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Synthese

Il est bien connu que les propriétés optiques d®particules de métaux nobles, en particulier
or et argent, s'écartent fortement de celles deénmaik macroscopiques. Pour des tailles
comprises entre une dizaine et quelques centamemdometres, elles sont dominées par les
plasmons de surface (SPs). Ceux-ci sont tres lderitsl par des modeles purement classiques.
D'un autre coté, des agrégats de quelques dizdiaesnes se comportent comme des systemes
essentiellement quantiques, présentant de nouvediets (débordement de la densité
électronique, polarisabilité réduite, effets noodox, transitions moléculaires/atomiques
discretes). La transition entre le régime purendassique et le régime quantigue est un
domaine pratiguement vierge. Il est cependant clag de la structure atomique exacte de
l'agrégat ainsi que de son environnement immédidistrat, matrice, oxydation) dépendent les
propriétés électroniques et optiques. Les étudesramentales se sont longtemps heurtées a
cette double contrainte d'obtenir la structure txdes agrégats dans un environnement donné
en paralléle a leurs propriétés optiques. Des megliabsorption optique ont été faites depuis
longtemps. Cependant, de telles mesures sont @fextsur un ensemble de particules, ce qui
entraine un élargissement inhomogéne de la régaasenonique, rendant ardue I'observation
des effets quantiqgues. Dans ce travail de théseapardé ce probléme par une méthode
originale de microscopie (Scanning Transmission ctib® Microscopy (STEM)) et
spectroscopie électronique (Electron Energy Losc®pscopy (EELS)) permettant de mesurer
en paralléle les propriétés optiques et structardlegrégats individuels a I'échelle atomique. En
raison de la petite taille des agrégats qu'il falaudier pour explorer le régime quantique, un
effort tout particulier a été porté sur I'optimiett des parameétres d’acquisition afin d'améliorer
le rapport signal sur bruit et la résolution énéque des spectres EELS. Afin d’évaluer la
pertinence de mes mesures EELS, nous les avonsnagecollaborateurs systématiguement
comparées a des mesures d'absorption optiqgue smélee type d’échantillons qui ont été
préparés par de techniques physiques.

Les mesures d’absorption optique sur des agrégatgetit en silice ont montré que I'énergie
du plasmon ne dépend pas de la taille. Ce compentem été rigoureusement veérifié par des
calculs prenant en compte des effets classiquequantiques ainsi que des effets
d’environnement. Ces calculs montrent qu’avoir ararice diélectrique peut contrecarrer les
effets quantiques et résulter en l'absence de ageaknergétique du plasmon. Dans la
caractérisation STEM-EELS le scénario est différees mesures effectuées sur des agrégats
individuelles ont montré dans un premier temps ltapparition du plasmon dépend de la dose
électronique. Avec l'augmentation de la dose unecke de porosité locale autour de la
particule est créée ce qui promouvait un décalagegétique du plasmon vers le bleu. Ce
décalage était plus important pour les petits ageé@giametre < 5 nm) mettant en évidence des
effets quantiques liés a la taille. La comparaidemos manips STEM-EELS et optiques, ainsi
que I'obtention d’'une théorie prenant une des@iptjuantique qui considére I'environnement
locale, nous a permis de trouver une compatibdlitéee les deux techniques et de comprendre
les controverses existant dans la littérature.

En parallele, je me suis intéressé a la régionment classique au travers de structures
lithographiées de quelques centaines de nanomdiies. que les cavités plasmoniques
triangulaires aient été largement étudiées darigtémature, une classification en termes de
modes plasmoniques de respiration et de c6té minddans cette étude, les résultats
expérimentaux STEM-EELS, de modeles analytiquesi gime de simulations nous ont permis
de décrire la nature des différents modes.
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Chapter 1:
Introduction

The optical properties of metallic nanoparticlesvide strongly from those of
macroscopic materials. In metallic nanoparticlesytare dominated by the localized
surface plasmons (LSPs) which correspond to colied¢tee electrons oscillations. The
LSPs properties depend on the type of metal, gggmenhmediate environment
(substrate, matrix and oxidation) and eventuallytansize of the nanopatrticles.

In nanoparticles with diameters larger than ~ 1Q tira LSPs are very well described
by purely classical models. On the other hand,tetasof a few nanometers behave
essentially like quantum systems, presenting nefecesf such as electron spill-out,
ineffective ion-core polarizability, non-local efts or even discrete molecular/atomic
transitions in the very small clusters. In this ouan regime, the LSPs energy can be
shifted to higher or lower energies depending drade-off between quantum effects.
Figure 1 shows a scheme of the classical and gomaregimes of the LSPs in silver
nanoparticles.

In the classical regime, the LSPs can be desciiyeclassical electrodynamics theory
using the bulk classical permittivity. When theesaf the particles is much smaller than
the exciting wavelength (quasistatic approximatidhg¢ LSPs properties are depending
on the geometry and aspect ratio rather than thepaaticle absolute size. In
nanoparticles larger than ~50 nm a red shift of tB&s with the increase of size is
obtained (see figure 1) which is an extrinsic sf#fect governed by the dimension of
the nanoparticle compared to the exciting wavelefigitardation effects).

In the quantum regime (nanoparticles smaller th@mndn), the permittivity is size-
dependent and it must be treated in the frame g&rnomplex models taking account
quantum effects. In this case the quasistatic aqmtion is valid and therefore, for a
sphere, any LSP energy shift is an intrinsic effetdted to a balance between several
quantum effects.

Quasistatic (size << wavelength)

; Nonlocality
SplII-Out/—-&:- t—(r, v R
-

B

Yan, W etal. PRL 2015
J. Scholl et al. Nature 2012

w

J, Nelayah et al. Nature physics \F. P_, Schmidt et al. Nanoletters 2012
2007

~50 mm
Quantum regime Classical regime Silver nanoparticle
10 nm size
Figure 1.1: Scheme of the LSPs regimes in silver nanoparti¢teparticles smaller
than 10 nm, quantum effects must be consideredrapdrticles larger than 10 nm,
classical theories describe the plasmon resonariogbe classical regime for particles
larger than ~ 50 nm, retardation effects must besodered.




The improvement of fabrication techniques has exthlal high control of the particle

size and geometry, leading to developments of @olgital applications such as: solar
cells [1], [2], biological sensing [3], surface-a@mted Raman scattering (SERS) [4],
cancer therapy [5], catalysis [6], among otherdieatons.

1.1.Characterization techniques for plasmonics

Optical techniques such as optical extinction gpscbpies have been used for a long
time to study the LSPs on ensembles of particltesed¢ent years, near field techniques
(such as SNOM [7], SMS [8], [9], EELS [10], Cathdglminescence [11]) enabled to
reveal spectrally and map LSPs in individual nami@es. Among the single
nanoparticle techniques, a particularly powerful tise Electron Energy Loss
Spectroscopy (EELS) in a Scanning Transmissiontiledvicroscope (STEM). The
STEM-EELS enables to map spatial and spectral v@ms of LSPs with a sub0 nm
spatial resolution [10], [12]-[14] and it has beproven to be a perfect nanoscale
counterpart of optical spectroscopies for nanoglagiin the classical regime [15], [16].
Due to the weak plasmon signal of sub-10 nm pagjdhe STEM-EELS studies have
been limited only to large nanoparticles (largeantiO nm). However, recently, with
the improvement of the sensitivity of the EELS datn systems and the energy
resolution, the STEM-EELS studies pushed the adsessanoparticle size range down
to <10 nm [17]-[19]. This has opened the possibild compare STEM-EELS with
optical extinction spectroscopy in very small naatigles in the quantum regime.

1.2. Statement of the problem

In my thesis | studied the size-dependent LSPdvarsclusters in the quantum regime
and as a secondary study | focused on the claasificof plasmon modes in triangular
cavities in the classical regime.

1.2.1.Plasmonics in the quantum regime

As mentioned previously, the LSPs in the classiegime can be described by the
optical constants of the classical bulk metal.his tase, the electronic structure of the
metal is characterized by continuous band strust(gee figure 1.2). When the size of a
metallic particle decreases, the band structuresrbe discrete energy levels and the
plasmon response fragments into discrete transi{fi2@)]. In the transition from the bulk
to molecular states, the LSPs properties are naablifiy quantum effects. Which and
how quantum effects modify the plasmon responsebleas of huge interest from a
fundamental point. However, the experimental ressliow blue, red or absence of
energy plasmon shift with decreasing particle sizieich does not facilitate the
interpretation of the influence of the quantum etife Not only the energy position of
the LSP is modified, but also the linewidth whiahffers changes by the quantum
effects [21]. The discrepancy and contradictiosahe results require a deeper study in
the plasmon resonance in the quantum regime [22].
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Figure 1.2: Simplified diagram showing the transition from dete energy levels for
the atom to conduction and valence bands for massietal solid$23]. E denotes the
Fermi energy.

The electronic structure of a silver atom ([Kr]'%6$") shows that there is only one
electron in the s orbital. With a large number ibfes atoms to form a nanoparticle, the
s-electrons create the conduction band and thedalrehs create the d-band. Under
electromagnetic excitation the oscillation of thenduction electrons (free electrons)
creates a plasmon peak. The border of the d-baatl +s4eV below the Fermi level.
Then, the threshold of the d-electron transitiansards the conduction band is at ~ 4
eV. For a spherical silver particle in vacuum, #meergy of the LSPs is 3.5 eV
(classical quasistatic regime) that is lower tham d-electron transitions threshold and,
therefore, the plasmon resonances can be cleahtifidble. This is not the case of
gold where there exist an overlapping of the diebtectransitions threshold and the
energy of the LSPs that makes it difficult to olveeplasmon resonances in very small
gold nanoparticles. For this reason, silver is adgmetal to do plasmonic studies in the
guantum regime. However, this metal can be easigized. It is therefore extremely
important to protect silver clusters against oxaaty in situ experiments in vacuum
(or in rare gas) or by a matrix protection in supgo clusters (as it is the case of this
thesis).

Since several decades the LSPs of metal clusteve baen studied by optical
absorption (extinction) technique in ensembles aftiples. In this technique, an
inhomogeneous line broadening is reported dued@terage response of the ensemble
of particles. This makes difficult to observe theagtum effects and a high control on
the size distribution of particles is needed. Op tther hand, the STEM-EELS
technigue gives precise information of the sizeyngetry and local environment of an
individual particle during spectra acquisition atiterefore some of the problems
presented in optical absorption (extinction) teghei are circumvented. However, the
detection of plasmon signal in an individual sub4i® particle requires a high
optimization of the EELS detection systems dud&owvteak signal in these particles.

In the literature on the quantum regime, the resuiitained by optical absorption in the
old works and STEM-EELS techniques in the receatyare controversial. Indeed, the
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STEM-EELS studies in silver clusters [17]-[19] have fdum large blue shift of the
LSPs with decreasing size for particles deposit@d a substrate and prepared by wet
chemical methods. These works presented a contiadiwith older optical literature
[24]-[27] which was not discussed at all. Anothecant STEM-EELS work [28] was
performed in silver nanoparticles prepared by asplay method and embedded in a
matrix which showed, in the largest particles, astant energy value of the plasmon
resonance in agreement with optical results in eltbeé particles. However, in the
smallest particles an abrupt and strong blue shiftboserved which has never reported
in optical results of embedded particles [26], [27]

From the theoretical point of view, different magleixist which take into account the
non-locality of the plasmonic response [18], [I1dbwever, most of them do not take
into account fundamental aspects such as spillatt is a non-vanishing electron
density outside the metal), the surface layer ddffactive ionrcore polarizability
(ineffective interband transitions from the d-batwdconduction band close to the
surface of the metal) or the influence of the loealvironment. More details of the
quantum effects will be presented later in chapter

This thesis is an attempt to do single-particle BTEELS and ensemble optical
absorption characterization on samples preparethédysame conditions and to use a
classical/quantal theoretical model, which takdstta relevant quantum effects, in
order to explain both results and solve contraoingi

1.2.2.Plasmonics in the classical regime

In the classical regime, the plasmonic properties @&ell described by classical
electrodynamic theory using the optical constarthefclassical bulk material.

Since the last decades, the plasmon resonancks mahostructures have been widely
studied theoretically and experimentally by neatdfitechniques such as the STEM-
EELS. From theoretical studies a direct link betweptical and electron excitation has
been reported [15] and different numerical cal¢afaimethods has been implemented
to plasmonic studies (BEM [29], DDA [30], FDT[31], GDM [32]). The STEM-EELS
performed in these flat nanostructures revealeatjaly and spectrally, a rich variety of
plasmon modes. In Ref. [33], these modes were ifitabsas edge modes and radial
breathing modes. The edge modes are located ahengeriphery (well known in the
literature) and the radial breathing modes (RBMsg¢ a@&oncentrated inside the
nanostructures [33]. Unlike the edge modes, the BRBWesent a zero net dipole
moment and due to this symmetry they cannot beexkdly light in the quasistatic limit,
but it is possible by electrons. The RBMs have besorted for different structures
such as nanotriangles [10], [34]-[36], nanosqufB@k nanodisks [33], [38]. However,
the complete description of edge modes and RBMsohbsbeen done for the case of
the nanodisks [33], [38]. Different studies haveyagiven a partial comprehension of
the mode structure in nanotriangles (Nelayah dtLél, [36], Keast et al. [34], Hao et al.
[35], Kumar et al. [39], Fung et al. [40], Das &t[d1], and Koh et al. [42]).

In this thesis we focused in the complete desacnptof edge and RBMs in
nanotriangular structures and the understandirigedf nature by analytical models and
classical GDM simulations.

1.3. Methodology

Silver clusters embedded in silica matrix were pred by Nicolas Troc and Matthias
Hillenkamp in the Institut Lumiere Matiére in Lyomand in order to evaluate the
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relevance of the STEM-EELS measurements, opticabration measurements were
performed by collaborators from the Institut Luneiéatiere in Lyon (M. Hillenkamp
and N. Troc) on samples prepared by the same comslitThe results were compared
and interpreted in the framework of a classicalialatheoretical model [43], [44]
(developed by Jean Lermé from the Institut LumiBtatiere in Lyon) taking into
account all relevant classical and quantum effettsoth the electronic density in the
nanoparticle and its environment, as well as ofdleetric field excitation on a self
consistent level.

For triangular nanostructures (prepared by JéronaetiM and Davy Geérard in the
Université Technologique de Troyes, France), Faaget analytical models and EELS-
GDM simulations [32] (performed by Arnaud Arbouedrfi the Université de Toulouse,
France) were used in order to indexing all therptas modes and interpret their nature.
All the EELS experiments and related analysis whmendormed in the Laboratoire de
Physique des Solides in Orsay.

1.4.Outline of this thesis
The following chapters of this manuscript contain:

Chapter 2: The theoretical fundamentals necessatiggscribe the plasmon resonances.
Firstly, the plasmon resonances will be describedaiclassical approach by the
excitation of light and electrons. Second, the ipias resonances will be described by a
classical/quantal approach. A direct relationshiptwleen optical and electron
excitations, in classical and quantum regimesemmahstrated.

Chapter 3: The experimental principles for plasro@xperiments by optical absorption
and STEM-EELS techniques are presented. The dealysis strategies to extract
plasmonic information from EELS raw data are givedetails. The sample preparation
of silver clusters is commented.

Chapter 4: Here the STEM-EELS optimization to detweak plasmon signals is
detailed. The spectrometer aberration, the sourec®iee and the effect of the electron
irradiation on the samples are presented as wdhestrategies to avoid or reduce all
these problems.

Chapter 5: The STEM-EELS and optical absorptionlte®f surface plasmons in silver
clusters are presented together with classicaltquaalculations in order to interpret
the results. An exhaustive comparison with literats done solving contradictions.
Chapter 6: The excitation of volume plasmons iscdesed by an electron beam
excitation. STEM-EELS results in sub-10 nm silvemaoparticles are presented and
discussed.

Chapter 7: In this chapter the STEM-EELS resultsamiminum nanotriangles are
presented and the indexing and interpretation ®plasmon modes is done by classical
Fabry-Pérot analytical models and classical sinriat

Chapter 8: In this chapter the general conclusamespresented and some preliminary
results obtained with a new microscope (Chromateonascope) are shown.






Chapter 2:
Theoretical fundamentals

2.1.Introduction

Since ancient times, humanity has used metallitgbes to manipulate light. In ancient
Rome, the artists fabricated a cup (Lycurgus cuphgiembedded gold/silver alloy
particles, which under illumination present a radoc on the transmitted light and a
green color on the scattered light [45]. In medi¢iwaes, the cathedrals were decorated
by stained glasses which incorporated particlesheir compositions responsible of
some of the colors [46]. However, the physical iorigf these colors was not
understood. In the middle of the "L @entury, great progress was made when the
understanding of electric and magnetic phenomenma as@nbined by a set of equations
developed by James Clerk Maxwell [47]. It was diszed that the nature of light was
an electromagnetic wave. At the beginning of th® @éntury, Gustav Mie published a
paper [48] on the interaction of light with collaidnetal particles which explained very
well the color with the particle sizes. Although & results were known since the
beginning of the 2B century, it was not until the advance of new fedtibn and
characterization techniques that the nanoscalecctshjbecame accessible and
manipulated, which has led to nanoscale light esgging with fascinating properties.
Nowadays, the interaction of light with metallic nogarticles is one of the most
attractive and fascinating subjects of researcim flendamental studies to applications
in engineering.

In this chapter we will present the fundamentatlettromagnetic theory and a classical
model of the dielectric function of bulk metals.€m) the optical properties of metallic
nanostructures and metal-dielectric interfaces described considering a classical
approach of the dielectric function. On the othandh in order to describe the optical
properties of very small metallic nanopatrticles ger than 10 nm in diameter where
quantum effects are expected), a classical/quambalel of the electronic properties of
nanoparticles is presented.

The excitation of the nanoparticles is made bytlghelectrons and we proved a direct
relation between both excitations in a classical gnantum regime. We use Sl units
throughout this chapter.

2.2.Maxwell equations

The Maxwell equations were developed at the maomscscale where the charges and
their associated currents are considered as clagsitieso and current densitigs
These quantities are considered continuous furgtdispace. In their differential form,
the Maxwell equations are [49]

VxE(rt) = — aBg:’ 2 (2.2.1)
VX H(rt) = ang, 9y itro (2.2.2)



V.D(r,t) = p(r,t) (2.2.3)
V.B(r,t) =0 (2.2.4)

WhereE is the electric fieldD the electric displacement the magnetic field anB
the magnetic induction. These macroscopic fielgstlae average of all the microscopic
fields created at the microscopic scale.

Maxwell equations must hold on the boundaries ohaterial. Considering a small
rectangular path along the boundary (this rectaogies from medium 1 to medium 2),
the Maxwell equations lead to [49]

nx (Ey—Ey) =0 (2.2.5)
nx (Hy—Hy) =K (2.2.6)
n-(Dy—Dy)=o0 (2.2.7)
n-(By—B;) =0 (2.2.8)

WhereK is a surface current densityjs a surface charge density ands the unit
normal vector on the boundary. In a source-freeenatk = 0 ando = 0.

To describe the electromagnetic properties of aiunedve have to introduce the
macroscopic polarizatioR and magnetizatiom [49]

D(r,t) = ggE(r,t) + P(1,t) (2.2.9)
H(r,t) = ug'B(r,t) — M(r,t) (2.2.10)

Whereg, andy, are the permittivity and the permeability in vagyuespectively.

2.2.1.Constitutive relations

The Maxwell equations do not describe how the ahargrents are generated in matter.
Thus, for electromagnetic fields in a materiabiniecessary to introduce supplementary
relations. In a linear and isotropic material, thiation betwee andE and between

B andH are

D(r,t) = ¢, f dr’f dt' e(r—r',t —tE('t") (2.2.11)

B(rt) = g j dr’ j dt' u(r =1t — YHG ) (2.2.12)

€ andu being the relative permittivity and permeabilitythe material. In an anisotropic
mediume andu must be replaced using tensorial forms. We naé iththis thesis we
only consider isotropic materials.

We can observe in equation 2.2.11 thait the instant depends on the fielH at all
timest’ (temporal dispersion). Additionallyd at a pointr depends o at all pointsr’
(spatial dispersion). The same is observed in e¢laion betweerB andH in equation
2.2.12. A dispersive material in space is calletba-local material. Non-local effects
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are observed at small separations between two noedia small metallic particles of
sizes comparable to the mean-free path of elec{rek®nm) [17], [19], [50]-[52].
In the Fourier space the convolution in space ame tof the constitutive relations
2.2.11 and 2.2.12 becomes a simple product
D(k, w) = gye(k, w)E(k, w) (2.2.13)
Additional constitutive relations are [49]
P(k,w) = gyx.(k, w)E(k, w) (2.2.15)
M(k, w) = ym(k, w)H(k, ®) (2.2.16)

Beingy. andy,, the electric and magnetic susceptibility.

In the case where it is possible to neglect theiapdispersion (for example in large
particles > 10 nm diameter), we can impose a ded#&cal response where

sr—=rt—th)=6(r—r)e(t—1t" (2.2.17)

Then, the equation 2.2.11 in Fourier space becomes

ID(k,w) = gye(w)E(k, )] (2.2.18)

This last equation is called the local approximatihere the relative permittivity just
considers frequency dependence.

2.2.2.Helmholtz equations

By combining the Maxwell equations 2.2.1 and 2.2t#s constitutive relations and
transforming to frequency space we obtain the Heltalequations

VXVXE(r w)—k?E(r,w) =iopyu(w)j(r, w) (2.2.19)
VXVXH(r w)—k*H(r,0) =VXj(r w) (2.2.20)

Wherek = (w/c)\Jue = kyg\/ue, beingk, = (w/c) andc the vacuum speed of light
(3x10® m/s) which is related to the permittivity and pembility in vacuum byc =

1/y ko&o-
Considering a free-source material and the iderflity V x= —V? +VV-., the
Helmholtz equations are simplified

V2E(r,w) + k*E(r,w) = 0 (2.2.21)

V2H(r,0) + kK2H(r, @) = 0 (2.2.22)



2.3. Permittivity of a bulk metal

To model the optical response of nanostructures itecessary the knowledge of the
relative permittivity. In a classical regime (thase of large nanoparticles) it is possible
to use the experimental bulk permittivity of thetater the classical analytical models
of the bulk permittivity of the metal as obtaineg the Drude-Sommerfeld model [49]
or the Lorentz-Drude model [53]. These classicatiet® describe the optical response
of free electrons inside a bulk metal in a locgbragimation (thek dependency of the
relative permittivity is not considered). On thé&@at hand, in a quantum regime (case of
very small nanoparticles), the electrons must batéd in a quantum framework taking
into account quantum effects (details of a clagsjoantal model taking account
guantum effects will be presented in section 2.5).

In the following of this section, we will descriltlee classical analytical models of the
bulk permittivity of a metal. These models will bsed to describe the optical properties
of metallic nanostructures and metal-dielectrieifgces in a classical regime in section
2.4.

2.3.1.Drude-Sommerfeld model

In the Drude-Sommerfeld model the conduction ebexstrare considered as delocalized
and quasi-free. These electrons do not interadt egich other. Let's assume a time-
dependent external electric fid{t) = E,e~'“t acting on an electron of effective mass
m, and charge e-(wheree = 1.6 10'° C is the elementary charge). This interaction
induces a movement of the electron described biNdveton equation [49]

0°%r or

Me =g Mo YE = —eE e wt (2.3.1)

Wherer is the position of the electron afifds the mean collision rat¥. is related to
the mean-free pathby Y = v/l wherevy is the Fermi velocity.

Assuming a solutiom = rye "¢, from 2.3.1 we obtain

e

To E (2.3.2)

mew? + iom,Y

The displacement of the electron presents a dipolament given by-er. The
collective effect of all individual dipolar momentgsults in a polarization of the
material given byP = —ner, wheren is the electron density. We can then write

—ne?

= 2.3.3
P myw? + iwmeYE ( )

From the constitutive relation (equation 2.2.18g polarization can be expressed as
P(w) = gyx.(w)E(w) wherey, is related to the relative permittivity of the reaal by
xe(w) =1 —¢(w). Comparing these relations with equation 2.3.3ob#&in the Drude
permittivity e,
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2

4 Y
ep(w) =1 @+ (2.3.4)

Wherew, is the bulk plasma frequency or volume plasmoqgueacy defined by

Yp = [eom, (2.3.5)

The volume plasmon corresponds to compressionatrete oscillations of the free
electrons inside a metal [54]. These oscillationssent longitudinal symmetry as in
acoustic waves. Due to the longitudinal symmetrythed volume plasmon it is not
possible to excite it by traditional optical expeents [54]. However, it is possible to
excite it by an electron beam as it will be showearetically in section 2.4.3 and
experimentally in chapter 6.

In an electron excitation experiment (EELS experithethe electron loses energy
during the interaction. The cross-section of theeraction is proportional to the loss
function Im[—1/¢] (see sections 2.4.3 and 3.3.3 for details). Wille Drude
permittivity the loss function presents a maximutrtbe volume plasmon frequency
(¢(wp)~0). At this condition the real part of the relatipermittivity has to be close to
zero Re[e]~0) and at the same time coinciding with a weak valughe imaginary part
of the relative permittivity Ifn[e]~0). Figure 2.1 illustrates the real and imaginarst pa
of the Drude permittivity and the loss function fbe case of silveruf, = 8.28 eV and

Y = 0.045 eV, values extracted from Ref. [53] for silver).

1.0
0.8 - - 150
0.6 - 100
0.4

- 50
0.2
0.0 0
-0.2-

- -50
-0.4-
P - -100
ol - 150
1.0

2 10

o (eV)

Figure 2.1: Real and imaginary part of the Drude permittiwtjth w,, = 8.28 eVand

Y = 0.045 eV (values extracted from R¢53] for silver). The loss functiom[— 1/&p]
presents a maximum value at the volume plasmorudrery. This coincides when
Re[ep]~0 andIm[ep|~O0.
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2.3.2.Lorentz-Drude model (Interband transitions)

In noble metals there exist interband transitiah} from the d-valence electron band to
the conduction band. Taking into account ibethe relative permittivity is then written
as

2

14
- (2.3.6)

w
g(w) =¢p+ep(w)—1=c¢y

Whereg;;, takes into account the interband transitions. Ibogentz-Drude oscillator
model (LD model) [53], the interband transitiong anodeled as oscillators described
by a simple semi-quantal model

S f 2
)
gp(@) =1+ Z /P
j=1

w? — w?) +iY; (2.3.7)
— (] i

Wheres is the number of oscillators with frequeney, strengthf;, and collision rate
Y;. The value parameters can be obtained by fitiégrhodel to experimental data. In
Ref. [53] the parameters values are tabulateddeersal metals.

In figure 2.2 the loss functiorii[— 1/¢]) is plotted using the relative permittivity of
equation 2.3.6 in the case of silver. The maximd@ithe loss function is now at ~3.8 eV
which is red shifted with respect to the case efltss function considering the Drude
permittivity (see figure 2.1). This shift is reldteo the interband transitions.

10 TTrrrfrrrr[rrr s rrrr[rerrrrrrr[rrrorrrrorrs

12

0.8

0.4

o (eV)

Figure 2.2: Real and imaginary part of the relative permitipvdefined by equation
2.3.6 withw, = 8.28 eV, Y = 0.045 eV ande¢;, (w) parameters taken from Rgb3]

for silver. The loss functiohn[— 1/¢] shows its maximum at ~ 3.8 eV, which shifts
strongly with respect to the maximum of the lossction considering the Drude
permittivity (maximum at 8.28 eV). This red slsftlue to the interband transitions term.
The maximum of the loss function coincides Rife]~0 andIim[e]~0. The peak of
the imaginary part of the relative permittivity cesifrom the interband transitions.
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In real systems, the real and imaginary parts efréfativity permittivity are deducted
from the experimental loss function by the Kramiérenig analysis.

2.4.Surface plasmons (SPs) in the classical regime

The optical properties of metallic nanostructuresl anetal-dielectric interfaces are
dominated by plasmon resonances which are coliedscillations of free electrons.
Beside the volume plasmon, which is described eéntié metal as compressive electron
oscillations (see previous section), another kihdlasmons appears due to the surface.
These are the surface plasmons (SPs) that cores$pa@bectron oscillations creating an
accumulation of charges on the surface. In the o@seetal-dielectric interfaces, the
surface plasmons are described by propagatingr@feoscillations along the interface
which are called surface plasmon polaritons (SHBS). In the case of metallic
nanostructures, smaller than the wavelength oftatxan, the electrons oscillations are
non-propagating but rather confined by the closadase of the nanostructures and
therefore they are called localized surface plag{b8Ps) [55].

2.4.1.Surface plasmons polaritons (SPPs)

Here, we will present the SPPs in a planar metkdiric interface, a thin film and a
multilayer system. Additionally, their dispersioglations (Energy vs wavenumber) are
presented. The SPPs will be used later in chapteriiterpret experimental results in
aluminum nanotriangles.

Considering an incident wave on a metal-dieleahierface projected in the plane x-z,
as presented in figure 2.3a, the linearity of ttee{source Helmholtz equations allows
to divide the situation in two parts [56]: For thkectric field perpendicular to the plane
(s-polarised wave) and for a magnetic field perpmrdr to the plane (p-polarised
wave). The s-polarised wave gives the conditigis H,, E;, # 0) and(H,, E,, E, =

0). The p-polarised wave gives the conditi¢fs, H,, E, = 0) and(H,, E,, E, # 0).
We can write the electric and magnetic fields & [5
E(r) = E(x,z) = E(z)e'*x* (2.4.1)
H(r) = H(x,z) = H(z)e'«* (2.4.2)
Beingk, the propagation constant (wavenumber) in the ection.

With these electric and magnetic fields, the sotiree Helmholtz equations can be
simplified to

0°E(z)
_ — 2.4.3
Vs E(z) =0 ( )
0°H(2)
522 — ]/ZZH(Z) =0 ( 244)
Where
vZ = k2 — ek (2.4.5)
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In the following of this section and in order tdudtrate the dispersion relation of
different systems we will consider aluminum as rhetav, = 15eV ), which

approximates to the Drude permittivity without lesgy = 0), ep(w) = 1 — (wp/w)z.

It is possible to prove that the s-polarised waway exist if the magnetic permeability
of the metal (or dielectric) is negative (see R&6]). This is only possible in
metamaterials which are not taken into accounhis thesis work. In the following of
this section we just consider the p-polarised waves

Planar Interface between two half-spaces

In the interface between two medias (see figura)2n® propose a solution of equation
2.4.4 as

_(HieTm?y  z>0
H(z) = {HZeVZZj? 2 <0 (2.4.6)
y1 andy, being positives due to the evanescence of thesvave
The continuity of the perpendicular fieltland the continuity of the parallel electric
field E lead to

h__ Iz (2.4.7)

&1 &

As y; andy, are positives, the only way to satisfy this coiditis that one of the
materials has a negative relative permittivity, evhis the case of metallic materials.
Then, the p-polarised waves exist in metal-dieiedtrterfaces. These waves are the
surface plasmon polaritons (SPPs).

Using the equations 2.4.5 and 2.4.7 we obtain i@edsion relation

€18

k2 = k2 (2.4.8)

& t&

To illustrate the dispersion relation, a half-spatteninum and a half-space vacuum as
dielectric €, = 1) are considered. The dispersion relation is pdoitefigure 2.3b. Two
branches are observed in this figure: The highgnkranch, known as Brewster mode,
corresponds to radiative modes and not to an eeantesiave. The low energy branch
corresponds to the SPPs.

