au@Ag core-shell NRs without a mesoporous silica shell after heating them for 1 h at 400 °C in N2 .

mon resonance blue-shifts after alloying due to the slight loss in aspect ratio. This confirms the
experimental results in Figure 6.5a. Identically to the in-situ experiments, the particles heated
externally kept their rod shape, which would not be possible without the protecting silica shell
[132, 148, 179]. We demonstrate this in Figure 6.7 where we show results of heated Au@Ag
core-shell NRs (L=84 nm, D=24 nm, AR=3.5) that were not protected by a mesoporous silica
shell. As expected, the nanorod shape could not be preserved and the particles deformed and
sintered together.
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Figure 6.8: EDX map of two silica coated AuAg NRs after heating in air for 30 min at 400 °C. The right
NR still contained Ag, possibly due to blocked pores in the mesoporous SiO2 shell which did not allow
for mass transport, whereas the left particle contained mainly Au. The left particle deformed whereas
the right one did not. This strengthens our hypothesis that particles deformed due to space being created
in the silica shell after (partial) vanishing of the Ag.
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Figure 6.9: a) EDX intensity map of AuAg@SiO2 NRs heated in N2 for 60 min. It can be seen that also
after heating the silica shell enclosed the AuAg rod. b) EDX map of etched Au@Ag@SiO2 NRs.

The situation is very different when heating Au@Ag@SiO2 NRs in air. The larger blue-shift
in the extinction spectrum in Figure 6.5b upon heating, compared to heating under nitrogen
flow, can only be explained by the deformation of the rods to a more spherical shape. The EDX
and STEM images show that the particles heated in air deformed. The average aspect ratio
dropped from 2.7 (73 nm × 27 nm) to 1.7 (42 nm × 25 nm) with an average volume loss of
almost 50%. Interestingly, the EDX measurements revealed that most of the Ag vanished after
heating which explains the observed volume loss, leaving a void for the Au to deform towards
the thermodynamically more stable spherical shape (see also Figure 6.8). The difference in the
behaviour of the Ag shell during inert and oxygen rich heat treatment is probably linked to the
oxidation state of the silver. Heating of Ag NPs on silica supports in air was reported to give
similar losses of silver and was ascribed to the dissolution of silver ions in the silica support
[214].
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Figure 6.10: Comparison of calculated extinction spectra of AuAg alloyed rods and spheres of the same
volume. a) FDTD calculations for AuAg alloyed NRs with a cylindrical shape with varying composition.
b) FDTD calculations for spherical AuAg alloyed particles of the same volume as the NRs in a. The inset
compares the extinction intensities of the rods (red) with the spheres (black) normalized to the extinction
intensity of the Ag NR.
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Figure 6.11: Calculated extinction spectra for AuAg alloyed NRs with xAg = 0.5 and varying aspect
ratios (AR) of 2 to 6.

We furthermore demonstrate enhanced chemical stability of the alloyed NRs obtained after
heating in N2 . We exposed both the silica-coated core-shell and alloyed NRs to a mixture
of hydrogen peroxide (H2 O2 ) and ammonia (NH3 ), which is known to oxidise and dissolve
Ag [74]. The longitudinal LSPR peak of the core-shell particles dropped to about 40% of
the original value and red-shifted after only 15 min (Figure 6.5c). This indicates that the Ag
shell was dissolved as confirmed by our EDX measurements (Figure 6.9b). Indeed a similar
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Figure 6.12: In-situ heating of silica coated Au@Pd core-shell nanorods. a) HAADF-STEM image and
EDX maps showing the Au (red) and Pd (green) metal distribution before and during heating to 800 °C,
respectively. The average aspect ratio of the five particles shown here changed from 3.3 to 3.2 when
heating to 800 °C. The scale bars are 40 nm. b) EDX line scan of the most right AuPd nanorod at 20 °C
and 800 °C.
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Figure 6.13: In-situ heating of Au@Pt@SiO2 core-shell rods (Au/Pt=0.85/0.15 and L=57.2, D=17.6 nm,
AR=3.2). a) HAADF-STEM image and EDX intensity maps showing the Au (red) and Pt (green) metal
distribution before, during and after heating to 800 °C. The average aspect ratio of the 9 particles shown
here changed from 3.2 to 2.9 when heating to 800 °C. The scale bars are 40 nm. b) EDX line scan of the
upper right AuPt nanorod at 20 °C and c) after heating to 800 °C and cooling to room temperature.

but reverse shift and increase in intensity were observed when Ag was grown onto the Au rod
(Figure 6.1). Contrarily, the peak position and Au-Ag ratio of the alloyed NRs did not change
after keeping the particles in the etch solution for 2 h (Figure 6.5c).
To compare the experimental results to theoretical predictions and to explore a larger parameter space in composition and aspect ratio, we performed FDTD simulations and calculations
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based on Mie-Gans theory which we tailored for our experimental shapes and corrected for
size-confinement of the electrons (see section 6.2.5 and 2.2.1, 2.2.2 and 2.2.3.1 in chapter 2).
As displayed in Figure 6.10a, the LSPR can be tuned by changing the composition of the alloyed NR, similarly as for spherical particles. Most compositions show comparable extinction
intensities to those of a pure Au NR, although around a Ag composition of xAg = 0.5 the intensities are slightly decreased, caused by the dielectric functions of the alloys exhibiting higher
losses close to 50% composition than the pure metals (Figure 2.2). The plasmonic properties
improve when more Ag is added and exceed those of pure gold at xAg = 0.7. As a comparison
we added the calculated extinction spectra for alloyed spherical particles of the same volume
in Figure 6.10b. It needs to be mentioned that the plasmon wavelengths of the pure Ag and
Au spherical NP are slightly blue-shifted as known from measurements done in water since our
used surrounding medium dielectric constant is lower (1.65) than that of water (1.77) to mimick
our experimental conditions. The alloyed NRs show improved plasmonic properties compared
to spherical particles with up to 9 times higher extinction coefficients. The enhancement can
even be increased up to 14 times when using larger aspect ratios (Figure 6.11). These findings
were also confirmed by Mie-Gans calculations which gave very similar results as the in Figure 6.10 shown FDTD calculations (details in section 2.3.2.2). Both methods could reproduce
the measured extinction spectrum from Figure 6.5a which is presented in Figure 2.13. Thus,
alloyed AuAg NRs have significantly better plasmonic and hence photothermal properties than
their spherical counterparts.
Our method for the alloying of core-shell rods can in principle be applied to any combination
of metals that mix in the bulk phase. As a proof of principle in-situ heating measurements of
Au@Pd@SiO2 NRs with an average length of 73 nm, diameter of 22 nm and Au-Pd ratio of
69/31 (Figure 6.12) and of Au@Pt@SiO2 NRs were with an average length of 57 nm, diameter
of 18 nm and Au-Pt ratio of 85/15 (Figure 6.13), were carried out. Figure 6.12 shows that the
initially dendritic Pd shell first smoothened around 500 °C, then started to mix with the Au core
at 700 °C and finally formed a homogeneous alloy when heated for about 30 min at 800 °C.
We found indications that the alloying temperature depends on the metal ratio as for a lower
Pd content alloying was achieved at 600 °C (not shown). Similarly to the observed alloying
temperatures for the AuAg NRs, the observed temperatures for AuPd and AuPt are far below
the bulk melting temperatures of Au, Pd and Pt.
Remarkably, the AuPd and AuPt NRs did not seem to lose any anisotropy during the heating
process, whereas pure Au NRs deform at such high temperatures, even with a silica-coating
[148] (compare to chapter 5). Hence, alloying Au with a relatively small amount of Pd or Pt (that
have significantly higher melting temperatures) can drastically increase the thermal stability of
the rod. The combination of good optical properties of Au and enhanced thermal and catalytic
properties of Pd/Pt make alloyed AuPd/Pt rods interesting materials for e.g. photocatalysis
[78, 215], optical laser writing [151] or other applications where the dynamic range is limited
by the thermal stability of the NRs [15, 197].

6.4

Conclusions

In conclusion, we introduced a general approach to obtain alloyed metallic NRs in a mesoporous
silica shell of which the metal composition and optical properties can be tuned. The silica
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coating provides both thermal and colloidal stability, whereas its mesoporosity enables mass
transport to the NR surface during e.g. catalysis [216]. Interestingly, alloying was achieved
at much lower temperatures than needed to alloy spherical NPs which is ascribed to the outof equilibrium shape of the NR. We furthermore showed that the plasmonic properties of the
resulting NRs were enhanced compared to spherical particles of the same volume, and that the
thermal stability can be greatly improved by alloying with higher melting point metals. We
expect that our method can be employed to any combination of metals that mix in the bulk
phase. Furthermore, it is possible to extend the method to more than two metals or to different
anisotropic particle shapes. Thus, our research opens the way to a wide variety of anisotropic
nano-alloys with variable compositions, tunable properties and different particle shapes which
would be difficult to achieve via direct synthesis routes.
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7
Laser-induced directed movement of Au
NPs
When Au NPs deposited on glass and surrounded by immersion oil are excited by fs-laser pulses
in a confocal microscope, luminescence tracks of up to tens of micrometers are observed. In
a recent publication (di Vece et al., Nanophotonics 4, 511 (2015)) these tracks, obtained under
similar conditions on an identical experimental commercial set-up, were ascribed to photoemitted electrons with kinetic energies up to 100 keV leaving a thermoluminescence trace in the
immersion oil. However, we feel that a more likely explanation of their and our data is that the
more or less linear tracks observed are caused by Au NPs that move along the glass surface.
We propose that the particles are driven in a stick-slip kind of way by optical forces over the
surface and observed that they follow the polarization direction of the laser beam. If such directed movement of NPs on substrates can be optimized, this phenomenon could be interesting
for applications like optical sorting.
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Introduction

Light has the ability to transfer momentum to particles and these forces are commonly referred
to as optical forces. Optical forces can be decomposed into two kinds of orthogonal directions:
a scattering force and the gradient force. The scattering force, also known as radiation pressure,
results from momentum conservation when photons are scattered or absorbed [217–219]. The
gradient force stems from an induced polarisation in dielectric particles. If the refractive index
of the dielectric particle is higher than that of the surrounding medium, the particle is attracted
towards the highest intensity of the field (positive gradient forces). If the refractive index of
the surrounding material is higher than that of the particle, it is repelled from the highest intensity region (negative gradient forces) [218]. Gradient and scattering forces compete. When
the gradient force dominates, particles can be trapped in the highest intensity region of a focused laser beam which is used in optical tweezers [217, 220]. For strongly absorbing and/or
scattering particles like plasmonic metal nanoparticles (NPs) scattering forces are enhanced and
dominate, especially near the plasmon resonance which makes trapping of metal NPs challenging but possible when they are excited off-resonance [219, 221]. Alternatively to trapping,
Au NPs were pushed along a glass surface through a high refractive index polymer layer by
making use of negative gradient forces [222, 223]. There are several ways to negate the strong
radiation pressures for particles that strongly interact with light. One is to simply double an optical tweezers set up such that the radiation pressures cancel each other, for instance by trapping
the same particle from below and above [224]. Another approach is to coat such particles with
an antireflection coating [225]. Manipulations of Au NPs on the nanoscale by optical forces
has led to several applications such as optical printing [226–228], optical sorting [229, 230] or
light-induced assembling of NPs [231, 232].
In this chapter we describe the observations of micron-sized tracks in the direction of the
laser polarization upon imaging Au NPs, that were deposited on a glass plate and subsequently
covered by immersion oil (n=1.518), in a confocal microscope by fs-laser pulses. We ascribe
the more or less linear tracks observed to a stick-slip kind of particle movement driven by
optical forces acting on the NPs. Similar tracks, also resulting from confocal fs-laser excitation
of Au NPs deposited on glass and surrounded by immersion oil were observed in Ref. [233]
but were interpreted as photoemitted electrons leaving a defect-trail in the immersion oil which
can be read-out as thermoluminescence by the scanning laser beam. However, we believe that
the observed tracks are more likely caused by optically induced mobility of the particles and
decided to perform extra measurements to strengthen our hypothesis and to understand the
origin of the tracks. We found that the tracks follow the direction of the laser polarization
and that no tracks could be observed when the NPs were surrounded by PMMA (Poly(methyl
methacrylate)) instead of immersion oil. By comparing the same spot by electron microscopy
before and after laser excitation we furthermore observed that a vast amount of NPs left their
original position. We thus believe that the tracks rather stem from directed movement of Au
NPs. It is proposed that the particles ’hopped’ from pixel to pixel in a stick-slip kind of way
[234–236] in the direction of the laser polarization which resulted in micron-sized luminescence
tracks after scanning the whole frame.
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50 nm
Figure 7.1: TEM image of the synthesized Au NPs. The particles had an average diameter of about
32 nm.

