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Introduction

The physical properties of nanoparticles have been largely investigated over the
last decades as a result of important developments in their synthesis, detection
and modeling. It has been shown that nanosized materials, as compared to their
bulk counterpart, exhibit new optical, electrical, magnetic, mechanical and ther-
mal properties, due in particular to their high surface to volume ratio. From
an optical point of view, noble metal nanoparticles show an extinction spectrum
dominated by the surface plasmon resonance (SPR), responsible for the bright
colors of nanoparticle colloids that are apparent in the stained-glass windows of
medieval cathedrals. SPR is associated to the collective oscillation of electrons
excited by the incident electromagnetic field, enhancing the electric field in and
around the particle. It is influenced by the nanoparticle size, shape, composition
and environment, whose control during fabrication has been improved during the
last decades, increasingly allowing experimental and theoretical investigations on
single nano-objects and their use in various applications such as sensing, energy
harvesting and photothermal therapy.

This thesis, organized in three chapters, aims to extend the knowledge and under-
standing of environmental effects on the optical and acoustic properties of single
metal nanoparticles.

The first chapter theoretically compares the physical properties of noble metals
in the bulk state and at the nanoscale. The cases of spherical and elongated
nanoparticles are discussed in details, allowing to connect SPR properties (spectral
position, linewidth and area) with the nano-object features (size, shape, composi-
tion, environment). A final section deals with the spatial modulation spectroscopy
(SMS) technique, consistently employed to optically detect single nanoparticles in
far-field and quantitatively measure its extinction spectrum.

The second chapter investigates experimentally and theoretically how the SPR
of a single metal nanoparticle is affected by extreme conditions, i.e. by strongly
modifying the pressure of the external environment. After the description of the
diamond anvil cell (DAC) apparatus suitable for yielding a controlled high-pressure
environment, its non-trivial combination with the SMS microscope is explained.



2 Introduction

The experimental results on the SPR properties evolution with increasing pres-
sure are presented in details. In particular, the SPR spectral position redshift
with pressure is successfully modeled both numerically, using the finite-element
method (FEM), and analytically, under simplifying assumptions to provide fur-
ther physical insights. The SPR spectral area dependence on pressure is explained
through a simple model and the spectral linewidth change justified by considering
the pressure dependence of its multiple contributions.

The last chapter describes how the acoustic behavior of a single nanoparticle is
affected by its morphology and interaction with the environment. After a theoret-
ical introduction of the vibrational properties of single nano-objects, the principle
of acoustic FEM simulations is explained. It follows the description of the investi-
gated samples, composed of isolated gold nanodisks on a sapphire substrate, among
which the most circular have been selected and investigated by SMS. The com-
bination of the SMS microscope with a pump&probe (P&P) setup is introduced,
allowing investigations of the ultrafast response of a gold nano-object. By focusing
on the acoustic component of the P&P signal from single nanodisks, specific vi-
brational modes are characterized, with particular attention to the dependence of
their damping rate on nanodisk morphology. FEM modeling results are compared
to the data in order to unveil the origin of the observed phenomena, associated to a
reduction of acoustic energy tranfer to the environment through the disk/substrate
interface.



Chapter 1

Optical and electronic properties
of metal nano-objects

Optical properties of metals are directly related to their electronic properties at
both bulk and nanometric level. In this chapter, it is firstly presented the con-
nection between electronic and optical properties for bulk metals with a focus on
noble metals, widely used for plasmonics applications. Afterwards, the optical
response of metallic nano-objects with simple geometries is described, with partic-
ular regard for their surface plasmon resonance (SPR). The last part deals with the
optical detection of single nanoparticles via the spatial modulation spectroscopy
(SMS) technique.

1.1 Electronic properties of bulk metals

Gold, silver and copper are noble metals. They are constituted by monovalent
atoms with a resembling electronic configuration, comprehending the full elec-
tronic level (n—1)d and the level ns occupied by a single electron reported in
Tab. (1.1). In bulk materials, these atoms are organized in a faced cubic centered

METAL  CONFIGURATION  a(A)  n,(x102cm™?)

Gold (Au) [Xe]4f145d'96s 4.07 5.90
Silver (Ag) [Kr]4d'05s? 4.08 5.86
Copper (Cu) [Ar]3d04s! 3.61 8.47

Table 1.1: Electronic configuration, lattice periodicity a and electron density n. of noble
metals [1, 2].
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structure with lattice periodicity a, as illustrated in Fig. (1.1). Isolated atoms
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Figure 1.1: Schematic of a FCC structure with lattice periodicity a.

have quantized electronic levels, each one representing an orbital. In a solid, in-
teractions between atoms induce a broadening of the energy levels, leading to a
continuum of electronic states, called electronic bands.