The dispersion relation of the SPPs follows thepelision relation of light at low
wavenumbers while at high wavenumbeéts £ o) the dispersion relation presents an
asymptotic limit. The asymptotic value is achiewadthe conditiorz; + &, = 0. The
corresponding frequency, in the Drude-Sommerfeld deho is therefore

wsp = w,/+/1+ &. This asymptotic limit is known as the surfacesptan (SP) in a
metal-dielectric interface in the quasistatic linit a quasistatic limit all points of an
object respond simultaneously to an excitationdfielhis means that retardation is
neglected.

14



30 S — R A PanRasIE

25

[ Brewster mode
20f

15F

® (eV)

Figure 2.3: (a) Scheme of a metal-dielectic interface. (b)pBision relation of the
SPPs in an aluminum-vacuum interface. The high gnéranch corresponds to the
Brewster mode, which does not correspond to anesaant wave. The low energetic
branch corresponds to the SPPs and it presents aymatotic limit at high
wavenumbersk(, — o), which is the surface plasmon (SP) in a quasistahit. At low
wavenumbers the SPPs approach the light dispersigacuum.

Thin film

A metallic thin film (medium 2) between two halfese media (1 and 3) is shown in
figure 2.4a. This configuration is known as IMI gulator-Metal-Insulator). For this
system we propose the following solution of therntabltz equation 2.4.4

Hie™"?y  z >§
H(z) = { Hy e 7?9 + Hfe¥?%y % >z > —% (2.4.9)
k Hie¥s?y) 2>z
2

In thin films, the electromagnetic fields can cadetween both interfaces. The
coupling creates a symmetric and an antisymmettarge distribution. The
antisymmetric mode is known as Long Range Surfdasniton Polaritons (LRSPPs)
and the symmetric mode is known as Short Rangea&uriPlasmon Polaritons
(SRSPPs).

Appling the boundary conditions and introducing timeation B; = y;/&; we obtain

(e”za(Bl + B,) B, — B, )(H;) _ (0)

B; — B, e"2%(B, + B3)/\H; /)~ \o (2.4.10)
The solution of this equation gives the dispersalation and it is obtained when the
determinant of the matrix is zero. The solutiothisn

2va _Bi=B2By— B,

- (2.4.11)
B, + B, B; + B,
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The thin film system has two solutions correspogdim the antisymmetric (LRSPPs)
and the symmetric (SRSPPs) mode (see figure 2We).note that both solutions
converge (ak, — o) to the surface plasmon (SP) of a metal-dieleatterface.
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Figure 2.4: (a) Scheme of a thin metal film (medium 2) whichatween two dielectric
half-space media (medium 1 and 3). (b) Dispersadation of LRSPPs and SRSPPs for
an aluminum thin film of 10 nm thickness with vanun both sides. We also present
the dispersion relation of LRSPPs and SRSPPs foiséime thin film with vacuum in
one side and silicon nitride$4.41) in the other side.

Multilayer system

A multilayer system will be used later in chaptein7order to describe the dispersion
relation in an aluminum thin film supported on atbubstrate.

In this configuration we consider a metallic thitmf (medium m) which is between a
half-space dielectric (medium 4) and a dielecthin tfilm (medium 2). The other

interface of medium 2 is in contact with a half-spadielectric (medium 1). The

configuration is illustrated in figure 2.5 which known as [IMI (insulator-insulator-

metal-insulator).

The proposed solution of the Helmholtz equation®ig

Aje™1* a+b<z
Ho = ik {Age‘yzz +Aje"?* a<z<a+b
Y Aje YmZ + At etm?  0<z<a (2.4.12)
A, e?s? z<0

Applying the boundary conditions and using the toteB; = y;/¢; we obtain the
equation

A3 0
AYY (o

C =10 (2.4.13)
Af 0

Where C is
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Ble—yz(a+b) _ Bze—yz(a+b) Ble}'z(a+b) + Bze}'z(a+b) 0 0

B 0 0 B,+B, B,—B
C - e—Vza el’za _e_ymz'l _ey‘m.‘:'n ( 2'4.14)
B,e 124 —B,e?2¢ —B,e7Ym® B, e¥ma

Then the dispersion relation is obtained when tterdhinant ofC is zero ((C| = 0).
Figure 2.5b displays the dispersion of LRSPPs aR&FSs for an IIMI system. We
note that both solutions converge kat— ) to the surface plasmon (SP) of a metal-
dielectric interface.
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Figure 2.5: (a) Scheme of an IIMI (Insulator-Insulator-Metalslulator). A metallic thin
film (medium m) is between a half-space diele¢tmedium 4) and a dielectric thin film
(medium 2). The other interface of medium 2 isantact with a half-space dielectric
(medium 1). (b) LRSPPs and SRSPPs in an IIMI cordtgon considering an
aluminum thin film (10 nm), a silicon nitride=4.41) thin film (10 nm) and medium 1
and 4 as vacuum.

2.4.2.Localized Surface Plasmons (LSPs)

In a nanostructure smaller than the wavelengthnoéxciting field, the interaction of
light with the nanostructure is characterized byp-poopagating waves [55] which are
the localized surface plasmons (LSPs). In the gtet& classical regime, i.e the regime
where retardation is not relevant, the optical props of the nanostructure do not
depend on its size, but on its relative dimension.

LSPs in a sphere in a quasistatic classical regime

To find the response of a metallic spherical pltio an electromagnetic field, we
consider a metallic sphere of radiRidilled by a relative permittivity (w) embedded in
a non-absorbing medium of relative permittivity (w). An external fieldE,, =
Eqeikm-@D) excites the particle and polarizes it. We assanparticle diameter very
small compared to the wavelength) (of the field R « 1). This is the quasistatic
approximation [57]. Due to this approximation wenagageglect the spatial variation of
the field (see figure 2.6).
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Figure 2.6: Metallic sphere exposed to an electromagnetic wdiveghe particle
diameter is smaller than the wavelength of the waispossible to neglect the spatial
variation of the wave. This is the quasistatic apg@mation[57]. Under this condition a
dipolar distribution of charge is created. Howevef, the particle diameter is
comparable to the wavelength of the wave, a congpssibution of charge is created.

Neglecting the spatial variation of the excitingwwawe can assume an external
linearly-polarized fieldE,, (t) as

1 [ |
E,,(t) = > f dw(E?(w)Z + E*(w)X)e 1@t (2.4.15)
The potential associated to this field in frequespgice and spherical coordinate is

1
Vop (1, w) = Z AP2 (@) TPy y(cos(6))cos(Mo) (2.4.16)
M=0

With 472, o (w) = —E%(w), A2, ;(w) = —E*(w) and whereP, ), are the associated
Legendre polynomials. The induced potential ingidd outside the particle is obtained
by solving the Laplace equatioW?V;,; = 0 with the boundary conditions at the
interfaces and the continuity of the total potdnéiad the normal component of the
displacement electric field. Outside the partithe, induced potential is

E—&n Azzl,M(w)

£+ 2¢ r2 Pr—1m(cos())cos(Mp)  (2.4.17)
m

1
Vind,out(rr w) = — Z R3
M=0

Writing V,,, (1, w) andVipg oy (1, @) in the form

1

Vi(r,w) = Z rPLzLM(cos(H))cos(M(p) Vil=1M (2.4.18)

M=0

with i = op or ind, out one can define the optical dipolar polarizability the ratio of
the induced potential with the exciting potentiat & R
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3 Vind,out,L=1,M

a(w) = —4neye, R ——————| .=z (2.4.19)
Vop,L:l,M
Therefore
; €~ &nm
a(w) = 4mege R et 2z, (2.4.20)

A nanoobject under electromagnetic illumination ednsorb and scatter radiation. The
sum of the absorptiow,,, and scatteringr,.,;; Cross-sections is known as the
extinction Cross-section,,; = 04,5 + Tscqte- 1IN SMall nanoparticles, with diameters
below 20-40 nm, the scattering cross-section gdigible [57] and the extinction cross-
section is identical to the absorption cross-sectiq; = g4;-

The absorption cross-section is the ratio betwbenpbwer dissipated by a dipole and
the intensity of the electromagnetic exciting walvke power dissipated is determined
by Paps = (w/2)Im[p - E,,"], wherep = aE,,. The intensity of the exciting wave is
I, = (1/2)080\/5153- Then the absorption cross-section (identicalh® éxtinction
cross-section) is

Im[a(w)] (2.4.21)

Oext = Ogbs =

CEo+/ Em

The imaginary part of the relative permittivity siver is relatively small in the UV-
visible. Then the functioim[a(w)] is enhanced wheRe[e] + 2¢,, = 0. At this
condition a dipolar LSP is excited.

2.4.3.Fast electron excitation

The advance of STEM-EELS technique in the receatsybas achieved electron beam
probes of the order of 1A. Such electron probe diameters enable to esphoatter
spectrally at the atomic resolution. In this paet will describe the volume plasmon in a
bulk material and the LSPs in a sphere by an eledieam excitation.

Retarded and non-retarded approximations

As noted in Ref. [58], the validity of a retardednmn-retarded approximations in EELS
relies on several aspects. If one considers thiclgaitself, the finiteness of the speed
of light c is important when the propagation time of an etenagnetic wave through
the characteristic wavelengtt) (of the electron cloud oscillation is comparalieits
period of oscillation. This condition is obtainettenw(d/c) > 1. In a sphere of radius
R, the characteristic wavelengthds-R/L, whereL is the mode order. Therefore, the
retardation becomes significant wheR /c) > L. The silver clusters diameters studied
by EELS in this thesis are between 9 to 1.7 nmthed LSP energies betweéR.7 to
~3.6 eV, respectively. Therefor®R/c is < 0.06153, which is less than 6.5 %lo& 1
(dipolar mode) and even smaller for= 2, L = 3, L = 4. This result allows neglecting
retardation effects due to the small size of thesters. On the other hand, in the
aluminum nanotriangles studied in this work (fro@bX%o 700 nm side length and 40
nm thick), the retardation effect has to be consdedue to the large size of
nanoparticles. In this last case a red shift of $ 8Rh the increase of size is presented
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due to retardation.
Another retardation effect concerns the Lorentztremtion. It can be neglected if

y =1/{1—(v/c)? ~1[58]. In EELS experiments with silver clusters aldminum
nanotriangles, the incoming electrons were acasldrat 60 kV (~ 0.4%) and 100 kV
(00.5c¢), respectively. Thereforne = 1.12 andy = 1.15, respectively. While small, the
effect is not completely negligible. However therétz contraction factor intervenes
only in the electron probe position dependent fiamc{59]. Otherwise speaking, it
renormalizes the electron impact parameter (distdmetween the electron and the
center of the nanopatrticle in the plane of the particle), here by ~ 12% and ~15%,
therefore changing the absolute intensity of theutated EEL spectra. As in the present
work we do not consider the absolute intensityhef $pectra, this effect is irrelevant for
our discussion.

Electron energy loss inside a material

As mentioned in section 2.3, the volume plasmonhkmexcited by a moving electron
inside the material. To study the electron enegpg linside a material, we assume an
electron that propagates with a constant velagity the z axis% = v ). The length of
the material is notedl (this is the length along the direction of thecalen propagation).
Additionally, we consider a non-retarded approxiorat

Using the Poisson equation, we can calculate thengal inside the material in
presence of the electron. The electric field asdedito this potential is

ie *© © ké(w—k- v)e—i(a)t—k-r)
E(rt) = dk d 2.4.22
.8) (2m)3 f_w f_oo @ k2eye(k, ) ( )

The electron loses energy as it passes througmaterial due to the electric field inside
the material acting back on it. The electron endogg expressed in terms of external
electron density and the electric field is

AE = —f dtf dr p®t(r,t)v-E(r,t) (2.4.23)

The external electron density associated to theemewnt of the electron can be written
as
pet(r,t) = —ed(r — vt) (2.4.24)

Introducing the expressions of the electric figldide the material (equation 2.4.22) and
the electron density (2.4.24) in the equation 24v2 obtain

e? °° ® dq (® 1
AE = -— j dtj —j wdw Im [— (2.4.25)
21 &V J_» w/v q Jo 5(‘1; (U)

The termIm[— 1/e(q, w)] is known as the loss function wheayas the transferred
momentum by the electron. With transferred momestbelow a cutoff valueg(), the
g-dependence of the relative permittivity is negdelcflocal approximation) and the loss
function becomedm[— 1/¢(w)]. The cutoff value of the transferred momentum in a
STEM-EELS experiment is determined by an EELS apertollection angle at the
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entrance of the EEL spectrometer (more detailhapter 3).
The electron energy loss is related to the electnoergy loss probability per unit of
frequencyl’ (w) by [15]

AE = f ooha)dwl“(a)) (2.4.26)
0

Comparing equation 2.4.25 and 2.4.26 and uding v dt we get

In (q;v) Im [— - (‘L) (2.4.27)

In the Drude-Sommerfeld model, the loss functios lBamaximum at the volume
plasmon frequency,. However, in practice due to interband transitjiahe volume
plasmon measured by EELS can appear shifted (M3f8resilver as presented in figure
2.2).

In nanoparticles, two effects appear due to thenbBates. The first one is the
emergence of LSPs and the second one is the Begr@reffect [60]. This last effect
has the same functional form as that of the losstian but with opposite sign and a
position-dependent pre-factor which increases ctosthe boundaries. In very small
particles the Begrenzung effect can screen thenwelplasmon signal.

The Begrenzung effect is not restricted to plasmbuos affects the measurement of all
kinds of excitations present in the bulk [60].

In the case of a retarded approximation, the egu&i4.27 is modified and includes the
Cherenkov radiation. This radiation is emitted whas electron pass through a material
with a speed higher than the phase velocity oftlighthe medium [61]. In the EELS
experiments of this thesis there is no evidendéisfradiation.

Electron energy loss near a sphere

Here, we describe the excitations of LSPs by a ngpelectron. An electron passing
near a sphere can induce an electric field whiaelteeback on the electron. We consider
a non-retarded approximation. This part compilesilits from Refs. [15], [58], [59],
[62], [63]. We define a sphere of radiReembedded in a non-absorbing medium and a
point electron moving at a constant velocity= v Z along the trajectory,(t) =

(xo, O,z(t)), wherex, is the electron impact parameter and vt. In order to facilitate
calculations, we will work in a spherical systenthwihe center placed in the center of
the sphere (see figure 2.7).

The coordinates of the electron will be expressetthé referential of the sphere. In this
spherical system, = (x,2 + z?)'/? andcos(6,) = z/r, = vt/r,. The potential of the
electron at a position wherer, > r is [62], [63]

e

V,(rt) = — (2.4.28)

dmegem|r — 1|
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Figure 2.7: Schematics of a sphere embedded in a medium antkdby a fast
electron.

Expressing equation 2.4.28 in a multipole expanaiwhapplying a Fourier transform

o L
V,(r,w) = Z Z A¢yrEPy(cos(8)) cos(Me) (2.4.29)
L=0 M=0
Being4¢,, = — M:E Ny wmlim, WhereN,,, andl,,, are defined as
oem
(2 = Som) (L — M)!
Ny = 2.4.30
M (L + M)! ( )
And
wC@rx0) = [ der, 74 Py (cos(8,))e™” =
- (2.4.31)

2il" Mo /v|EKp (lwxo /v (w/|w DM
v(L—M)!

P, are the associated Legendre polynomiggis unity if m=0 and is zero otherwise.
K, is the modified Bessel function of second kind.

The induced potential inside and outside the gartgcobtained by solving the Laplace
equationV?V;,; = 0 with the boundary conditions at the interfaces ted continuity
of the total potential and the normal componentthed displacement electric field.
Outside the particle the induced potential is

R2L+1 L(S—Sm)

Vind,out (1, @) = = X121 Xly=0 Afm —r Pum(c0s(8)) cos (M) Torrey  (2432)

The termL = 0 does not contribute to the induced potential. Wyit/,(r, w) and
Vinaout (T, w) in the form
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o L
Vi(r,w) = Z Z rLP .y (cos(8))cos(M@) v; 1y (2.4.33)

L=1M=0

with i = e or ind, out one can define the multipolar polarizability of erdL, M) as

Vi
aLM(CU) = _4ﬂ£0€mR2L+1M r=R (2434)

Ve LM

We assume a sphere filled by a relative permittistw) and embedded in a non-
absorbing medium of relative permittivigy, (w). Then the multipolar polarizability is

R2L+1 L(e — &m)
Le+ (L+ 1,

apy(w) = 4meye,, (2.4.35)

We note that in the classical limit the multipofsoiarizability only depends obh and
we can simplify the notation @, (w). This equation is similar to equation 32 in Ref.
[59] except for a pre-factor due to a slight diflece in the definition of the
polarizability.

The energy loss by a fast electron passing neamgls with constant velocity along

a straight lina,(t) can be related to the force exerted by the indetectric fieldE .4
acting back on the electron [15]

AE = ef dt v Eja(r.(t),t) (2.4.36)

The energy loss can be expressed in term of tltr@heenergy loss probability per unit
of frequencyl'(w) by the equation 2.4.26 AF = f0°° hodwl' (w)). Using Ejq =
—VVina our W€ Can write

e (* .
INw) = _nh_w,[ dt Re{v - VWipng out (e, w)e 0t} (2.4.37)

Solving the product - VV;, 4 o, (r, w) evaluated atr =r, and introducing it in
equation 2.4.37 we get

2 L
r) =1 hvf (gogm)zz Z My [Ky (%)]2 (%)ZL mle,(@)]|  (2.4.38)

[’
L=1M=0

Being K, the modified Bessel function of second kind and
My = @2 —6om)/[(L—M)! (L + M)!]. Same expression is presented in Refs. [59],
[62] but in different unit system.

Equation (2.4.38) is valid in the dielectric contim approximation (polarizability in
term of the dielectric constants of bulk materiddlpwever, provided; is replaced by
a;y and defined as per equation (2.4.34), it can benebed to any other approximation.
The EELS probability of a sphere embedded in aordiosy medium is also developed
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and presented in the appendix A.

If the quantum nature of incoming electrons is ad&r®d, the energy loss probability
must include information about their wave natur8][3However, in a conventional
STEM-EELS experiment (see chapter&)arge number of scattered inelastic electrons
are collected and the electron wave interferenaismation is lost [64]. It leads to the
classical equation 2.4.38. Therefore, in the case¢his thesis we can neglect the
guantum nature of the electron beam.

In non-conventional electron microscope experiméntsis been possible to make use
of the quantum nature of the electron beam, see[&gt

Higher order modes: In expression 2.4.38, the tefii,, (x)]? for x «< 1 (which is true
in the EELS experiments of small silver clustelisgthes as (except faf = 0)

K () ~[2M~1 (M — 1)1 x~™]? (2.4.39)

The termM=L dominates all the othéM terms M < L) and expression 2.4.38 MtL
approximates to

[oe)

I (@) Re? Z (R)ZLI L(e = em) ( 2.4.40)
L@ ~4n2hv260£mL nL X0 m Le + (L + e,y o

Wheren, = 22L*1[(L — 1)!]2/(2L)!

Considering a constant particle radius andvariable, the LSP modes scales as
~1/x4%L. It means that at impact parameters far from tirtase only the dipolar mode
is efficiently excited and the electric field fély the particle is similar to a plane wave
like in optical experiments, as already discussdtié literature [66].

In the caser, — R, the expression 2.4.40 depends only linearly dius

I (o) ~ 4R—"’Zz n,Im [ L(e = &m) (2.4.41)

m2hv2eyen, o] Le + (L + Ve,

This is an important result that proves the feéigibio study small nanoparticles in
EELS experiments at, = R without losing too much signal with the decrease o
particle size. Another interesting study is thaoratf the EELS probability of higher
order modes with respect to the dipolar mode.

Introducinga£ELS = L(e — ¢,,,)/(Le + (L + 1)g,,) in equation 2.4.41

[oe)

Z n, Im[aEELS] (2.4.42)

L=1

5 Re?
fi(@) ~ Al hv?eye,
Considering the Lorentz-Drude model of Ref. [53]r fsilver we obtain
Im[afEL®]/Im[afELlS] ~0.86 and Im[afELS]/Im[afELS]1~0.81 at the resonance
conditions. We also obtain;_,/n;—-; = 0.33 and n;,—;/n;—; = 0.17 . Therefore
I—,/I -, =0.28 andI;_;/I-; = 0.14. Because the ratid;-,/I;—; iS equal or
smaller than 0.28, the dipolar mode has the momgoitant contribution in an EEL
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spectrum when, — R.

2.4.4.Link between optics and EELS in a sphere

From equation 2.4.35 evaluating the dipolar térm 1 we obtain

_Sm

£+ 2¢ey

aj-1(®) = 4meoey, R = a(w) (2.4.43)

The dipolar EELS polarizabilitg; -, (w) and the dipolar optical polarizability(w)
(equation 2.4.20) are therefore equal. In fact, BEELS response of a sphere is
essentially dipolar when either the impact paramistéarge with respect to the sphere
radius and/or the particle diameter is small corapdo the free space wavelength of the
plasmon. From the dipolar term of equation 2.4.88 asing the expression of the
extinction cross-section (equation 2.4.21) we get

2

[=1(w) = 47I3hf7i£(:£m3/2 Oext (W) [[Ko (%)]2 + [K1 (%)]2] (2.4.44)

This equation can in principle also be derived fregquation 34 in Ref. [59]. If one only

considers the dipolar EELS response of a sphepaxdicle in a non-absorbing medium,
it is directly proportional to the extinction cressction (see figure 2.8). The energy
dependence of EELS and optical extinction crostieseare therefore almost identical

close to the resonance (except fas prefactor).
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Figure 2.8: Comparison between the optical extinction crosdise from equation

2.4.21 and the EELS dipolar response (from equa2idn38) for =5 nm for a 5
nm radius particle. The relative permittivity ofettmedium is assumed constant
(em = 2.16) and the relative permittivity of silver is mod#léom the Lorentz-
Drude model of Ref53].

In practical experiments, one does not kegpconstant, but rather try to locate the

electron probe as close as possible to the sudabe particle. At small impact
parameters and low frequencies (which is the cdsenmall silver nanoparticles
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embedded in a matrik; (wx,/v)]? » [Ko(wxy/v)]?. With this approximation we
obtain

ce? Uext(w)

FL=1((U) ~

2.4.45
A3 hv2egen3/2  wx} ( )

Therefore, in practical EELS experiments where @telse impact parameter very close
to the surface of the particig — R we get

ce? Uext(w)

Am3hvieye,,3/2  wR?

[ (w) = (2.4.46)

Because the optical extinction cross-section sas@&s, the EELS probability depends
linearly on the radius. This result proves the ifahty to study small nanoparticles in
EELS experiments without losing too much signahwéspect to optical experiments.

Multilayer spherical system

In this part we will prove that the proportionallBELS-optics can be extended for any
spherical systems consisting of an arbitrary nuntferoncentric homogeneous linear
media (dielectric or metallic). The radius of tlastl concentric sphere is notRgl,,.
This result was obtained with the collaboratiordean Lermé from the Institut Lumiére
Matiére at the Université de Lyon 1, France.

The dipolar component of the potential created Hey incident electron in the radial
regionx, = r (Xo is the impact parameter) can be obtained fromtemua.4.29

1
V= w) = Z AS_1 y(@)TPL o1 y(cos(8)) cos(Mep) (2.4.47)

M=0

Now comparing this last equation with the equatid.16 of an optical excitation
[Vop(r, @) = Xh—0 Aj21 (@) TPL_q y(cos(6))cos(Me)], we can observe that both
equations have an identical form. The tight reltstldp between EELS and optics is
clear at least for the dipolar term, since the sasp of any system subject to a given
applied potential will not depend on the naturehaf source of excitation. Each Fourier
component of the induced potentié},,; ir/ou: (1, @), inside and outside the system,
will be the same in both contexts (EELS and optiegtept for a mere multiplicative
factor (linear response), that #,_; ,(w) (EELS) orAZZLM(w) (optics). In particular,
outside the system (in the radial regio>» R,,,,), €ach Fourier component of the
induced potential satisfies the homogeneous LaplegeationV?V,,,;(r,w) =0,
whatever the complexity of the system and the #tezal approach are (note that in a
classical dielectric descriptioWV;,;(r,w) = 0 holds also in the radial region<
R4 )- Outside the system each Fourier compoligpi(r, w) expresses thus as

1

- 1 Dy—1,m(@)
Vi w) = — yr—— Z L 1;;’ Py_11(cos(8))cos(Mo) (2.4.48)
M=0
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With Dy—im(w) =Dj—y y(w)Af-1 y(w) for EELS or
Dy—1m(w) = Dy y(w)A7Z, ,,(w) for Optics. The coefficiend;_, ,(w) depends
only on the system, but not on the physical contémt fact D;_, ,(w) is the
polarizability of the system where the relativerpgtivities of all the concentric layers
are considered.

Using the induced potential of equation 2.4.48ha electron energy loss probability
(equation 2.4.37) for the dipolar term we get

e?w?

[-1(@) = 2 Im[D}_; ()] [[KO (%)]2 + | (%)]2] (2.4.49)

A3 vt (epem

Using the induced potential of equation 2.4.48 asidg the formalism of section 2.4.2
for the calculation of the optical extinction (drs@rption) cross-section we obtain

Oext = Ogbs = #alm[Dizl,M(w)] ( 2.4.50)

Because equation 2.4.49 and 2.450 are proportitmam|[D;_, ()], then the
proportionality of the dipolar EELS with the opti@xtinction cross-section (equation
2.4.44) is quite general, suitable for any sphdyicenultilayer symmetric system,
provided thatcy > R0y

2.4.5.Link between optics and EELS for any geometry

Considering a simple situation of a non-dispersiad non-absorbing material inserted
in a cavity of arbitrary geometry (size smallerrththe exciting wavelength), a set of
discrete photonic eigenmodes exists and their g@gtarsE,, (r) and eigenfrequencies

w,, are solutions of the Helmholtz equation [67]

2

V2E, (r) + g(r)“:—’;Em(r) -0 (2.4.51)

In this situation we can define a density of stdi2©S) which counts the number of
eigenmodes per unit volume and unit frequency [67]

1
n(w) = VZ §(w — wy) (2.4.52)

The DOS characterizes the total number of eigensiqguér unit volume and unit
frequency of the material on the whole. This metuas the DOS is a global quantity.
Another DOS can be introduced as a local quantiBJS) which can be obtained by
the weighted summation of the eigenmode amplitatl@sposition- [67]

1
10 @) =3 ) [En(@I26(0 - @) (2.453)

n(r,w) corresponds to the total number of eigenmodes upér volume and unit
frequency in a given positian This quantity is similar to the local density sihtes
presented in solid-state physics, which provides tlamber of states accessible to
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electrons per volume unit and energy unit at argpesition.

In terms of the electric Green’s tengdf, the LDOS can be written as [49]

2 o
n(r,w) = n—z)zlm{Tr[GE(r' r,w)]} (2.4.54)

Where Tr denotes the trace of the electric Green’s tenspia general case of an
absorbing material, described by a complex frequelependent relative permittivity
e(r,w), the electric Green’s tensor is defined as thetgol of [49]

2
g (,U g L
VX VxGE(r, T, w) —e(r w) ?GE(r, rw) =1s§(r—r") (2.4.55)

T being the unit dyad (unit tensor). Because theteimagnetic response of a material is
contained in the electric Green’s tensor, the esgom 2.4.54 takes into account
retardation effects.

We can define a projected local density of staje1LDOS) along the axig as [49]
6w o
Na(r, w) = Flm{ﬁ - GE(r,1, w) - i} (2.4.56)

na has a much greater interest tgnecause it is related with the well-known formula
for spontaneous decays of two-level quantum systeam arbitrary reference system.
The nLDOS can be measured by SNOM techniques.

Due to the relevance of the nLDOS in nanooptic$s important to prove a relation
between EELS and the nLDOS. For this purpose wegaieg to develop the EELS
probability in the Green formalism based in the kvof J. Garcia de Abajo and M.
Kociak of Ref. [15].

The electron energy loss probability is [15]
e [ .
r((l)) = T[h_(l)J-_OOdt Re{v . Eind(re, a))e_”"t} (2457)

The induced electric field in frequency space caexpressed in terms of the electric
Green tenso6E (r, 1, w) and by an external current dengif{* (r', w) as [49]

Eing(Te, w) = iwuuoj dr'GE (r,, 1, w) - jet(r', w) (2.4.58)
After some calculations we find

2
e
Ho Im{GE,(Ry, Ry, q, —q, w)} (2.4.59)

IN'w) =

Whereq = w/v andGE, (r,, 7', ®) = 2 - G(To, 7', w) - 2
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The nLDOS of equation 2.4.56 and the EELS prohghiliof equation 2.4.59 are not
exactly identical. Now we can introduce a projedtezhl density of statef, expressed
in combination of real space in the x-y plane an8ourier space along the z direction

6w
12(Ro, q, ) = Flm{GfZ(RO, Ry q,—q, @)} (2.4.60)

Using equations 2.4.60 and 2.4.59 we obtain traiosl

2 41y c?

e
r(w) = ﬁﬁimo, q, ) (2.4.61)

We note thafj; is a partial Fourier transform @f. Then the EELS probability is
directly proportional to the partial Fourier tramsh of the zLDOS.

Finally, we can conclude that the EELS probabiktyelated to the zLDOS, in the real
space of the x-y plane and in the Fourier spacegatbe z direction. The different
behavior along the z-axis can be inferred from fibet that the electrons are only
affected by the z component of the electric figldrallel to its propagation [67]. This
means that a special care should be taken intauatto interpret the relation between
both quantities. It has been proved that at theniycof the particles (smalt values)
the EELS probability and the zLDOS can differ sosgjly [68].

Recently it has been experimentally demonstratedormographic approach for
reconstructing the three-dimensional photonic lodahsity of states in plasmonic
nanoparticles in STEM-EELS experiments [16].

2.5.Surface plasmons (SPs) in the quantum regime

In this section we will present the properties il silver nanoparticles (< 10 nm) by
a classical/quantal point of view in order to désethe size-dependent optical response.

2.5.1.Classical/quantal model of sub-10 nm particles

In order to take into account the size effectshm dptical response of metal clusters, it
IS necessary to introduce quantum mecharibsinitio calculations can be used in the
case of clusters of few atoms but in larger clisstiee time of calculation is too large to
be feasible. For this reason fulab initio methods cannot be carried out for large
clusters, and nowadayisst-principlesapproaches are restricted to small sizes (roughly
a few tens or one hundred atoms at the maximumpafwv-Z elements [69]-[72]. For
sizes involving up to a few hundred atoms, a disclattice geometry, non-optimized,
could be retained, but only in the framework of @spnate schemes for computing the
electronic structure. This can be achieved in caimpi linear-response theory with a
tight-binding electronic description, much less @iwgbnsuming, as in the case of
covalent elements [73], [74], or under simplifyimgsumptions for calculating the
electronic structure (spherical average of thetedaebackground interaction or jellium-
calculation for instance [75], or cylindrical avgeaof the electron density [76]). The
optical response calculated within such formaliswtgch take into account the discrete
ionic lattice in some approximate computationalesoh, however, corresponds to a
specific -often arbitrarily- ionic geometry.
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A mixed classical/quantal jellium-type model inviolg spherical concentric nested
dielectric background media has been used in thik.whis model was developed by
Jean Lermé [43], [44] (from the Institute Lumieraafidre at the Université de Lyon 1,
France) and extended to EELS formalism within thesis work.
The calculations are based on (i) the density fanat theory (DFT) for computing the
ground-state and (i) the time-dependent local-tg@pproximation formalism
(TDLDA) for computing the optical response. As cargal to pioneering formalisms,
that are suitable for free alkali jellium sphere&’][ the present model includes
phenomenologically (but self-consistently) the apson/screening properties of the
ionic core background (effects related to the wni&rband-transitions contribution) and
the screening properties of the surrounding nowdiosy matrix [43], [44]. In
particular, the model describes self-consistemigyrutual interplay between the optical
excitations and induced fields in the various medihis model was successfully
applied in previous works to alumina-embedded nai@¢als nanoclusters, allowing the
observed size evolutions for Ag, Au and Cu to bh®nalized in a common theoretical
framework [27], [78], [79].
The model includes all the important contributions:
(1) the surface layer of ineffective iaiore polarizabilityd (see later in section
2.5.2);
(2) the surrounding dielectric matrix, including a pbsslocal porosityd,,;
(3) the electronic spibut, i.e. the extension of electron density beythaparticle
radius in a noninfinite potential well;
(4) all the relevant finitesize quantum effects, in particular the Aooality of the
electronic response.