7.2

Methods

7.2.1 Particle preparation
Citrate-stabilized 32 nm-sized gold nanoparticles with a uniform quasi-spherical shape were
synthesized following a kinetically controlled seeded growth route based on the reduction of
HAuCl4 by sodium citrate [237]. A TEM image of the particles is shown in Figure 7.1. To
image the NPs in the confocal microscope the NPs were either dropcasted on a microscope slide
(geometry 1) or on a 0.1 mm thick cover glass (geometry 2). Afterwards a drop of immersion
oil was added and for geometry 2 the sample was closed with a 0.1 mm thick cover glass. Both
geometries are schematically displayed in Figure 7.2. In most cases geometry 1 was used.
Geometry 2 was used for movie 2 in Figure 7.5. The extinction of the sandwiched NPs was
measured on a Bruker Vertex 70 FTIR spectrometer. For the experiments where PMMA was
deposited on top of the NPs, non-cross-linked PMMA colloids [238] were first completely
dissolved in acetone with a PMMA volume fraction of 5%. The solution was then dropcasted
on top of the deposited Au NPs and left to dry.

7.2.2 Confocal imaging
For the imaging a Leica SP8 confocal setup (63x/1.32 oil-immersion confocal Leica objective)
equipped with both, a Coherent chameleon II Ti:Sapphire laser (80 MHz repetition rate, 140 fs
pulse length) and a fibre-based white light laser, was used. The white light laser was used for
imaging the sample in reflection mode at 480 nm before and after an image series was acquired
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Figure 7.2: Schematic of the experimental setup. a) Mainly used geometry 1: Au NPs were deposited
on a microscope slide (purple box). Immersion oil was added and the cell was closed with a thin cover
glass (purple line). b) Opposite geometry 2. Au NPs were deposited on the cover glass and cover with
immersion oil. For both geometries, the excitation light comes below as indicated by the position of the
objective.

with the fs-pulse laser. The fs multiphoton (MP) laser was operated at 700 nm with a power of
around 1 mW (corresponding to a peak energy of 12.5 pJ). The MP laser was linearly polarized
and the polarization direction was changed by inserting a half-wave plate. For both, reflection
and MP imaging, a photomultiplier tube (PMT) was used for detection in the wavelength range
between 450 nm to 470 nm (reflection mode) or 450 nm to to 650 nm (MP mode). In most cases,
unless otherwise stated, the scanning direction was unidirectional (scanning from left to right
with respect to the orientation of the images) with a scanning speed of 400 Hz which resulted
in a pixel dwell time of 1.2 µs. The usual frame size under MP excitation was about 80 µm ×
80 µm which resulted in a pixel size of 150 nm × 150 nm (512×512 pixels) which the exception
for movie 2 in Figure 7.5 for which a frame size of 37 µm×37 µm (pixel size of 70 nm×70 nm)
was used. The detection pinhole was fully opened (600 µm or 5.92 AU) under MP excitation.

7.2.3 Image Analysis
The images that were acquired with the Leica LAS X (version 2.0.0.14332) software and modified with ImageJ (version 1.51h). An original image is shown in Figure 7.3a). The images that
are presented in the chapter were all slightly Gaussian blurred with a size of 1 pixel as shown in
Figure 7.3b). For all images the lookup table ’Glow’ was used which is displayed on the right
side of Figure 7.3. To enhance the tracks without oversaturating the whole image intensity, for
some images the contrast and brightness was locally varied around a track as shown in Figure
7.3c). In order to determine the average directions of the tracks, the raw data 8-bit images were
exported from the LAS X software and analysed with ImageJ using the ’Ridge Detection’ [239]
and ’OrientationJ’ plugins [240]. These steps are illustrated in Figure 7.3d). Image series were
chosen in which the tracks could be easily seen due to e.g. NP-free areas (scratches on the
sample), as shown in the original image on the left side. The ’static’ bright parts were then
cropped out and the remaining middle part was blurred with a size of 2 pixels. Afterwards, the
Ridge Detection plugin was employed to detect the tracks. Finally, the ’OrientationJ Direction’
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Ridge detection
Original image
OrientationJ
Figure 7.3: a) Raw image from an image series. b) The same image after being Gaussian blurred with
ImageJ. The scale bars correspond to 5 µm. c) Example of an image where the brightness and contrast
was locally varied around a track. d) Image analysis with ImageJ. The left image shows the original 8-bit
image. To determine the direction of the tracks the part with the scratch was cropped out of the image.
Afterwards the tracks could be detected with the Ridge Detection plugin. OrientationJ was then used to
determine the direction of the tracks. Each colour corresponds to a direction as indicated by the colour
bar.

plugin was used to analyse the direction of the ridges. For better visualization, the intensity
of every image in the obtained image series was projected onto one image which is shown in
Figure 7.9. To obtain the distribution of directions, the cropped and blurred stack was first projected onto one image and then the distribution was determined with the plugin ’OrientationJ
Distribution’.
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Figure 7.4: Extinction spectra and confocal reflection images of the Au NPs for two different surface
coverages. The scale bars represent 1 µm.

7.3

Results

Figure 7.4 shows extinction spectra and confocal reflection images of the deposited NPs in
immersion oil. The surface coverage was changed by varying the number of dropcasting steps.
As an example, the left side of Figure 7.4 shows a low surface coverage of NPs (one drop)
with very few NPs (below 10) per µm2 . From the extinction spectrum in combination with
the reflection images it can be concluded that a significant number of the particles are lying
isolated from each other on the surface as only such particles are characterized by the strong
peak around 550 nm. It is worth noting that the peak is slightly red-shifted compared to spherical
NPs in solution due to the increase in surrounding dielectric constant from the immersion oil
(eq. 1.6). The shoulder at 655 nm shows that there are also aggregates present for which the
plasmons couple [241–243]. For a dense surface coverage (5 consecutive drops) with many NPs
(more than 10) per µm2 , shown on the right side of Figure 7.4, the peak due to coupled NPs is
more significant than the single particle peak and also more red-shifted (715 nm). As expected
and as seen in the reflection image, both indicate an average closer proximity of the NPs such
that their plasmon resonances couple [242, 243].
Identical to Ref. [233] we observed short (a few µm) and long (a few tens µm) tracks when
imaging the Au NPs deposited on glass and embedded in immersion oil with the MP laser of
our confocal setup. Figure 7.5 shows extracted frames from two different movies exhibiting
such tracks. The only difference with Ref. [233] is the origin of the Au NPs as the commercial
experimental set up was identical as used in this chapter. Movie 1 was obtained for geometry
1 and movie 2 for geometry 2 (see Figure 7.2). In order to improve the visualization and
contrast of the tracks, lines were scratched in the deposited sample. These scratches are seen
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Figure 7.5: Images of an image series obtained with the MP laser for a medium NP coverage (Movie 1,
geometry 1) and a low NP coverage (Movie 2, geometry 2). The excitation power and scanning speed
was 1 mW and 400 Hz. The numbers correspond to the frame numbers of the movies. Movie 1 and 2
were recorded for 773 s (601 frames) and 323 s (252 frames). The scale bar in movie 1 is 10 µm and in
movie 2 it corresponds to 5 µm.

as darker areas in the images. It is worth mentioning that the tracks were observed for most
scanning speeds although for speeds ≥ 1000 Hz no tracks were observed. Figure 7.6 compares
the reflection image before and after movie 1 (a) and 2 (b) and shows graphs of the mean
intensity of the movies over time. Two observations can be made. First, more spots can be
seen in the initially particle-free scratches and many of the smaller and less bright spots from
the initially particle-dense areas disappeared after the impact of the MP laser. Second, a strong
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Figure 7.6: Reflection images before and after movie 1 (a) and movie 2 (b). The graphs on the right side
plot the mean intensity over time during the corresponding movie. The noise in the graph in a) stems
from intensity fluctuations of the background (as seen in Figure 7.7a).

drop in mean intensity occurred with elapsed recording time. Our hypothesis is that the tracks
are NPs that move along the surface pushed along by optical forces.
In order to get a better understanding of the tracks sequential snapshots were carefully analysed. Examples of frames that were taken successively are shown in Figure 7.7. A typical
observation was that tracks started and ended in a spot. An example is shown in Figure 7.7a. In
frame 101 a spot can be seen that was located at the end of the track in frame 100. In frame 102
a track originated from the spot of frame 101 and ends again in a spot observed in frame 103.
The spot where the track originated from had disappeared. This is easily explainable by our
interpretation of moving NPs. In fact, the spot where the tracks originated from must disappear
if it is a moving NP. To prove that the tracks and spots observed in a) stem from the same NP
we overlayed the four images. The result is shown in d) where the four images add up to one
continuous line. Another frequent observation is displayed in c) where many short tracks can be
observed that were formed in a kind of stop-go motion. These subsequent tracks followed over
several frames stem most likely from the same particle as apparent from the overlay of these
five images which is presented in f). Most Au NPs, however, moved slowly over the surface.
An example is shown in 7.7b. The NP marked by the arrow was followed frame by frame and
three snapshots show that it slowly changed its position. It is worth noting that the first three
frames are not sequential. Interestingly, in the last frame the NP moved faster leaving a track
behind. To show more convincingly that the three spots in the frame 20, 46, 59 and 60 most
likely stem from the same NP we present the overlay of all images between frame 20 and 60 in
e). A continuous line is seen which changed direction in frame 60 when the NP moved faster.
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Figure 7.7: Sequential snapshots of different movies. The numbers depict the frame number of each
movie. a) and c) are taken from movie 1 from Figure 7.5. d) and f) show the corresponding overlay
image of the single images displayed in a) and c), respectively. b) snapshots from a different movie (not
shown yet) which was recorded with the same settings. The same NP is marked by white arrows. e) is
an overlay of all images from this movie from frame 20 to 60. All scale bars correspond to 10 µm.

Both parts of the track look similar. Thus, a slowly moving particle gives a similar track as a
fast moving particle.
A further indication that the tracks are NPs moving along the surface can be gained from
x-z scans. Several x-z-t image series were acquired. Tracks were only observed parallel to the
surface but never pointing away from it, neither into the oil nor the glass. One example of an
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oil
Figure 7.8: Recording in z-direction. a) and b) show the reflection image before and after recording a
MP movie in the x-z plane. c) Snapshot of the movie which exhibits a track parallel to the glass surface.
The movie was recorded for 194 s under excitation of 700 nm pulses with a laser power of 1 mW. The
scanning speed was 400 Hz and the image was scanned by 512 × 512 pixels. d) Reflection image in the
x-y plane after recording the movie in x-z. The area that was scanned in the x-z plane is marked with a
white box. All scale bars display 5 µm.
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Figure 7.9: Dependence of the direction of the tracks on the laser polarization direction. a) OrientationJ visualization of tracks for a MP laser polarization direction around -20 °. The tracks are coloured
according to their direction. The distribution of directions is also plotted and reveals an average track
direction around -30 °. b) The average track direction changed to -70 °for a laser polarization direction
around -80 °.

x-z scan is shown in Figure 7.8. A snapshot from a movie where a track parallel to the surface
can be seen is shown in c). Catching the tracks in x-z, however, was rare (just 1-2 tracks per
movie of around 200 s) since the probability was high that particles would leave the x-z plane
under a different y-angle. Hence, the tracks in x-z were generally also short, just as the one
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in c). Because the sample lies never perfectly flat on the objective, a track from a particle that
leaves the focal plane in y-direction can have a slight angle in z. Such a small angle can be seen
for the track shown in c). However, the track clearly stays in the x-z plane. The impact of the
MP laser on the scanned slab and thus the induction of particle movement was obvious from the
x-y reflection image taken afterwards (d)). The comparison of the reflection images before (a)
and after (b) the movie recording confirms as well that particles moved. Au NPs that detached
from the glass and floated in the oil could also be observed (not shown) which could partially
explain the intensity loss as displayed in Figure 7.6.
Interestingly, the ’fast’ moving particles, which appear as tracks, follow the polarization
direction of the MP laser. The direction of the tracks could be visualized by the ImageJ plugins
’Ridge Detection’ and ’OrientationJ’. The image analysis procedure is described in detail in
section 7.2.3. Figure 7.9 shows the results for when the polarization direction of the MP laser
was a) -20◦ and b) -80◦ . The two images are an overlay of the whole movie where the colour
corresponds to the direction of each track. For a laser polarization of -20◦ the average direction
was determined to be around -30◦ (right plot in a)). It changed to -70◦ (right plot in b)) when the
polarization direction was changed to -80◦ . Both movies were obtained for the same number of
frames. Yet, more tracks were detected in b) which also resulted in a less noisier distribution.
This is understandable because when the particles move in an average direction of -20◦ no tracks
were observed in the lower left part of the images. The slow moving particles might also follow
the polarization direction which is, however, hard to decouple from the fast moving particles as
an overlay image of the whole movie was used to determine the direction distribution. It needs
to be mentioned, that one would also expect that photoemitted electrons follow the polarization
direction.
As further test to check our hypothesis was immobilize the NPs which was ecpected to
suppress their movement over the surface driven by the optical forces. We chose to do this
by depositing a PMMA layer on top of the NPs. Figure 7.10a) and b) compares the reflection
images before and after a recorded movie for a sample without PMMA (but immersion oil) (a)
and with PMMA (b) which were recorded with the same MP settings (700 nm, 1 mW, 400 Hz).
Movie a) was recorded for 365 s and movie b) for 396 s. Tracks were observed for the sample
without PMMA but not for the one with PMMA. This difference can be also seen by comparing
the reflection images before and after the movies were recorded. The reflection images were
taken with the same intensity and detector gain settings and thus the intensities in Figure 7.10
can be compared. In both cases the intensity dropped after the movie was recorded. However,
the intensity drop was more pronounced for the NPs without PMMA. During the MP movie
recording, the mean greyscale intensity dropped from 37 to 5.5 for the NPs without PMMA,
whereas for PMMA the mean intensity dropped from 16 to 3.6. The lower intensity drop and
that no tracks were observed supports our hypothesis that the tracks stem from moving particles.
The intensity loss that occurred for PMMA-covered particles can be explained by particles that
detach from the surface as depicted in Figure 7.10c) which shows two particles that disappear
out of the focal plane. As mentioned before, this detaching in z-direction was also observed
for NPs without PMMA and is probably the main reason for the rapid intensity loss in the first
frames. That the NPs can also detach and leave the focal plane in the z-direction despite the
PMMA on top is not surprising since the glass transition temperature of bulk PMMA is only
108 °C [244], a temperature which is likely reached locally around the NPs.
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a) without PMMA

0s
b) with PMMA

365 s

365 s

0s
c) Frame 13

396 s

396 s

Frame 14

Frame 15

Frame 16

Figure 7.10: Immobilization of Au NPs. a) Comparison of the reflection before and after movie recording for deposited Au NPs that were not immobilized by PMMA. A loss in intensity can be observed
which is also apparent from the zoomed out reflection image after MP excitation (rightmost image).
b) Comparison of the reflection before and after movie recording for deposited Au NPs that were immobilized by PMMA. A loss in intensity can also be observed but is smaller than for the immobilized
particles. c) Sequential zoomed-in images from the movie that was obtained with the MP laser on the
by PMMA immobilized Au NPs. No tracks can be observed but particles can detach from the substrate
and disappear from the focal plane which is highlighted by the white arrows. The scale bars in a) and b)
correspond to 10 µm and the one in c) to 5 µm.

Finally, we also deposited the NPs on a SiN TEM grid which enabled us to compare what
happened to the NPs after MP excitation. The different substrate should not influence the results
as the surface roughness is expected to be similar to the glass substrate used before. The experiment was further performed in the same way as before. Figure 7.11 compares the same spots
of Au NPs before and after MP excitation. Several things can be observed. First, NPs that are
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Figure 7.11: TEM of the same Au NPs deposited on a SiN TEM grid before (upper row) and after (lower
row) MP excitation. a), c) and b), d) display two spots from the same SiN window which was excited
for 218 s; e)-f) are from a different window which was excited for 160 s. In both cases the spots were
scanned with 700 nm pulses and with an average laser power of 1 mW with a scanning speed of 400 Hz.

close to each other melted together. Second, many particles that were there before disappeared
after MP excitation. Interestingly, it appears to be a certain size of clusters that disappeared.
Most of the single particles were found back at the same spot. Very large clusters of particles as
well which melt into one large particle. Clusters of just a few NPs seem to be mainly missing.
Examples are marked by circles or ellipses. However, in order to really verify a size dependence more measurements and detailed statistics are needed. What can be concluded from the
measurements is that many NPs changed their position during MP excitation which supports
our hypothesis. Big clusters of particles melted together and became too big to move. This can
be also seen from the reflection images (e.g. Figure 7.6) where the brightest spots stayed.

7.4

Discussion

From the presented results we think that particle movement induced by optical forces is the most
likely explanation for the observed tracks. It might seem surprising that the particles move in
straight lines that have an angle with respect to the scanning direction and move much slower
than the scanning beam. As was briefly reviewed in the introduction of this chapter optical
forces can trap, guide and sort NPs. Our results cannot be explained by optical trapping directly
as the NPs would be expected to then follow the laser beam and thus the scanning direction.
However, under our conditions trapping is not expected. For instance, it was recently calculated
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a)

b)

Figure 7.12: Zoomed-out reflection images after MP recording. a) Zoomed-out image after Movie 1
(Figure 7.5). The white ellipse highlights the end of the MP scanned area where a straight line of NPs
ended up. b) Zoomed-out reflection image after the MP image series of 515 s (700 nm, 1 mW, 400 Hz)
was recorded which was used for studying the polarization dependence (Figure 7.9a). A clear straight
line up particles can be observed, especially in the upper part of the scratch which is the end of most
tracks for this polarization direction (compare Figure 7.9a).

that the radial force becomes negative for an 80 nm-sized Au NP with a surrounding refractive
index higher than 1.1 [222, 223]. In that case the gradient force points away from the beam axis
and pushes the NPs along the surface [222, 223]. The same authors showed that Au NPs can
be pushed over micron distances along the substrate [223]. The polarization of the laser beam
mattered as the movement changed from a linear direction for a linear polarization to a circular
movement for a circular polarized beam [223]. Because the refractive index of immersion oil
(n=1.518) is higher than 1.1, the mechanism could be applicable in our experiments. Similarly,
the NPs in our experiment follow the polarization direction of the laser. Thus, we propose a
mechanism in which the NPs ’hop’ in a stick-slip kind of motion from pixel to pixel in the
general direction of the laser polarization. Under such circumstances one would expect that
many NPs end up at the edge of the scanned area. This was indeed often observed as displayed
in Figure 7.12. However, the main intensity loss happened in the first frames whereas the tracks
are observed over the whole recording time. Thus, the main intensity loss does probably not
stem from such hopping NPs that leave the scanned area in x or y direction. In Ref. [245] it was
shown that Au NPs can detach from a glass surface when excited by 532 nm laser pulses with a
duration of 10 ns. Hence, it is likely that the fast intensity loss stems from particles for which the
conditions are right to detach from the glass into the surrounding immersion oil (or PMMA).
Such detached NPs were also observed, especially in the first frames, while scanning in x-z
(not shown). Detachment would be expected to be easier in case of geometry 2 as compared to
geometry 1 (Figure 7.2) because radiation pressure can assist pushing the particles away from
the surface. An indication that this was indeed the case was given by the more drastic intensity
loss between the first two frames for geometry 2 (Figure 7.6). However, since the smaller frame
size might be of influence as well, this is mere speculation at this moment.
In reference [233] similar observations were made. Yet, a completely different explanation
of the observed tracks is given. The authors explain their findings by highly energetic electrons
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Figure 7.13: Reflection images of a very dense spot of Au NPs before (a) and after (b) MP excitation
for 188 s. Almost no intensity difference can be noticed except for the black spot which is a bubble that
formed due to heating up of the immersion oil. c) Zoomed out reflection image after MP excitation. No
intensity difference can be seen between the irradiated area and the surroundings. d) Mean intensity as
a function of movie recording time under MP excitation with 700 nm pulses and an average power of
about 1 mW. The curve looks very different to low NP densities (Figure 7.6). The drop in intensity can
be mainly attributed to a created bubble which can be seen as a dark round spot in b).