2.5.2 Jellium model

The geometry used in the classical/quantal modaiasented in figure 2.9.

In the metallic particle, the conduction electramresponding to the bulk s-p band,
responsible for the collective surface plasmon takion and underlying most of the
(quantum) finite-size effects, are quantum mecladlyictreated, whereas the ionic
background is phenomenologically described by bfijha step-walled homogeneous
spherical positively-charged distributiogelfium) of radiusR = r,N'/3 (r, is the
Wigner-Seitz (WS) radius per conduction electrortha bulk ¢ = 1.6 A for silver)
andN the number of atoms), and, (i) a homogeneousrigalale/absorbing dielectric
medium [frequency-dependent relative complex dtalec function g, (w)
(dimensionless input data of the model), correspando the interband transitions,
assumed to be bulk-like] extending upRp= R — d whered is the skin thickness of
ineffective ion polarizability. Appendix B describbowe;;, (w) is estimated.

The parameted, which is of main importance for explaining thaite-size effects in
noble metal clusters, as compared to alkali elesyatdserves to be commented. This
skin of vanishing polarizability was introduced hyebsch [80] in the context of
electron energy loss at metal surfaces, and appkely to rare-gas matrix-embedded
Agn-clusters within a classical approach involving @amtric nested dielectric media
[81]. This surface property, subsequently discussedeveral authors [78], [82], [83],
is thought to be related to both the spatial l@edion of the d-electron wavefunctions
relative to the Wigner-Seitz radius [82] and tharale of the effective polarizability of
the ionic-cores depending on the embedding mediulmcal environment [83]. Strictly
speaking the thickneskhas to be considered as a free phenomenologicamneter. In
view of the approximation consisting in replacinge tdiscrete ionic structure by
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homogeneous step-walled jellium and dielectric mexlia rigorous prescription for
setting its value cannot be defined. In this wtrk value has been set in order to
reproduce the experimental finite-size effects olkekin free Ag” clusters [24], [78].
The comparison of experimental data and the clalégiantal model (see section 5.2.1)
led to the value ofl = 3.5 bohr (1.85 A), on the order of the WS radias gonduction
electron in bulk silver. This value was systemadiycased in previous works framework
[27], [78], [79].

Another important parameter is the local porosifytlee matrix at the interface
particle/matrix. The local porosity layet,,, extends the radius of the system beyond
the particle radiu®, = R + d,,,. The local porosityl,,, is modeled with a vacuum layer
as used in theoretical models [43], [44]. The layklocal porosity can be very small
(~1 A or even neglected) depending on the fabooationditions. Later in chapter 5 it
will be shown that in EELS experiments the electdwse can increase this local
porosity layer.

The mixed classical/quantal model involves thuse¢hrested spherical interfaces, figure
2.9, located ar =R, =R—-d,r=R andr =R, =R +d,,, but two background
dielectric interfaces separating three homogeneaackground mediasf(w) = &;, (w)

for r<Ry, g(w)=1 for R, <r <R, and g,(w) = &, (w) for r >R, ). In the
following the parameteré andd,,, will be given in bohr units@(a = 0.529 A).

sio,

Em(w)

Figure 2.9: Geometrical system used in the classical/quantdehwhich involves a
spherical particle of radiu® with the skin thickness of ineffective ion polalitity d,
the local porosityd,,, and the matrix environment.

2.5.3.Density functional theory (DFT)

The first step in the calculation of the opticabpense consists in determining the
ground state of the system, namely in solving iteely the Kohn-Sham (KS) equations

12
{—%VZ + Vers(p, T)}‘Pi(r) = &p(1) (2.5.1)

The single-electron effective KS potentlal(p, ) is a functional of the electron
densityp(r). It gathers the interactions with the homogenechiarge distribution
p.(r) of the jellium spherdp, () = epos H(R — 1)) Wherepy, = 3/(4nrd), H(x)

the Heaviside step-function ardthe elementary charge) and with the conduction
electron charge densityep(r) (the so-called classical Coulomb term), as welthes
exchange-correlation contributidfy.(p(r)). It writes
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Veff(p; T) = Ve—jel(r) + Ve—e(p; T) + V;cc(p(r)) (2-5-2)

with
Veee(0,1) + Ve jor () = 4;250 j V.(r, ™) (p() — p, ) d3r’ (2.5.3)

And
Vee(p(1) = 55;—2:?) (2.5.4)

In equation 2.5.3(e?/(4mey))V.(r,1") is the effective Coulomb interaction between
two free elementary charges locatedrandr’, in the presence of the polarizable
background-dielectric medid.(r,r’) depends on the parameter gt R,, €1, £}
(V.(r,r",w) = 1/|r —r'|in the absence of underlying dielectric media). fé&#nt
V.(r,1") -expressions prevail, depending on the values ahdr’ relative to the
dielectric interface radiR;. The analytical formulas for one and two concentri
dielectric interfaces can be found in Ref. [79(sppendix C).

As in previous studies, in particular Ref. [43]4]4the local Gunnarsson-Lundqvist
exchange-correlation energy functiodgl (p) [84] of widespread use in the cluster
physics literature [77], [85], has been assumealigpnout this work.

Typical results of the DFT calculations are showrkigure 2.10. This Figure displays
the normalized ground-state electron dengsity(r)/po+ and the effective KS potential

Vers(pgs ) for the parameter setVN[= 832 (R ~ 1.5nm = 28 a,), d = 3.5a, and

d., = 2 a,], which exhibit the diffuse surface profiles oktklectron density and of the
confining finite-depth potential. It is observecd taxtension of electron density beyond
the particle radius (spill-out effect).

12 silica-embedded Ag, cluster

1.0 4
0.8

06 N =832 electrons

041d=35a,
029d =2a,

normalized density p(r)/p,,

5 10 15 20 25 30 35 40 45

Ve (1) (V)

r (bohr)
Figure 2.10: Results of ground-state calculation for silica-edted Ag832 cluster
(sizeN =832; R = 1.5 nm = 28 bohr), withd =3.5a, andd,,, = 2a,, computed
within the Kohn-Sham DFT formalism. Upper panellf-8ensistent ground-state
electron density normalized to the jellium dengiyy = 3/(4nr®). Lower panel:
Kohn-Sham confining potential.
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2.5.4.Time dependent local density approximation (TDLDA)

The second step in the optical response calculatomsists in computing the optical
response within the TDLDA formalism. In this step wonsider an optical excitation.

In response to an applied monochromatic field efiflencyw, Eo(t) = E,e~'“tZ, the
“matrix-embedded particle” is polarized, givingeit a total dipolg(t) = a(w)Ey(t),
and -in particular- a time-varying electronic dénsip(r, w)e ™'t is induced inside the
metal sphere (conduction electron density). Theteda density is thug(r,t) =
pgs(T) + Sp(r, w)e @t . The above terminology “matrix-embedded particles’
intentionally used to keep in mind that the metattiple (the conduction electrons and
the polarizable ionic cores) and the matrix undettie induced dipolar field. To this
applied external field corresponds, in the nonfoetd quasistatic limit, the electron
potential energy 2% ¢ (r, w)e 't with V24 ¢(r, w) = ezE, (usually referred to as the
“external, or applied, potential energy” in the rgtard TDLDA formalism). The
absorption (identical to extinction for small naadycles) cross-section is related to the
imaginary component of the overall complex dynamjalarizability a(w) via the
equationo,,;(w) = g,p(w) = w/cgygy/ em(w) Im[a(w)] (equation 2.4.21).

Due to the linearity of Maxwell’'s equations in tpeesence of dielectric media, the
polarizability of the “matrix-embedded particle”tise sum of two contributions, that is
a(w) = a.(w) + a.(w), corresponding respectively to the two “time-vagyifree
charge sources” involved in the electromagneticblerm. The first oneg.(w), is
associated with the (implicit) free charge sourtang rise to the applied fieldy(t).
a.(w), which results from the surface polarization cleadgnsities on the dielectric
interfaces, that arelirectly induced byE,(t), is nothing else but the dynamical
polarizability of the classical problem (quasistalimit) in the absence of the
conduction electron gas. Its expression is stréogiardly obtained in solving the
Poisson equation taking into account the boundamaons at both dielectric interfaces
R; (continuity of the electrostatic potential andtioé normal component of the electric
displacement field) and at large distand1(t) — Ey(t) for r - o). The (rather
involved) a.(w) -expression depends on the input model parameters
{R1, Ry, &ip(w), g, (w)}. To this classical problem corresponds the elstdti potential
¢.(r, w) (different expressions prevail in each nested eptric dielectric medium, see
appendix D for the case of two nested sphericatiates).

The second contributiow,, (w), is associated with the induced time-varying ftbarge
densitysp(r, w). The corresponding dipolar field is sustained bthidp(r, w) and the
directly §p-induced polarization charges inside the backgresusmad at the dielectric
interfaces. In the presence of dielectric media,gbtential energy associated with the
classical electromagnetic problem [ilk,;(r,w) = —e¢.(r, w)] plays the role of the
effective external potential energy for the electrgas [43], [44].V,..:(r,w) has
therefore to be substituted for the applied exigootential energ¥ 24 (r, w) = ezE,

in the standard TDLDA equations (established inabsence of underlying background
dielectric media) which relate the induced electrdensity 6p(r,w) and the
polarizabilitya, (w) to the external potential. One has therefore

Sp(r, ) = f A1 @) Voo (F @) dr” (2.5.5)
And
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1
ae(w) = _E,f Sp (1, W)Veyi(r, w) dr
1 ° (2.5.6)
= _ﬁf j)((r, T, W) Vot (7, W)Vt (', @) drdr’
0

Wherey(r,r’, w) is the non-local many-body correlation functiorot&lthat the spatial
non-locality is an intrinsic feature of the TDLDArmalism since the induced electron
density change atdepends on the excitation applied at any othartpbof the system.
Within the TDLDA it is assumed that the responsehef interacting electronic system
can be calculated as in the independent-particde wath the condition that the induced

variation of the ground-state KS potential energy(p,s, ), that is

Vorr(pos T’
SVers(r,w) = f l% Sp(r', ) (2.5.7)
pSs
’ Vi
OVepy(r,) = 4o | Ve T)Sp(0") + Wlb®) g (2.5.8)
gs

is added to the external olig,.(r, w) in equation 2.5.5. The induced electron density
Sp(r,w) is thus solution of an implicit equation, from whiis derived the integral
equation relating y(r,r’,w) to the independent-electron correlation function
x°(r,r',w), namely

x(r,r,w)=x’(r,r,0) + ff x°(r, 1, WK1y, 15, 0)x(1y, 7', 0)drydr, (2.5.9)

where the kernet (r4, 5, w) writes as

e’ Waclp(r)]

K(ryrs) = FSOVC(TI'TZ) + () 8(ry —13) (2.5.10)

gs

Finally y°(r, 7', w) can be expressed in terms of the occupied KSabsbind of the
retarded single-particle Green’s functio®r,r’,w) of the ground-state KS-
Hamiltonian, namely

x°(r, 1 w) = Z ;MG 1, & + hw)

l. (2.5.11)
+oi(Me; )G (r, 1, & — hw)

with
G(r, 7', E) =(r|[E + ihs — H]™|7') (2.5.12)

whereH is the single-particle KS ground-state Hamiltonemdd is an infinitesimal
positive real parameter. In equation 2.5.11 theriduns over the occupied ground-
state KS-orbitalg; of energieg; (aT = 0 K temperature is assumed). The parameter
in equation 2.5.12 acts as effiectivenumerical smoothing parameter. In the absence of
Landau damping, the minimum plasmon band widthgisaéto274§. In order to reduce
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the computational time, the size evolutions deteedifor eachd, d,,)-parameter set
have been extracted from TDLDA spectra computed dt= 60 meV.

Figure 2.11 displays typical absorption spectra,uging two strongly different-
parametersid = 5 meV (black curve) andé = 60 meV (blue curve)]. In the frame of
self-consistent quantum-mechanical models, the ydemfa the coherent plasmon
excitation was ascribed for a long time to its dgp via the particle surface, with one-
electron excitations (single particle-holp-If) transitions), mechanism referred to as
“Landau damping mechanism (LDM)” in cluster physi¢g], [85]. This mechanism is
indeed the main dissipative decay mechanism isrtina| size range.

300007 silica-embedded Ag, cluster

25000 s~__.—— Lorentzian-curve fit
\

N=1314

20000 +

d=35a,
d =0

15000

10000

5000 -

absorption (bohr?)

0

25 2.6 2.7 2.8 2.9 3.0 31 32 3.3 34 35 3.6 37
energy (eV)

Figure 2.11: Absorption cross-section of silica-embedded;sfgcluster, for

d = 3.5a, andd,, = 0, computed in using two differeftvalues in the Green’s

functions fid = 5meV (black curve) an@d = 60 meV (blue curve)]. The blue

curve is multiplied by a factor of 5 for easier quamison and the grey dashed
curve is a Lorentzian-shaped curve fit of the btueve.

The size evolution of the LSP frequency is ruledtliy competition between opposite
size trends, namely the red-shift and blue-shéhdis induced by, respectively, (i) the
spill-out effect, and (ii) the surface layer of fileetive ion-core polarizability as well as
the local porosity at the metal/matrix interfacenisr classical/quantal model will be
used later in chapter 5 to interpret the plasmosomance in very small silver
nanoparticles.

2.5.5.Link between optics and EELS in a quantum framework

Now we have to prove that the proportionality beswehe EELS probability and the
optical extinction cross-section is also valid e tframe of more complex models
or/and theoretical approaches, for instance in Wwhie conduction electrons in the
metallic media are described through explicit chadistributions and their responses
computed eventually in the frame of a quantum fdismg as the classical/quantal
DFT-TDLDA calculations.

Considering the Jellium-model (figure 2.9) the mmacom radius of the system is

35



Rinax = max(R + dp, R + 8pi11), WhereRr s the radius of the spherical partialg,

is the thickness of the electron spill-out taitlwe ground state (on the order of 2-3 bohr
radius) andl,, is the local porosity layer.

The non-locality of the optical response only affethe spatial region where the
electronic charge distribution is extended<{(R + &sp;;;). The non-local many-body
correlation functiony(r, 7', w) vanish ifr’ (or r) >R + &y, . However, with the
introduction of a local porosity (consideridg, > &,;;), the non-locality affect the
global system until the interfade+ d,,.

Then, in a region where> R,,,, and considering an applied electric fi&lgk ~it2,
the induced total potential can be written as

1 (ac(w) + ae(w))EO c
ATTEGE r?

¢ind,out(rrr > Rmax) = 0s(0) (2.5.13)

Where a.(w) and a.(w) are calculated in a classical and quantum framiewor
respectively. The sum.(w) + a.(w) corresponds to the total polarizabilifw).
Then the induced total potential is

1 a(w)E,
AmeyEy, T2 ¢

¢ind,out(rrr > Rmax) = 0s(6) (2.5.14)

Using equation 2.4.47 in the optical form with @pked electric fieldE,e =2 we get

_ 1 Di_iy_og(w)E
VESLM () = L=1,m=0(W)Ey

ind,out ATeye,, r2 cos(6) ( 2.5. 15)

Comparing equation 2.5.15 with 2.5.14 we get
Di-1m=0 = a(w) (2.5.16)

As discussed in section 2.4.4, the tédfn, ,, depends only on the system and it is
independent of the physical context (EELS or optitherefore we can conclude that
the polarizabilitya(w) = a.(w) + a.(w) only depends on the system and not on the
way the sample is excited (EELS or optics). Thengloportionality EELS-extinction
cross-section (equation 2.4.44) is also valid imquantum context, provided that
Xo > Roax-

In EELS experiments, the impact parametgof the electron beam can be very close to
the particle surface. Then, the electron beam s phrough the regidh < x, <
R..ax- We observed experimentally that the EEL signalifigpact parameters passing
this region presented the plasmon resonance atdime energy as for larger impact
parameters away from the partialg > R,,.,- It means that the contribution to the
electron energy loss of the electrons passing gir&u< x, < R,,,, Can be neglected.
The reason is that the force acting back on thetrele is essentially perpendicular to
the electron velocity when the electron is closehi® x-y plane (see figure 2.12) and

therefore this force do not do a work on the etecttev - VV.22"" (r,, ) ~ 0). In
consequence the EEL spectrum does not dependallyiticn the exact value of the

impact parameter beyond the particle radius
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2 Medium

|

%o
Electron trajectory

Figure 2.12: Scheme of an electron passing inside the pordaytgr d,,,. When the

electron is inside the porosity layer it is clogethe plane x-y of the particle (small z
values). In this situation, the induced electrieldi acting back on the electron is
essentially perpendicular to the electron velodierefore, the work of the force acting

back on the electron is negligibde - VV,:="" (r,, ) ~ 0. It means that an electron
passing inside the porosity layer does not contglgignificantly to the electron energy

loss.

2.6.Conclusion

In this chapter the fundamentals of the electroretigrtheory were introduced and the
dielectric function of a bulk metal was obtained blassical models. Plasmon
resonances were studied such as the volume plasmanbulk metal, the surface
plasmon polaritons (SPPs) in metal-dielectric iiais#s and localized surface plasmons
(LSPs) in nanostructures. The LSPs in metallic panacles were studied in a classical
regime by light and electron excitations. We provhkdt there is a direct relation
between optical and electron excitation. Furtheemgylacing the electron impact
parameter very close to the particle surface shaavédear dependency of the EELS
signal with the particle radius. This shows thesiieidity to get EEL signal in very small
particles without a drastic decrease in intensity.

Finally, a classical/quantal model which takes imccount quantum effects was
developed in order to describe the surface plasmsanance in small nanoparticles.
The proportionality between the light and electexeitation was also demonstrated in
the case of a quantum framework.
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Chapter 3:
Instrumentation and data analysis

3.1.Introduction

The use of light has enabled humanity to exploeepttoperties of matter since our early
years. In daily life we employ the light to chaextze objects that are around us. For
example, the color of the light emitted by a heatederial gives us information about
the temperature of the material [86]. With morelssficated techniques we can access
to more quantitative information such as the cotration of a solution according to the
light that it absorbs or the thickness of a thimfby the interferences of light that is
trapped by the interfaces. The advance of sciendetla understanding of nature are
intrinsically related to the optical properties mftter. Some examples are [86]: the
study of the blackbody radiation that has led ®fthrmulation of quantum physics, the
optical emission from atoms and molecules thatakgkethe quantization of energetic
levels, the development of the laser which provideduge advance in spectroscopy
techniques, fiber optics for communication amortgeoexamples. The development of
instrumental tools to produce electromagnetic waatedifferent wavelengths and the
control on the preparation methods of materialsdmabled us to explore physical and
chemical properties of matter at the nanometritesédowadays, different instrumental
technigues enable the study of the light-matteeratdtions at different conditions of
temperature, environment, pressure, etc.

In this thesis, the optical properties of metahlianoparticles are studied by optical
absorption spectroscopy and/or electron energy kssctroscopy (EELS). Both
technigues are complementary and measure the saamgity (the polarizability, see
chapter 2). Through this chapter we will see trerimental part of both techniques
and the post-processing analysis that have bedorped in the EELS raw data to
extract plasmonic information. Figure 1 shows aesoh of optical and electron
excitation techniques performed in this thesis amgles prepared under the same
conditions. Additionally, the sample preparatiorsit¥er clusters is described.

Q Light _ Electrons

Signal (arb, )
(_4
P

Figure 3.1: Optical absorption and EELS experiments performedamples prepared
by the same conditions. While in optical experimeéhe measurements are made in a
set of particles, in EELS experiments the indivichaticles are measured. In parallel
with the EELS experiment an image of the partiale foe acquired.
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3.2.0ptical Absorption Spectroscopy

The optical absorption characterization of silvlkrsters embedded in silica matrix in
this thesis was carried out in the Institut LumiBfatiere in Lyon by collaborators (M.

Hillenkamp and N. Troc).

The absorption of radiation by a sample can beietiuoly a transmitted light beam. The
transmission consists in measuring how much ofavknlight intensity that shines on a
sample pass through it, as a function of the wanggle of the light. The transmission
can be described by the Beer Lambert law

T =1/l, = e~4Kavs (3.2.1)

Wherel, is the incident signal intensitythe transmitted intensity,,, the absorption
coefficient, and4 the path length. The produk,,, is known as absorbance and it is
often called the optical density of the object. Tdiesorption cross-section can be
expressed as

Oagbs = abs/N ( 3-2-2)

WhereN is the atomic number density.

In this work the optical measurements were perfdrne@ an ensemble of silver
particles. These measurements were carried out ihambda 900 UV/Visible

Spectrometer Perkin Elmer that has a spectral rdrmga 185 to 900 nm. This

spectrometer can be used in reflection or transomssonfiguration but only

transmission experiments were performed becausasdhgering can be neglected in
very small nanopatrticles as it was discussed itige2.4.2.

In order to remove the signal coming from the swlbst a reference signal (on the
substrate covered by matrix) is taken and dividgdhe signal of the whole system.
Thus the absorption coefficient of the referenceramoved from the absorption
coefficient of the whole system

Lyep /1 = eA(K—Krey) (3.2.3)

Another data acquisition strategy was the use oifdent polarized light beam (p-
polarised) in order to avoid Fabry-Pérot interfeesbetween the two interfaces of the
matrix (which is of the order of several wavelersjtand the tilting of the sample in the
Brewster angle in which the p-polarised light ity transmitted (see figure 3.2).

Screw and Brewster|
spring
Incident light Transmitted light
T i — SEan

Polarizer Sample

Figure 3.2: Scheme of the sample holder and the optical measemts of a set of silver
particles. Adapted from R¢B7].
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3.3.Scanning transmission electron microscope (STEM)

The scanning transmission electron microscope (ST&d% invented by Manfred von

Ardenne in Germany in the 1937-1938, just after itheention of the transmission

electron microscope TEM in 1932 by Knoll and Ru§g8]. The lack of electronics,

high vacuum and bright of electron sources made ittstrument not practical. It was
not until the 1960s and 1970s when the STEM waswvented by Crewe and

coworkers with new implementations such as: brigbld field emission source,

electronic readout, ultra-high vacuum and an ed&cénergy loss spectrometer (EELS).
Nowadays with the invention of aberration corregt@nd monochromators for the
STEM-EELS system, it has been possible to accesggetatomic resolution with a high

spectral resolution opening a window for a variefyexperiments previously out-of-

reach.

Figure 3.3 presents a schematic of a STEM systaed fivith different detectors. A
basic operating principle of a STEM microscope lbardescribed as follows:

An electron gun produces electrons which are acateleé towards a sample. The
electron beam is focused and scanned on the sdmpétectromagnetic lenses. The
electrons transmitted throughout the sample adeated by detectors. Furthermore, the
radiation emitted by the sample during the inteoactvith the electrons can also be
collected.

In a typical plasmonic experiment three detectarslme used:

* The High Angle Annular Dark Field (HAADF) detectowhich collects elastic
electrons scattered at high angles, is used tarohtaimage of the sample.

* The Electron Energy Loss Spectrometer (EELS),ciwhiollects elastic and inelastic
scattered electrons, is used to obtain a spectrum.

* A Cathodoluminescence (CL) spectrometer can kel us order to study the light
emitted by the sample.

It is important to notice that the HAADF detectardathe EELS (or CL) spectrometer
work at the same time.

Other acronyms presented in figure 3.3 are:

CCD: Charge Coupled Device

EDS: Energy Dispersive x-ray spectroscopy

SPIM: Spectrum image (spectrum acquired in eachtpaii the electron scan). The
SPIM electronic box in figure 3.3 refers to thecalenics necessary for scan the
electron beam and acquires data with synchronizatio

In the following the main parts of a STEM microseagnd detectors will be presented
in more details.

41



Optical coupling

(x)

CCD camera

1

EELS Scintillator

spectrometer
EELS aperture
(X) HaaoF '
_ »
) electronics
(|X) Projectors - ToPC
(V|||) Descan coils —e

Objective (proj. part) =<

CCD camera

E-

(X) CL Optical

spectrometer

(VI I) Sample

Objective (cond. part) ===
(Vl Scan coils
(V Corrector

Condenser
aperture

(|||) Condensers

(l |) Monochromator -

(i)
Figure 3.3: Basic scheme of a typical STEM microscope. Adapbed Ref[60].

From the bottom to the top on figure 3.3 the STEMraoscope consists in a collection
of several elements:

(i) Electron gun (tip): This element produces theceons that are guided towards the
sample. Different electron gun technologies aredusech as thermionic emission
source, Schottky field emission source and the field emission gun (cFEG). The last
one has the highest brightness with good emissailisy. The brightness is defined as
the intensity divided by the area and by the safidle. It is one of the most important
parameters because it ensures a good probe cdamesity. Among all the technologies
of electron guns, the cFEG has the lowest energgagpand enables the better energy
resolution. This is indispensable for plasmonicezkpents.

(i) Monochromator (optional): This device decreasiee energy spread of the electron
beam leading to the improvement of the spectraluéisn. A decrease in the number of
electrons reaching the sample is expected.

(iii) Condenser lenses: These lenses are usedatte ghe electron beam along the
optical axis of the microscope and to determineptiode size, the angle of convergence
and the beam current. It is possible to tune thEsm@ameters independently by the
combination of the condensers. To reduce aberstmmndenser apertures can be used.
(iv) Blanker: A blanker is used to avoid a long esiion and saturation of signal on the
EELS detector.

(v) Corrector (optional): This device reduces tpéesical aberrations leading to very
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small electron probe size formation and relativieggh currents in small probes [89].

(vi) Scan coils: These coils make possible the micanof the electron beam on the
sample. The blanker is synchronized with the scals.c

(vii) Objective lens: The objective lens is onetb&é most critical parts in a STEM
microscope. This lens is the stronger one on tiséesy with a short focus depth (few
millimeters). This enables the collection of eleas in a large angular range in order to
form a very sharp probe on the sample.

(viii) Descan coils: These coils (synchronized wile scan coils) are used to center the
electron beam in the EEL spectrometer entrance.

(ix) Projector lenses: These elements control tigukar range of transmitted electrons
impinging on different detectors [89].

(x) Detectors: Different detectors can be used teg to the type of study that the
experimentalist wants to do. HAADF, EELS and Catilochinescence (CL) detectors
are the most useful for plasmonics studies. The BRAnd EELS detectors were used
in this thesis and more details will be explained this chapter. The
Cathodoluminescence detector is not used in thlesishand no more details will be
given.

The microscope used in this work is an UltraSTEM2@n NION Company. This
microscope is a Cs-corrected dedicated microsatipd fvith a cFEG electron gun and
a homemade EELS detection system. It can operateident electron energy of 60
keV where the probe size can reach ~ 1.2 A. Itse possible to work at 100 keV and
200 keV reaching smaller probe sizes (<1 A). A suheof the UltraSTEM200 is
presented in figure 3.4a. The electron gun is platehe bottom of the microscope and
from the bottom to the top the column is composgdwn gun lenses, three condenser
lenses (CL1, CL2, CL3), a C3/C5 corrector, an dbjedens and sample chamber, a set
of Projector lens (PL1 to PL4) and the different tedéors
BF/ABF/MAADF/HAADF/EELS. The acronyms BF, ABF andAADF refer to bright
field, annular bright field and medium-angle annullark field respectively. These
detectors are used to form images. We did not hussetdetectors in this thesis work.
The SPIM electronics box of the UltraSTEM200 is leonade, developed by Marcel
Tencé in the Laboratoire de Physique des Solid€ssay.

The aberration corrector counts with octupoles qumadrupoles lenses which allow to
correct third and fifth order geometric aberratiomsorder to obtain atomic resolution

images. For more details on the aberration coordtie reader is referred to [90], [91].

A retractable CCD camera is used before the EEl&ftspmeter in order to get an
image (Ronchigram) of the sample which facilitaties alignment of the microscope
and the correction of aberrations. In this retraletaCCD camera, the electron beam
current is measured.
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Figure 3.4: (a) Schematic cross-section of the UltraSTEM200roa [91]. (b) Basic
scheme of the HAADF and EELS detectors.

3.3.1.Elastic and inelastic electron-matter interaction

The electrons passing through a material can icttex&h the atoms by electrostatic
Coulomb forces, leading to transmitted elastic immethstic electron scattering.

Elastic scattering

The elastic scattering is the result of the deitbeccof the incoming electron after having
interacted with a nucleus. The incoming electrongeracting very close to the

immediate vicinity of a nucleus are scattered gihhangles and the distribution is
similar to the Rutherford scattering of alpha @de8 [92]. However most of the

incoming electrons pass further from an atom. Is ¢ituation the interaction is weaker
and they are scattered at low angles, typicallyvbeh 10-100 mrad for a 100 keV
incident electron energy [92].

In crystalline materials the elastic scattered ted&s can interfere and the continuous
distribution of the scattering becomes peaked wilibee angles corresponds to the
atomic position of atoms in the crystal. These teters are referred to as diffracted
electrons.

Inelastic scattering
In an inelastic interaction, the incoming electoam loss energy due to different process.
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The main mechanisms of energy loss are:

(i) The interaction of an incoming electron withianer-shell electron in an atom.

In this interaction the inner-shell electron carkena transition to unoccupied electron
states absorbing similar or greater energy tharbitgling energy. In this case the
incoming electrons scatter typically at ~10 mraddd.00 keV incident electron energy
[92]. After the interaction with the incoming elemt, the atom is left in an excited state
and it loses energy by the transition of outer{shlectrons to the vacant. This produces
x-rays radiation or Auger electron emission.

(i) The interaction of an incoming electron withter-shell electrons.

In insulators or semiconductors, a valence electan make interband transition
through the energy gap. In this case the incomiecfren is scattered typically between
1 or 2 mrad for a 100 keV incident electron end@g}. In the de-excitation process of
the sample there is emission in the visible red@athodoluminescence) or the energy
is dissipated in the form of heat.

(i) The interaction of an incoming electron wim electron cloud coming from a band
of delocalized states in a solid (this means tt@hac core levels do not participate).

In this case the incoming electron excites a ctllecoscillation of electrons which is
known as plasmon. This oscillation takes the fofrogitudinal waves inside the solid.
The energy of this oscillation is between 5-30 e¥the majority of solids [92].

In thin samples or small particles, the incomingceion can also excite localized
surface plasmons as studied in section 2.4.3.