that are emitted in mostly straight lines from the Au NPs and accelerated by the plasmonic field
excited by the laser field. On their way the electrons create defects in the immersion oil. The
luminescence tracks are proposed to stem from this defect track. The authors argue that the
scanning light beam detects the tracks as thermoluminescence. In order to leave more or less
straight tracks with a length of several microns the photoemitted electrons need a kinetic energy
of about 100 keV [233]. The authors also mention that most of the high-energetic electrons
were probably emitted upon first illumination because particle melting and aggregation will
lead to the disappearance of most of the hot spots between close particles. We will address
several points, based on the experiments performed in this chapter, that are in contradiction to
this explanation.
First, the authors in Ref. [233] used two main arguments to support their interpretation
which we would like to discuss. 1) They present an x-z scan which is presented to show a
luminescence track from the surface into the oil which was claimed to be incompatible with
a moving particle due to the ’lack of a supporting surface’. However, as argued above, many
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particles seem to detach from the surface. Combined with a reduced confocal resolution in z
[188] such a detached particle could have easily been misinterpreted by the authors. 2) Luminescence lifetime measurements were presented in which the authors find two nanosecond-decay
contributions which they ascribe to the thermoluminescence of the immersion oil since Au NPs
have a luminescence decay time on the order of picoseconds [102, 246]. However, from their
lifetime curves it can be seen that the curves are dominated by a high-amplitude with a fast
decay constant. Most of the intensity (1/e) had decayed by less than 0.5 ns which makes it more
likely that the majority of the observed luminescence stems from the Au NPs.
Furthermore, it needs to be considered whether or not such high kinetic energies of electrons are feasible. For an applied laser power of about 1 mW the peak pulse energy is 12.5 pJ.
For 140 fs pulses this results in a peak pulse power of 89 W. The radius of the airy disk and
thus roughly the spot size is rAiry = 0.61λ /NA [188]. For a numerical aperture NA of 1.32 and
an excitation wavelength of 700 nm rAiry = 323 nm. The spot size can be well approximated
2
with πrAiry
which results in a peak intensity (peak power density) of I = 2.7 · 1010 W/cm2 . This
p
translates into a field strength of F = 3.2 · 106 V/cm with F = I/ε0 · c where ε0 is the vacuum
permittivity and c the speed of light. The energy that a free electron can acquire in the radiation field of the laser pulse is called the ponderomotive energy U p = e2 F 2 /(4mω 2 ) where e is
the electron charge, m the electron mass, F the field strength and ω the angular frequency of
the laser radiation. Including rescattering, electrons can acquire a kinetic energy of maximal
10U p [247, 248]. Thus, in order to get a kinetic energy of 100 keV, a ponderomotive potential of 10 keV is needed which requires a field strength of 1.3 · 1010 V/cm. This field strength
is four orders of magnitude higher than the one applied. Thus, a 104 plasmon field enhancement is necessary to obtain 100 keV electrons. For individual NPs field enhancement factors
of about 102 were measured and for interparticle gaps values as high as 103 were obtained
[249–251]. Such enhancement factors are in agreement with kinetic energy measurements of
electrons photoemitted from plasmonic nanostructures with up to keV energies but mainly well
below that [247, 252–257]. Thus, considering that field enhancements of 104 or electron energies of 100 keV have not been measured, despite tailoring nanostructures and geometries,
makes it less likely that the observed tracks stem from photoemitted electrons.
In principle, a higher density of Au NPs creates more hot spots and should thus increase
the probability of tracks if photoemitted electrons are responsible for the observed lines. We
recorded an image series at the edge of the sample with a high surface coverage (Figure 7.4b)
where the density of NPs was high (probably more than 100 NPs per µm2 ). However, with
a higher density of NPs only one single track was observed over a movie of 188 s whereas
track rates for less dense samples were on the order of 100 (compare with e.g. Figure 7.9).
The reflection images before and after exhibit a similar intensity (Figure 7.13a and b,c) and the
mean intensity profile over time (7.13d) looks different from the previous results. No bright
spots ended up in the NP-free region except for one which stemmed from the single track
observed. The denser particle layer most likely melted together, probably already in the first
frame. Less particles were able to leave, neither in z-direction nor along the surface which
supports the hypothesis of moving NPs as the origin of tracks.
Second, to the best of our knowledge thermoluminescence of immersion oil has not been
reported so far. Furthermore, the diffusion of the oil fragments makes it less likely that the
read-out luminescence would remain a straight line, although polymerization of some of the
immersion oil to luminescent larger units cannot be completely ruled out either. The Leica
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immersion oil has a density ρ of 1.093 g/cm3 and a kinematic viscosity µ of 435 mm2 /s at
23 °C (data sheet Leica Type F immersion oil). A Stokes-Einstein diffusion coefficient D can
be used to approximate the diffusivity of the molecular species by D = kb T /(6πηR) where kb is
the Boltzmann constant, T the temperature, η = µ · ρ the dynamic viscosity and R the radius
√ of
the immersion oil molecule. The mean square displacement can the be obtained by hri = 6Dt
where t is the time. Hence, at 23 °C the mean square displacement of an immersion oil molecule
after 1.3 s (frame scanning time) can be determined to be about 1.9 µm assuming a molecule
radius R of 1 nm. Thus, that a molecule stays within the pixel size of 150 nm × 150 nm within
the time that it takes to scan a frame is unlikely, however, as mentioned larger molecular weight
luminescent species cannot be completely ruled out.

7.5

Conclusions

To conclude, we observed luminescence tracks when exciting Au NPs deposited on glass and
enclosed in immersion oil by fs-laser pulses in a confocal microscope. The tracks were up to
several tens of micrometers long and followed the direction of the laser polarization. The tracks
disappeared when the Au NPs were immobilized by PMMA. We explain the observed tracks
by a stick-slip kind of motion of Au NPs. Induced by optical forces, the NPs got pushed along
the surface from pixel to pixel which appeared as a luminescence track in a scanned confocal
image. The comparison of the same spots of Au NPs deposited on a SiN TEM grid before
and after fs-laser confocal scanning suggested that NPs that were close to each other melted
together and there seemed to be a favoured size range of aggregated Au NP clusters that moved
during acquisition. Larger aggregates (> 10 NPs) generally did not move and melted into bigger
conglomerates. Interestingly, single NPs were also mostly observed to maintain their position
on the TEM substrate. On the other hand, clusters of a few Au NPs seemed to have moved the
most. Such directed and size-sensitive movement of NPs could be useful for optical sorting and
manipulation of NPs deposited on a substrate. Future work is needed to fully understand the
hopping mechanism and to determine if the observed effect can be optimized e.g. for a certain
size range of Au NPs that can be directed along a surface.
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8
Photostability and morphological
transformations of single silica-coated
CdSe/CdS nanorods upon fs-laser
excitation
Radiation-induced modifications of nanostructures are of fundamental interest and constitute
a viable out-of-equilibrium approach to the development of novel nanomaterials. Herein, we
investigated the structural transformation of silica-coated CdSe/CdS nanorods (NRs) under femtosecond (fs) illumination. By comparing the same nanorods before and after illumination with
different fluences we found that the silica-shell did not only enhance the stability of the NRs
but that the confinement of the NRs also led to novel morphological and chemical transformations. Whereas uncoated CdSe/CdS nanorods were found to sublimate under such excitations the silica-coated nanorods broke into fragments which deformed towards a more spherical
shape. Furthermore, CdS decomposed which led to the formation of metallic Cd, confirmed by
high-resolution electron microscopy and energy dispersive X-ray spectrometry (EDX), whereby
an epitaxial interface with the remaining CdS lattice was formed. Under electron beam exposure
similar transformations were found to take place which we followed in-situ.
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Introduction

Heterostructured semiconductor nanoparticles (NPs) have attracted much scientific attention
due to their tunable optical and electronic properties [258, 259]. They display unique size
and material dependent emission and absorption properties that are of great interest for various
applications such as light-emitting diodes (LEDs) [260], lasers [261–263], sensors [264] and
biological imaging [265]. Among the vast array of morphologies of heterostructured semiconductor NPs, CdSe/CdS nanorods (NRs) are intriguing systems as they exhibit quantum yields
up to 75% and reduced blinking [266–268]. Such NRs consist of a spherical CdSe core and an
elongated CdS shell in which the core is asymmetrically positioned towards one end of the rod.
The charge separation of the carriers can be influenced by depositing a metallic centre which
is used for electro-optical modulators [269], optical switches [270], nano-thermometers [271],
photocatalysis [272, 273] and photovoltaics [274]. The emission and absorption are polarized
which can be exploited in polarized LED’s [275] but could also be used in improved data storage
as has been demonstrated for gold nanorods [173]. Furthermore, the extinction coefficients for
multiple photon absorption in CdSe/CdS NRs are significantly higher than for CdSe quantum
dots making them interesting for non-linear optical applications as well [276, 277].
For many applications, the chemical and (photo)thermal stability of CdSe/CdS NRs is still
a serious issue. Several solutions were proposed to overcome the stability problems. In particular, complex multishell heterostructures, such as CdSe/CdS/ZnS, proved promising but require a
more complicated synthetic procedure [265, 278, 279]. Alternatively, a silica coating is known
to enhance the thermal and colloidal stability of NPs and dyes [149, 179, 189, 280]. This
has also recently been shown for CdSe/CdS NRs where a silica coating resulted in increased
photostability under UV irradiation and chemical stability under O2 exposure with respect to
the same uncoated NRs [281]. It has not been explored so far, however, how chemically and
morphologically stable silica-coated CdSe/CdS NRs are upon irradiation, when e.g. exposed
to an electron beam or to fs-laser pulses which are used in several applications and/or particle
characterization methodologies. This is important to study since different morphological modifications of the particles under study can result in completely new structures. It was shown,
for example, that Au-tipped CdS NRs underwent chemical transformations upon high-density
electron beam irradiation exhibiting new phases that would not be stable in bulk [282]. Such
transformations were not observed for NRs without a Au-tip or when the NRs were simply
heated without radiation-induced effects [282, 283]. Such radiation-induced modifications are
interesting from a fundamental point of view but also for stability reasons. Additionally, contrary to sphere-like quantum dots, NRs often have a non-equilibrium shape which plays an
important role regarding stability as is seen for gold NRs for which the metastable shape is
unstable at temperatures far below the melting temperature [132]. Studying such changes and
transformations can reveal novel nanostructures and interesting nanoscale phenomena.
We performed fs two-photon excitation experiments on silica-coated CdSe/CdS NRs and
monitored the structural changes of individual particles after fs-pulse excitation. The experiments were conducted at different laser intensities while analysing the same particles before
and after fs-laser excitation with transmission electron microscopy (TEM). We observed that
with increasing laser power the particles first broke into two or more anisotropic fragments
which then independently deformed into a more spherical shape. Additionally, Cd-rich domains
were formed out of the remaining (mainly) CdS phase which was revealed by high-resolution
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Figure 8.1: Lateral and axial profile with their FWHM of the simulated point spread functions for the
used confocal setting. The FWHM of the lateral profile determines the radius r of the spot size and was
used for calculating the fluences.
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Figure 8.2: Absorption, luminescence (a) and TEM images of uncoated and silica-coated CdSe/CdS
nanorods (b). The scale bar corresponds to 50 nm.

scanning transmission electron microscopy (STEM) and EDX. While very similar results were
obtained under electron beam excitation, heating did not result in such transformations. These
findings are different in comparison to the same NRs without a silica-coating or with only a partial coating, where we found sublimation of CdS without deformation, showing that physical
confinement can dictate morphological and chemical changes.

8.2

Methods

8.2.1 Experimental
The 3.2 nm sized CdSe seeds were synthesized according to the hot injection method [266].
The CdSe/CdS NRs were then grown following a seeded growth approach which yielded 46 nm
long and 5 nm thick NRs [266, 281]. The CdSe/CdS NRs were coated with about 10 nm of
silica according to the method described by Hutter et al. [284]. The samples were stored in
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ethanol. Two batches of silica-coatings were prepared under these conditions with the same
CdSe/CdS NRs. Batch 1 was used for the experiments in Figures 8.2, 8.3, 8.4, 8.5 and 8.7.
Batch 2 was used for the experiments in Figure 8.6, 8.8, 8.11, 8.9 and 8.10. Some CdSe/CdS
NRs were slightly sticking out of the silica shells in the case of batch 2. This enabled us to
compare completely and not completely covered NRs as discussed in Figure 8.6 and 8.9. The
results for fully covered NRs were the same for both batches.
For the two-photon excitation experiments a Leica SP8 confocal setup (63x/1.32 NA oilimmersion confocal Leica objective) with an integrated Coherent chameleon II Ti:Sapphire
laser (80 MHz repetition rate, about 140 fs pulse length) was used. In order to image the same
particles before and after laser excitation a drop of the particle dispersion was dropcasted on
a TEM finder grid (Agar Scientific G2761). TEM images of all particles in a spot of about
12 µm × 12 µm were taken by a TECNAI12 electron microscope before laser excitation (as
shown in e.g. the upper row of Figure 8.3a). The grid was then sandwiched with a drop of
glycerol between a microscopy glass slide and a 0.1 mm thick cover glass. Glycerol was chosen
as its refractive index is close to silica, immersion oil and microscopy glass and could be easily
removed (see below for procedure) from the TEM grid after illumination. By using the fibrebased white light laser of the SP8 confocal setup in reflection mode the spot looked at by TEM
could be found back and brought into the focal plane. Subsequently, a thin 3D stack with
about 12 µm × 12 µm 2D planes was scanned by the Ti:Sapphire laser (pixel size of 22.6 nm
× 22.6 nm and pixel dwell time of 1.2 µs). This was done since the focal plane can slightly
change when switching between the two lasers. The excitation wavelength was 920 nm as the
first absorption peak of the CdSe/CdS NRs lies at 460 nm (Figure 8.2). Taking the thin 3D
stack took about 20 s which are about 64 frames for a pixel dwell time of 1.2 µs. Assuming
that one particle spreads over 2 pixels and that every 12.5 ns a fs-laser pulse is delivered it can
be estimated that the NRs absorbed about 1.2·104 pulses. After removing the glycerol from the
TEM grid by drying it overnight in vacuum the same particles were imaged by TEM again. The
procedure was repeated for several spots to change the excitation fluence. The pulse fluence was
calculated from the measured time-average laser power (using a Thorlabs PM200 powermeter
with a S170C microsope slide power sensor) and the simulated point spread functions for this
specific setup as shown in Figure 8.1. The point spread functions were simulated with the
Huygens software version 15.10.1 for an excitation wavelength of 920 nm, a 63x/1.32 NA oilimmersion objective and glycerol as surrounding medium. For calculating the pulse fluence
the pulse energy E peak (average measured power divided by the repetition rate of the laser) was
divided by the focal spot area (π · r2 with r from Figure 8.1).
The EDX and high-resolution STEM measurements were performed on an aberration-corrected
microscope (FEI Titan G3) operated at 120 kV. The EDX maps were taken with the Esprit software by Bruker. The maps were acquired for 306 s (Figure 8.7a), 210 s (Figure 8.7b) and 90 s
(Figure 8.10b) with a pixel size of 354 pm and a pixel dwell time of 18 µs.

8.2.2 In-situ heating in the electron microscope
In-situ heating experiments were performed on a FEI Talos F200X operated at 200 kV using
a heating holder from DENSsolutions (type nr. SH30-SF01). The NRs were dropcasted on a
heating chip and inserted into the microscope. The temperature was increased in 50 °C steps
and kept for 5 min at 50 °C, 100 °C, 150 °C, 200 °C, 250 °C, 350 °C, 400 °C and 550 °C, for
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12 min at 300 °C, 33 min at 450 °C, 35 min at 500 °C, 8 min at 600 °C and 10 min at 700 °C. The
zoom was kept at relatively low magnification to avoid electron-beam induced deformation of
the NRs as shown in Figure 8.10.

8.2.3 Lattice spacings of CdS and Cd
The lattice spacings were obtained by measuring the distances of two reflections in the diffractograms (Figure 8.3c). The distances were measured 10 times and then averaged. Wurtzite CdS
has the two lattice constants a=0.4160 nm and c=0.6756 nm. The lattice constants of hexagonal
close-packed Cd are a=0.2979 nm and c=0.5619 nm. For hexagonal lattices the lattice spacings
dhkl can then be calculated by the following equation:
1
2
dhkl

8.3

=

4
3



h2 + hk + k2
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+

l2
c2

(8.1)

Results & Discussion

The CdS NRs with a spherical CdSe core were synthesized following a seeded growth approach
[266]. The rods were 46 nm ± 4 nm long and 4.6 nm ± 0.6 nm thick and had a CdSe core size
of 3.2 nm. A silica shell of about 10 nm was grown around the CdSe/CdS NRs following Hutter
et al. [284]. The absorption and emission as well as TEM images of these NRs before and
after silica growth are presented in Figure 8.2. The first absorption peak of the CdS shell was at
460 nm. Due to the larger volume of the shell compared to the core, absorption is governed by
the CdS shell [285] whereas emission stems from the CdSe core and is red-shifted as CdSe has
a smaller band gap than CdS. For the femtosecond laser excitation a Leica SP8 confocal setup
with an integrated Ti:Sapphire laser (Coherent chameleon II, 80 MHz repetition rate, 140 fs
pulses) was used where the particles could be found back on the TEM grids. The Ti:Sapphire
laser can be tuned from 670 nm to 1080 nm. We chose 920 nm as excitation wavelength since it
mimics a two-photon excitation of the NRs. A thin 3D stack was scanned with a pixel size of
22.6 nm × 22.6 nm pixel size, a pixel dwell time of 1.2 µs and a total scan time of about 20 s.
In order to study the structural changes of the CdSe/CdS NRs after fs-laser excitation, different laser fluences were applied and morphological changes were observed by TEM. The upper
row in Figure 8.3a shows the particles before laser excitation and the second row displays the
same particles after fs-laser excitation of different fluences. For the lowest applied peak fluence of 2.6 mJ/cm2 the particles did not change their shape as displayed in the first column of
Figure 8.3a. At the highest fluence of 8.7 mJ/cm2 most semiconductor NRs sublimated leaving
empty silica shells behind as can be seen in the last column in Figure 8.3a. Interestingly, after
fs-excitation with an in-between laser fluence of 5.8 mJ/cm2 differently shaped semiconductor
particles were found in a mostly intact silica shell as shown in the two middle columns in Figure 8.3a. In some cases (arrows in left column) the NRs broke into 2 rods with about half of
the length of the original rod keeping a thickness of about 5 nm. In other cases two shorter
fragments of increased thickness (about 6.5 nm) were found inside the silica shells, as highlighted by the arrow in the right column. These fragments deformed as their shape was more
spheroidal than rod-like. Spherical fragments with diameters of about 8 nm were also found
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Figure 8.3: Deformation stages at different laser fluences. a) TEM images of the same silica-coated
CdSe/CdS NRs before (top row) and after (bottom row) excitation with fs-laser pulses of three different peak fluences. The arrows mark examples of three different shapes found after illumination. b)
HAADF-STEM images of the three different shapes obtained after excitation with 5.8 mJ/cm2 pulses. c)
HR-STEM image of a typical fragment. The insets show two diffractograms corresponding to the two
different parts of the fragment (see text for details).

as shown in the right column of the middle box in Figure 8.3a. The NRs mainly fragmented
into two pieces although one or three and sometimes more than 3 fragments were also observed
(Figure 8.4). The deformed particles most likely decreased in volume as estimated from comparing the volume of the same rod before and after fs-laser excitation indicating that the CdS
partially decomposed and/or sublimated to some extent as well also at the intermediate fluence
and not only at the highest shown in Figure 8.3a. However, this needs to be considered with
care since TEM images are just 2D projections.
The silica shells have a stabilizing effect, almost certainly of kinetic origin, at least against
the sublimation of CdS, since the same uncoated NRs disappeared even under the lowest fluence
of 2.6 mJ/cm2 (Figure 8.6a). The same was true for particles where the silica did not fully
cover the NR which allowed for easier sublimation (Figure 8.6b). The latter indicates that the
observed breaking and deformation only happened because of the confinement of the silica
shell since it delayed the evaporation of CdS forcing the system to react to the absorbed energy
in a different way. Breaking up of the semiconductor NRs was not observed for uncoated
NRs in our experiments and in in-situ heating experiments of uncoated CdSe NRs [283]. The

P HOTOSTABILITY AND MORPHOLOGICAL TRANSFORMATIONS OF SINGLE SILICA - COATED
C D S E /C D S NANORODS UPON FS - LASER EXCITATION
143

a)

Before

b)

100 nm

After

20 nm
Figure 8.4: a) TEM images before and after excitation of fs-laser pulses with a pulse fluence of
5.8 mJ/cm2 . The blue arrows mark spot where only one fragment was observed after laser illumination. The red arrows mark NRs that deformed into 3 fragments. b) HAADF-STEM close-up of the
marked particles in a.

deformation of uncoated CdSe/CdS NRs to a spherical shape under fs-pulse excitation was
observed previously [286]. However, from these experiments it was not clear whether these
were remnants of sublimated NRs and/or really deformed fragments of the original NRs.
In order to obtain a better understanding of the morphological transformations observed
in Figure 8.3a, STEM and EDX measurements were performed as well. STEM images of
the different particle shapes are presented in Figure 8.3b. The left and middle images in 8.3b
show a close-up of some particles from the left and right column in Figure 8.3a. In most
cases (but certainly not all), and especially for the semiconductor particles within the shells that
were more deformed after fs-excitation, a bright spot was observed at the tips of the fragments.
The spot increased relatively in size with respect to the remaining particle/fragment for higher
deformation degrees as shown in Figure 8.3b. Inherent to imaging in high-angle annular darkfield (HAADF) STEM mode is the z-contrast whereby heavier elements appear brighter. Thus,
the bright spots cannot be CdS or CdSe as these would have a similar STEM contrast. Pure Cd
would give a higher STEM contrast. To verify the presence of metallic Cd a high-resolution
STEM image was taken of such a fragment. The image together with diffractograms of both
parts of the fragment are shown in Figure 8.3c. For the less bright part of the fragment (right
diffractogram) we obtained lattice spacings of 0.310 nm and 0.299 nm. These are in reasonable
agreement with the calculated values of 0.318 nm for the (1011) and (0111) lattice spacings
in wurtzite CdS (details in section 8.2.3). Notably, the lattice was slightly tilted since the two
measured values are not the same. For the bright part of the fragment (left diffractogram) we
obtained spacings of 0.225 nm and 0.218 nm which corresponds to the calculated spacings of
0.235 nm for the (1011) and (0111) planes for hexagonal close-packed Cd. Similar to the CdS
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50 nm
Figure 8.5: HAADF-STEM image of undeformed silica-coated CdSe/CdS NRs exhibiting small white
spots which could be tiny Cd aggregates formed from excess Cd atoms from the synthesis.