(iv) The interaction of an incoming electron witretarray of atoms (this interaction can
excite phonons in the material). The excitatiorpbbnons reduces a small fraction of
the incoming electron energy. In the past, thesetens cannot be resolved due to the
small fraction of energy loss. With the recent athes in the improvement of energy
resolution in STEM-EELS system, the phonons haentspectrally resolved [93], [94].

3.3.2.HAADF image

The High-angle annular dark field (HAADF) signalnasponds to the elastic electrons
scattered through high angles, typically greatant80 mrad. These electrons must pass
not further than 0.3 A from the atomic nucleus. this condition the electrons are
largely incoherent. The dark field term comes fritva fact that a hole appears dark in
an HAADF image because not scattering of electrons.

The HAADF detector has a form of ring (see figurdb3 which collects the elastic
electrons scattered at high angles and let pasta@is scattered at low angles that can
be collected by other detectors as the EEL speetiemin a HAADF detector the count
of electrons is made by a scintillator-photomuiéptubes system.

The intensity detected by the HAADF detector degewnd the composition and
thickness of a sample through the equalipnpr = kI,NtZ*/3, wherely 4pr is the
detected intensity is a constant depending on the electron velogjtis the incident
electron beam intensityy the number of atoms per unit volumehe sample thickness
andZ the atomic number. For a homogenous sample ofoaterial, the HAADF
signal gives a contrast proportional to the thidenef the sample and for a sample
composed of different materials, the HAADF signialeg chemical contrast information.
Figure 3.5 shows an example of a HAADF image Wi atomic resolution of a silver
nanoparticle as studied in this thesis. It is gdedio recognize the atomic columns.
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Figure 3.5: HAADF image of a silver nanoparticle supportedoanbon substrate.

3.3.3.Electron Energy Loss Spectroscopy (EELS)

The EEL spectrometer collects transmitted electeorsseparates them by their energy
loss after the interaction with matter (see fig@rdb). The spectrometer we used is
essentially made up of a magnetic prism that dsgsethe electron trajectories along
one direction as a function of energy [60]. At gr@rance of the EEL spectrometer an
aperture (EELS aperture) can be used, which redheeasngle of collection of scattered
electrons in order to reduce aberrations (seedi@Ba, more details on the aberration
correction for EELS experiments will be presentedhapter 4)Due to the scanning of
the beam on the sample, the transmitted electrambean shift at the spectrometer
entrance axis during the scanning. This will catiee EEL spectrum to move in the
detector. To avoid this problem, descan coils (Bymized with the scan coils) are used
in order to center the electron beam in the spewter entrance axis (see figure 3.3). In
the EEL spectrometer, combined quadrupoles-sex¢sdehses allow correcting third-
order aberrations. A scheme of the EEL spectromgiitr the quadrupoles (FocusX,
FocusY, Q1, Q2, Q3, Q4) and sextupoles (SX, SY9dens shown in figure 3.6b.
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Figure 3.6: (a) Scheme of the convergence semi-amglad collection semi-angje.
The collection semi-angje is determined by the EELS aperture diameter. (he8e

of an Electron Energy Loss Spectrometer with quadies and sextupoles lenses
(FocusX, FocusY, Q1, Q2, 3, Q4 to index quadrupalesSX, SY to index sextupoles)
(image taken fronB5]). The electrons are dispersed according to theargy lost and
arrive to a scintillator-CCD system.
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A scheme of the interaction of an incident electnoth a sample is presented in figure
3.7. The angular and energy dependence of thestiekrattering inside the material is
represented by a double-differential cross-sed8@h

o (1 1[ ! (3.3.1)
d0dE \92+6Z) | e(qB) >

Wheref; = (¢/v)?E/(E, + myc?) is a characteristic anglg, is the incident electron
energy.E is the energy loss amtis the scattered angle of the electron. This eguias
valid in the approximation of small angles< 1 rad andE « E|.

In equation 3.3.1 we can identify the loss funclim— 1/¢(q, E)] that we obtained in
section 2.4.3 for the EELS probability inside a en@. The transferred momentum in
the direction of the incoming electrongg= k,6, wherek, is the momentum of the
incoming electron. In the small angle approximatitve total transferred momentum is
thereforeq? ~ k3 (0% + 02).

The double differential cross-section at low scatte angles is dominated by the
Lorentzian factorn(82 + 62)~! where the anglé; represents the half-width at half
maximum (FWHM) of the Lorentzian. The maximum ogttkignal comes from the
electrons that scatter @&t= 0 (maximum of the Lorentzian). In a typical EELS
experiment at 100 keV we hakg = 169 rad/A and with an energy loss of 10 eV we
havef;~0.1 mrad. Considering just the electrons scattered -at0 we obtaing =
0.017 A=* which is much smaller than the Fermi wavenumger1 A~1. Then the
transferred momentum can be neglected. For elecsoattered only in few mrad, the
component perpendicular of the transferred momenigimost important than the
parallel but still smaller than the Fermi wavenumésed additionally their contribution
to the inelastic signal is weak. All this meanstti@a a standard STEM-EELS
experiment the non-localityy(dependency of the response) is not induced baresfeer
of momentum and therefore an STEM-EELS experimsn¢quivalent to an optical
experiment in the bulk of a material.

In the case of the electron beam passing near plsasurface, the relation EELS-
Optics is evident (see section 2.4.3 for the cdsespherical particle).

electron
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Figure 3.7: Scheme of an EELS experiment. The incident eleafcenergy, and
momentunk, is inelastic scattered with energy ldss= E, — E;, momentunk, and
angled. A momenturng is transferred to the sample.
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EEL spectrum

An EEL spectrum is formed by the inelastic transsditelectrons dispersed along the
CCD camera. An illustration of an EEL spectrum iegented in figure 3.8. At low
energy loses (<100 eV) the region is called Lowd.asd at high loses (>100eV) the
region is called Core-Loss. The Low-Loss regiordis phenomena from the infrared,
passing through the visible, to the ultravioletganlit is an adapted region to obtain
optical information of the sample. On the otherdyahe Core-Loss region is in the X-
Rays range that gives chemical information of thm@e. This very huge range of
energies studied by EEL spectroscopy made it oleeofnost powerful techniques.
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IR UV X-Rays
visible
Zero-Loss
25— -
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Figure 3.8: A typical EEL spectruni60]. The Low-Loss region contains an intense
peak at zero energy (the ZLP) and peaks correspgnth individual and collective
excitations such as: interband transitions, exctoplasmons and phonons. The Core-
Loss region contains peaks related to the chengioalposition of the sample.

Low-Loss region

The Low-Loss region (losses < 100 eV) is relatetheexcitation of phonons, excitons,
interband transitions or collective oscillationsclsuas volume plasmon or surface
plasmons. At zero energy, an intense peak is obdewhich corresponds to the
electrons that do not loss energy during the ictera. This peak is called the zero loss
peak (ZLP) and its full width at half maximum (FWHMefine the energy resolution of
the spectrometer. In the study of signals at vewy énergies the ZLP tail can mask the
peaks and deconvolution techniques or monochromattutions have to be employed.
Writing the permittivity of a material afw) = ¢'(w) + i€’ (w), the excitation of the
volume plasmon corresponds to the zeros' abinciding with weak values of'’. On
the other hand, the interband transitions corregpiorthe maxima of”’. In the case of
surface plasmons in nanostructures in a non-redactssical regime, the resonance
condition depends on the geometry of the partintkthae surrounding medium. For the
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case of a sphere a dipolar surface plasmon isrmdutaats’ + 2¢,, = 0 (beinge,, the
relative permittivity of the surrounding medium)discussed in section 2.4.2.

Core-Loss region

The Core-Loss region (losses > 100 eV) is relabetthé individual excitation of inner-
shell electron transitions to unoccupied electrtates. In this region the loss function
can be approximate fm[— 1/£(w)] = &' (w)/(e*(w) + €"*(w)) ~ " (w) due to the
fact thate'(w) - 1 and ¢”(w) —» 0. This corresponds to an absorption process.
Additionally, in this region it is possible to obtanformation about the fine structure

related to the nature of chemical bonds. An exarapléore Loss spectrum is presented
in figure 3.9.

b)
=110 Nitrogen - K — ROI 1
100 i Silver - M4,5 el
5 > 5 _——ROI3
skl Oxygen - K
"g - y? Silver - M3
%‘ 70 =
£ 60

L] I L] LA I i L] LI B I L] LI L I Ll L] l: L] I L] L] I L] L]
350 400 450 500 550 600
Energy Loss (eV)
Figure 3.9: (a) HAADF image of a set of silver particles. EEL spectra in different
regions of interest. The signature of silver isgeneted.

3.3.4.EELS data acquisition (spectrum-image)

In a STEM microscope with an EEL spectrometers ipossible to acquire a HAADF
signal and an EEL spectrum in each electron posivbile scanning. This mode of
acquisition is known as spectral-image mode. Omee dlectrons pass through the
sample, they are collected by the HAADF detectat Hre EEL spectrometer which
work at the same time. At the end of the scan, laothPAADF image and a spectrum-
image (EEL spectrum in each pixel of the scan)gemerated which can be compared
pixel by pixel.

The spectrum-image (spim) is represented by a @thbelatacube) in which the x and y
axes correspond to the coordinates of the eletteam scanning on the sample and the
z axis corresponds to the EEL spectra recordedich @oint of the scan. Figure 3.10
shows the operation principle of a STEM-EELS systengenerate a HAADF image
and a spectrum-image.
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Figure 3.10: Scheme of the operating principle of a STEM mmops with an EEL
spectrometer. (a) Scanning of a sample point bgtpeith a focused electron beam. (b)
HAADF image of the sample obtained at the endefttan. (c) Spectrum-image (spim)
obtained at the end of the scan in which the xgsarpresent the spatial coordinates of
the electron beam scan and the z axis correspanttsetEEL spectra recorded at each
point of the scan. Parts of this image were exgddtomhttp://www.gatan.com

3.3.5.Data Analysis of a spectrum-image
The raw spectrum-image has to be treated in oadektract correct graphs and be able

to do a coherent interpretation of the resultsthim following, the main steps for data
treatment of plasmonic STEM-EELS experiments walldgresented.

Alignment of the EEL spectra

Due to the instabilities of the high voltage, thELEspectra can shift on the CCD
camera over time. This is reflected in a shiftref ZLP position from one pixel {¥1)

to another (xY») in a spectrum-image. In order to correct the Ahit a procedure of
alignment is applied which places the ZLP maximuriha same energy position (0 eV)
for all the pixels (x,y) of the spectrum-image. hprocedure of alignment was
performed automatically by the free software Hypgr§d6]. Figure 3.11 shows the
evolution of the ZLP over time. Without any alignmyethe ZLP moves ~ 67 meV
during 73 ms. This increases the linewidth of thé& of the sum of all the spectra and,
therefore, causes resolution loss. After the aligminprocedure, the ZLP only moves ~
22 meV during the same period, i.e. one pixel ef@CD detector.
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Figure 3.11: EEL spectra showing the ZLP position over timgBefore alignment. (b)
After alignment. (c) The maximum position of thé> 44 plotted before alignment. (d)
The maximum position of the ZLP is plotted aftegrahent. (e) Comparison of the ZLP
maximum position during 73 ms before and afterrahgnt. The ZLP moves ~67 meV
for the case without alignment and only ~22 m dgraflignment.

Deconvolution

When the plasmon resonances are at very low esetdie peaks can be hidden by the
tail of the ZLP. In this case, a mathematical deotution technique is used to reduce
the ZLP width and resolve the plasmon peaks.

The Richardson-Lucy (RL) deconvolution technique haen widely used in astronomy
for the reconstruction of images affected by optaefects. This technique has been
adapted to EEL spectra to improve the spectralugso [10], [97].

The aberrations of the spectrometer, the beam dipigean the detector, and the finite

energy width of the electron source cause crosergimg. Instead of getting a point

representing a specific energy, a spread over phellthannels is obtained forming a
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blurred point [98].
Mathematically the degradation of the energy rdsmiuis expressed by the following
convolution product

1) =PI) ® 0(i) (3.3.2)

Wherel (i) is the measured signal (blurred signal(i) represents the original signal
andP (i) is the instrumental response (point spread fundiRSF)). The original signal
0(i) can be extracted from equation 3.3.2 by a decoionl. The instrumental
functionP (i) is obtained with an EEL spectrum (containing théYtaken in vacuum

or on the substrate.

The Richardson-Lucy algorithm consists in findimg tfunction0O (i) by the following

iterative process
s+1 _ s E
0] 0 ( ZIPUOI )/ (333)

Wheres is the number of iteration@,-s+1 is an estimator afteriterations.

The RL deconvolution can introduce artifacts in tloev-Loss region which forces to

reduce the number of iterations. Different critasfahe optimum number of iterations
exist (see Ref. [98]). The free software Hypersp§][was used to perform the RL
deconvolution in this thesis.

Figure 3.12 shows an EEL spectrum extracted frasthm of pixels along the edge of
an aluminum nanotriangle (40 nm thickness). In tild@gion, surface plasmons are
excited but are not clearly distinguished in thectpum due to the influence of the ZLP
tail. If one applies the RL deconvolution with @ifént number of iterations, it is

possible to resolve the plasmon peaks.
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Figure 3.12: EEL spectrum (red curve) taken from the sum dflpialong the edge of
an aluminum nanotriangle studied in this thesid(lx in the HAADF image of the
inset). Different number of iterations are applieadding to the reduction of the ZLP
width and, therefore, to enhance the observaticth@iplasmon peaks.
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In the study of very small nanopatrticles (as theeaaf silver clusters in this thesis), the
EEL signal is very noisy and the RL deconvoluti@m present some difficulties in the
interpretation. In chapter 4 it will be studied tR& deconvolution technique for weak
signals.

Filtered maps

With a spectrum-image it is possible to createrfdd maps. A filtered map is generated
by plotting the EEL signal intensity of each pixel in a chosen energy range. An

illustrative way to understand the formation ofleefed map is presented in figure 3.13.
In this example, two energy intervals are chosehtarir corresponding filtered maps

are generated.

Ay

Figure 3.13: lllustrative example of the formation of filteredaps. The maps are
generated by the EELS intensity in each pixel r-wa ispecific energy range. If the
energy ranges correspond to plasmon resonance mserthen the maps reveal the
spatial symmetry of the plasmon resonances. Mazeifsgally the filtered maps can be
linked to the projection onto the electron beamettory of the local density of states
(zLDOS).

Multipeak fitting and fitted maps

With a spectrum-image it is also possible to crefited maps. Fitted maps are
generated by fitting the EEL spectrum of each pk«glwith a model and by plotting
the fitting parameter values at each pixel x-yotder to carry out this procedure, first
an EEL spectrum coming from a pixel x-y (or the sofrpixels x-y) of an interested
area is fitted by a model (see figure 3.14a). Thie® parameter values obtained by this
fit are used as initial parameter values to staet fitting procedure (fit of the EEL
spectrum of each pixel x-y with the model). In thedel it is also possible to include a
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background if necessary.

Unlike the filtered maps, the fitted maps can resadverlapped peaks and study the
evolution of the energy position and FWHM of thagrhon peaks throughout different
regions of the sample. The multidimensional fittiipcedure was carried out by the
free software Hyperspy [96]. Figure 3.14b showsfitted maps of the intensity of the
two Gaussians used in the fitting procedure andr tb@rresponding sigma values

(FWHM/2/2 In(2)).
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coming from the sum of pixels in the red box of H®ADF image. Then, the
parameters values of this fit are used to start fitteng procedure (fit of the EEL
spectrum of each pixel x-y with the model). (b) Ftensity and the sigma&WHM /

2./2 In(2)) parameters of each Gaussian are plotted for epixiel x-y. The energy
positions of the Gaussians were fixed in the tfnocedure.

3.4.Sample fabrication of silver clusters

The silver cluster samples were prepared by phlysieghods (Energy Cluster Beam
Deposition (LECBD) [99] and magnetron sputteringdQ]) by our collaborators
Matthias Hillenkamp and Nicolas Troc in the Indtittumiére Matiere, Université de
Lyon 1, France. In these methods, the silver clasiee produced in a gas phase from a
silver target of high purity. The clusters are guidowards a substrate (which has been
previously covered by a silica layer) and deposaedhe same time with silica (co-
deposition), see figure 3.15. At the end we obthieecapsulate clusters. The choice of
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silica matrix is because it is transparent to tisble light and does not present EEL
signal at low energies.

The nanoparticle concentration is adjusted by étetive fluxes of the silica matrix and
the metal particles. Special care was taken intowatt on the concentration in order to
get well separated clusters to avoid coalescendeaavoid optical signal coming from
the coupling of particles.

The clusters were deposited at low energy by tbhegss of soft-landing [101], in which
the clusters were decelerated before the impacthensubstrate (typically < 0.5
eV/atom). The soft-landing avoids the fragmentatdrthe clusters. A time-of-flight
mass spectrometer (TOF-MS) was employed to studysike distribution of the
clusters before deposition.

The substrate used for optical characterization avdased silica and for STEM-EELS
characterization was of carbon (3 nm thickness).

Deposition chamber
Substrate
Cluster beam 2, Tilted 45°

.Q..'

Electron gun 3 g ooy

Figure 3.15: Simplified schema of the cluster-matrix co-depasitAdapted from Ref.
[87].

In the samples prepared for EELS characterizatibichvstudies individual particles, a

large size distribution of particles and a low camication of particles are convenient.

However, in the case of optical characterizatiorensemble of particles, a narrow size
distribution is strictly needed. Because the optieaponse depends on the volume of
the particles (see equation 2.4.21), the optigaiaicould be dominated by the largest
particles even if the size distribution is centeiredhe small particles. One example is
illustrated in figure 3.16 where the size distribatis centered at particles of ~50 atoms
but due to the extended tail of the size distrdoutiowards large particles, the optical
density (proportional to the volume of the parsglées centered to particles of ~75

atoms.
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Figure 3.16: Time-of-flight mass spectrum of silver clustersosen distribution is
centered around 50 atoms#dL.2 nm). The optical density associated with edkter
size was also calculated. For large sizes, the esmsse no longer resolved and the
signal corresponds to amplified noise. Taken fragh [R7].

In order to crop the tail of the size distributiamd get a narrow distribution, a
guadrupolar mass spectrometer (QMS) was used tovesmall and large cluster ions
from the beam prior to deposition, see figure 3.Ife position and width of the
transmission window can be tuned via the paramefdise QMS.
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Figure 3.17: The black curve represents an unfiltered mass gpectThe red curve
represents the distribution filtered by the QMSkérafrom Refl87].
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In samples prepared for optical characterizatiohjgh optical density of particles is
nedded in order to get a reasonable level of signd| at the same time, the particles
must be well separated to avoid signal coming ftbhencoupling fo particles. To obtain
these conditions, the samples for optical charaetiéon were prepared with thickness
of ~ lum and concentrations of <1 at.%. On the other hahd, STEM-EELS
characterization requires thin samples and for thigracterization the samples were
prepared with thickness of 30-100 nm. The tablesBrhmarizes the samples prepared
in this thesis

Cluster samples for STEM-EELS | Cluster samples for optical
characterization characterization
Source Energy Cluster Beam Deposition Magnetron sputtering
(LECBD) or magnetron sputtering
Silica 30-100 nm Jum
thickness
Narrow Not necessary Yes
size (by the QMS)
distribution
Particle Low Low
Concentration
Soft-landing Yes Yes
Substrate Carbon (3 nm thickness) fused silica

Table 3.1:Samples prepared for STEM-EELS and optical chareeton.

After the preparation, the samples were taken duthe preparation chamber and
characterized by optical experiments or stored uadgon atmosphere and sent to us
for EELS characterization. The time between preaparaand optical characterization is
of several minutes and between preparation and SEEMS characterization is of
several hours.

3.5.Conclusion

In this chapter the optical absorption charactéiona the electron energy loss
spectroscopy (EELS) technique and the sample ptparof silver clusters were
described. The STEM-EELS system was detailed franex@perimental point of view.
The data analysis of raw EELS data was presenteavisy that deconvolution
techniques can be a very efficient tool to resglhlasmon peaks in large nanostructures.
All the data processing described in this chapser lee used for most of the plasmonic
studies with a STEM-EELS system in particles oéw hundred nanometers. However,
in very small nanoparticles the plasmon signals wesak and a more in-depth
optimization of the STEM-EELS system must be comi®d. This will be described in
the next chapter.
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Chapter 4:
Optimization of EELS data acquisition

4.1.Introduction

In the previous chapter it was shown that low ep@tgsmons, close to the ZLP, can be
superimposed on the ZLP tail. These plasmon peak®e resolved by the reduction of
the ZLP width (improvement of the energy resolutidn very small nanopatrticles the
plasmon signals are weaker than in large nanocbgaad, therefore, the ZLP width is
not the only parameter to be considered. The dynaamge, the signal-to-background
and signal-to-noise ratios play also a crucial ialeghe observation of weak plasmon
signals. The dynamic range (ability to detect atsame time the more intense and the
weakest signals) is extremely important to acqtheeZLP and a weak plasmon signal
in the same spectrum, see figure 4.1. On the dited, the improvement of the signal-
to-noise ratio cannot be done by acquiring datanguong time due to electron dose
effects. It is evidenced that in very small paescthe electron dose can reduce the size
of the particles or even destroy them. This dowolestraint of detecting weak signals
with low electron doses requires bringing the EEleSection to high optimization.

In this chapter | will present the optimizationtbe EEL spectrometer setting and the
CCD acquisition parameters in order to improve é¢nergy resolution, the dynamic
range and the signal-to-background and signal-tsenaatios. The EELS-CCD
detection system will be explained in more detaild the sources of noise and the way
to overcome them are also presented. The electwse dffects and the strategies to
reduce them will be discussed. Additionally, theLBEdata analysis methods to study
weak plasmon peaks will be described.

The optimization of the EELS experiment and datalysis enabled the detection of
plasmon signals in silver particles as small asnin7in diameter without electron dose
damage. This has been one of my main contributiotisgs thesis.
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Figure 4.1: The two types of samples studied in this thedisniaum nanotriangles
and silver particles. (a) Image showing an Al naiaoigle and an Ag particle with the
same scale bar for comparison. (b) Zoom on thesitanoparticle. (c) Comparison of
the EELS plasmon signal extracted from both samplee and red boxes in the image)
where a clear difference of the plasmon intensitiegvidenced. The weak plasmon
signal in the silver particle has required a higptioization in order to be detected.
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4.2.EELS-CCD camera

The EEL spectrometer disperses the transmittedrefecin one direction according to
their energy loss. Usually in EELS experiments eDGf2mera is used as a detector in
which the horizontal direction is the dispersivésaand the vertical direction is the non-
dispersive axis. The transmitted electrons canmotdipectly acquired by the CCD
sensor and a scintillator has to be employed irrotd convert the incident electrons
into photons (see figure 4.2a). These photons artoy the CCD sensor and are
converted into electrons. In each pixel of the CE€nera the number of electrons
produced is proportional to the number of photdra airrives. Each pixel can hold a
maximum number of electrons. The charge in a pigetead-out by changing the
electrical bias of an adjacent pixel so the chdrgeels out the sensor (figure 4.2b).
Then an analog to digital (A/D) electronic measuhesvoltage created by the packet of
electrons and turns this into a digital number @at then be digitally transmitted to
and saved by a computer. In the read-out processigimal can be amplified by a gain
factor (g). Furthermore, in this read-out process a readoise is added.

The EEL spectrometer of the UltraSTEM200 works veit6CD camera (ProEM+:1600
EMCCD from Princeton Instrument) which has 1600etsxalong the dispersive axis
and 200 pixels along the non-dispersive axis. OGP camera is a 16-bit A/D system.
It means that it can display®=65 535 ADU (analog to digital unit) in any givpixel.
The scintillator is an Yttrium Aluminum Garnet (YAGThe optical coupling between
the CCD sensor and the scintillator is a homemaadieal lenses system. This system
significantly reduces the sources of signal vasiaiwith respect to traditional optical
coupling using optical fibers. The homemade optieabes system was developed by
Marcel Tenceé in the Laboratoire de Physique desl&oin Orsay.

e
a) b) cco photon to electron
Y Scintillator conversion
By . . .
T charge
—— Light transfer: | to voltage
coupling mechanism | conversion

g ceo |y - /
 iios nmi@o
| W Read-out noise
Figure 4.2: (a) Scheme of the scintillator-CCD sensor. (bydgttation of a CCD
camera as used for EELS experiments in this thébis.electron charge travels out the
sensor by changing the electrical bias of an adpqgaxel. At the end the charge is

converted into an electronic number. A read-outsaois added to the signal in this
process (read-out noise). The images were adapvedtttp://www.gatan.com

Another important parameter of the CCD cameraesaiiiantum efficiency (QE) which
corresponds to the quantity of photons convertdd glectrons. It is an intrinsic
property of the CCD and it depends on the wavelergt incident photonsFor
simplicity we will consider it constant and equalunity (QE=1) which is close to the
reality (see figure 4.3).
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Figure 4.3: Quantum efficiency (QE) of the ProEM+:1600 EMCCisdd in the
UltraSTEM200) measured at 25 °C (green dashed.lifle¢ QE is close to unity at 550
nm. Data taken fromhttps://www.princetoninstruments.cornfhe scintillator (YAG)
used in the UltraSTEM200 EEL spectrometer emitst leg 550 nm which ensures the
maximum QE of the CCD camera.

A CCD camera can be affected by different souré¢emise:

Shot noise: the shot noise is a fundamental prgpartthe stochastic nature of the
electron gun emission, as well as the quantum eatd@irlight and arises from the
resulting statistical fluctuations in the numberpbibtons emitted from the scintillator.
This is an unavoidable source of noise which caddseribed by a Poisson statistic. If
S is the signal, then the shoot noise is

Ns = gVs (4.2.1)
Let’s note that the amount of signal is a funcidithe acquisition timet].
Dark current and its noise: The dark curreBC] is created by electrons generated
thermally in the silicon substrate of the CCD camndihe dark current noise is given by

the square root of the dark current signal. Sired @dharges also go through the gain
process the dark current noise is

Npc = gVDC (4.2.2)

The dark current is also a function of the acguisitime and it decreases drastically at
low temperatures.

Read-out noise: This is the intrinsic noise of #lectronic of the CCD camera
associated to the transformation of charge cariigcs voltage. The read-out noise is
noted as the square root of the readout backgr@und
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Gain variation: As the amplified signalg$ and from one pixel to another the gain can
be different, we have to consider the gain vamatio

Ng var = $(89) (4.2.4)

The total noise can be written as

N, = JNSZ + Npc? + N2 + Ny (4.2.5)

Ny =/ g%S + g?Np¢ + R + $2(8g)? (4.2.6)
Then the signal to noise ratio (SNR) can be written

S S
SNRzg— g

Ne /925 + g2Npc + R + S2(89)?

(4.2.7)

At low temperatures the dark current can be negte@the CCD camera is cooled in the
EELS experiments performed in this thesis and #r& durrent is negligible)

S
SNR = g (4.2.8)
\/gZS + R+ 5%2(59)?

Due to the fact that the CCD-scintillator opticaupling in the UltraSTEM200 is

performed through optical lenses, the CCD sensaroisin direct contact with any

element and it can be cooled at lower temperattitas the case of attached CCD-
scintillator by optical fiber. In this way we reduthe dark current in a more significant
way.

From equation 4.2.8 we can deduce that:

*At low dose (low signal) the SNR is limited by thead-out noise. In this case the
increase of gain could help to increase the SNR.

*At high dose (high signal) the SNR is limited byetnoises proportional to the signal
like gain variation. It is an important observatgince it shows that it is not possible to
acquire data forever to increase the SNR.

In order to increase the signal-to-noise ratio enlper of pixels in the non-dispersive
axis can be combined (binning) creating a ‘big pixdnich is then read and digitized.

In this way the read-out noise is added once fetily pixel instead of a read-out noise
for each individual pixel. With binning equatior28 becomes

MgS
SNR = (4.2.9)
JMg2S + R + MS2(8g)?

WhereM is the number of binned pixels. A binning of 208ets in the non-dispersive
axis was used in this thesis for EELS experiments.
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4.3.EEL spectrometer optimization

At the beginning of my thesis, there were two miasues with the electron gun that
affected the optimization of the compromise betweeergy resolution and current. The
first was related to electronics noise in the etettgun tank, which was diagnosed,
motivated this thesis experimental challenges, meonths before my thesis start and
fixed by the manufacturer by changing the elecgon driving electronics. The second
issue related to the optimization of the electran gptics, meaning an optimization of
the focal length of the gun lens 0O in figure 3.4jeh suffers from chromatic aberrations.
With these changes we obtained high electron beanerds (necessary for plasmonic
experiments in small particles) and at the same angood energy resolution. We note
that before these changes, the energy resolutddfH{# of the ZLP) was on the order
of 400 meV and no plasmon signal could be deterntesliver nanoparticles smaller
than 5 nm. After the changes we obtained ZLP FWEIBDO meV with high electron
beam currents (~ 60 pA), see figure 4.4. The erpanis for the focal optimization
were performed by K. March and M. Kociak in the dedtoire de Physique des Solides
in Orsay.

400 U R | R LR s
r 60 keV incident electron energy ]
380+ 1-3 ms acquisition time -
r O FL=3mm 1
B O FL=2.9mm ]
360 - O FL=26mm ]
s X O FL=2.1mm ]
e 340 a O FL=2mm .
- L O FL=1.8 mm
o F =
ﬁ' 320 . FL=1.5 mm .
‘.5 r o o] O (m] ]
§ 300 .
r C o o i
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Figure 4.4: Full width at half maximum of the ZLP as a functmf the electron beam
current for different focal length. For FL=2.9 mmet ZLP FWHM was lower than 300
meV with high beam currents (~ 60 pA). The experimeas done without sample (in
vacuum). “FL” is the focal length of the gun lens.

4.3.1.Aberrations

The full width at half maximum of the ZLP (energgsolution) strongly depends on the
aberrations of the EEL spectrometer. In the LowsLi@gion, the ZLP appears as a very
intense spot (see figure 4.5) in the two dimengi@@D camera. The ZLP spot must be
as sharp as possible along the disperse axis &xaxihe CCD) in order to get the
lowest ZLP width. However, this spot can suffernfraberrations which deform the
ZLP spot into different symmetries. Figure 4.5 shaWwe lower order aberrations that
affect the ZLP spot symmetry. To correct these raltiens, combined quadrupoles
(FocusX, FocusY, Q1, Q2, Q3, Q4) and sextupoles (X lenses are used.
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Figure 4.5: (Upper panel) Lower order aberrations that afféee ZLP spot symmetry
and the quadrupole-sextupoles lenses needed taeatothem. (Bottom panel) EEL
spectra coming from a binning of 200 pixels in tow-dispersive axis (y axis) of the
CCD camera in upper panel. The signals were takercarbon substrate at similar
electron beam currents and acquisition times.

After the correction of the aberrations by the qupdles/sextupoles lenses, the ZLP
achieves the lowest width (figure 4.6). To decreagen more the ZLP width, EELS
apertures are used, see section 3.3.3. This enhiglesduction of the collection angles
and, therefore, to avoid the electrons trajectahas contribute more to the aberrations.
In the UltraSTEM200 microscope with EELS apertuné® and 1 mm, the collection
semi-angle ) is reduced from 30 mrad to around 17 mrad, raspmdyg. Figure 4.6
shows the change of the ZLP spot with EELS apestaf@ and 1 mm. The intensity of
the ZLP is reduced with the 1 mm aperture due ® riduction of the number of
electrons impinging on the CCD camera.