lattice the crystal was slightly tilted. Thus, the high-resolution STEM image confirms that
metallic Cd segregated at the tips of the NRs. Interestingly, both lattices were found in the same
crystallographic orientation. This shows that laser annealing can lead to an epitaxial, strong and
extended metal-semiconductor interface, an important topic in nanoscience [287, 288]. Possibly
a similar ’fs-laser-writing’ methodology can be applied to create epitaxial interfaces with other
hcp metals such as Mg, Ti, Co or Zn. This cannot be simply achieved by heating the NPs as we
did not observe such transformation during in-situ heating experiments indicating that the type
of energy deposition matters (Figure 8.9).
In order to further confirm whether the segregated parts were Cd we performed STEM-EDX
chemical mapping measurements on these particles. Figures 8.7a and b show the count rate
maps for the particles also shown in the middle and right images in Figure 8.3b, respectively.
The EDX measurements confirmed that the brighter spots observed with STEM were indeed
Cd, whereas the rest of the particle was CdS. The Se which is in principal present in the core
of the particles could not be mapped. That does not necessarily mean that no Se was present
anymore. Due to the beam sensitivity of the material the EDX maps could only be taken for a
relatively short time (306 s and 210 s for the maps in Figure 8.7a and b, respectively). Since the
core is only 3 nm small this might not be enough time to acquire sufficient counts to detect the
Se. It is known, however, that the core of core/shell semiconductor nanoparticles can oxidise
and consequently shrink upon heating or irradiation [289, 290]. Thus, although the impact of
laser heating is different to oven or in-situ heating, it would not be surprising if the core was not
present anymore after the applied 5.8 mJ/cm2 laser pulses. The fragments in Figure 8.7a and b
were quantified with the Cliff-Lorimer method. Whereas the fragments in Figure 8.7a exhibited
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a) Before

b) Before

100 nm

After

50 nm

After

Figure 8.6: a) TEM images of uncoated CdSe/CdS NRs before and after illumination with 2.6 mJ/cm2
pulses. b) TEM images of fully and not fully covered silica-coated CdSe/CdS NRs before and after
illumination with 7 mJ/cm2 pulses.

a Cd:S ratio of 50:50, which is similar to the Cd:S ratio of the undeformed silica-coated NRs,
the fragments in Figure 8.7b contained an excess of Cd with a Cd:S ratio of 56:44, which is
expected due to an increased amount of segregated Cd.
On a side note but worth mentioning, under kHz excitation conditions uncoated CdSe/CdS
NRs of similar size were shown to withstand higher fluences as shown for two-photon pumped
amplified spontaneous emission experiments [259, 263]. Furthermore, for data storage experiments under MHz excitation, i.e. where the inhibition of luminescence is desired, the amount
of absorbed pulses played a role as well [286]. Thus, heat accumulation is an important factor
for the photostability of CdSe/CdS NRs for high repetition rate lasers.
However, the chemical and morphological transformations observed here are not purely
heat-induced as in-situ heating experiments only lead to sublimation of the material without
CdS decomposition. Figure 8.9 presents results of heating experiments performed in-situ in an
electron microscope. Figure 8.9a shows STEM images of the same spot followed over different
temperatures. The indicated time is the heating time at that temperature when the STEM image
was taken. The zoom was kept at relatively low magnification to avoid electron-beam induced
deformation of the NRs as shown in Figure 8.10. The particles were unchanged up to 400 °C.
At 450 °C particles started to sublimate and sublimation increased with temperature. At 700 °C
about half of the particles sublimated whereas the rest remained almost completely intact. The
particles that sublimated were mainly NRs that were not fully covered by the silica shell, similarly to the fs-laser excitation (Figure 8.6). It is remarkable that most particles that were fully
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a) Cd S

Se

Cd

b) Cd S

S

Se

Cd

S

50nm
Figure 8.7: Results of STEM-EDX chemical mapping performed on the fragments obtained after fsexcitation. a) HAADF-STEM image and count rate maps of Cd, S, Se and the overlay of Cd and S for
spheroidal fragments obtained after excitation with 5.8 mJ/cm2 as shown in the middle image in Figure
8.3b. b) HAADF-STEM image and count rate maps of Cd, S, Se and the overlay of Cd and S for spherical
fragments obtained after excitation with 5.8 mJ/cm2 as shown in the right image in Figure 8.3b. All scale
bars represent 20 nm.

covered by the silica shell stayed stable up to such high temperatures although it is known that
the thermal stability drastically decreases for nanomaterials [212]. However, it is known that
the electron beam can cause the deposition of a thin carbon shell around the particles which
stabilizes them tremendously. Such a behaviour was seen for in-situ heating experiments on
gold and silver nanorods [145]. Despite the reduction of the electron beam exposure by parking the beam at the lower left corner or blanking it in between images, the influence of such
a carbon shell cannot be neglected. Figure 8.9b shows zoomed-in STEM images of the spot
in a). These images were taken subsequently after either changing the temperature or after an
increased amount of time as indicated. Partial and complete evaporation of single NRs is highlighted by arrows. It can be observed that the NRs did not deform to spheroidal or spherical
shapes prior to sublimation. The left over fragments kept their width after partial sublimation.
It should be noted that some NRs exhibited small Cd segregated spots (one is marked by the
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Figure 8.8: a) Stills of a HAADF-STEM recording showing electron beam induced growth of segregated
Cd spots at NR fragments that were created after fs-laser excitation. b) Dissolution of the just created
spots after zooming in.

white square) which is ascribed to the electron beam irradiation as they were not found for NRs
that were heated without prior electron beam exposure (Figure 8.9c).
In order to check the influence of the electron beam and circumvent the carbon shell creation, different windows on the heating chip were visited at 300 °C, 450 °C, 500 °C, 600 °C and
700 °C. These windows had not been exposed to the electron beam before. Examples of different heating windows at different heating times are shown in Figure 8.9c. The sublimation
also started around 450 °C but was more severe than observed in 8.9a. This indicates that indeed a carbon shell was protecting the particles in 8.9a. Interestingly, the NRs also broke into
fragments as observed for fs-illumination. As mentioned before, this is a result of the silica
confinement as it was not observed for uncoated CdSe NRs [283]. Similarly to our work, these
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500 °C
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550 °C
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b) 500
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550 °C
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550 °C
2 min

550 °C
5 min

450 °C
11 min

450 °C
17 min

500 °C
17 min

50 nm

25 nm

°C
c) 300
10 min

50 nm 20 nm
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Figure 8.9: In-situ heating experiments in the electron microscope. a) STEM images of the same spot
at different heating temperatures and times. The indicated time is the heating time at that temperature.
b) Zoomed-in STEM images of the spot in a) which were taken subsequently after either increasing the
temperature or after advanced time. The electron beam was always blanked between all images that were
taken. c) STEM images of different windows that were not exposed to the electron beam before heating
at the indicated temperature and time.

authors observed sublimation of CdSe NRs without deformation or chemical transformation of
the NRs to spherical shapes. In agreement with that, work performed by Reichert et al. showed
that CdSe and CdS NRs were compositionally stable up to 700 °C in an inert atmosphere [291].
Our findings and the observations of Hellebusch et al. and Reichert et al. [283, 291] strengthen
our hypothesis that the deformation and chemical transformations upon laser irradiation are not
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a) Start

140 s

35 s
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105 s

175 s

210 s
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b) Cd S

Se

Cd

S

Figure 8.10: In-situ deformation of a silica-coated CdSe/CdS NR induced by the electron beam. a)
Series of HAADF-STEM images after exposing the particle to the electron beam as a function of time.
b) STEM-EDX count rate maps of Cd, S, Se and the overlay of Cd and S of the obtained final shape after
280 s. All scale bars are 20 nm.

a purely heat-induced effect. Heat was shown to speed up the radiation-induced effects though
[282].
A further proof that the observed transformations are radiation-induced is that the NRs transformed similarly under electron beam exposure. During the EDX and high-resolution STEM
image acquisition we observed that part of the deformed fragments could also further deform
under the electron beam. Furthermore, the segregated Cd sometimes appeared, grew or even
dissolved again under the electron beam (Figure 8.8). A few about 1 nm or smaller Cd spots
could also sometimes be observed at the surface of the undeformed NRs within the silica shell
(Figure 8.5). This might stem from an excess of Cd-ions during the synthesis which were reduced by the electron beam and aggregated or alternatively from a slight evaporation of S or Se,
but these dots are not enough to form the large bright Cd spots as observed after fs-illumination.
Such a Cd segregation is energetically favoured over single Cd atoms and was also observed
during in-situ heating of CdSe/CdS octapods due to non-stoichiometric conditions [292]. A
similar process is also known for Au on CdS NRs where isolated Au clusters were found to
combine into one domain at the tip of the CdS NR upon heating [288].
Due to the electron beam sensitivity of the nanorods we decided to follow the radiationinduced damaging and transformations of the CdSe/CdS NRs inside the silica shells in-situ
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Start

23 s

45 s

91 s

111 s

5 nm
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Figure 8.11: Continuation of the series of STEM images from Figure 8.10. A zoomed-in new movie
was started. The elapsed time of this second movie is denoted in the STEM images.

in the TEM under the impact of the electron beam (probe current of 506.4 µA). Figure 8.10a
shows a series of HAADF-STEM images as a function of e-beam irradiation time. First, the
nanorod began to thin at one spot (35 s) where it then broke (70 s). Then, a second part thinned
(70 s, 105 s) at which point the particle broke a second time (140 s, 175 s). The three fragments
deformed further to a more spherical shape (210 s, 280 s). Additionally, a bright spot occurred
after around 140 s at the highest fragment and grew further over time until it was bigger than
the rest of the fragment (Figure 8.11). EDX measurements of the obtained fragments confirmed
that the bright spot was Cd (Figure 8.10b). Thus CdS must have decomposed as the CdS volume
was decreasing whereas the Cd volume was increasing. As mentioned before, decomposition of
CdS and agglomeration of Cd atoms as metallic Cd was observed earlier under the influence of
an electron beam for Au-tipped CdS NRs [282]. EDX quantification of the elongated fragment
at the bottom and the upper fragment with the segregated Cd revealed that while the elongated
fragment had a Cd:S ratio of 53:47 (similar to undeformed NRs) the upper fragment showed a
clear Cd excess with a Cd:S ratio of 74:26. This indicates that CdS was not only decomposing
but that S must have sublimated or left the system otherwise.
CdS
Cd
SiO2

breaking

deformation + CdS dissolution

Figure 8.12: Schematics of the observed deformation process.
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By comparing the experiments under fs-laser and electron beam excitation it can be seen
that the impact of both excitations is quite similar as the obtained shapes and resulting chemical
compositions are alike. Since the particle in Figure 8.10 first broke into rod-like fragments
which afterwards deformed into more spherical shapes, we believe that the shape in the left
image of Figure 8.3b was formed at lower absorbed energies than the other two. The particles
in the right column absorbed most energy from the laser fluence with respect to the other two
and deformed further. Although the in-between shapes were observed for the same laser fluence
it does not mean that all the particles absorbed exactly the same amount of energy. The fluences
were calculated for the focal plane (see methods). Due to the high numerical aperture of the
confocal setup, however, small inhomogeneities in height lead to differently absorbed energies,
as described in more detail in [179]. Furthermore, the nanorods exhibit polarized absorption
meaning that particles aligned with the laser polarisation direction absorb more than the ones
perpendicular to it [293]. For these reasons, particles lying in the illuminated area of about
12 µm x 12 µm experienced slightly different fluences leading to the different shapes.
The observed deformation mechanism is illustrated schematically in Figure 8.12. The nanorods first break into two or more rod fragments. The individual fragments then deform via
shorter rods to an eventually spherical shape. The fragments decrease in volume due to decomposition and sublimation of CdS. The left-over Cd atoms after CdS decomposition form
metallic Cd which segregates at one end of the fragments. However, it needs to be mentioned
that not all fragments show metallic Cd spots. Finally, if more energy is absorbed, the NRs
completely sublimate through the silica shell as seen the last column in Figure 8.3a.