2 mm EELS aperture 1 mm EELS aperture

FWHM=0.282 eV

10+ + -
&l 1 FWHM=0.27 eV |
0 1 | | | | | 1 1 | L 1 1

2 -1 0 1 2 3 42 41 0 1 2 3 4
Energy Loss (eV) Energy Loss (eV)

Figure 4.6: (Upper panel) ZLP spots with EELS apertures oh@ & mm, respectively.
(Bottom panel) EEL spectra obtained after binniid@00 pixels in the non-dispersive
axis (y axis) of the CCD camera in upper panel.
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The ratio of area under the curves of figure 4rédalefined agrea = Intensity,, 4, *
FWHM) is ~ 3.3, which means that there is ~ 3 times &ectrons impinging on the
CCD camera with the 1 mm EELS aperture.

The EEL spectra of figure 4.6 are normalized by Zh® maximum and compared in
figure 4.7. As observed the ZLP width is reducethwule smallest EELS aperture.
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Figure 4.7 Comparison of the ZLP with EELS apertures of 2 anohm. The ZLP
FWHM decreases from 0.282 eV to 0.27 eV when gadgsom 2 to 1 mm EELS
aperture, respectively.

The asymmetric form of the ZLP is characteristiadield emission source where the
energy profile is described by the Fowler-Nordhéi#¥N) Distribution [102].

4.3.2.Energy dispersion and beam current

As discussed previously, the ZLP tail is cruciatdese it can mask weak plasmon
peaks. The energy dispersion (energy per pixehén@CD dispersive axis) can affect
the extent of the ZLP tail and the ZLP FWHM as wegorted in literatur¢l03]. The
smaller the ZLP FWHM, the easier it is to distirgjuilow loss signals (plasmons,
phonons, excitons, interband transitions). Howetee, ZLP FWHM is not the only
parameter to be considered since the low loss lstgimabe very weak and might be lost
on the ZLP tail background. A good figure of mest the Kimoto limit, which
corresponds to the Full width at 1/1000 max [10H.figure 4.8 it is observed that the
lowest ZLP FWHM and the lowest ZLP tail intensitpyching the Kimoto limit) are
found at the lowest energy dispersion (0.011 e\&pixT hrough this thesis we used this
energy dispersion.

The increase of beam current promotes the appearmainthe Boersch effectvhich

corresponds to a broadening of the distributionaxial velocities due to statistical
Coulomb interactions between the electron beamcpestThis spreads the energy of
the electrons and it is reflected in an increasth®ZLP width. As figure 4.9 shows, the
lowest ZLP FWHM is found at lowest beam currentewdver, in practice it is not
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convenient to work at very low beam currents beeabhe low signal on the EELS
detector. We used a current beam between 40 top®A4ih which there is a good
compromise between energy resolution and an adaepvel of signal on the EELS

detector.
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Figure 4.8: Width and tail intensity of the ZLP taken on cartsubstrate for different
energy dispersions. The lowest ZLP FWHM and ZLBn#nsity were obtained at the
lowest energy dispersions. The ZLP FWHM was 0.43e1 eV, 0.29 eV and 0.27 eV
for energy dispersions of 0.054eV/pixel, 0.031 =¢Ip 0.019 eV/pixel and 0.011
eV/pixel respectively. At low energy dispersionititensity of the ZLP tail is close to
the Kimoto limit at energies 2eV and down to T0at energies> 7 eV.
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Figure 4.9: Decrease of the ZLP width with the decrease aftela beam currents.
The best resolution is obtained at low electronmeaurrents. The ZLP FWHM was
0.29 eV, 0.27 eV, 0.27 eV and 0.26 eV for beanentsrof 279 pA, 129 pA, 58 pA and
22 pA respectively. The spectra were taken on casudstrate. For the lowest beam
currents, the ZLP tail is close to the Kimoto limitenergies> 2eV and down to 1{at
energies> 7 eV.
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The reason why we do not have ZLP tails below ZDP maximum at low energies (1-

4 eV) is most probably due to the carbon substfidie.carbon presents a peak shoulder
at ~ 6 eV. In appendix E, EEL spectra acquiredfiernt substrates and in vacuum are
presented. We found that the ZLP tail goes down ZIOP maximum in silicon nitride
substrate at energies2eV. However, in SN, substrates it was easier to create damage
by the electron beam irradiation. This caused #r¢igles to move a lot and promoted
mechanical instability. On the other hand, the carbubstrate presented better stability
under the electron beam irradiation. Additionathe thickness of the carbon substrate
is only 3 nm, which allows getting more signal e EELS detection system. For these
reasons we decided to use carbon substrates.

4.3.3.Dynamic range

One of the difficulties of EELS experiments in slb-nm silver particles is the
measurement of weak plasmon signals on top of tietdil which, at the energy of the
plasmon resonance, is of similar intensity {1 the ZLP maximum), see figure 4.10.
Dynamic range can be defined as the ratio betweemitaximum output signal level
and the noise floor. Dynamic range represents B Camera’s ability to display the
more intense and weakest signals.

In EELS experiments on small silver nanoparticl€3GD camera with a large dynamic
range was used in order to measure the intense (fkeBessary for the energy
calibration of the spectrum as will be describedh@ next section) and weak plasmon
peaks in the same spectrum. A strategy for inangagie dynamic range is to take
advantage of the maximum of counts available (AMdts) in a given pixel. It is
achieved by adjusting the acquisition time in ordgput the ZLP maximum close to the
saturation [(l60 000 counts).

1 —ZLP maximum

0.1

=== EELS signal 3 nm particle
== EELS signal substrate

0.01

Plasmon peak

0.001

Normalized EELS intensity (arb. units)

0 2 4 6 8

Energy Loss (eV)
Figure 4.10: EEL signal from the surface of a 3 nm silver naartiple compared to the
EEL signal from only the carbon substrate (covebgdsilica). Note the logarithmic
scale for the EELS intensity. In the spectral regob interest, the ZLP tail intensity is of
the order of 16 with respect to the ZLP maximum.
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4.4.Calibration of the EEL spectrum

In order to detect any shift in the plasmon resceasf nanopatrticles it is important to
verify the calibration of the EEL spectra. Usudle energy calibration can be done if
there are at least two peaks of known energies. edewy in Low-Loss EELS
experiments it is not always the case. Most oftilme, the only peak we know very
well is the ZLP.

In order to verify the calibration, a voltage isphed to a drift tube (see scheme of
figure 3.6b) which shifts the EEL spectrum in thspersive axis of the CCD camera.
The shift of the EEL spectrum is measured by th® zhift and compared with the
applied drift tube voltage. For example, with &tdribe voltage of 2 V, the ZLP should
shift around 2 eV. If this is not the case the Epectra must be recalibrated.

ZLP after applying

- ZLP 2 V in the drift tube
140 § .
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Figure 4.11: A drift tube voltage is applied which shifts thePZon the dispersive axis
of the CCD camera. The ZLP shift is measured amapawed with the drift tube voltage.

Table 4.1 shows the comparison between appliet tdbe voltages and the ZLP shift
measured in different days. A relative error isneated at 1 %.

Date Drift tube voltage ZLP shift measured
09/08/2016 2V 2.005 eV
23/01/2017 2V 2.027 eV
16/03/2017 2V 2.005 eV

14V 14.144 eV
10/02/2017 2V 1.971 eV
11/02/2017 2V 2.038 eV
14/02/2017 2V 2.027 eV

Table 4.1: Drift tube voltages and the corresponding ZLP tshikasured in the EEL
spectrum in different days. The energy dispersi@s wet to 0.011 eV/pixel in all
measurements.
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4.5.1mproving signal-to-noise ratio (combining pixels n the spectrum-
image)

As discussed in section 4.2, the binning of the G&Ehe non-dispersive axis helps to
increase the signal to noise ratio. However, itasenough to bring out a weak plasmon
signal. In order to evidence a weak surface plaspeak and increase the signal to
noise ratio it is necessary to sum numerous speécti@a spectrum-image for beam
positions close to the nanoparticle surface as shiowfigure 4.12. In this figure the
signal increases by three orders of magnitude, mgathie signal-to-noise ratio much
larger than 30.

With the sum ofn pixels in a spectrum-image equation 4.2.9 can figew as

mMgS
SNR = (4.5.1)
JmMg2S + mR + mMS2(85g)>

For example, with a 16 bit CCD camera, the ZLPLlisgose to the saturation'f260
000). Considering a weak plasmon peak of ZOQP (6 counts), a read-out background

of 020 counts, a gain of 1, binning of 1 and ignorihg gain variation for simplicity
we obtain

mS
SNR ~ —— 452
VvmS + mR ( )

Form=1

6

SNR ~ = ~1
VvS+R 6+20

It is impossible to detect this signal. Howevemsuing 900 pixels we obtain

mS 900 * 6

SNR =~ = ~ 35
VvmS+mR /900 * 6 + 900 * 20

In this case the SNR is larger than 30 and the paalbe easily observed.
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Figure 4.12: (a) Silver nanopatrticle of 2.7 nm diameter embedabesilica matrix. (b)
Comparison of spectra extracted from one pixel @pdctrum extracted from the red
box in a) and the spectrum resulting from the s@ith® spectra contained in numerous
pixels (blue spectrum extracted from the pixelsvbenh the blue circles in a). The
plasmon peak is observed only after summation (90€ls were summed around the
particle). (c) Fit of the plasmon peak. The subti@n of the plasmon peak with the fit
gives the noise. (d) Signal-to-noise ratio (SNRgakulated as the maximum of the
plasmon peak divided by the noise in the spectiafje 3-4 eV. We observe an increase
of SNR with the increase of number of pixels.

4.6.Role of the impact parameter

One interesting parameter explored in this thesthe electron impact parametgr In

real experiments, one tries to locate the eleqgtrobe as close as possible to the surface
of the nanoparticlesxf — R), see section 2.4.3. At small impact parametets law
energies (which is the case of small silver nartopgas embedded in silica matrix) we
found that the dipolar mode in the EELS probabibktyroportional to the extinction (or
absorption) cross-section (equation 2.4.46)

Ooxt a1

[-1(w) x e wRE R— (4.6.1)

Im[(e - gm)/(g + ng)]

m

Because the optical extinction (or absorption) stesction scales &, the EELS
probability depends linearly on the radius (seerig4.13a). This is an important result
that proves the feasibility to study small nanopbes in EELS experiments without
losing too much signal. In figure 4.13b and c, tladculated absorption cross-section
(calculated from equation 2.4.21) and the EELS abdlty (calculated from equation
2.4.44 atc, = R) are plotted for different silver nanoparticleamieters embedded in
silica matrix. The experimental EELS results (figdr13d) are also plotted for different
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silver nanopatrticles in silica, with similar elemtrdoses, taken in a region around the
nanoparticles surface (see inset of figure 4.13.it is observed for a 2 nm
nanoparticle, the absorption cross-section is wegak with respect to a 10 nm
nanoparticle. This is the reason why it is diffictd do optical experiments on a very
small individual particle. On the other hand, tHelLS probability of a 2 nm particle has
a level of signal only 5 times smaller than a 10 panticle. It means that in EELS
experiments in particles as small as 2 nm thene isuch drastic signal loss with respect
to a 10 nm nanoparticle. The later was confirmegaeexnentally in figure 4.13d which
proves the feasibility to do EELS experiments imnpy@nall silver clusters. Figure 4.13d
also shows a LSP blue shift with the decrease dicpasize that will be explained later
in the frame of a classical/quantal calculatiochapter 5.
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Figure 4.13: (a) Calculated EELS probability intensity at thgpalar surface plasmon
resonance as a function of silver particle diamdtem equation 2.4.44. (b) Calculated
absorption cross-section spectra for silver nandigdes of different diameters
calculated from equation 2.4.21. (c) Calculated Edplectra for silver nanoparticles of
different diameters (from equation 2.4.44) and textiatx, = R. In a, b and c, the
relative permittivity of the silica surrounding menh is assumed constant,(= 2.16)
and the relative permittivity of silver is modeliedm the Lorentz-Drude model of Ref.
[53]. (d) Experimental EELS results for nanoparticléslifferent diameters and similar
electron doses.
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4.7.Electron dose effects
4.7.1.Afterglows

An afterglow is created when the EEL spectrum mareshe CCD camera and due to
the high intensity of the ZLP, the scintillator-CCGiystem continues to detect signal
where the ZLP was before moving (see figure 4. The reason why the scintillator-

CCD system continues to detect signal is not walleustood. The decrease of the
intensity of an afterglow does not follow a lindaghavior with time and it remains

during long time. The best way to avoid an aftengis to place the ZLP at zero energy
position at the beginning of the experiment and asghw verify that the voltage

instabilities do not shift it. An afterglow can ate confusion if it is close to a real
signal.

rr|rrrrrrrrrrrrrrrrrrrrrrrrr

ZLP shift

plasmon peak

EELS intensity (arb. units)

; i | ZLP e}fterflovy plas:mon p?ak

0 40 80 120 160 200 240 280
CCD dispersive channels

Figure 4.14: ZLP shifted intentionally to the left, out of t6€D camera. Before shift
(blue spectrum) a small plasmon peak is observéi@ér £e shift (red spectrum), the
ZLP is out of the CCD camera and it enables theease of the acquisition time
without saturation of the CCD camera and the plasmsmnal becomes more visible.
However, we can observe an afterglow in the pasiubere the ZLP was before shift,
which could be misunderstood.

4.7.2.Electron dose damage

The energy of the electron beam can induce damaigebe small particles and their
environment. Special care has to be taken intoustda order to avoid size reduction
of the particles. For particles larger than 5 ne ¢kectron beam damage is not evident
during long exposition times. However, in sub-5 particles the reduction of size
appears faster. Figure 4.15 shows the reductiaizefof a sub-5nm silver nanoparticle
submitted to long expositions to the electron beam.
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Long exposition time (~ 1 hour)

Figure 4.15: Size reduction of a silver nanoparticle exposedndu~1 hour to the
electron beam scanning.

With low electron doses it is possible to avoid #iee reduction of particles as it is
shown in figure 4.16. The electron dose is the beanrent multiplied by the
acquisition time and divided by the area of thecteten probe (more details in section
4.8).

Low electron dose (0.9 10electrons/A)

o

Figure 4.16: Avoiding size reduction of a silver particle expdsat low electron dose
(0.9 10 electrons/A). The size of the particle remains the same big jpossible a
particle rotation under the electron beam. We rtbt at this low dose it was possible
to detect plasmon signals as will be presenteti@résults of chapter 5.

As already mentioned, the EEL signal coming fromaknmanoparticles is weak

compared to larger nanoobjects (>50 nm). The caimstof using small doses in small
nanoparticles makes the difference in signal intexsseven more remarkable (see
figure 4.17). However, with the large dynamic ramgfethe CCD camera and the
optimization of the EEL spectrometer and paramatguisition, weak plasmon signals
were detected at low electron dose without sizeagoin.
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Figure 4.17: EEL signal of a sub-5 nm silver nanoparticle atvl@lectron dose
compared to the EEL signal coming from an alumimanotriangle of 600 nm side
length. Both particles are deposited ogNgisubstrates. It is clear the difference in the
plasmon signal intensities of both nanopatrticles.

4.7.3.Contamination

Another problem that can be present in STEM-EELSasueements is the
contamination, which is the polymerization of hycldbon molecules on the surface of
the sample induced by the incoming electron. Thilymer has low surface mobility
and a low vapor pressure [105]. Because the conttian increases the thickness of
the sample it appears directly in HAADF images aghée spot (see figure 4.18a) and
in the EEL spectra it appears as a peak at ~ 6 gV avvery high intensity (figure
4.18b). The intensity of the contamination peakeases with the increase of electron
dose and the plasmon peaks can be hidden. Theesoofccontaminations in our
experiments are not so clear but could be relatedtple preparation or to the transfer
thought air to the storage boxes or even the nioms itself.

To avoid contamination problems we baked the sasnpleracuum at]1100 °C before
introducing them into the microscope. The heat @@ the desorption of
hydrocarbons from the sample surface. If the comtation appeared during
experiments, we changed of region on the sampleverapplied an electron beam
shower during few minutes. The beam shower consistgposing a large sample area
with the electron beam. With this process the swarfdaydrocarbons are fixed
(polymerized) in a large area and prevent the slifin towards a focus probe [105].
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Figure 4.18: (a) HAADF image showing a big white spot of contetion around a
silver nanoparticle after spectra acquisition. (BEL spectra from the surface of a
silver nanoparticle showing a peak at around 6 ehattis attributed to the
contamination. This peak increases with the inceeaselectron dose and the surface
plasmon peaks can be hidden.

4.8. Stack of spectrum-images

In order to monitor the impact of the electrondiiedion in small particles, another data
acquisition strategy was used. Instead of takingingle spectrum-image, a stack of
spectrum-images (each spectrum-image with a lowbeurof pixels ~50x50) was taken
(typically 10 or 5 spectrum-images per stack werguaed). In that way the electron
beam scans very fast on the sample several tintggetfier with the spectrum-images,
their associated HAADF images are also acquire@ (sgure 4.19a). The stack
acquisition allows studying the evolution of thetpde morphology and the plasmon
signal (see figure 4.19b) with the electron dose.

The electron dose for each spectrum-image is diéfse

edose = It/A (4.8.1)

Wherel is the beam current,is the acquisition time per pixel adds the area of the

electron probe. For EELS experiments in silver mpamtcles, the acquisition times
were between 1-3 ms, the electron probe has ~102 diameter (typical value of the

UltraStem200 microscope working at 60 kV) and tharh current between 40-140 pA.
Additionally, before and after a stack acquisitianhigh resolution HAADF image is

taken in order to observe (with a better spatiablion) any change on the particle
morphology and environment.
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Figure 4.19: Scheme of an acquisition of a stack of spectruagés. (a) The spectrum-
images with their associated HAADF images are aeqlli(b) From each spectrum-
image the surface plasmon signal is extracted.

4.9.Deconvolution of weak signals

Richardson-Lucy (RL) deconvolution algorithm (preteel in section 3.3.5) has been
widely used to extract plasmon signals in the Loawlregion in large nanoobjects [10],
[98]. Despite the extended use of RL deconvolutionEELS plasmonic studies,
deconvolution techniques have not been widely arplon very weak and noisy
plasmon signals. Bellido et al. [98] studied thgaut of the deconvolution in simulated
plasmon signals with intensities of 4@LP maximum. However, this intensity is high
with respect to the signals detected in very spatticles (~1G ZLP and 1¢ ZLP). In
this section we test the performance of the Ricmrelucy deconvolution (using the
free software Hyperspy [96]) in simulated signalghwintensities below 16 ZLP
maximum.

In order to create simulated data, an experimdeidl spectrum (energy dispersion of
0.011 eV/pixel and ZLP FWHM of 0.27 eV) taken ircarbon substrate (covered by
silica matrix) was normalized by the ZLP maximumdadiitted with 11 Gaussians
between -1.5 and 7 eV (see figure 4.20a).
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Figure 4.20: (a) Experimental EEL spectrum taken in a carbobssiate (covered by
silica) normalized by the ZLP maximum and fittethwlil Gaussians between -1.5 to 7
eV. (b) Logarithmic scale of the EEL spectrum takanthe substrate and the fitting
curve. The ZLP tail intensity is close to 2IDLP maximum at 2eV.

As observed in figure 4.20b the fitting works vergll. With the fitted EEL spectrum, a
spectrum-image of 50x50 pixels was reconstructeze (Bgure 4.21a). Each pixel
contains the fitted EEL spectrum (each spectruragmts the same experimental energy
dispersion = 0.011 eV/pixel). Additionally, a palt is simulated in the center of the
spectrum-image (10x10 pixels) adding up three paalis 3 and 5 eV. Each peak has a
FWHM of 0.6 eV. The intensity of these peaks idaain this study.

Finally, each pixel of the spectrum-image is miuikigh by 60 000 (maximum number of
counts in a pixel in the CCD camera) and a Poissonoise is added.
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Energy Loss (eV)
Figure 4.21:(a) Spectrum-image reconstructed (50x50 pixel#) wisimulated particle
at the center (10x10 pixels) which has three pedlds 3 and 5 eV and same FWHM of
0.6 eV and intensity of TOZLP. (b) Spectrum of an individual pixel of thatjzde in
which the peaks are not so clear. (c) Spectrum grirom the sum of all the pixels of
the particle in which the SNR increase and the pedk3 and 5 eV are visible but the
peak at 1 eV is hidden by the ZLP tail.

1



In order to carry out the RL deconvolution on awdeted spectrum-image, a spectrum
coming from the sum of pixels on the region outgdltke particle is used as point spread
function (PSF). In figure 4.22, EEL spectra comiram the sum of all the pixels of the

simulated particle is presented after different hamof iterations on the simulated

spectrum-image. The intensity of the simulated pewés varied from I0ZLP to 5 10

>ZLP
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Figure 4.22: EEL spectra coming from the sum of pixels of aukited particle with
three peaks at 1, 3 and 5 eV after applying a Rtodeolution with 1, 5, 10, 30 and 50
iterations on the simulated spectrum-image. Thenisity of the peaks was (a)4@LP.

(b) 10° ZLP. (c) 10* ZLP and (d) 5 18 ZLP. The deconvolution can resolve the peak at
1 eV if the peak intensity is >f0ZLP. On the other hand, the effect of the
deconvolution on the peaks at 3 and 5 eV is naoiifsignt.

As observed in figure 4.22, the peak at 1 eV cameBelved after deconvolution if its

intensity is>10° ZLP. This is the case of large nanoparticles whieeeplasmon peaks

are intense (as the case of aluminum nanotriamgless thesis). On the other hand, the
peaks at 3 and 5 eV does not take much advantagieeofleconvolution. The only

advantage for these peaks is a reduction of noide the increase of the number of
iterations, which is due to the fact that the Rlcatevolution is based in a Poisson
statistic, but at the expense of apparitions dafeaitts that can be misinterpreted.

For all these reasons in the EELS experiments aillssitver nanoparticles, where the
plasmons have intensities of <lALP and 10 ZLP at energies > 2eV, we decided not
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to apply the RL deconvolution. Instead, we perfainaefitting method to extract the
energy position and subtract the ZLP backgrounds T$hdescribed in the following
section.

4.10.Fitting noise data and background subtraction

In order to extract the background in a Low-Losd ERectrum, different methods exist.
Deconvolution [10], [92] and reflected tail [95]cteniques have been widely used to
remove the Low Loss background. However, the radbbctail technique needs
symmetric ZLP and deconvolution can add artifastsnentioned in previous section.
Another methods of fitting have been used suchhasspline fit [106] giving good
results.

In this section a fitting method is presented thas used to extract the energy position
and subtract the ZLP background on the EEL specwtismall silver nanoparticles.
This method is illustrated in figure 4.23 and ipexformed as follow:

An EEL spectrum taken on the substrate (coveredilma) is normalized by the ZLP
maximum and fitted with 4 Gaussians between 1 ®V7(figure 4.23a). The fitting
parameters are used to model the ZLP backgrouradrmrmalized EEL surface signal
of a nanoparticle (figure 4.23b). The modeled ZlaeKyround is then subtracted on the
EEL surface signal (figure 4.23c). Finally, thefage plasmon peak is fitted with a
Gaussian with the least square fitting method ubipgerspy [96] (figure 4.23d).
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Figure 4.23: Procedure to extract the energy position and FWbelMy weak plasmon
peak from a 3 nm silver particle. (a) An EEL spewtrtaken on the substrate (covered
by silica) is normalized by the ZLP and fitted witisaussians in the range 1 - 7 eV. (b)
The fitting parameters are used to model the ZLEkbpeound of a normalized surface
signal of a nanopatrticle. (c) The modeled ZLP backgd is then subtracted on the
surface plasmon signal. (d) A Gaussian fit is aggblwith the least square fitting
method by using Hypersf§6].
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Due to the weak SNR of the plasmon signal in smafioparticles it is necessary to
know the precision of the fit on a noisy peak. hdey to verify the accuracy of a fit,
Gaussian peaks are simulated with the same inyeoisreal data of silver particles. A
Poissonian noise is added to the simulated Gauspiaiks in order to model the noise
of the real data (see figure 4.24a). All the siredaGaussian peaks are generated with
the same energy position of 3.6 eV and same FWHBL®®&V (green curves in figure
4.24a).

Finally, a Gaussian fit is applied on the simula@alissian peaks in order to verify how
well the energy position (3.6 eV) and FWHM (0.6 eMJues are reobtained by the fit
in presence of noise. Figure 4.24b shows the sesiilihe fitting on simulated Gaussian
peaks and shows that the energy positions of thiegfiare close to 3.6 eV with a
relative error of 0.93 %. The smaller the partithes lower the accuracy of the fit. On
the other hand, the FWHM presents a relative eofol0 %. This means that the
estimation of the plasmon energy position has g geod accuracy and it is better than
the estimation of the FWHM. The free software Hypgr [96] was used to do the
fitting in this study.
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Figure 4.24: (a) Simulated Gaussian peaks (green curves) \Wwghsaime intensity and
comparable noise (Poissonian noise) of real datal(data in blue curves) of silver
particles from 7.9 to 1.7 nm diameters. All thedated Gaussian peaks have energy
positions of 3.6 eV and FWHM of 0.6 eV. (b) A Greusét is applied on the simulated
Gaussian peaks in order to verify how good the gyneosition (3.6 eV) and FWHM
(0.6 eV) values are reobtained by the fit in preseof noise.
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4.11.Conclusion

Throughout this chapter the aberrations in the ERectrometer and the sources of
noise on the CCD camera were described. We fougood optimization of the EEL
spectrometer together with a good parameters atiqoisvhich enabled the reduction
of the ZLP width and the increase the dynamic ratige increase of signal-to-noise
ratio and the signal-to-background. It was fourat th particles smaller than 5 nm that
the electron dose can affect drastically the particorphology and special care has to
be taken into account. The effect of the electroredand the way to avoid it were
described. All the optimization procedures appliedEELS experiments for small
particles enabled the detection of plasmon sigmaisarticles as small as 1.7 nm. A
fitting method with several Gaussians was employedrder to remove the ZLP tail
and to extract the plasmon energy positions inyndata with an accuracy of 0.93 %
relative error.
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Chapter 5:
Optical and EELS results in silver clusters

5.1.Introduction

The size-dependent plasmonic resonances in matalfioparticles, smaller than 10 nm,
have been investigated and discussed since sedecaldes. However, the existing
literature is as rich as controversial. The gsiependent spectral shifts of the LSPs in
small metal nanoparticles, induced by quantum &ffemre reported to the red, to the
blue or entirely absent with the decrease of partsize. In the older works, where
optical measurements have been performed on af s@inoparticles, there exists an
inhomogeneous line broadening which makes diffitubbring out the quantum effects.
The observed effect is an average of the contobudf all the particles. In this case a
narrow size distribution of particles is needed.oldler to overcome this problem,
STEM-EELS technique has been used since severalddecto study individual
particles. STEM-EELS technique can correlate thecspl response with size, shape
and environment of the particle. The first attemptthe study of very small individual
nanoparticles were carried out in the early worksBatson et al. [107], [108] in
supported aluminum spheres, which explored thenpdasresonances in isolated and
coupled aluminum spherical nanoparticles in a saege of 10-40 nm in diameter.
Achéche et al. [109] detected surface and volurasmpbn signals in supported Gallium
spherical nanopatrticles (8-80 nanometer diametath wesults out of a classical
description. Ouyang et al. [110] studied supporsdser nanoparticles (4-20 nm)
showing a nonmonotonic behavior of surface plasna@na function of the particle size
and suggested microscopic theories. Years laterpukim et al. [111] proved
theoretically that the results of Ouyang et al. bandeducted from classical theories
assuming hemispherical nanopatrticles. The instramh&mitation in spatial and energy
resolution in STEM-EELS technique at that time ireg@ problems in the accuracy of
the results.

Recently, the size-dependent plasmonic resonansaduained new interest with the
improving of the STEM-EELS technique introducing B¢, monochromators,
aberration correctors and faster electronics tlaattmade possible to study particles
below 10 nm diameters. Recent STHEMLS studies [17], [19] found experimentally a
strong blue shift of the LSP with decreasing simedilver nanoparticles fabricated by
wet chemical methods and deposited onto a subgfsate figure 5.1). These works
presented a contradiction with older optical litara [24]-[27] which was not discussed
at all in Ref. [17]. Furthermore, the -salled quantum plasmon resonances were
interpreted using semiclassical models based omdhe-walled potential well in Ref.
[17] and hydrodynamic description of the electroenglty in Ref. [19]. This
interpretation remains, however, highly controvard?2], as several fundamental
aspects such as electron spilit or the influence of the substrate, were nogénaikto
account.
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Haberland [22] discussed the controversy betwedrSHESsults of Scholl et al. [17] and

older works in optical experiments, see figure 32e blue shift of the supported silver
particles in EELS experiment has a higher slop@e tha case of optical experiments.
However, compare supported clusters with free asdrgre-gas matrix isolated clusters
is not simple. It is possible to compare free aaré4gas matrix isolated clusters if one is
careful, but in supported particles the substratédchave a more complicated influence
than just shifting the peaks by a constant valueotAer problem in the comparison

between experiments is the fact that the particieScholl et al. are fabricated by

chemical method and the influence of residual ligam the surface plasmons is
complex.
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Figure 5.2: Surface plasmon energy of silver nanoparticlea &snction of the inverse
diameter. EELS experiment corresponds to the bdimt&[17], the optical experiments
are presented in red dofg4], blue dotq112], violet dots[113] and classical/quantal
calculations in green lingl114]. The data has been scaled to obtain the resonance
energies in vacuum. The graph was taken fy22h.
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The case of physically prepared, embedded, subriGitver nanoparticles has also
been studied by STEM-EELS technique as presentdgteiwork of Raza et al. [28], see
figure 5.3. In this case a constant value of thgoldr surface plasmon was observed
from 40 down to <10 nm particle diameter (see ®#gbr3a). This constant value agrees
with optical experiments in physical prepared endeeldsilver nanoparticles reporting
absent of energy shift [26], [27]. However, an gbriblue shift (~0.9 eV) of the dipolar
surface plasmon is observed when passing to simaies than 10 nm diameter. This
result is in disagreement with respect to opticatks in embedded particles. Moreover,
as clearly seen on figure 5.3b, this abrupt shifuld not be fitted by the
hydrodynamical theory used by the authors.
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Figure 5.3: Dipolar surface plasmon energy (green dots) andtipalar plasmon
resonances (white dots) as a function of the sizaribedded silver nanoparticles. The
matrix is S§N4. Points are experimental data, and the underlyimgnsity plot is (a)
Classical simulations. (b) Nonlocal simulations.tB#aken from Ref28].

Here, we report how complementary experiments osiphlly prepared, masselected,
small silver nanoparticles embedded in silica cafdyinconsistent results on the same
system: while optical absorption shows no sf#fect in the range between only a few
atoms and ~10 nm, a clear spectral shift is obsgervsingleparticle EEL spectroscopy.
Our quantitative interpretation, based on a mixiedsical/quantal model, resolves the
apparent contradictions, not only within our expental data, but also in the literature.
Our comprehensive model describes how the locat@mwent is the crucial parameter
controlling the manifestation or absence of siZeat$.

5.2.0Optical absorption results of silver nanoparticles

Optical absorption spectroscopy was performed osembles of silicembedded,
physically prepared silver nanoparticles (sampkparation described in section 3.4).
The size of the clusters was extended down totkess1 nm in which the quantum size
effects are expectefB1], [115]. As figure 5.4 shows, the samples digph strong
absorption band (surface plasmon resonance) centate2.95 eV, practically
independent of the cluster size. For clusters bdld@atoms, an additional peak at 3.75
eV is visible which can be attributed to atoms frahuster fragmentation upon
deposition. A comparable signal has been identiisdthe envelope of the atomic
doublet 5s8,— 5pR/; and 558, — 5pR; at 3.665 and 3.780 eV, respectively [116].
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By combining these results with earlier ones [286] (see figure 5.5) we can conclude
that in the whole range between 1 and 5 nm dian{eteresponding to a range from
~20 to ~3600 atoms) no significant shift of the icgdt absorption peak for silica
embedded silver nanoparticles occurs. This absehaize effects is consistent with
earlier results on larger particles in differerdggdy matrices [25], [27], [28], [117] but
in stark contrast with the observed shift>dd.3 eV for gas phase and supported
nanoparticles [17], [19], [22], [24], [113], [114]118], [119].

Optical absorption of Ag_in SiO,

(d)y =2.7nm

(n) = 600

: d=1.5-1.9nm
n = 100-21Q :
. d=1.1-1.5nm

n =40-98 : ' d=0.9-1.2nm

Absorption (arb. units)

n=20-51

n=6-22 E E d =0.5-0.9nm

. .
1 N 1 N 1 N 1 N 1 3 1 N 1 N 1

15 20 25 3.0 35 40 45 50
Energy (eV)

Figure 5.4: Optical absorption spectra for silver nanopartileof varying size
embedded in silica matrix. The blue curve is foroa-massselected ensemble centered
on a diameterd) = 2.7 nm, the other curves are for masdected distributions. The
minimal and maximal number of atoms per particlangmitted through the mass
spectrometer and the corresponding diameters adeated. The broad signal around
2 eV for the smallest size is an artefact due tpenfect correction of FabrpPérot
interferences within the silica matrix. The band2a@5 eV corresponds to the surface
plasmon resonance. The atomic peak at 3.75 eV rullssizes is attributed to
fragmentation upon deposition.
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Figure 5.5: Absorption spectra for different silver clustezes co-deposited with silica
matrix. All samples show comparable plasmonic gson signals at the same energy
position. Graph taken froff26].

5.2.1.Optical absorption results and classical/quantal daulations

In this section classical/quantal calculations @megormed in free and embedded silver
clusters and the calculations are compared with $ikvers clusters from literature and
with embedded silver clusters from literature amd tvork. As described in section 2.5
the classical/quantal model takes into account iymareffects such as the electron spill-
out, the surface layer of ineffective ion-core pialability (d), the non-locality of the
optical response and the local environment arobedarticle by a porosity layed,f)

in the particle/matrix interface.

Figure 5.6 shows the calculation results for freg Alusters, fod = 0 (black squares),
d = 3.5 @ (red squares) and = 1.89 @ (blue squares). For eachvalue the size-
evolution of the LSP maximum follows an average 4¢aling law. Actually, all finite
size- and surface-induced effects, either of quamu of classical nature, are expected
to follow such a generic scaling law ), which reflects the surface to volume ratio
[118], [120]. The three sets of data clearly cogeetowards the classical asymptotic
value 3.41 eV1/R — 0). This value is the classical LSP energy (quastskianit). The
convergence towards this asymptotic value proves dhcuracy of our TDLDA
calculations. For small sizes the large scattén@fesults on both sides of the meaR 1/
scaling law is, on the one hand, due to increasimprtance of the atomic structure at
decreasing size, neglected in our jellium approtiomaand, on the other hand, caused
by the procedure used for setting the LSP maximg@oited out in section 2.5.4. Febr

= 0 a red-shift trend with decreasing size is olgdi This reproduces the red shift
tendency of alkali metals Ref. [57],where the elmttspill-out is not compensated.
Very slight and a noticeable blue-shift trends@tained ford = 1.89 g andd = 3.5 a,
respectively. As it is observed, the calculationthwl = 3.5 @ match very well with
literature of free silver clusters. This value wik used throughout this thesis work.
This value has also been used in previous worKs [28], [79].
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Figure 5.6: Size evolution of the LSP maxima for free sihsters. d is the thickness

1/R (1/nm)

of the inner shell of vanishing d-electron polabitily in bohr (=0.529 A). The

convergence at 1/R = 0 indicates the value of tlesical prediction. The pink open
squares are theoretical TD-DFT resul{d21], the other open squares represent
experimental values taken from REf4] and [122], respectively. Dashed lines are

guides to the eyélhe insert at the right shows the concentric geomesed for the
calculations.

Now we will perform classical/quantal calculatiofts the case of embedded silver
clusters. In previous works the classical/quantableh has been used to explain the

optical absorption experiments in embedded silagoparticles in alumina matrix [27].

Figure 5.7a shows the optical absorption experimentsilver nanoparticles embedded
in alumina matrix from Ref. [27]. The surface plagmhas a constant energy position
for all the particle sizes. The classical/quantalcuglations reproduced very well the

absent of shift, see figure 5.7b.
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Figure 5.7: Size evolution of the

surface plasmon of  silver

nanoparticles embedded in alumina
matrix. (a) Experimental absorption

spectra. (b) Calculated absorption
spectra obtained by the

classical/quantal model of chapter
2, section 2.5. The diameters of the
particles are indicated in the

graphs. Data taken from R¢27].
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Figure 5.8 displays the classical/quantal calcoatiesults for silica-embedded Ag
clusters, for a layer of ineffective iarore polarizabilityd = 3.5 @, for various
thicknesses of the porosity layer simulated by auuen shell (the color code is
indicated in the figure). The results for the pagten setd = d,, = 0 are also shown
(black circles). For each parameter sktd;,) the size-evolution of the LSP maximum
follows an average R/scaling converging towards the classical asymptadiue 3.03
eV (1/R — 0). This figure shows a good agreement of calcutatievith optical
experiments of silver nanoparticles embedded ioasdonsidering a porosity laydy, ~

0. Keeping in mind that thel-value is a phenomenological parameter, figure 5.8
suggests nevertheless that the local porakitgver the particle surfaces is very weak.
One can note that the optical measured LSP frequenbis work, 2.95 eV, is slightly
lower than the model prediction 3.03 eV. A tiny anestimation of the effective mass
(see the figure 7 in Ref. [123]), as well as thathe T = 300 K Wigner-Seitz radiug
could explain this slight discrepancy.

Figure 5.8 also provides reasonable semi-quanttagkplanations of our experimental
findings, in particular those regarding the sizntr and electron dose-evolution of the
LSP maxima in the single particle EEL spectra wieeohange of local porosity layer is
created by the electron beam as will be discussed ih section 5.3.3.
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Figure 5.8: Size evolution of the LSP maxima for silica-embddsilver clusters. d is
the thickness of the inner shell of vanishing ateta polarizability. ¢, is the thickness
of the outer surface shell of vanishing matrix piaiability simulating the local porosity.
The red stick at 1/R = 0 indicates the value foe tHassical prediction. The open
circles represent experimental values taken f[@f) and[26] and the optical results of
this work. The insert at the right shows the comiengeometry used for the
calculations.

Figures 5.6, 5.7 and 5.8 suggest that the claggiaital model describes very well free
and embedded silver particles. Figure 5.9 presatpsrimental results of free and silica
embedded silver clusters together with classicalital calculations for free and silica
embedded particles. The calculations of free dadiwithd = 0 are also presented to
take in mind that the model can also describe #tkshift tendency of alkali metal
clusters where the electron spill-out is not conga¢ed. This figure proves that the
classical/quantal model used in this thesis iseqgéneral to reproduce the tendency of
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free and embedded silver clusters.
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Figure 5.9: Size-dependent shift of the LSP energy of Ag ratioles in different
environments. The solid squares are the calculagsponses for particles in vacuum
without (black) and with (red) the layer of reducedlarizability d, compared to
experimental values (open squares). The solid pirdles show the theoretical values
for silica-embedded Ag particles with the same layer of redipctarization (d=3.5e)
and a perfect interface (d= 0). Open circles depict experimental values from
Refs[24]-[26] and this work. Dashed lines are guides to the €je. insert at the right
shows the concentric geometry used for the caliculat

5.3.EELS results of silver nanoparticles

Singleparticle STEMEELS experiments were performed over a large singe of
silver nanoparticles on samples fabricated undartidal conditions as those for optical
spectroscopy (see section 3.4 for details). Thg difference is the thickness of the
silica matrix (30-100 nm for STEM-EELS experimertgainst 1um thickness for
optical experiments).

5.3.1.Surface signal

From a spectrum-image (described in chapter 33 ppassible to extract EEL signal

from different regions of the nanoparticle. Figd¢0 shows typical example HAADF

images of 6.5 and 2.0 nm Ag nanoparticles embeddeadica and the corresponding

EEL spectra extracted from the particle surfaceqdretween the blue circles). Clearly
visible are the strong surface plasmon peak (weengler that the dipolar mode

dominate the signal as presented in section 2.A.B)ue shift is observed between both
spectra and with respect to optical spectroscogylte(~2.95 eV) shown in figure 5.4.
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Figure 5.10: STEMHAADF image of silica embedded silver nanopartidéga) a 6.5
nm and (b) a 2.0 nm and their EEL spectra assodiabethe surface (region between
the blue circles). The spectra were obtained byragbon of the ZLP tail as presented
in section 4.10.

5.3.2.Electron dose study

A closer study of the EELS data reveals a compléxaton. The majority of
nanoparticles do not display a plasmon signal etoeginning of an EELS experiment.
They are surrounded by a diffuse layer (see figudela and 5.12a) which can be
attributed to silver oxide [124]. We note that orthe samples for STEM-EELS are
prepared by our collaborators they are sealed iM TEd containers in a glove box
under argon atmosphere and sent to the laboratoryisay for STEM-EELS
measurements. When the samples arrive they aredsitora desiccator under vacuum.
The samples are baked at 100 °C in vacuum befaerting in the microscope as
described in 4.7.3. However, the samples for STHM:& are much thinner than
samples for optical absorption measurements, tifissidn of ambient oxygen to the
clusters is highly efficient on the time scale ofirs [26].

Upon continuous electron irradiation, this diffusger disappears due to kneck
collisions. In these inelastic collisions, momentisnransferred from the swift electron
to a single atom which can then, depending on tbmemtum transferred, be displaced
from its initial position. As the atomic velocitgsulting from momentum transfer is
higher for light atoms, these are preferentiallpnoged from the sample. Initially (at
least partially) oxidized silver nanoparticles dut display a plasmon signal [26], [124]
and only after beasmduced reduction does the surface plasmon peakaagmd rise
with integral electron dose. Under continuing elact illumination of individual
particles, the surface plasmon peak also-Bhitts, as shown in figures 5.11b and 5.11d.
Even at lowest reasonable dose this electron bé&et en the sample is unavoidable.
Note that this spectral shift is related to a ddfé radiation damage than radiolysis,
where chemical bonds are broken [125].

The blue shift can be explained by the change @dllenvironment around the patrticle
as it will be verified later by classical/quantalaulations.
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As it is observed in figure 5.11, the surface plasmpeak arrives to higher energies in
the smallest particles. This is related to the thet the LSP energy in the smallest
particles is more sensitive to the change of emvirent, as it will be shown later.
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Figure 5.11: (a) STEM-HAADF images of a 7.2 nm silver nanopétembedded in
silica at low and high electron dose. A diffuseelagelated to silver oxide is visible at
low electron dose and disappears at higher electdwse. The diameter of the
nanoparticle remains the same. (b) Surface plasenaoiution of the 7.2 nm silver
nanoparticle with the increase of electron dos¢. JEEM-HAADF images of a 2.7 nm
silver nanoparticle diameter embedded in silicalat/ and high electron doses. The
diameter of the nanoparticle remains the sameS(dface plasmon evolution of the 2.7
nm silver nanoparticle with the increase of thectlen dose. The plots show genuine
EELS data (Only a ZLP alignment and a sum of pietsund the particle were
applied). The curves have been shifted along theig/for clarity. The contributions of
the ZLP tail and other background contributionsttee EEL spectra are shown as
dashed lines.

Figure 5.12: High resolution STEM-HAADF images of a silver pdet of /75nm
diameter embedded in silica at different irradiatidoses. From low to high irradiation
doses it is observed: (a) an oxide layer (diffuagef) at the particle surface. (b)
Cleaned interface by the electron irradiation. @)d (d) show icosahedral structures
[126] (the “anti-wedge” or “bow-tie structure” followedy the “cauliflower”), i.e. the
particle rotates under the beam.
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If the irradiation continues until reaching higle&ron doses, the surface plasmon blue
shift stops and reaches a saturation limit (figbr&3b). Note that in the smallest
particles the electron dose used was lower in dalaroid particle damage. This is the
reason why in some of the smallest particles theé hisie shift saturation is not always
reached (figure 5.13d).
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Figure 5.13: Examples of blue shift with electron dose of nantigle diameters of (a)
7.2 nm. (b) 6.5 nm. (c) 3 nm. (d) 2.7 nm. At thgarbeng of the EELS experiments (low
electron dose) some of the particles do not showasidue to oxidation. The dashed
areas correspond to electron dose regions where §gtdctra have been acquired but
no plasmon could reliably be detected out of theedAt high electron dose the surface
plasmon blue shift stop and arrives to a saturatiionmt as observed in b. To avoid
particle damage, the small particles are not expasehigh electron dose and therefore
the saturation of the blue shift is not always otsd.

The obtained values for the dedependent peak position as a function of size are
depicted in figure 5.14. The positions of the peaies obtained by the fitting method
presented in section 4.10. The central and righica lines depict the classical (size
independent) values of silieambedded and free silver nanoparticles in the gtz
limit and calculated using the values of Ref. [12If}e leftmost vertical line has been
obtained for the classical quasistatic limit ofe@shell Ag@AgxO nanoparticles at 75%
oxidation ratio (see appendix F for details of ttasculation).

The data for large diameters scatter around thssiclal value of 3 eV, but for smaller
sizes shifted values of up to ~3.6 eV exceedingeékie classical limit in vacuum. The
EELS data of this thesis is consistently-siifted with respect to EELS experiments of
Refs. [17], [19] (see figure 5.15), which is expkd by the homogeneous higidex
environment of the silica matrix.
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Figure 5.14: Evolution of the surface plasmon peak positiosikida-embedded silver
nanoparticles as a function of electron dose, iathd in color code. The interaction
with the highenergy electron modifies the nanoparticle enviromirend the plasmon
blue shifts to higher energies. The plasmon eneajyes for each nanoparticle are
connected by a black dotted line. The central aghtrvertical lines depict the classical
(sizeindependent) values for the plasmon of siHirabedded and free silver
nanoparticles in the classical quasistatic limitdaoalculated using the values of Ref.
[127]. The leftmost vertical line has been obtained for the plasmothe classical
quasistatic limit of core@shell Ag@AgxO nanopaescat 75% oxidation ratio.

Classical LSP Classical LSP Classical LSP
for Ag@Ag,0 in silica in silica in vacuum
12.0 [TTTT I T [TT T T I I T T[T T T[T T T [TT TR T T T[TTT I TTTT IRARRIRERE]
[ Electron, # Scholletal.
= - Ref. [17] -
L | Hoss e IAZ) *, Si0, substrate |
10.0 |- 05 10 15 20 * .
L . <
9.0 -
o .—. 2 -
= 8.0 -
E L 1
c
T T.0F -
& - .
£ 60| -
8 - 1
Q sof -
4.0 -
3.0 -
20 -
1.0-||||I|||||||||I|||||| ]
26 2.8 3.0 3.2 3.4 3.6 3.8

Surface plasmon frequency (eV)

Figure 5.15: EELS results of figure 5.14 compared with datamfrthe supporting
information of Ref[17]. In the reference, the silver nanoparticles wehemically
prepared and deposited on a Si€ubstrate.
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5.3.3.STEM-EELS results and classical/quantal calculatioa

Previous works on composite films involving nobletal clusters embedded in alumina
have shown that the matrix porosity, especiallythe close vicinity of the metal
particles, has a strong impact on the optical ptegse[27], [78]. An additional and
noticeable blue-shift of the LSP frequency, rekatio the prediction obtained in using
bulk alumina refractive index, was clearly evideshcéMore especially, thdocal
porosity at the metal/matrix interface (surface glmess, contact defects, different
chemical nature of the constituents, etc...) thatultesin a lowering of the local
effective matrix polarizability, has a very stromdluence. As we can see in figures
5.11, and 5.12, the EELS experiments suggest thet,to damage induced by the
electron beam, a steady removal of matter occurg@gluhe irradiation, creating a
porous silica layer around the particle of very losiractive index. As in previous
works a vacuum shell of thickneds, is introduced in the classical/quantal model in
order to mimic phenomenologically the sphericalgi@ged local porosity.

Figure 5.16 displays the classical/quantal absampsipectra calculations of a silica
embedded silver nanoparticle with the increasecdllporosity ¢r).
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Figure 5.16: Evolution of the absorption spectra of silica-eunhthed Agooo (5000 atoms)
cluster for increasing value of the thicknegs(ith bohr) of the vacuum-shell simulating
the local matrix porosity. The thickness of theemmshell of vanishing d-electron
polarizability is set to d = 3.59. The blue dashed spectrum corresponds to fregof\g
cluster.

In samples fabricated for EELS experiments (lowkhess of silica matrix), the oxygen
diffusion and thus surface oxidation of the silparticles is faster than in the samples
fabricated for optics and it prevents the LSP bianlde observed at the beginning of the
electron irradiation. Under irradiation subsequantl progressive removal of light
elements around the particles steadily enlargeshilckness of the porous silica shell,
yielding a concomitant blue-shift of the LSP freqag, all the larger that the particle
size is smaller, as presented in figure 5.14. ldeorto estimate the vacuum shell
thickness that is required in our modelling for gy a blue-shift consistent with the
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EELS experiments, calculations in an extendgaange have been carried out for the
largest investigated size in the calculatibhs 5000 (R~ 5.5 nm). In figure 5.17 the
experimental LSP blue shift with electron dose @&.% nm particle and the calculated
LSP evolution with increasing porosity layer of & H\m particle are presented. The
experimental EELS results show a fast increase rdrgy and then a slower
convergence to an asymptotic value. The asymptatice is not the vacuum value due
to the fact that the matrix is not completely reew\and, even removing the entire
matrix, the particle will be supported on the stdist At high electron dose, the
HAADF images (see images in figure 5.17a) showragty layer ofC L nm around the
particle.

The calculation results show the initially verytfasd then slower convergence of the
absorption spectrum and LSP maximum towards that dfee Agooo Cluster. A
thickness of about 10~ 0.5 nm) is found sufficient for explaining the etahift
observed at high electron dose of the experimdfdlS result. This small effective
value is indeed quite reasonable. We note thatagalculation time, the same particle
size as in experiment was not calculated.
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Figure 5.17: (a) Experimental shift of the LSP as a functioreletctron dose for a 6.5
nm particle. After a minimal electron dose necegdar plasmonic activation (oxide
removal), the peak blughifts by ~200 meV. The thickness of the initiatlexayer
estimated by HAADF image was ~1 nm. Images ofdhe|e are inserted in the graph
to observe the modification of the surface intezfadgth the electron dose (the images
are also saturated to highlight the modificationtbé environment). The dashed area
corresponds to electron dose regions where EELtspéd@ve been acquired but no
plasmon could reliably be detected out of the no{s¢ Calculated LSP shift as a
function of vacuum layer thicknesg tbr a particle of 5.5 nm. A value of,& 5 A
results in a ~200 meV shift.

5.4.Comparison of EELS, Optical, and classical/quantatalculation
results

Now we can compare the EELS and optical resulthiefwork together with the semi-
quantal calculations (see figure 5.18). The EEL& @ high dose (like the saturated
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value in figure 5.17a) for different nanoparticlas well described by the
classical/quantal calculations with a local pososif d,=10 & (=~ 5 A). On the other
hand, the optical absorption measurements (green opcles) match very well with
classical/quantal calculations usingdg=0 (perfect coating). In the EELS data for
largest particles, the LSP is close to the optatelorption experiments due to the fact
that the LSP shift is not so large. However, in sheallest particles, the LSP shifts to
higher energies with respect to the optical data wuthe fact that the LSP is more
sensitive to change of local environment. Then e conclude that the apparently
contradiction between EELS and optical data isrd#slt of the modification of the
local environment (increase of matrix porosity iy®y the electron beam irradiation.
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Figure 5.18: Size dependence of the LSP energy in EELS expesimehigh dose (like
the saturated value in figure 5.17a), as dark bipen diamonds. For comparison are
shown the classical/quantal calculation values fiee (red squares) and for silica-
embedded particles with either a perfect interféde = 0, pink circles) or a porous
interface layer (mimicked through a vacuum layerdgf= 10 & (= 5 A), light blue
squares). Also shown are some of the data frontalpsipectroscopy of this work as
open green circles. Dashed lines are guides teettee
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5.5.Conclusion

In this chapter STEM-EELS and optical experimengsults were presented for
embedded silver nanopatrticles prepared by the samditions. In the STEM-EELS
experiments, the electron beam modified the locairenment of the particle and a
blue shift of the LSP was observed. ConsequentlySBE blue shift in STEM-EELS
experiments seemed in contradiction with opticgeziments which did not present any
LSP shift. A classical/quantal model which take® iaccount quantum effects and the
environment was employed and allowed to explain hiogv apparently contradiction
between both techniques is the result of the taitief quantum effects which can be
balanced by the local environment porosity. Up ¢avrEELS technique had suffered
from polemics in the quantum regime due to therdgancy with optical measurements
in old literature. Additionally, the EELS, opticahd classical/quantal calculation results
were compared with older literature solving thetcadtictions found in literature.
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Chapter 6:
Volume plasmon

6.1.Introduction

A plasmon wave (quantum of electron density odeillg can exist inside metals,
semiconductors, insulators and liquids [128]. Fegarl illustrates the idea of a plasmon
wave inside a solid considering an electron exomatThe atoms of the solid have a
size notedi. Each atom presents an electron cloud displacemaedé (x,t). The
excitation creates a wave of electron density flatons propagated through the arrays
of atoms. This wave has a wavelengtlvhich is larger than the distance between
atoms. This is a longitudinal wave.

Electron
beam

9l010ICICICI0010101910]101010,
Ol0J0ICICICIOI0]01013]00]C);
POORCROLOLOOSOOO
0\0J0]CICIEI0]07IIIIIICGIO
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0]0)0ICICICI00I0I9IIIIIOIONC
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@O@Q?@@@@@@@@O@

[ L ]
Figure 6.1: Scheme of a plasmon wave created inside a soligced by an electron
excitation. The atoms of the solid are represebiedircles. Each atom has a size noted
a and the displacement of the electron density inoheatom is noted(x,t).The
plasmon wave propagates trough the array of atonts lzas a wavelength Adapted
from Ref[128].

In the case of metals, the conduction electronsdatecalized and not attached to an
atom as was treated in section 2.3. If the intevadbetween electrons is neglected, the
plasmon inside the metal (volume plasmon) is deffibg the equation 2.3.50f =

Jne?/eym,), wheren is the electron density,the elementary charge, the vacuum
permittivity and m,, is the effective mass of an electron.

If the Coulomb interaction between electrons isstdered, a more complex mechanical
treatment is needed, such as the RPA (Random Phageximation). The RPA
predicts the dispersion of the volume plasmon whth transferred momentugn[129],
see figure 6.2. When the dispersion of the voluhasmon enters in the electron-hole
continuum (shaded area in figure 6.2), the plaseghecays into an electron-hole pair
(Landau damping, discussed in section 2.5.4).

99



photon

i . dispersion
semiclassical

surface plasmon|
polariton

semiclassical
surface plasmon

), = polariton
T (lte,

RPA 2DEG
plasmon

| >
2k, q

Figure 6.2: Dispersion curves of the RPA volume (bulk) plasmesonance (red line)

and the surface plasmon polaritons (blue lines)e Fhaded area marks the electron-

hole continuum. When the volume plasmon resonamegsein this area, the plasmon

decays into electron-hole pairs which is called dan damping [129], discussed in

section 2.5.4. Image taken from H&R9].

6.2.Volume plasmon in sub-10 nm metal nanoparticles ihterature

The volume plasmon in metals has been studied dxtreh excitation since the 30s
with the works of Rudberg [130], Rudberg and Sldi81] and Ruthemann [132].
Nowadays, the volume plasmon is very well knownlange nanoparticles and is
routinely detected by STEM-EELS technique.

In recent EELS literature, the volume plasmon heenbstudied in sub-10 nm metallic
nanoparticles. In the case of silver, Scholl et[&aF] reported volume plasmons in
particles as small as 5 nm in diameter, see figuda. According to Scholl et al., below
5 nm diameter, the surface/volume ratio is high gnedvolume plasmon is diminished
considerably. Additionally, the Begrenzung effedis¢ussed in section 2.4.3) could
contribute to the disappearance of the volume pd&isrAnother incertitude comes from
the fact that the surface plasmon shifts towardg lenergies which are close to the
volume plasmon energy and it is not easy to clesgparate both signals. They report a
blue shift on the volume plasmon with the decredggarticle size which is interpreted
by a quantum model.

Hobbs et al. [133] studied volume plasmons in alwmi nanodisks with sizes below 10
nm diameter. A blue shift is reported on the voluplasmon with the decrease of
particle size (figure 6.3b). Moreover, the inteypsif the volume plasmon as a function
of the size is studied. An extrapolation on theadatdicts a volume plasmon intensity
equal to zero for a particle of 1.6 nm diameter.
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Figure 6.3: EELS volume plasmon studies in sub-10 nm metadlioparticles. (a)

Silver nanoparticles deposited directly in a suatrfrom Ref[17]. (b) Aluminum disk
nanoparticles deposited on a substrate from RE33]. A blue shift of the volume
plasmon energy with the decrease of size is obdenveoth cases.

To the best of our knowledge, volume plasmons haoe been reported in silver
nanoparticles smaller than 5 nm diameter. In tlag pf the thesis, | am trying to
explore the region of sizes below 5 nm.

6.3.Volume plasmon results

From a spectrum-image (described in section 3.84) EEL spectra can be extracted
from different regions in a particle. HAADF imagd a ~9 nm diameter silver
nanoparticle embedded in silica is presented ur&ic.4 together with the EEL spectra
associated to different regions of the particleisTparticle presented a high level of
signal and it was possible to do deconvolution authintroducing artifacts.

As can be seen, exciting the particle far from sieface (red region), the surface
plasmon signal is weak. In a region close to theasa (purple region), the surface
plasmon is intense with a well-defined energy pasiat 3.17 eV. In the blue region
between the surface and part of the interior of plagticle, the surface plasmon
resonance becomes larger. The black region comesgo the center of the particle and
in this region the volume plasmon is observed cltase-4 eV together with the
contribution of the surface.
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Figure 6.4: (a) HAADF image of a silver nanoparticle of ~9 dimmeter embedded in
silica matrix. (b) Same HAADF image of a with celdrregions where EEL spectra
were collected and summed. (c) Deconvoluted EELtspeoming from the colored
regions marked in b. Depending on the locationhef ¢lectron beam, the surface and
volume plasmons can be selectively observed.

6.3.1.Electron dose evolution

In a detailed observation, the appearance of theéme signal depends on the electron
dose. Figure 6.5 shows signals coming from theaserfand the volume of a 7.2 nm
silver nanopatrticle in silica at different electrdoses. The surface signal corresponds to
EEL spectra summed at the surface. The surfacenptasppears and blue shifts with
the increase of electron dose as was describediopsty in section 5.3.2. The
appearance of the surface signal is related tsuHace oxidation removal. On the other
hand, the volume signal (EEL spectra summed ircéimer of the particle) appears with
the increase of electron dose but it is not cleareaergy shift with the increase of
electron dose. The apparition of the volume sigw#h the increase of electron dose
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seems to be related to the surface oxidation reiaaach is strange and unexpected

for a volume signal. However, it is possible thasmall particles the oxidation extends
to the core. This means that the core of the partiould be oxidized and with the
increase of electron dose the core oxidation ikt and the volume signal appears.

a) b)
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dose (10° e7A?)
— 2.1
—_— 4.2
— 5.2
— 8.3
w—10.4
—_— 12.4
— 145
— 16.6
18.7

High dose

EELS intensity (arb. units)

Volume signal

electron
dose (10° e7A?)

EELS intnesity (arb. units)

2.0 3.0 4.0 5.0 6.0
Energy Loss (eV)

Figure 6.5: (a) HAADF images of a silica embedded silver namtoge of 7.2 nm at

low and high electron dose. Visible is the remaMathe oxidation layer. (b) Signals
extracted from the surface and volume of the narimp@ The surface signal

corresponds to the surface plasmon and it appeadsdue shift with the increase of
electron dose. On the other hand, the volume sigqglears with the increase of
electron dose but does not exhibit a clear enelgjfy. s

Another important observation of figure 6.5b isttiaee do not distinguish two peaks
from the volume of the particle as presented preshoin figure 6.4 for a larger particle.
In a detailed observation of figure 6.5b, the widtlthe volume signal is larger than the
width of the surface plasmon signal. This is magoe to the contribution from the
surface on the volume signal which cannot be disished.

Due to the fact that the volume signal does ndt shth electron dose, our study will

not consider the electron dose dependence on thmeglasmon energy. However, the
intensity of the volume plasmon can be affectedhieyelectron dose.
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6.3.2.Size evolution

In figure 6.6 it is presented the surface and v@uwignals of silica embedded silver
nanoparticles of different sizes at high electroea®. We can observe that in the largest
particles, the volume signal is broad due to thetrdoution from the surface plasmon.
However, in the smallest nanoparticles the voluigeas is narrower.
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Figure 6.6: Examples of extracted surface and volume signais farge to small silver
nanoparticles embedded in silica. (a) 7.9 nm p#ti¢b) 6.5 nm particle. (c) 2.7 nm
particle. (d) 2 nm particle. Scale bar = 2 nm. Tieel area in the HAADF images has
fewer pixels than the blue area and this explaify whe volume signals are noisier
than surface signals. The background of the spegts subtracted.

We can extract the volume plasmon energy positiothb fitting procedure explained
in section 4.10 but using two Gaussians to fitwbkime signal: One Gaussian for the
surface plasmon contribution and the other onetliervolume plasmon. The energy
positions and FWHM of the surface plasmons werediin the fitting procedure since
the parameters were already calculated by thadifirocedure as presented in section
5.3.2. Because the volume signal does not shitt eiéctron dose, we used the EEL
spectra coming from the volume at the highest mlaaioses.

The volume plasmon energy data will be plotteddesihe surface plasmon-electron

dose evolution of section 5.3.2 for comparison. Bheace plasmon-dose evolution
study is replotted in figure 6.7 in order to reminhd
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Figure 6.7: Evolution of the surface plasmon peak positiorsiibiéa-embedded silver
nanoparticles as a function of electron dose, iatkd in color code. The interaction
with the highenergy electron modifies the nanoparticle environtrend the plasmon
blue shifts to higher energies. The plasmon eneajyes for each nanoparticle are
connected by a black dotted line. The central aghtrvertical lines depict the classical
(sizeindependent) values for the plasmon of sHérabedded and free silver
nanoparticles in the classical quasistatic limitdaoalculated using the values of Ref.
[127]. The leftmost vertical line has been obtained for the plasmothe classical
quasistatic limit of core@shell Ag@AgxO nanopaescat 75% oxidation ratio.