8.4

Conclusions

In conclusion, we studied the morphological and chemical transformations of silica-coated
CdSe/CdS NRs. We found that the silica-coating enhanced the photostability under fs-pulses.
Furthermore, the NRs transformed under the impact of fs-laser pulses or electron beam exposure by breaking into fragments which deformed to more spherical shapes. In the process, CdS
partly decomposed which led to the segregation of metallic Cd. The resulting Cd and CdS crystals were found to have a well-defined orientation relationship and having an epitaxial interface
between the crystals. The confinement by the silica shell played a critical role in this process
as uncovered CdSe/CdS NRs were found to just sublimate without any transformations. Hence,
there is still a lot to learn about the often out-of-equilibrium interaction of radiation and nanostructures. Novel nanostructures and epitaxial metal-semiconductor interfaces can be made by
fs-laser excitation. These experiments show that fs-laser excitation opens a new way of nanoparticle tuning as it can transform the morphology and chemical composition in a controlled
way in a small volume. They also raise questions, however, about the chemical and morphological stability when using these NRs in devices that are subject to application-related prolonged
irradiation.
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Summary
In this thesis we studied plasmonic properties of metallic nanoparticles with the focus on Au and
bimetallic nanorods as well as the (photo)thermal stability of anisotropic nanoparticles under
heating and femtosecond laser excitation. Nanoparticles, i.e. particles for which one dimension
is below 100 nm (100 nm is 10000 times smaller than 1 mm), are particularly interesting because their properties are dissimilar to the same macroscopic materials. Metallic nanoparticles,
for example, give rise to localized surface plasmon resonances (LSPRs), which are collective
excitations of electrons, analogous to a stadium wave which can be seen as a collective excitation of the individual people participating. These LSPRs lead to novel properties that bulk
metals do not exhibit. For example, while bulk gold reflects light which leads to its characteristic shining yellow colour, gold nanoparticles absorb light which gives them a purple-red
colour. Moreover, the wavelength at which gold nanoparticles absorb can be tuned by the shape
of the particle which consequently exhibits a different colour. While spherical gold particles
absorb light in the visible part of the spectrum, gold nanorods absorb light in the near-infrared.
Their antenna-like shape makes them more efficient in doing so. Furthermore, the material also
influences the absorption wavelength. Silver nanoparticles of the same shape and size exhibit a
LSPR at a different wavelength and thus have a different colour than gold nanoparticles.
Nowadays, metal nanoparticles can be made that consist of more than one metal, e.g. Au-Ag
or Ag-Pd nanoparticles. It is not straightforward to predict the optical properties of such bimetallic systems. For that reason, we studied the plasmonic properties of mesoporous silica-coated
bimetallic nanorods in Chapter 2 theoretically by numerical (FDTD) and analytical (Mie-Gans
based theories) methods and compared them to experimental results. Specifically, we looked
at the optical properties of core-shell nanorods with a gold core and a shell either consisting
of Ag, Pd or Pt and of alloyed AuAg nanorods. Furthermore, we compared the performance
of fast and cheap analytical techniques to time-consuming and expensive numerical methods in
order to understand how proficiently analytical techniques can predict plasmonic properties of
bimetallic systems.
When LSPRs are excited they normally decay on a femtosecond time scale meaning that
the collective electron motion dephases rapidly. Such a damping of the plasmon resonance has
several origins. Plasmons dominantly decay non-radiatively by e.g. electron scattering with
phonons, defects or other electrons or by excitation of interband transitions. Alternatively, they
can decay radiatively by the emission of a photon. In bulk metals, luminescence is inefficient
with quantum yields as low as 10−10 due to fast non-radiative decay pathways. For gold nanorods the quantum efficiency is still relatively low (10−4 ), despite a six orders of magnitude
enhancement compared to bulk metals, but it can be partially compensated for by the large
absorption cross sections. Radiative damping of plasmon resonances is the dominant mechanism for the observed luminescence in metal nanoparticles. In Chapter 3 we studied radiation
damping in gold nanoparticles by FDTD simulations. We chose numerical calculations because
they allowed us to probe a large parameter space and to decouple dependencies. We observed
that the strength of radiation damping is inversely proportional to the imaginary part of the
dielectric function of the metal. Consequently, we developed an empirical equation to calculate
the strength of radiation damping as a function of resonance energy. The needed parameters
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were determined for four metals (Au, Ag, Cu and Al) that are commonly used in plasmonic
applications. We also found that this dependence can be correlated to luminescence quantum
yield experiments which can help to improve understanding of luminescence processes in metal
nanoparticles.
Electron-phonon scattering remains the strongest damping mechanism of plasmon resonances in metal NPs. Consequently, the crystal heats up and the whole particle can reach a
temperature as high as its melting temperature within a few picoseconds. The heat is then
transferred to the surrounding medium in the immediate vicinity of the nanoparticle. Due to
their superior plasmonic properties compared to spherical particles, nanorods are more efficient
heaters and absorb in the near-infrared which is preferable for biological and medical applications. In fact, such nano-heaters are used in hyperthermic cancer treatment therapies as they
can locally destroy tumour cells leaving healthy tissue unharmed. However, the nanorod shape
is unstable and metal nanorods generally deform towards more spherical shapes upon heating.
The (photo)stability of metal nanorods can be increased by coating the particles, for instance
with silica. This can therefore increase the dynamic range in applications. In Chapter 4 we
looked at the photothermal stability of mesoporous silica-coated gold nanorods upon fs-laser
excitation. We performed single particle experiments in which we imaged the same nanorods
before and after laser excitation using electron microscopy. Furthermore, we studied the plasmonic properties of such deformed nanorods by electron energy loss spectroscopy. We found
a bullet-like intermediate shape for nanorods that partially deformed. With the help of atomic
resolution electron microscopy we observed that fs-laser excited nanorods exhibited many lattice defaults such as twinning boundaries. Lastly, we studied the behaviour of assembled gold
nanorods in spherical confinement upon fs-laser excitation and showed that the single particles
can be deformed while preserving the overall supraparticle structure. The results in this chapter
can help to understand the deformation behaviour of gold nanorods under a shell constraint and
pave the way towards tailoring plasmonic properties of single particles in 3D assemblies.
We continued to study the thermal stability of surface coated gold nanorods in Chapter
5 upon heating. In the first part of the chapter we reported on in-situ heating experiments of
CTAB-stabilized Au NRs in an electron microscope. We observed that the CTAB bi-layer was
transformed into a few nm thin amorphous carbon layer which increased the thermal stability
tremendously. While those NRs, that were not exposed to the electron beam prior to heating,
completely deformed to a spherical shape at 200 °C, NRs that exhibited an electron beam induced carbon layer did not deform even at 400 °C. In the second part of the chapter we followed
the deformation of mesoporous silica-coated Au NRs in-situ by monitoring the extinction spectrum. We observed that the thermal stability did not only depend on the aspect ratio of the Au
NR but also on its volume and thus surface-to-volume ratio. We then elaborated on the influence
of the rigidity of the silica shell which slowed down the deformation. This chapter shows that
the thermal stability is dependent on many factors and that experiments performed in-situ in the
electron microscope need to be critically assessed.
Bimetallic nanorods offer superior properties over single metallic systems, not just in the
case of plasmonic properties as studied in Chapter 2 but also for i.e. catalytic applications.
While core-shell geometries are interesting on their own, they cannot always provide the desired
properties. For example, core-shell Au-Ag NRs suffer from the chemical instability of the Ag
shell. In Chapter 6 we therefore looked at alloying of bimetallic nanorods by making use of the
obtained knowledge from the last two chapters on the thermal stability of mesoporous silica-
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coated metal NRs. We found that mesoporous silica-coated core-shell nanorods can be alloyed
via thermal treatment while retaining their nanorod shape. We demonstrated that by making
silica-coated AuAg, AuPd and AuPt NRs. Furthermore, we studied their chemical and thermal
stability as well as their plasmonic properties. The used methodology can be easily extended to
different metals and to more than two metals as well as to different anisotropic shapes making
this chapter useful in obtaining a large variety of plasmonic structures.
In Chapter 7 we observed that spherical 32 nm sized Au NPs in immersion oil can be
moved along a glass surface upon fs-laser excitation. Interestingly, the particles followed the
direction of the laser polarization. By modifying the polarization direction of the laser we could
therefore change the movement direction of the particles. Larger aggregates of particles did
not move which indicates a size-sensitive mechanism most likely induced by optical forces.
Optimizing the observed movement could be useful for optical directing and sorting of metal
nanoparticles.
Finally, in Chapter 8 we extended the single particle experiments from Chapter 4 to semiconductor nanorods. CdS nanorods with a spherical CdSe core are interesting nanoparticles
for optical and electronic applications. Similarly to metallic nanorods, the stability of these
particles can be enhanced by a silica coating. By comparing the same nanorods before and after
fs-laser excitation we studied the chemical and thermal stability of silica-coated CdSe/CdS NRs.
Our results showed that the NRs inside the silica shell were more protected against sublimation
but the silica shell confinement led to novel morphological and chemical transformations of the
semiconductor NRs. By high-resolution STEM and EDX measurements we identified that the
CdS NRs fragmented, deformed and decomposed which led to the formation of metallic Cd,
whereby an epitaxial interface with the remaining CdS lattice was formed. The transformations
were radiation-induced since they also occurred under electron beam exposure whereas heating
of the NRs led to sublimation without chemical changes. This chapter demonstrates that fslaser excitation opens up a new way of particle tuning and that physical confinement can dictate
morphological and chemical changes.