Figure 6.8 shows the volume plasmon energy foedfit silver particles embedded in
silica matrix inside the graph of figure 6.7.
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Figure 6.8: Surface plasmon evolution with electron dose @lorccode) as presented
in figure 6.7 together with the volume plasmon ggeatata. The volume plasmon data
scatter around the classical volume plasmon (3\8p e

In figure 6.8, the classical volume plasmon is dixe 3.85 eV (value reported in Ref.
[17] for a silver particle of 20 nm diameter) anldtfed as a vertical dashed red line.
The volume plasmon data scatter around 3.85 eVvahes bellow 3.85 eV are maybe
due to the fact that the contribution from the acefis not very well subtracted from the
volume signal in the fitting. Another problem iethigh noise in the volume signal, as
discussed in figure 6.6, which could have a highaot in the fitting

The study of the area of the volume plasmon ped thie size of the nanoparticles is
presented in figure 6.9. In a first observatiord (dots) there is not a clear correlation
peak area-size. However, if we consider the datia svnilar electron doses, the area of
the volume plasmon increases with the increaseawticte size as expected for a volume
plasmon (black crosses).
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Figure 6.9: Area under the volume plasmon (VP) peak dividethbymaximum of the
ZLP. The black crosses correspond to the pointmiiar electron doses. An increase
in VP area with the particle size is observed ie fhoints of similar electron doses
(black crosses).

6.4.Conclusion

In this chapter we described the volume plasmoritaian by an electron beam. The
volume plasmon signal was detected in silver padismaller than 5 nm which had
never been reported previously in the literaturee Bmallest particle in which we
detected the volume plasmon was 1.7 nm in diameter.

The appearance of the volume plasmon depends oal¢btron dose, which may be
related to the oxidation of the particle's core. tBa other hand, the volume signal
energy position is dose-independent. The size @wvolwf the volume plasmon energy
scattered around 3.85 eV, which is close to thesatal volume plasmon energy for
large silver nanoparticles in EELS experiments.e&mer study on the volume plasmon
of sub-5 nm silver nanoparticles is needed.
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Chapter 7:
Surface plasmons in triangular nanocavities

7.1.Introduction

The study of plasmon resonances in nanostruct@edéen widely studied by SNOM
and EELS/Cathodoluminescence techniques. The bpatid spectral resolutions
offered by these techniques have achieved to resohch variety of plasmon modes in
such structures. Recently, a detailed analysisidase plasmons in flat structures [33]
proposed to classify surface plasmon modes intdf@mwolies. The first one corresponds
to the so-called edge modes, which are localizettheatperiphery of two-dimensional
nanoobjects. These edge modes are well-known ifiténature and have been reported
for several geometries. [10], [33], [38], [134],3H]. On the other hand, the second
group of modes corresponds to the so-called psadddrbreathing modes (RBMs) or
simply breathing modes, which are localized inditge two-dimensional nanoobjects,
see figure 7.1. Such modes present a charge dstillas breathing-like and have been
reported experimentally for silver nanodisks [338], silver nanosquares [135], and
silver nanotriangles [10], [34]-[36]. Moreover,tatugh a large number of studies have
been performed on 2D plasmonic objects, only tlsmbnics disks [33], [38] received
a comprehensive description. In nanodisks the etlyges have been related to plasmon
modes on the edge of an infinite border and the BRRBM related to an infinite slab (see
figure 7.2). In contrast, the widely studied cadetrangular prisms could not be
comprehensively described, each study leading tmlg partial understanding of the
mode structure (Nelayah et al. [10], [36], Keasale{34], Hao et al. [35], Kumar et al.
[39], Fung et al. [40], Pabitra et al. [41], andrKet al. [42]).
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Figure 7.1: Electron beam excitation in the center of a flahadisk. (a) Experimental
and simulated EEL spectra. (b) Experimental andutated EELS maps at the
resonance energies 1 and 2 respectively. (c) Chahgé&ibution of the plasmon
resonance. The charge distribution is concentratetthe center and border of the disk.
The charge oscillation is breathing-like and haveero net dipole moment. Image
adapted from Ref38].
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Figure 7.2: Dispersion relation of edge and pseudoradial bingay modes in a flat
nanodisk compared to the plasmon modes on the @dgdilm (grey line) and Surface
Plasmon Polaritons in a silver thin film (red linegspectively. Taken from RE3].

In this chapter we report on high-resolution imggand spectroscopy of plasmon
modes sustained by aluminum nanotriangles usingirete energy loss spectroscopy
(EELS) performed in a scanning transmission electrocroscope (STEM). Through

spectral and spatial mapping, we unveil the edgealemoconcentrated along the
boundaries of the nanotriangle and the pseudoradiebthing modes (RBMS)

concentrated inside the nanotriangle cavity. Wegmethe indexing of all these modes
based on one- and two-dimensional Fabry—Pérotycanwdels.

In analogy to the relation between disk edge meaahesfilm edge modes [33], [38] we

prove experimentally that nanotriangle edge modessanilar to plasmon modes of
linear nanoantennas having the same length asdtie & the triangle. The dispersion
relation of triangle edge modes and nanoantennaesads found identical. On the
other hand, the dispersion relation of the trianBBMs follows that of Surface

Plasmon Polaritons (specifically SRSPPs) [36] im tlims, as in the case of disk

RBMs [33], [38]. Additionally EELS-GDM simulation82] were performed in order to

interpret the results.

7.2.Sample preparation and methods

Aluminum equilateral nanotriangles were fabricateg our collaborators in the
Université de Technologie de Troyes (Jérdme Maatid Davy Gérard) by electron
beam lithography and lift-off process on a STEM-EEtompatible substrate (30 nm
thick SEN4 membrane). The triangle side length varies frofd 2700 nm, while the
thickness of all structures was fixed to 40 nm.

The STEM-EELS measurements were carried out ubiadttraSTEM200 microscope
of NION company. Throughout this study, we uselD@ kV acceleration voltage and
with a typical probe current of 20 pA. Spectrum gas (associated with the HAADF
images) were acquired with typical 100x100 pixeldter ZLP alignment, the
Richardson-Lucy deconvolution [97] (performed witle free software Hyperspy [96])
was used to resolve plasmonic resonances at longieseclose to the ZLP. With
typically 50 iterations the deconvolution yields(a0.15 eV of ZLP FWHM. An
automatic multipeak-fitting procedure (as describedsection 3.3.5) with several
Gaussian functions was used to generate intensipsm
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7.3.STEM-EELS results of Al nanotriangles

Figure 7.3a presents typical deconvoluted EEL spesttmmed on different regions on
the same aluminum nanotriangle with a 604 nm sdgth. The upper inset contains
the HAADF image with three boxes in which the EFlestra were summed. Figure
7.3a reveals distinct and well-defined electronrgnéoss peaks with maxima between
1 and 4 eV. These features correspond to the roldtiplasmonic resonances sustained
by the Al nanotriangles. The resonances obtaindtieaedges of the triangle (curves
blue and red in Figure 7.3a) are in good agreemsthit even and odd multipolar
plasmonic resonances reported previously in Al aatennas [136] (see figure 7.4).
The spectrum coming from the central part of theotdangle (green box) presents a
background that comes from the tail of a broad peektered at 7 eV, which
corresponds to the asymptotic limit of SRSPP omatum thin film. In Figure 7.3b,
the spatial symmetry of the modes is further aredyay mapping the intensity of the
Gaussian functions used in the multi-peak fittinggedure as described in section 3.3.5.
This has been reproduced on all nanotriangles féérent sizes investigated in this
study. These intensity maps are directly linketh® projection onto the electron beam
trajectory of the electromagnetic local densityst#tes (zZLDOS) [15]. A closer look at
the intensity distribution maps evidences two kintismodes: edge modes located at the
edge of the nanotriangle and the pseudo-RBMs |ddatade the triangular cavity and
confined by the triangle boundaries.
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Figure 7.3: (a) Deconvoluted EEL spectra acquired at diffefecations (color boxes
in the HAADF image of the inset) on a single Alataangle with 604 nm side length.
The labels E and RBM stand for the edge and psedidrbreathing modes observed
in the nanotriangle. (b) EELS fitted intensity mapshe plasmon resonances sustained
by the Al nanotriangle at the energy of the res@earevidenced in a.

The comparison of edge modes in nanotriangles andantenna modes are presented
in figure 7.4. It is clear the tight relation be®wveboth plasmon modes. We will see later
In section 7.6 that the dispersion relations ohtdohds of modes are identical.
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Figure 7.4: Filtered maps of an Al nanoantenna of 539 nm lerfgame nanoantennas
used in Ref[136]) and an Al nanotriangle of 559 nm side lengthisltclear the
similarity between nanoantenna modes and nanott&aadge modes.

To obtain the dispersion of the edge modes and RBiMsstudied Al nanotriangles
with side lengths varying from 125 to 700 nm anohedhickness of 40 nm. The EEL
spectra measured at the nanotriangles edges amdrinagles centers are shown in
figure 7.5a and b, respectively. For both kindsmaides, a monotonous shift of the
plasmon modes peaks toward higher energies whenahetriangle size decreases is
evidenced. The different edge modes and RBMs dreldd and their evolution (or
energy shift) is highlighted by the red dashed eayunveiling their dispersion behavior.
These results show the tunable properties of tlge edodes in the visible-infrared
region and the RBMs in the UV region by varyingmgle size. Note that an additional
peak around 1.5 eV is visible in the smaller naangle of figure 7.5a. This feature is
associated with interband transitionk) (in aluminum (between occupied p-levels to
unoccupied s-levels). It has been observedithist aluminum can strongly couple with
surface plasmons, resulting in convoluted featuf@86], [137]. We observe
gualitatively in figure 7.5a a slight increase bétline width of mode E1 when it is
centered close to the energy.
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Figure 7.5: Dispersion of the plasmonic edge modes and psBiBiMs with varying

triangle side lengths. (a) EEL spectra measuredtlom edge of nanotriangles of
different edge lengths. The dashed red lines follog spectral position of different
edge modes and the black dashed line correspondtheoposition of interband
transitions in aluminum. (b) EEL spectra taken ba tenter of triangles for different
length sizes. The dashed red lines follow the sggubsition of different RBMs.
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7.4.Fabry-Pérot analytical models

Before discussing the behavior of edges modes &idsRas a function of the size of
the nanotriangles, we need to introduce a robusximg scheme. For this we will use a
one-dimensional Fabry-Pérot cavity to model theeedmpdes and a two dimensional
Fabry-Pérot cavity to model the RBMs. These mode&se developed with the

collaboration of Arnaud Arbouet from the Université Toulouse, France.

7.4.1.0ne-dimensional cavity

For the edge modes, we adopt an indexing based arealimensional Fabry—Pérot
model. This approach was already used to desceaheamtenna modes [12], [13&)d
film edge modes [33]ntensity maps of edge modes can be interpretadisiag from a
constructive interference in a one-dimensional {aBérot cavity.

The constructive interference is obtained whenéedfrthe wavelength of the localized
surface plasmon (LSP) wave fits into the trianglgeelength. This condition yields the
following relation between the LSP wavenumbézs) for the edge modes [12]

k,L=nm—¢ (7.4.1)

Wheren is an integerl is the triangle edge length agdis the phase shift upon
reflection at the boundaries of the cavity. In folowing, the different edge mode
orders are labeled En (E1, E2, E3, ...). It is Wwardting that edge modes only depend
on L. In that sense, triangle edge modes behave kestntiultipolar modes in linear
nanoantennas (see figure 7.4) and do not depenthergeneral symmetry of the
nanoparticle. We will prove experimentally lateattthe dispersion relation of edge
modes in nanotriangles is identical to the disperselation of nanoantenna modes,
providedL stands for the length of the nanoantenna or tige éehgth of the triangle.
This validates the use of equation 7.4.1 in naaogle edge modes.

To obtain the phase shift and the wavenumbers g¢ eabdes experimentally, we used
the one-dimensional Fabry-Pérot cavity with lengtfigure 7.6) and considering an
incident plasmon wave that is reflected at the ldawy of cavity with a phase shift

X
| |
Xo L>

Figure 7.6: Fabry-Pérot linear cavity of size length L.

The incident and reflected surface plasmons carwhbten as planes waves, i.e.
E; = Ae?*=%0) andE, = |r|dekCL-ei® respectively. We assume that the reflective
factor |r| is equal to 1. The wavenumbkris related to the phase shiftby the
equation 7.4.1. Summing the incident and refleetades

Eroral = Aeik(x—x0)+ Aeik(ZL—(x—xo))eid) (7.4.2)
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Etorar” = A%cos(k(x — x0)) + cos(2kL — k(x — x,) + ¢)]2

) (7.4.3)
+ A%[sin(k(x — x0)) + sin(2kL — k(x — xo) + ¢)]

By fitting the experimental maps profiles of theyednodes with thé,, ;> expression,

it is possible to obtain the phase shift and thevemambers of edge modes. One

example is shown in figure 7.7 for the analysishef mode E4 of a nanotriangle.

— fourth edge mode profile
(a) (b) — fit_fourth edge mode

...-—Trlangle side length g

Fit limits —""
337.12 nm 1000 —
2
5 800 —
-
o
%‘ 600 — : .
s 1 Coefficient values + one standard deviatiol
‘E : 703.51 £21.1
= 400 = 94.776 £9.04
L= 33710
n= 40
phi= 0.65459 + 0.206
200 — 100.13 £ 1.4

T — T T ——
0 100 200 300 400 500
X position
Figure 7.7: (a) Experimental map of the fourth edge mode BB8@ nm nanotriangle
side length. (b) Profile extracted from the expemtal map (dashed red box in a) and
fitted withE,,.q;>. We set the limits of the fit to avoid the antiadainching effedtL2],
[136] (presented at the boundary of the cavity).

We note that the fit in figure 7.7b does not taki® iaccount the signal at the vertices of
the triangle. This is due to antinode bunching @fighich corresponds to a different
separation between antinodes at the extremes dfiimgle side length. This has been
reported in aluminum and silver nanoantennas budrigin is not well understood [12],

[136]. Figure 7.8 shows an aluminum nanoantennareviaatinode distances in the
extremes are different with respect to the antindd¢ances in the middle. For this
reason, the calculation of the wavenumber of thet &dge mode in nanotriangles has
not been done.

Asp1/2 Asp2/2 Asp3/2 Asp4/2
I

0 200 400 600 800
nm
Figure 7.8: Example of the distances between antinodes fronEEIS map in an

aluminum nanoantenna (from R¢136]). The distance between antinodes is not the
same, being shorter the antinode distances in ftremes of the nanoantenna. This is
the antinode bunching effgdi?], [136].
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Figure 7.9 shows the phase shift of the edge modéd nanotriangles with different
side lengths. We have observed that the phaseddhiie edge modes has a tendency to
decrease with increasing the mode order from ar@ud8k to 0.15t. This decrease in
phase shift has also been reported in silver nasofd2]. It means that higher order
edge modes are more confined at the edge of tregta.

0.7 5 Triangle side length
. ® 604 nm
0.6 ® 559 nm
496 nm
054 446 nm
r ® 401 nm
0.4 \ n=3 ® 337nm
{ ® 278nm
0.3 » 227 nm

¢ (= rads)

. : ﬁ}

0.1+

- |
| A

T T T T T T T T 1
0.6 0.8 1.0 12 1.4 1.6 1.8 2,0 22

d";"plasmon
Figure 7.9: Phase shift of the edge modes in Al nanotriangiés different side lengths.
Low order modes present a higher phase shift. Hase shift is decreasing when the
order of the mode is increasinhe edge mode of order 1 is not taken into accduat
to the antinode bunching effd@®], [136] at the extremes of the triangle side length.

7.4.2.2D-triangular cavity

As detailed in the following, the RBMs detectedtie aluminum nanotriangles arise
from the constructive interference of Short Rangda&ge Plasmon Polaritons (SRSPPs)
propagating on the surface of the metallic partéeid bouncing off its boundaries. The
existence of these modes shows that the SRSPPsirdaeither intrinsic or due to
scattering at the boundaries into the far-fieléusficiently small in our lithographied
structures. Waves confined in two-dimensional $tn&s is a generic problem and the
two-dimensional Helmholtz or Schrédinger equatibase been solved analytically for
a long time for different boundary conditions anmd different contexts (acoustics,
optical modes in resonators, quantum billiardsinferestingly, the equilateral triangle
is one of the very few cases for which analytioglressions can be given. The energy
eigenstates of a particle of madsinside an infinite quantum well with an equilatera
triangular cross-section have been solved anallti¢g39], [140]. The eigenenergies
are

Epm = L (i)z (4—ﬂ>2 (I* + m? — lm) = E,(I* + m? — Im) (7.4.4)
tm = om12\21) \ 3 0

Where L is the side length of the equilateral triangle.eTassociated quantized
wavenumbers are
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4
Ky, = (—”) JEZ+m? —Im (7.4.5)

3

Figure 7.10 shows the probability density(r)f associated with the first three
eigenmodes of a particle enclosed in an infinitarqum well of triangular shape. The
similarity between the spatial distribution of thesgenmodes and the electromagnetic
eigenmodes detected at high energy in our EELSrawpats is striking and is a direct
consequence of the similarity between the Schra@tingnd Helmholtz partial
differential equations. However, in the case oadiple enclosed in an infinite quantum
well, the probability density vanishes on the bamek of the cavity (Dirichlet
conditions).

E/Eo=3 E/Eo=7 E/Eo=12

Figure 7.10: Probability density ¢/r)|* of the first three eigenmodes of a particle
enclosed in an infinite quantum well with a triafegu shape obtained from an
analytical resolution of Schrédinger equation.

In the case of an electromagnetic surface wave irgeohf within a triangular
nanostructure, i.e the present situation, we ddhawe sufficient information about the
reflection coefficient and its dependence on thadence angle to easily solve this
problem. Furthermore, it is interesting to see hbe phase shift experienced by the
SRSPP wave upon reflection on the nanotriangle daigs impacts the spatial
distribution of the plasmon eigenmodes. Therefamethe following, we adopt the
approach initiated by Chargt al. and Wysinet al. to describe microsized dielectric
cavities with applications on micro lasers and nesors [141], [142]. In his paper, G.
Wysin investigates the electromagnetic modes ofi&egual triangle resonators using a
set of 6 plane waves matched to each other by &résctors and producing exterior
evanescent waves. His model provides estimatetefeigenmodes wave functions,
frequencies and lifetimes. We summarize in theofwlhg the main lines of their
approach, more technical details can be found insii& original paper [142].
Following Chang and Wysin, we consider the seqaéntgflections of a surface
electromagnetic wave off the edges of a triangotaity. We assume that the SRSPP
excited in the nanotriangles are confined at thiéasa of the particles and are reflected
following Snell's law sequentially on the differeetiges. We assume that the reflected
SRSPP wave acquires a phase-shift which does pendeon the incident angle. In the
following, we consider an equilateral triangle nesir of refractive index, enclosed

in a medium of refractive indexn. In the 250-600 nm range, is between 0.12 and
1.12. In our case, the ratio of the refractive xegeof resonator and embedding medium
is therefore @/neny [0.1-0.5. Contrary to the case of semiconductor asicuctures
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embedded in air, the confinement is therefore aosed by total internal reflection but
it is due to the confinement of the SRSPPs atihiases of the aluminum nanoprisms.
To understand the formation of confined short rasig#ace plasmon polariton (SRSPP)
modes, it is instructive to consider the propagatba wave inside the triangular cavity.
We assume that a wave denoted ¥/outgoing from the bottom edge of a triangular
cavity (see figure 7.11) and makes an arglevith the (OX) axis. Considering the laws
of reflection and the geometry of the cavity, oae see that upon successive reflections
on the edges of the triangle, this wave will geteeraflected waves Wnaking an angle

6, with the (OX) axis as listed in Table 7.1 andteked on figure 7.11. Whereas the
order of successive reflections may not follow firesent numbering for particular
situations, it is important to note thatall cases the final situation can be described by
a superposition of these six waves.

vvs\;/vw We\iu)a

L

Figure 7.11: Sketch of a triangular metallic particle into whiSRSPPs are confined.

It can be seen in table 7.1 that in the genera,asninimum of two roundtrips inside
the cavity is required for the wave to recoverinisial propagation direction. Indeed,
after only one round trip in the cavity, the progign direction of the SRSPP wave is
different from the original unless = 1W3. SRSPP being p-polarized electromagnetic
waves, they have both an electric field componeninal to the surface of the metallic
particle, i.e along (OZ), and one in the planehef triangle. These two components are,
however, not independent and therefore in the viotlg we focus only on the (O2)
component.

SRSPP wave Edge Incidence angle Angle with (OX)
W, AB 0, a

W, BC 0, 4173 - @

W3 CA 0; 4T/3 +

W, AB 0, 21/3 -

Ws BC 0 2T/3 +

W6 CA 96 -a

Table 7.1: Labeling of the 6 different SRSPP waves creatstténthe triangular
particle. The angle with the (OX) is presenteddach wave.
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The electric field inside the triangular cavity céwe written as the sum of the
contributions from the different propagating wadescussed above

Esrspp (1) = Z Espspp,i ™" (7.4.6)
i

The wavevectorg; corresponding to these waves are a function ofrtagnitudec and
initial angle with the (OX) axist.

The analytical model [142provides the wavenumbers of the SRSPP eigenmodes
formed in a triangular Fabry—Pérot cavity

2 +1 202177
klmL=?nl(m—l)2+3(mT—7¢>l (7.4.7)

Wherel andm are integerd, is the side length of the triangle, appds the phase shift
upon reflection at the edges of the triangle. Titegerd andm are used to label the
RBMs (RBMy). At each reflection on the nanotriangle edges, assume that the
reflected SRSPP waves experience a phase shifpendent of the energy and
incidence angle

ikey L

—ikgy—L

_ _—ip _ Esrspp.6,2€ 2v3 748
Tsrspp = € = L (7.4.8)

1y2\/§

Esrspp,1,2€

It can be shown that these relations can be simediasly satisfied only for specific
initial anglesa. These angles and the associated wave vectorthdosix waves of
equation 7.4.6 can be computed for different valokeshe reflection phase shift.
From their knowledge, the coefficientSsgsppi,and the complete electric field
Esrspp 1) can be calculated. We compute, for a given phiageds the wavenumbers
and incidence angle of the different nanotrianggeremodes. The spatial distribution of
the electric field is then computed from equatiod.q. The best match between
experimental EELS maps and spatial distributiorthef eigenmodes predicted by this
analytical model has been obtained with the foltayvintegers RBM(3,6), RBM(4,8),
and RBM(5,10) for a phase-shift=0.45t (see table 7.2). This value was obtained by
systematically varying the phase-shift and compggatire experimental and theoretical
spatial distributions. The fact that the phasetssitlifferent from zero reveals that the
reflection of the SRSPP could be affected by chamulation at the boundaries or
by field extension into the vacuum [12]. We fourdhtt the phase shift is constant
independently of the RBM order. This behavior dgférom the case of edge modes
where the phase shift decreases with the incrdaseae order (see figure 7.9).
Altogether, these results clearly show that theéepas observed inside the triangular
aluminum nanotriangles can be ascribed to “bregthke” Surface Plasmon modes
arising from constructive interference of SRSPP&wipropagate at the surface of the
particle and are sequentially reflected on theigesd The analytical model predicts
RBMs that we do not observe experimentally. The l@abh.2 lists the first 11
eigenmodes obtained by the triangular analyticadehdNe present for each eigenmode
the quantum numberd,i)) , the wavenumber multiplied by the edge lengthtred
triangle kL), the incident angled(), the value of the integral of their contributitmthe
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Electromagnetic Local Density of States (zLDOSkukdted within the triangle limits,
the real and imaginary part of the electric fietdl dinally the zLDOS distribution maps.
As we can observe only the eigenmodes exhibitirgy ighest zLDOS have the
symmetry of the modes observed experimentally.

1| m | kL |Angle(a)| zLDOS Real(E)

N
N
v}
O

N

e
> BB b B b » ) b
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e
en
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43 093
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4|8 14 53 L35
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15 g2 Q.63

6|9 1614 67 041

5|10 | 182 534.85 142

8|10 |18.97 77 067

7|11 | 203 635.64 Q037
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Table 7.2: First 11 triangle eigenmodes obtained by the tgiaiar analytical model.
The columns are: the quantum numbers (I,m), theem@awber multiplied by the edge
length of the triangle (kL), the angle of incider(cg, the value of the integral of the
electromagnetic local density of state (zLDOS) @alted in the triangle limits, the real
and imaginary part of the electric field and theDfDS distribution maps.

In Ref. [143], a similar two-dimensional model Hasen used to describe modes in
large triangular cavities. In this case, the modese completely different (surface
plasmon polaritons at the surface of an infiniteesi plane) and confined by silver
reflector blocks separated by micrometric distan¢ég phase shift upon reflection was
[, revealing radically different boundary conditiqsrichlet condition).

119



7.5.EELS Green Dyadic Method (GDM-Simulations)

To go beyond analytical descriptions of the edgd &BMs, we have performed
extensive electrodynamical simulations using the =E&DM method. The simulations
were performed by Arnaud Arbouet from the Univérside Toulouse, France. A
detailed description of EELS-GDM can be found ia Ref. [32]. Briefly, the technique
allows the description of the interaction of faltcrons with complex nanostructures
and is based on the Green Dyadic Method [1##4}s method is able to simulate large
structures taking into account the substrate witkagonable time of calculation. This is
the raison why we used this method over BEM or F¥iiBulation methods.

Electron energy losses and cathodoluminescence asfo-objects of arbitrary
morphologies embedded in complex dielectric mediectra and maps for both
penetrating and non-penetrating electron trajegsorcan be obtained from the
computation of a generalized field propagator. €hatribution from the substrate is
taken into account by adding the correspondingdfseisceptibility to the field
susceptibility of vacuum [145].

Throughout this study, we have considered 100 l&¢tedbns impinging on aluminum
nanotriangles deposited on asMj substrate (n=1.98). The dielectric constant of
aluminum has been taken from Ra&tal.[53]. The aluminum nanotriangles have been
discretized on a hc lattice with typically 8000 algs. The contribution from the
substrate has been taken into account in the nardesl approximation using the image
dipole approximation. Figure 7.12 shows two EELSpsm@omputed for different
positions of a 100 kV electron beam travelling tlgi or in the vicinity of a 700 nm
triangle at two different energies. The spatiatrtbsition of the loss probability reveals
the excitation of two different edge modes. Morantl100 such EELS maps have been
computed and automatically processed using a PyHuoipt. The data processing
consisted in extracting profiles of the electroergry loss probability on one edge of the
triangle and along a line crossing the trianglgigdd respectively the edge modes and
the RBMs. Figure 7.12 shows such EELS profiles astiegh on one edge of the triangle
revealing the excitation of two different edge n&derom these profiles, the position-
energy maps that will be shown in figure 7.14 hiagen reconstructed.

a v 700

—-400 -300 -200 -100 O 100 200 300 400 ‘ -400 -300 -200 -100 O 100 200 300 400
o X( nm) e X( nm)

Figure 7.12: EELS-GDM simulation performed on a 700 nm aluminuiangle

deposited on a $N, substrate. An EELS map and the EELS profile atomgedge are

shown at two different energy losses. The incididtrons have energy of 100 kV.
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7.5.1.Comparison of simulations with EELS results and anlytical model

The experimental EELS and analytical maps are comdpawith extensive
electrodynamical simulations using the EELS- Gregadic Method (EELS-GDM) [32]
(figure 7.13). As it can be observed, the expertaleranalytical model and GDM
simulated maps match very well for the RBMs indluetriangle. However, on the edge
of the triangle we do not observe the same numblebes. This is expected for the 2D
analytical model which does not take into accotnet ¢dge modes at all, as they are
separately simulated as 1D cavity modes, as presdm@fore. In the experimental and
GDM simulated maps the number of visible lobes lom @dges is different, which is
likely due to an energy inversion of some modethénsimulations as we will discuss in
figure 7.14.

(@)  Experiment (b) Analytical model (€) Simulations
phase shift=0.45x

1 0
‘ 0 5
RBM(3,6) | M

A o 4
RBM(4,8) ° .

o 4

o 2

0

Figure 7.13: (a) Experimental maps of the RBMs of an aluminamotriangle of 604
nm side length. (b) Analytical model maps obtawétl a phase shift of 0.45showing
the good agreement with experimental maps. (c) EGD® simulations maps
computed at the energy of the RBMs.

RBM(5,10)

Figure 7.14shows the experimental and simulated energy digperalong the
horizontal axis placed at two vertical positionsam Al nanotriangle of 700 nm side
length. The energy dispersions were obtained infddewing way: spectra across the
height of the red rectangles in figure 7.14a,d wategrated, and their intensity as a
function of the energy and position along the hmmtal axis was plotted in figure
7.14b,e. Figure 7.14c,f presents the corresponsimglated energy dispersion. As it
can be observed by comparing figure 7.14b and e, eitige modes are very well
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reproduced by the simulations showing a pattery ekrse to that of the experiments.
However, the simulated energy spacing is largen ttiee experimental one. This
relatively larger energy spacing is expected argiae smaller than 1 eV due to the
limitation of the deconvolution process to separpéaks. This is reflected in the
overlap of E1 and E2 for increased triangle sidgtles (figure 7.5a). The experimental
RBMs dispersion is also very well reproduced bywations (figure 7.14f) along a
horizontal line close to the center of the triandgdlewever, again the energy spacing is
higher in simulations than in experiments. Diffeves between the dielectric data taken
into account in the simulations and the real onadlyp explain this discrepancy. In
particular, the refractive index of the 3Si substrate may have been slightly
underestimated in the UV-blue spectral range. I8gtéside the difference in energy
spacing, the only discrepancy with the simulati@nan inversion in energy of the first
RBM (RBM(3,6)) with the fourth edge mode (E4). Hoxee, this mismatch could be
explained due to the native oxide shell of aluminuhich is not taken into account in

simulations. It could also be due to the shape haf triangle edge used in the
computation.
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Figure 7.14:(a) HAADF images of an Al nanotriangle of arour@D7hm side length.
The red box indicates the region studied to obtaendispersion of edge modes along x
axis. (b) Energy dispersion along the x axis margdhe red box in a. (c) EELS-GDM
dispersion simulation of a triangle of 700 nm diglegth along the edge of the triangle.
(d) Same HAADF image as in a. The red box is platesk to the center of the triangle
in order to obtain the dispersion of RBMs. (e) HEyyedispersion along the x axis
marked by the red box in d. Intensity has beenratgd in order for the faint features
at high energy to be visible. (f) EELS-GDM dispanssimulation of a triangle of 700
nm side length along a horizontal line close to te@ater of the triangle. The energy

ranking change for RBM(3,6) and E4 between experinaad simulation is made
explicit.
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7.6.Dispersion relations

To further understand the nature of edge modesRBids, we studied the dispersion
relation (E vs k) for both kinds of modes. By usiequation 7.4.Jand 7.4.7, it is
possible to get a robust and sound definition eflavenumbers of the edge modes and
the RBMs. The edge mode of order 1 is not takematount due to antinode bunching
effect [12], [136]at the extremes of the triangle side length as imead in section
7.4.1. To complement this study, we have also mredsAl nanoantenna dispersion
relation with the same analysis used for edge madesnotriangles using equation
7.4.1. Figure 7.15 shows the dispersion relationboth the edge modes in Al
nanotriangles and the Al nanoantenna modes. Bstiediion relations match very well.