Samenvatting
In dit proefschrift presenteren we onderzoek naar plasmon eigenschappen van metalen nanodeeltjes, met de nadruk op gouden en bimetalen staafjes, maar ook de (foto)thermische stabiliteit van anisotrope nanodeeltjes bij verhitting en femtoseconde (fs) laser-excitatie. Nanodeeltjes, d.w.z. deeltjes met tenminste een afmeting kleiner dan 100 nm (waarbij 100 nm
10000 maal kleiner is dan 1 mm), zijn vooral interessant omdat hun eigenschappen zich sterk
onderscheiden van dezelfde macroscopische materialen. Metalen nanodeeltjes, bijvoorbeeld,
vertonen gelokaliseerde oppervlakte plasmon resonanties (LSPRs). Dit zijn collectieve excitaties van elektronen, analoog aan een ’wave’ in een stadion, die als een collectieve excitatie
van de individuele deelnemende mensen gezien kan worden. Deze LSPRs leiden tot nieuwe eigenschappen, die bulk metalen niet vertonen. Bijvoorbeeld: bulk goud reflecteert licht, wat leidt
tot zijn karakteristieke stralende gele kleur. Aan de andere kant absorberen gouden nanodeeltjes
(Au NPs) licht, waardoor ze een paars-rode kleur krijgen. Daarnaast wordt de golflengte van
het licht, en dus de kleur, die de Au NPs absorberen beïnvloed door de vorm van het deeltje. Zo
absorberen bolvormige gouddeeltjes licht in het zichtbare deel van het spectrum en goudstaafjes
licht in het infrarood. De antenne-achtige vorm van de staafjes maakt ze hierin ook efficiënter
dan nanobollen. Naast de vorm en de grootte van het deeltje, beïnvloedt het materiaal ook de absorptiegolflengte. Zilveren nanodeeltjes (Ag NPs) vertonen een LSPR op een andere golflengte
dan Au NPs van dezelfde vorm en afmeting, en hebben dus een andere kleur.
Tegenwoordig kunnen nanodeeltjes worden gemaakt die uit meer dan één metaal bestaan,
bijvoorbeeld Au-Ag of Au-Pd nanodeeltjes. Het is helaas niet eenvoudig om de optische eigenschappen van dergelijke bimetale systemen te voorspellen. Om die reden hebben we de
plasmonische eigenschappen van met mesoporeus silica bedekte bimetalen nanostaafjes (NRs)
met numerieke (FDTD) en analytische (Mie-Gans gebaseerde theorieën) methoden in Hoofdstuk 2 bestudeerd en hebben ze met experimentele resultaten vergeleken. In het bijzonder
hebben we naar de optische eigenschappen gekeken van kern-schil nanostaafjes met een gouden
kern en een schil van zilver, palladium of platina. Daarnaast zijn ook gelegeerde AuAg NRs
bestudeerd. Verder hebben we de prestaties van snelle en goedkope analytische technieken
met tijdrovende en dure numerieke methoden vergeleken om te begrijpen hoe goed analytische
technieken plasmonische eigenschappen van bimetalen systemen kunnen voorspellen.
Wanneer LSPRs worden aangeslagen, vervallen ze op een tijdschaal van femtoseconden,
wat betekent dat de collectieve elektronenbeweging snel afneemt. Een dergelijk verval van de
plasmonresonantie heeft verschillende oorzaken. Plasmonen vervallen vooral niet-stralend door
bijvoorbeeld verstrooiing van elektronen met fononen, defecten of andere elektronen. Daarnaast
kunnen ze ook door excitatie van interbandtransities vervallen. Stralend verval is daarentegen
mogelijk door de emissie van een foton. Door de snelle niet-stralende vervalpaden is luminescentie in bulk metalen zeer inefficiënt, met een kwantumrendement zo laag als 10−10 . Ondanks
een verbetering van zes ordes van grootte ten opzichte van bulk metalen, is het kwantumrendement voor Au NRs nog steeds relatief laag (10−4 ). Dit lage kwantumrendement kan in Au
NRs echter gedeeltelijk door de grote absorptiedwarsdoorsneden worden gecompenseerd. Het
stralend verval van plasmonresonanties is het dominante mechanisme voor de waargenomen luminescentie in metalen nanodeeltjes. In Hoofdstuk 3 bestudeerden we het stralend verval in Au
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NPs met FDTD simulaties. We hebben voor numerieke berekeningen gekozen omdat ze het mogelijk maken om een groot aantal parameters te verkennen, maar ook om afhankelijkheden van
elkaar los te koppelen. We zagen dat de sterkte van het stralend verval omgekeerd evenredig
is met het imaginaire deel van de diëlektrische functie van het metaal. Derhalve konden we
een empirische vergelijking opstellen om de sterkte van het stralend verval als functie van de
resonantie-energie te beschrijven. De hiervoor benodigde parameters werden bepaald voor vier
metalen (Au, Ag, Cu en Al) die gewoonlijk in plasmonische applicaties worden gebruikt. We
vonden ook dat deze afhankelijkheid aan kwantumrendementexperimenten kan worden gecorreleerd, wat tot meer inzicht in luminescentieprocessen in metalen nanodeeltjes kan bijdragen.
Elektron-fonon verstrooiing is het sterkste vervalmechanisme van plasmonresonanties in
metalen nanodeeltjes. Dit betekent dat het kristal opwarmt waarbij het deeltje een temperatuur
zo hoog als de smelttemperatuur binnen enkele picoseconden kan bereiken. De warmte wordt
dan aan het nabije materiaal in de onmiddelijke omgeving van de nanodeeltje doorgegeven.
Vanwege hun superieure plasmonische eigenschappen vergeleken met bolvormige deeltjes zijn
nanostaafjes efficiëntere hittebronnen. Omdat ze in het infrarood absorberen hebben ze ook de
voorkeur bij biologische en medische applicaties. In feite worden dergelijke nano-hittebronnen
gebruikt voor hyperthermie behandelingen van kanker omdat ze lokaal tumorcellen vernietigen zonder gezond weefsel te beschadigen. De vorm van het nanostaafje is echter instabiel
waardoor metalen nanostaafjes in het algemeen naar bolvormige deeltjes vervormen tijdens
het verwarmen. De (foto)stabiliteit van metalen nanostaafjes kan door het inkapselen van de
deeltjes met bijvoorbeeld silica verbeterd worden, hetgeen weer het dynamisch bereik van applicaties kan vergroten. In Hoofdstuk 4 hebben we naar de fotothermische stabiliteit gekeken
van met mesoporeus silica bedekte Au NRs na femtoseconden laser-excitatie. Hiervoor voerden
we experimenten uit met enkele deeltjes waarbij we dezelfde nanostaafjes voor en na de laser
excitatie middels elektronenmicroscopie bekeken hebben. Verder hebben we de plasmonische eigenschappen van dergelijke vervormende nanostaafjes door elektronenenergieverliesspectroscopie onderzocht. We vonden een pistoolkogel-achtige tussenvorm voor nanostaafjes die
gedeeltelijk warden vervormd. Met behulp van elektronenmicroscopie met atomaire resolutie
zagen we dat de fs-laser aangeslagen nanostaafjes vele kristalrooster-defecten zoals tweelingen
vertoonden. Tenslotte onderzochten we het gedrag van georganiseerde Au NRs in een bolvormige ruimte na fs-laser-excitatie en lieten zien dat de individuele deeltjes vervormd konden
worden terwijl de totale structuur van de supradeeltje behouden bleef. De resultaten in dit
hoofdstuk kunnen helpen om vervormingsgedrag van Au NRs onder een schilbegrenzing te begrijpen en kunnen de richting wijzen om plasmonische eigenschappen van enkele deeltjes in 3D
organisaties te controleren.
We zijn verder gegaan met het bestuderen van de thermische stabiliteit van Au NRs met
een oppervlakcoating in Hoofdstuk 5. In het eerste deel van het hoofdstuk berichtten we over
in-situ experimenten waarbij we CTAB-gestabiliseerde Au NRs in een elektronenmicroscoop
verwarmen. We zagen dat de CTAB bi-laag in een paar nanometer dunne amorfe koolstoflaag
getransformeerd werd, die de thermische stabiliteit enorm verbeterde. Terwijl de nanostaafjes,
die niet voor het verwarmen aan de elektronenbundel blootgesteld waren, al bij 200 °C vervormden, waren de nanostaafjes met een door de elektronenbundel opgewekte koolstof laag stabiel
tot 400 °C. In het tweede deel van het hoofdstuk volgden we de vervorming van met mesoporeus
silica bedekte Au NRs in-situ door het opnemen van achtereenvolgende extinctiespectra. We
zagen dat de thermische stabiliteit niet alleen afhankelijk is van de lengte-breedte-verhouding
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van de Au NR is maar ook van het volume en dus de oppervlakte-volume-verhouding. Verder
hebben we het over de invloed van de stijfheid van de silicaschil die de vervorming vertraagde.
Dit hoofdstuk demonstreert dat de thermische stabiliteit van vele factoren afhangt en dat in-situ
experimenten in de elektronenmicroscoop kritisch beoordeeld moeten worden.
Bimetalen nanostaafjes bieden superieure eigenschappen ten opzichte van systemen met ëën
metaal, niet alleen in het geval van plasmonische eigenschappen zoals bestudeerd in Hoofdstuk
2 maar ook voor katalytische toepassingen. Terwijl kern-schil geometriën op hun eigen wijze
interessant zijn, hebben ze niet altijd de gewenste eigenschappen. Bijvoorbeeld, kern-schil AuAg NRs hebben last van de chemische instabiliteit van de Ag schil. In Hoofdstuk 6 kijken we
daarom naar het legeren van bimetallische nanostaafjes door gebruik te maken van de verkregen
kennis over de thermische stabiliteit van met mesoporeus silica bedekte metalen nanostaafjes
uit de laatste twee hoofdstukken. We vonden dat met mesoporeus silica bedekte kern-schil
nanostaafjes gelegeerd kunnen worden met behoud van hun staafvorm via thermische behandeling. We hebben dat door het maken van silica bedekte AuAg, AuPd en AuPt NRs aangetoond.
Bovendien bestudeerden wij hun chemische en thermische stabiliteit en hun plasmonische eigenschappen. De gebruikte methode kan gemakkelijk uitgebreid worden naar andere metalen,
meer dan twee metalen alsook andere anisotrope vormen waardoor dit hoofdstuk bruikbaar is
om een grote verscheidenheid aan plasmonische structuren te kunnen maken.
In Hoofdstuk 7 zagen we dat bolvormige 32 nm grote Au NPs in immersie olie langs
een glazen oppervlakte onder fs-laser excitatie bewogen konden worden. Interessant is dat
de deeltjes de polarisatierichting van de laser volgden. Door wijziging van de polarisatierichting van de laser konden we zo de bewegingsrichting van de deeltjes veranderen. Geclusterde
deeltjes konden niet worden bewogen wat op een grootte-gevoelige mechanisme wijst, hoogstwaarschijnlijk veroorzaakt door optische krachten. Het optimaliseren van de waargenomen
beweging zou nuttig kunnen zijn voor het optische sturen en sorteren van metalen nanodeeltjes.
Tot slot, in Hoofdstuk 8 breidden wij de enkele deeltjes experimenten uit Hoofdstuk 4 uit
tot halfgeleider nanostaafjes. CdS nanostaafjes met een bolvormige CdSe kern zijn interessante nanodeeltjes voor optische en elektronische toepassingen. Net als bij metalen nanostaafjes
kan de stabiliteit door een silicalaag verbeterd worden. Door het vergelijken van dezelfde
staafjes voor en na fs-laser-excitatie, bestudeerden wij de chemische en thermische stabiliteit
van deze met silica bedekte CdSe/CdS nanostaafjes. Onze resultaten toonden aan dat de staafjes
in de silicaschil meer tegen sublimatie beschermd waren, maar ook dat de opsluiting door de
silicaschil tot nieuwe morfologische en chemische transformaties van de halfgeleider nanostaafjes
leidde. Met behulp van hoog opgeloste STEM en EDX metingen identificeerden wij dat de CdS
staafjes fragmenteerden, vervormden en ontleedden, hetgeen tot de vorming van metallisch Cd
leidde waarbij een epitaxiaal grensvlak met het resterende CdS rooster werd gevormd. Aangezien we de veranderingen ook onder de invloed van de elektronenbundel zagen maar niet door
enkel te verwarmen, waarbij we alleen sublimatie zonder chemische veranderingen observeerden, concludeerden we dat de transformaties door straling geïnduceerd worden en niet alleen
door warmte. Dit hoofdstuk toont aan dat fs-laser excitatie een nieuwe manier kan zijn om
deeltjes te vormen en te veranderen en dat fysieke opsluiting morfologische en chemische veranderingen kan dicteren.
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