5.0 —
45— @ Al triangle edge modes

@ Al nanoantenna modes
4.0 -

3.5 - l_m—'
3.0 - #—0—'

2.5 =

=] "
154 _ob"

1.0 —

Energy Loss (eV)

1T T T 1T 1T T T T T 1
5 10 15 20 25 30 35 40 45 50 55 60
K (um )
Figure 7.15: Experimental dispersion relation of Al nanotriaagtdge modes (black
dots) and Al nanoantenna modes (purple dots). Tdaimbthe experimental
wavenumbers of Al nanoantenna modes we used the s@thod described for edge
modes in Al nanotriangles in section 7.4.1.

Figure 7.16 shows the dispersion relation (E v$ok)edge modes and RBMs in Al
nanotriangles. These two kinds of modes preserferdiit dispersion relations,
highlighting their different natures. The RBMs cha compared with the analytical
dispersion relation of SRSPPs in an Al thin filn® @m thickness) on a $8l, substrate
(30 nm thickness) immersed in vacuum (blue curgé).[A similar agreement between
the dispersion relation of RBMs and a thin film Heeen reported in the literature in
silver nanodisks [33], [38]The difference in energy of the dispersion relandiRBMs
and edge modes is due to the fact that RBMs coome fhe interference of Short Range
Surface Plasmon Polaritons and therefore they\iotloe relation dispersion of a thin
film. However, edge modes are scaled to the casammfantenna modes.
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Figure 7.16: Dispersion relation of the edge modes and pseuslglR of Al
nanotriangles. The dashed blue curve is the aralytlispersion relation of SRSPPs of
an Al thin film (40 nm thickness) on &M substrate (30 nm thickness) immersed in
vacuum. We observe that Al edge nanotriangles maddsAl nanoantenna modes
match very well. An analogous match is observeddmt RBMs and the analytical
dispersion relation of SRSPPs in an Al thin film.

7.7.Conclusion

In summary, we used STEM-EELS to characterize phamenresonances supported by
Al nanotriangles. Two kinds of modes have been mesk the edge modes and the
pseudo-RBMs. Studying different triangles sizesr{fr125 to 700 nm side length and
same thickness of 40 nm) we found tunable plasmsanances from IR to UV range.
Edge modes are more tunable in the IR-visible raamgkthe RBMs in the UV range.
The symmetry of these modes and their energy digperhave been theoretically
verified by rigorous EELS-GDM simulations. One dms@nal and two-dimensional
Fabry—Pérot analytical models enabled us to labeleédge modes and RBMs and to
study the phase shift upon reflection. The RBMssphshift is found independent from
the order mode, exhibiting a value [d@.45t. Finally, the wavenumbers extracted from
the linear and triangular resonator models werd ts@lot the dispersion relation (E vs
k) of edge modes and RBMs. The different behawviathe dispersion relation of both
modes reveals their distinct nature. It has beengir experimentally that edge modes
in Al nanotriangles can be related to Al nanoanéermodes. On the other hand, the
RBMs have been related to the dispersion relatibraro Al thin film (SRSPPs
dispersion relation). We not only described the myatny of these modes but went into
details in the phase shift upon reflection of theesmon waves.
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Chapter 8:
Conclusions and perspectives

8.1.General conclusions

Throughout this thesis | explored the high abibfySTEM-EELS technique as a local
source of radiation. The combination of high spatiad spectral resolution of STEM-
EELS has enabled the local exploration of plasmoproperties in metallic
nanostructures. The plasmon resonance excitaticre &lso described by optical
absorption spectroscopy. A direct link betweenagdtand EELS techniques was shown
in a classical regime and with the collaboratois timk was extended to a quantum
regime.

Two mean problems were studied in this thesis. firseone corresponded to the size
evolution of surface plasmons in silver clustersafes below 10 nm where quantum
effects are expected. As secondary subject | siutiie classification of plasmon modes
in triangular nanoparticles in the classical regime

The silver clusters samples were studied by STEMSEENd optical absorption
techniques. The silver clusters were fabricateglioysical methods (by M. Hillenkamp
and N. Troc) and encapsulated in silica matrix. S&ples fabricated for STEM-EELS
and optical absorption characterizations were pegpander the same conditions. Due
to the fact that it is not possible to observe ¢émsemble of particles during optical
absorption experiments, the samples for this cheniaation were size selected with a
narrow size distribution. | optimized the EELS dpemeter and acquisition parameters
in order to detect very weak plasmon signals anthatsame time to avoid electron
beam damage on the small particles. This optinimatvas obtained after meticulous
tests using a homemade EELS detection system witghadynamic range. This thesis
is a first step towards a systematic EELS acquaisitptimization in order to detect
weak plasmon signals and to prove the feasibiitgda EELS experiments in particles
as small as 1.7 nm. This was one of the most impbresult in my thesis work.
Working with our collaborators (J. Lermé), we prdviheoretically a direct relation
between EELS and optical extinction (or absorpégtinction) in a quantum regime for
spherical systems. Despite the theoretical linkwbeh both techniques, we found
experimentally in a first observation, a discrepaint the experimental results from
both techniques. While the optical absorption expents presented no energy plasmon
shift, the STEM-EELS results presented a blue deifidency with the decrease of
particles size. In a more detailed observationyeatized that most of the particles did
not show plasmon signal at the beginning of the THELS experiments and with the
continuous increase of electron dose the plasngrakappeared and blue shifted.

The absence of plasmon signal at the beginning TENGEELS experiments was
related to an oxidation layer around the partiglbsch maybe come from the diffusion
of oxygen thought the thin matrix layer of STEM-EEkamples. With the increase of
electron dose, the oxide layer is removed by knmtkollisions and the plasmon signal
appears. From STEM-HAADF images we observed thatplasmon blue shift was
correlated with a modification of the local envinsent of the particle. Because the light
atoms can be more easily removed than heaviestsattm oxygen and silica are
removed at the particle/matrix interface by theceta irradiation. This damage on the
interface (which is unintentional but unavoidabteg¢ates a local porosity around the
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particle.

In order to interpret our results, we used a atadsjuantal model which takes into
account all the relevant effects in a quantum regisuch as electron spill-out,
ineffective ion-core polarizability, non-locality nd a local porosity at the
particle/matrix interface. The energy shift of theasmon resonance was found to be
governed by a trade-off of quantum effects. We tbbg calculations that the increase
of local porosity on silver embedded particles potes a blue shift on the plasmon
resonance and which is higher in the smallest@esti The increase of local porosity
layer by calculations matched very well with thellSEexperiments and, on the other
hand, the calculations without porosity layer matttwell with the optical results.
Therefore, the apparent discrepancy between EELS8 aptical absorption
measurements was understood. Additionally, the EEbftical absorption and
classical/quantal calculation results were compariéad older optical literature of silver
embedded particles solving the contradictions fauarlderature.

As a final message we can say that a great careohaes taken in the interpretation of
experimental STEMEELS results in order to separate intrinsic froradration induced
size effects. Additionally, we found a signal comifiom the volume of particles as
small as 1.7 nm. A volume plasmon has never begorted in literature in sub-5 nm
silver nanoparticles and, therefore, the interpi@taof this signal remains to be
understood.

The second type of samples studied in this thesisisted in equilateral aluminum
nanotriangles prepared by electron lithography {byMartin and D. Gérard) and
characterized by STEM-EELS technique. Two kindsnuddes were spatially and
spectrally revealed: the edge modes and the psSeBdits (radial breathing modes).
The edge modes were concentrated in the periphkmheo nanotriangles and the
pseudo-RBMs inside the nanotriangles. The plasmodes showed a tuning property
by changing the nanotriangle edge length. The syimyna@d wavenumbers of the edge
modes were described by a one-dimensional (1D)yHaérot cavity and the dispersion
relation of edge modes was found to be similah&dispersion relation of nanoantenna
modes. On the other hand, the pseudo-RBMs wereridedcby a triangular Fabry-
Pérot cavity and the dispersion relation of RBMssviaund at higher energies with
respect to edge modes. This different behaviohenrelation dispersions revealed the
different nature of both kinds of modes. While tedge modes are related to
nanoantenna modes, the pseudo-RBMs are relatée tigpersion relation of SRSPPs
in a supported thin film. The 1D and triangular FaBérot models enabled a complete
indexing schema of both kinds of modes. Additionathe edge and pseudo-RBMs
symmetries as well as their energy dispersions Hseaen theoretically verified by
rigorous EELS-GDM simulations (by A. Arbouet).
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8.2.Perspectives

The follow-up experiment of my work must involveethransition from a plasmon
resonance to discrete molecular/atomic transitidhs. question of how many atoms are
necessary to have a plasmon signal is still opemveder, to do this kind of study very
weak signals must be detected. During my thesisade several attempts to go below
than 2 nm particles but the low signal-to-noise #rel ZLP tail background limit the
observation of weak plasmon signals (see figurg 8.1

b

_’.«:T) T Figure 8.1: (a)
S1.44 HAADF image of a
g silver nanoparticle of
S04 1.2 nm (~50 atoms)
< 1.36 diameter. (b) EEL
e signal extracted from
E 1320 g the surface of the silver

28 32 36 40 44 hanoparticle.
Energy Loss (eV)

A new microscope STEM-EELS system of Nion Compa@iirObmatem microscope)
just arrived at the Laboratory at the beginningho$ year. This microscope has high
voltage stability and a monochromator that leadsatoimprovement of the energy
resolution down to 10 meV (FWHM of the ZLP). Theakition improvement reduces
the influence of the ZLP tail on the plasmon sigaadl consequently the increase of the
signal-to-background ratio. This microscope canrajgeat low acceleration voltage (30
kV) which increases the EELS probability and redtlve particle damage. A direct
electron detection system will be installed in B#LS spectrometer which increases the
signal-to-noise ratio. All these characteristicsll véxtend the study of plasmon
responses in particles below 2 nm. Additionallgotd sample holder will be installed
in order to do studies at temperatures of liquittdgien or liquid Helium. It is expected
that discrete atomic/molecular transitions in vempall clusters dominate over the
plasmon signal at low temperatures.

Studies in gold clusters will be also done with tleav microscope. Due to the low
energy of the plasmon signal in gold nanopartialesonochromator is required.

8.2.1.Chromatem preliminary result in a gold nanoparticle

Figure 8.2 displays the comparison of the ZLP icagbon substrate taken using the
UltraSTEM200 and the Chromatem microscopes. Therawgment of energy
resolution is evident. At the same time the ZLPitaensity is reduced up to ~f@LP
maximum. With these improvements a plasmon signalgoeld nanoparticles was
possible to detect. Figure 8.3 presents preliminasylts in a gold nanoparticle with the
new Chromatem microscope. It is clearly observedstirface and bulk plasmon signals.
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Figure 8.2: Improvement of the energy resolution (decreaseWwHM of the ZLP) in
the new Chromatem microscope. The resolution pdss@s0.27 eV to 0.070 eV and at
the same time the ZLP tail intensity decreaseswél@® ZLP (Kimoto limit) at energies
> 0.5 eV in the Chromatem microscope. The differencatensity of the ZLP tails
could be related to the scintillator. Both specivare taken on carbon substrate.
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Figure 8.3: (a) HAADF image of a gold particle of ~ 5 nm anct tREL signals
extracted from the surface and the volume usindltaSTEM200 microscope. There
Is no evidence of plasmon signals. (b) HAADF imaige gold particle of ~ 5.6 nm and
the EEL signals extracted from the surface, thaimal and the substrate using the
Chromatem microscope. The spectra from Chromatetnostuope are genuine EELS
data with any post-data treatment. The gold pagschre deposited on carbon substrate.
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Appendices

A. EELS probability of a sphere embedded in an absorbig
medium

Here we describe the excitation of LSPs in a sphereedded in an absorbing medium.
We consider an electron excitation in a non-rethraegproximation. We will apply the
same procedure used in section 2.4.3 except fadbemption of an absorbing medium.
For facility, through this appendix, we remembdrthEe steps used to calculate the
EELS probability.

An electron passing near a sphere can induce atrieléeld which reacts back on the
electron. We consider a sphere of radiusmbedded in an absorbing medium and a
point electron moving at a constant velocity= v Z along the trajectory,(t) =
(xo, O,z(t)), wherex, is the impact parameter amad= vt. In order to facilitate
calculations, we will work in a spherical systenthwihe center placed in the center of
the sphere.

The coordinates of the electron will be expressetthé referential of the sphere. In this
spherical system, = (x,? + z2)'/? andcos(6,) = z/r, = vt/r,. The potential of the
electron at a position wherer, > r is [62], [63]

e

V,(rt) =—
(1, 0) ATTEgE | T — T (AD)
Applying the Fourier transform we obtain
2 aly,
Ve(r,0) = > ) L py, (cos(6)) cos(Mg) (A.2)
== m
Beingaj,, = —ﬁNL,MILM, whereN;,, andl,,, are defined as
0
(2 = om) (L — M)!
= A.3
M (L + M)! (A3)
And
hwC@rx0) = [ der, 74 Py (cos(8,))e™” =
” (A4)

2il"M|w /v|E Ky (Jwxo /v (@ /|0 )E~M
v(L-M)!

P, are the associated Legendre polynomi&jgis unity if m=0 and is zero otherwise.
K, is the modified Bessel function of second kind.

The induced potential inside and outside the dartgcobtained by solving the Laplace
equationV?V;,; = 0 with the boundary conditions at the interfaces ted continuity
of the total potential and the normal componentthed displacement electric field.
Outside the particle the induced potential is
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R2L+1

o) L( - m)
Vind,our (1 @) = = X121 Y=o aEMrLTPLM(COS(H)) COS(Mfﬂ)m (A.5)

The termL = 0 does not contribute to the induced potential. MWyit/,(r, w) and
Vinaout (r, w) in the form

o L
Vi(r,w) = Z Z rLPy(cos(0))cos(M@) viy (A.6)

L=1M=0

with i = e or ind, out one can define the multipolar polarizability of erdL, M) as

R2L+ 1 Vind,out,LM

apy(w) = —4mwegey, r=R (A.7)

Ve, LM

We assume a sphere filled by a relative permitivifw) and embedded in an
absorbing medium of relative permittivity, (w). From equation A.7 the multipolar
polarizability is

R2L+1 L(e —em) (A.8)

(@) = Ameoem R
m

We note that in the classical limit the multipoterarizability only depend oh and we
can simplify the notation ta, (w).

The energy loss by a fast electron passing neampls with constant velocity along
a straight liner.(t) can be related to the force exerted by the indetectric fieldE;, 4

acting back on the electron [15]

AE =e foodtv “Ejq(re.(t),t) (A.9)

The energy loss can be expressed in term of tler@heenergy loss probability per unit
of frequency I'(w) by the equationAE = fooo hodwl' (w) [15]. Using Eipq =
—VVing oue WE Can write

e © .
IN'w) = —ﬂh—wf_mdt Re{v . Vde,out(re,w)e““’t} (A.10)

Solving the product - VV;, 4 o, (r, w) evaluated atr =r, and introducing it in
equation A.10 we get

P(@) = i B Bhrmo My [Ku (222)](2)” B2 1m [ —ecem ] (A1)

m2hvle, v emLe+(L+1)ey)

Being K, the modified Bessel function of second kind and
My = (2 = o) /[(L — M)V (L + M)!].

Multiplying by &;,, the numerator and denominator that are in the imaag factor of the
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equation A.11 we get

INw) =

nzhvijsmlz Zzozl ZleO MLM [KM (waO)]Z (%)ZL R2L+1Im [8:” (LsL-I-((gl.—-l-gg?em)] (A.12)
F(w)ezz oo L wxo\1? [w)\?L « p2L+1  L(e—&m) (A13)
4m3hv2ed|em |2 ZL:lZM:O MLM [KM (T)] (;) Im [47‘[808mR (L£+(L+1)em)]

We observe that the quantity inside the imaginatdr in equation A.13 is almost
similar to the multipolar polarizability of equatioA.8. The only difference is the
complex conjugate of the relative permittivity dfet medium. However, in a non-
absorbing mediumef, = ¢,,,) and equation A.13 becomes

L
2 * 2L

r@) =7 hvf(eosm)zz Z My [Ku (%)]2 () mie@] (A9

L=1M=0

Which is the same expression found in section Z24u&ation 2.4.38 for a non-absorbing
medium.
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B. Estimation of the interband transition (ib) permittivity

The classical/quantal calculations described irti@@2.5, which takes into account
quantum effects and the local environment of thetigge, have been performed
throughout this thesis. The computations have lbaemed out thanks to a homeitten
computer code based on the TDLDA formalism.

The relative complex dielectric functiay),(w) has been carefully extracted from the
experimental complex dielectric functiore.(,(w) = €;,(w) + ep(w) — 1) of bulk
silver [146] by a Kramers-Kronig analysis after gabting the conduction-electron
contributione, (w), parametrized as a Drude-Sommerfeld formula (sfe[R9] for the
details of the procedure). Briefly the imaginarymmonentim|[¢;, (w)] is first extracted
from the imaginary component of the experimentalk bdielectric function which
exhibits a steep rising edge at the interband timlds The real component is then
calculated thanks to the Kramers-Kronig relatiamking both components. For this
extraction the interband threshald, = 3.85 eV has been assumed (extrapolation to
zero of the low-energy rising edge laf(e.,,(w))). The following bulk parameters
andm, (effective optical electron mass) entering thedumiion electron contribution
(equation 2.3.43p(w) =1 — w2/(w(w +1iY)), (w,(w) = (3e?/4neorim,) /% is the
volume plasmon frequency), have been usgee: 3.02 bohr [147] andn, = m (free
electron mass) [123]. The damping factbrisave been estimated in ﬁttil’hgl[é‘exp (w)]
with Im[ep (w)] in the spectral range below;,. It should be emphasized that the
interband contributiom;;, (w) which is obtained through this procedure dependg o
very slightly on the selected Drude-parametersabse above the interband threshold
wip the largest part of Im|e.y,(w)] is exhausted byml[e;(w)]. Therefore, the
accuracy depends essentially on the reliabilitthefexperimental data.

With regard to the dielectric functian,(w) of the transparent embedding matrix, all
calculations have been carried out in involving thieulated bulk-silica data [146]. In
the visible spectral rangg, (w) varies only slightly and is on the order of 2.16uad 3
evV.
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C. Two-body Coulomb interaction in presence of a dieldric media

The results of this part are adapted from Ref..[79]

Single spherical interface

We consider two charged particles locatedjaandr, in presence of a particle of
radiusR with relative permittivitye surrounded by an infinite medium of relative
permittivity €,,. We introduce the quantities = max(r,r,) andr. = min(ry, 7).
The Coulomb interaction potenti&l(r,,7r,) between the particles is obtained by
solving the Poisson equation with the boundary tmn$ at the interfaces and the
continuity of the potential and the normal compdrafthe displacement vector. Then
the Coulomb interaction potenti@l(ry, r,) is then

1 rk R2LH1 L(gy, —€)
S—Z [ Lf—l + u PL(cos(a))
m & 1£S

()t Le + (L + e,y

1,72 > R

L
re 2L+ 1
P
ZL: lr>L+1 Le + (L + Deg,, (cos(@))

rn<R<norrnp<R<n

lz l Té‘ (7,,17,.2)L (L + 1)(6 - gm) p (COS(Q))
L

£ L rltl R Le+ (L + ey,

1,72 <R

WhereP, are the Legendre polynomials amds the angle between the vecteysand
r;.

Two nested spherical interfaces

We consider two charged particles located,aandr, in presence of a coated particle
of radiusR; with relative permittivitye. The shell around the particle has a radiys
The relativity permittivity in the rangfR,, R,] is &, and the infinite surrounding
medium has a relative permittivity,.

The Coulomb interaction potenti#l(ry,7,) between the particles is obtained by
solving the Poisson equation with the boundary tmn$ at the interfaces and the
continuity of the potential and the normal compdnainthe displacement vector. The
Coulomb interaction potenti®l (14, 1,) is then

A, 1 rk
Z PLH + S_r”ll P,(cos(a)) 1,72 > R;
— 172 mTs
L L
Z B.r; +m P,(cos(a)) Ri<r,<R,<mn
- 2
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Z[DLrZL] P,(cos(a)) r, <R <R,<mn

.. P 1
Z Ery +—7+ L+1 PL(cos(a)) Ry <mnr,1 >R,
T T, &€ shell T~

Z[GLrZL] PL(cos(oc)) r, <R, <r <R,
L
Z [Hﬂz L+1l P,(cos(a)) T <R
L
With
5 2L+1 1
= —QL+D[Le+ (L +1)e ]( ) e
shell R1 AT1L+1
R2L+1
C,=L2L+1)(e—- Esheu)A L+
=0 L et
Cp
DL:= BLi‘E§ZII
Lo — ) 2041y L
F, = ——"23(L + D (&nen — &m) + [Legpen + (L + Deyy] <_2> "
Eshell n A
5 - 1 B [Le + (L + Déegpen] F,
L Esnen T R2L*1 L(e — &snenr)
GL= By + s+ ——
t t R egpen rit?

(Rz z“ll (2L +1) 1} rt

2L+1
Rl

H, = {[(L + D (&m — &snenr) — [Lespen + (L + Dep,]

A= L(L + 1)(&m — €snen) (€ = Esnenr)
2041

— [Le + (L + Despenl[Lesnen + (L + Deyy] ( 1)
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D. Electrostatic potential in two nested spherical intrfaces

Considering a coated metallic particle of radiyswith relative permittivitye;;, (the
conduction electrons have been subtracted). Thi afoeind the particle has a radius
R,. The relativity permittivity in the rangek;, R,] is &s,.;; and the infinite surrounding
medium has a relative permittivity, (the medium is non-absorbing).

The solution of the classical electrostatic potdmti.(r, w) presented in section 2.5.4 is

9¢ £
¢c(r) = {— %r} cos(0)E,
r <R,
3em(&ip + 2€5ne11) 3em (€ip — Esnen) R3
¢C(T)={— — A —r +— lA, =° 2 cos(0)E,
R <r <R,
. _ o 3
¢C(r) — {(Elb+235hell)(gshell Em)‘;I,?(SLb gshell)(zgshell’l'gm)f_; _ T'} COS(G)EO
r >R,
Where
A'= (gip + 2&spenr) (Esnen + 2&m) — 20 (€ip — Esnen) (Em — Esnenr)
And

-(7)

137



138



E. ZLP in different substrates and vacuum

EEL spectra containing the ZLP were acquired ified#int substrates and in vacuum.
Figure E.1 shows normalized ZLP in logarithmic scalken in vacuum (red curve),
SisN4 substrate covered by silica matrix (brown cunagibon substrate covered by
silica matrix (green curve) and carbon substralige(burve). In the case of vacuum, the
ZLP tail is below 10 ZLP at energies 6 eV and below I8 ZLP at energies 1.5 eV.

In the case of 9N, substrate covered by silica matrix, the ZLP miélow 10 ZLP at
energies> 2 eV. In the case of carbon substrate coveredillma matrix and carbon
substrate, the ZLP tail is close to1@LP at energies 2 eV and below 18 ZLP at
energies> 7 eV. This is due to the fact that the carbon gmes a peak shoulder at
around 6 eV.

0

10ElllIlﬁllIIIIIIIIIIIIIII[IIIIIIIIIIIIE
i — ZLP vide i
10" E — ZLP Si;N, substrate + silica matrix
- — ZLP C substrate + silica matrix .
i — ZLP C substrate .
10% F -
10° ke
Ef
10‘4 E_ ....................................
10'5IIIIIIIIIIllIIIIlIIIIIIlIIIIIIIIIIII

-2 0 2 4 6 8 10 12 14
Energy Loss (eV)
Figure E.1: EEL spectra containing the ZLP acquired in vacu{red curve), SN4
substrate covered by silica matrix (brown curvegtbon substrate covered by silica

matrix (green curve), and carbon substrate (bluevey All the data was collected in
the USTEM200.

139



140



F. Simulation of the plasmonic response of oxidized oe-shell
Ag/Ag,O/SiO, nanoparticles

These calculations were performed by Emmanuel @atiafrom the Institut Lumiére
Matiere at the Université de Lyon 1, France.

In order to corroborate our interpretation that eawh the largest particles investigated
by STEM-EELS show initial LSP energies below theepted value of 3 eV (figure
5.14) because of oxidation, we calculated absarptioves within classical Mie theory
for concentric core@shell Ag@A/&Q nano-spheres embedded in a silica matrix [57]
The absorption cross-sections have been calculatede dipolar approximation for
various oxidation ratios (OR), defined as the oxathell to metal core volume ratio
(R3RA/R? (R. designates the Ag-core radius, and R’ the totdius). For 0%
oxidation the pure silver radius is R = 5 nm. Th&uglation of the thickness of the shell
for a given level of oxidation by using the lattiparameters of A® (a=0.472 nm
[148]) is detailed in Ref. [149]. The increasedit&t parameter of the silver oxide
results in an increasing total diameter R’ upondaton. The calculations have been
performed with the dielectric function for silveas( used in appendix B) and those
deduced from the work of Qiu et al. [150] for oxiéldl silver (see Ref. [149] for further
details). The matrix dielectric function used heyextracted from the tabulated bulk-
silica data [151].

Ag@Ag Oin SiO2 ——R_=R,,= 5nm; oxidation rate (OR) = 0%
600 | X ——R=4.95nm; R'=5.10 nm; OR=8.7%
R.=4.9nm; R"=5.20 nm; OR= 16.3%
i —Rc= 4.8nm; R'=5.38 nm; OR=28.9%
500 ——R =4.5nm;R'=5.8nm; OR=53.7%
B , R.=4.0nm; R' = 6.34 nm; OR= 74.8%
L R R.=3.0nm; R'=6.93 nm; OR=91.8%
R =R =0nm; R"=7.31 nm; OR=100%
400 F Ag Rc
N
S
=
. 300 Ag,0
[0 I
200
100
0 z 2 | ) Qé |
1,5 2,0 25 3,0 3,5 40 45

Energy (eV)
Figure F.1: Calculated absorption cross-sections within theothp approximation in a
silica-embedded core/shell Ag@&gspherical geometry for increasing oxidation rates
(OR).

The spectral position of the resonance is at 3\08e non-oxidized NPs, as discussed
in section 5.2.1. and shifts to <2.7 eV for highidation rates. These classical
calculations do not depend on the size of the namicfes. Only the amplitude of the

absorption cross section changes but the oxidatlemendent shift is the same for all the
large patrticles studied. A degree of oxidation 85% thus leads to a shift of the LSP of
the core/shell particle to ~2.75 eV, where the medtshifted signals were detected.

141



142



G. Supplementary STEM-EELS experiments on silver clusrs

We have in the meantime performed supplementargrerpnts on the oxidation of Ag

particles in the thin STEM-EELS samples. Severatigjas were measured and then
investigated again after exposure to air for orghtiln the first experimental run the
usual dependence on electron flux was observed agiflration of the signal and blue
shift (see figure G.1b). Within the uncertainty &P energies were identical after re-
exposure to air (see figure G.1c), showing thatleast for this particular sample,

several hours are not enough to re-oxidize thagest The exact diffusion kinetics of

oxygen through the silica matrix are, however, Imelthe scope of this thesis.
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Figure G.1: (a) HAADF image of a silver particle of 9 nm embedidn silica. (b)
Surface plasmon signal appears (activation) afemoving oxide (blue curve) and it
blue shifts to higher energy (red curve) at higbcelon dose. (c) A second experiment
was done after one day of exposition to air. Irsteecond experiment the surface
plasmon signal appears at the first acquisition(lelectron dose) and its energy is at
the same position that the day before (green cuiMeg linewidth is also the same. All

these mean that one night (~12 hours) to air exjpwsis not enough to re-oxidize the
particle.
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Résumé:ll est bien connu que les propriétés optiques desparticules de métaux nobles,|en
particulier d'or et d'argent, s'écartent fortenaantcelles de métaux macroscopiques. Pour les
tailles comprises entre dix et quelques centairesahometres, elles sont dominées pai les
plasmons de surface (SP) décrites par des modakesnpnt classiques. En revanche, |les
agrégats de quelques dizaines d’atomes se compodeme des systémes quantiques, ce qui
induit des comportements optigues nouveaux. La ctstre des nanoparticules et
I'environnement diélectrique peuvent affecter lesppétés optiques. Dans cette thése,|j'ai
utilisé un microscope électronigue a transmissibalayage (STEM) équipé d'un spectrometre
a perte d'énergie des électrons (EELS) pour meseneparalléle, les propriétés optiques et
structurales de nanoparticules individuelles.

Je présente comment des expériences complémentaif&M-EELS et absorption optiqui)
sur de petites nanoparticules d'argent triées i@ ¢ encapsulées dans une matrice de silice
donnent au premier abord des résultats incohéramdis que, d’'une part, I'absorption optique
ne montre aucun effet de taille entre quelques egagh environ 10 nm, un décalage en énergie
est observé dans les mesures STEM-EELS. Notrepnétation quantitative, fondée sur un
modéle mixte classique/quantique qui prend en certmuis les effets quantiques pertinents, a
résolu les apparentes contradictions non seulei@mé nos données expeérimentales, rpais
également dans celles de la littérature. Notre heodiécrit comment I'environnement local st
le parametre crucial contrdlant la manifestatiod'@wsence d'effets de taille quantique.

En second lieu, je me suis intéressé a la régioanpent classique a travers des structures
lithographiées de quelques centaines de nanomeBies. que les cavités plasmonigues
triangulaires aient été largement étudiées daritdaature, une classification en termes|de
modes de respiration et de bords plasmoniques ra@nddans cette étude, les résultats
expérimentaux de STEM-EELS, des modéles analytigtiedes simulations classiques nous
ont permis de décrire la nature des différents mode

Title: Optics and Structure of Metal Clusters at the Ato8tale

Keywords: Metal nanoclusters, Plasmons, Metal molecularesyst

Abstract: It is well known that the optical properties ofnoparticles of noble metals, |n
particular gold and silver, deviate strongly fromoge of macroscopic metals. For sizes
between ten and a few hundred nanometers, thegarenated by surface plasmons (SPs)
described by purely classical models. On the dihed, clusters of a few tens of atoms behave
like quantum systems inducing new optical behavidte structure of the nanoparticles and
the dielectric environment can affect the opticadperties. In this thesis | used a scanrjing
transmission electron microscope (STEM) fitted wath electron energy loss spectrometer
(EELS) to measure, in parallel, the optical andcttrral properties of individual nanoparticles.

| present how complementary experiments (STEM-EEDS optical absorption) on sizz-
selected small silver nanoparticles embedded icasilield at first inconsistent results: while
optical absorption shows no size-effect in the eahgtween only a few atoms and ~10 nm, a
clear spectral shift is observed in STEM-EELS téghe. Our quantitative interpretation,
based on a mixed classical/quantum model whichstake account all the relevant quantum
effects, resolves the apparent contradictionspnbyt within our experimental data, but also| in
the literature. Our comprehensive model descrilmsg the local environment is the crucjal
parameter controlling the manifestation or abseficeiantum size effects.

Secondly, | was interested in the purely classieglon through lithographed structures of a
few hundred nanometers. Although triangular plasmoavities have been widely studied|in
the literature, a classification in terms of plasimeanodes of breathing and edge was missing.
In this study, experimental STEM-EELS results, giedl models and classical simulations
enabled us to describe the nature of the differesdes.

154
Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de 'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