The band structure of crystalline materials is theoretically described by the Bloch
theorem (that allows to solve the Schrodinger equation of a free electron in a po-
tential with periodicity defined through a). An ensemble of energy bands EP(E)
quantized by p emerges. Core electrons are weakly influenced by the presence of
other atoms, while the electrons in the highest energy levels ( (n—1)d, ns and np)
are strongly affected. At T'=0K, the energy bands are filled until the Fermi energy
Er, corresponding to the energy of the electronic state with highest energy.

Two energy bands are particularly important to understand the materials physical
properties: the wvalence band, the highest energy band completely filled with elec-
trons, and the conduction band, the lowest energy band partially filled. A sketch
of the band structure of a metal is presented in Fig. (1.2). Each atom contributes
to the conduction band with an electron (ns'), and thus, the conduction electrons
density is defined as

P
€:N ) 11
" AN (1.1)

where N4 is the Avogadro number, p is the density and MM the molar mass.
The electrons of the conduction band may be considered as free electrons with
effective mass m™*, according to the dispersion relationship

2
E(k) = nk—

2m*

The density of states g(E) of conduction electrons for a tridimensional system of
volume V' is therefore given by

o(B) = 2 (2;;)3 VE. (1.3)

(1.2)
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Figure 1.2: Sketch of the band structure of a metal with a low-dispersed valence band
(d band) and a partially filled conduction band (s-p band). Photon absorption by a
d-electron may cause a transition towards the s-p band. The electron in the conduction
band can realize intraband transitions with the assistance of a phonon (dashed arrow)
or another electron.

Thus, the Fermi energy is defined by the free electron density n. via

h2

2m*

Wl

Ep =

(37ne) (1.4)

from which two constants can be deduced: the Fermi temperature T = Er/kp

(with kp the Boltzmann constant) and the Fermi velocity vp =1/ 25,? . The main

quantities of the free electrons model are summarized in Tab. (1.2).
It follows that the volumetric heat capacity of free electrons is defined (under the
hypothesis T, < Tr) as

1 [+ Of(E) 0.k
Ce(Te) - V/(] Eg(E) az-ve dE - 2TF Te - aeTe7 (15)

METAL  m* Ep(eV) Tr(x10*°K) vp(x10° ms™)

Gold (Au) 1 5.53 6.42 1.39
Silver (Ag) 1 5.49 6.38 1.39

Table 1.2: Effective mass (m*) (m* = 1 indicate a particle with mass equal to one
electron mass me = 9.11 x 1073 kg), Fermi energy (Er), Fermi temperature (Tx) and
Fermi velocity (vp) for gold and silver [2].
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where f is the Fermi-Dirac distribution, describing the occupation probability of
an energy state with energy E:

1

HE) = w1 1 (1.6)

(where the chemical potential has been posed equal to Ep, accordingly with the

condition T, < TF). In the gold and silver case, the proportionality constant results
2

A= ZTZ kp~65J m™3 K2

1.2 Optical properties of bulk metals

In metals, optical properties are governed by the response of electrons to external
electromagnetic fields.

1.2.1 Electromagnetism in a metal

The interaction between an electromagnetic field E(w) of angular frequency w
and a material is described by the dielectric function e(w) = ¢€;(w)+iea(w) (being
€1(w)=Re{e} and ey(w) =Im{e}) or using the complex refractive index n=n-+ik
(with 7i2=¢, n=Re{n} and x=Im{fA}). They link the electronic induction D to
the electric field

D = eeE = eo(1 + Y)E (1.7)
where ¢ is the vacuum permittivity and y the electric susceptibility. Fig. (1.3)
shows the dependence of €5 as a function of photon energy for gold and silver.

a) wavelength (um) (b) wavelength (um)
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Figure 1.3: Real (a) and imaginary (b) part of the dielectric function of gold and silver

energy (eV)

experimentally measured [3].

energy (eV)
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Supposing isotropy (e scalar) and a monochromatic electric field E(7, t) = Ey e+
c.c., the Helmholtz equation applies
2

V2E, + “;—Qe(w)ﬁo ~0. (1.8)

Considerir}g the propagation along the axis z, the electric field becomes E (7 t)=
E_)O(F)ei”t(%zft). The field intensity (I ~|E|?) has the form
I(z) = Ipe ™%, (1.9)

where a(w) = 2w k(w)/c is the absorption coefficient. In metals, the dielectric
function can be separated in two terms e =e”+€®, each one associated to different
electron-photon mechanisms. Photons may be absorbed by conduction electrons
leading to intraband transitions (internal to the conduction band), or by valence
electrons yielding interband transitions (between valence and conduction band).
Classically, intraband transitions are described through the Drude model, based
on the quantities e” and x”, while interband transitions are governed by € and
X%, related to € by

e=e"+ P =14 X" +xP, (1.10)
having defined € =1+x%® and e’ =y".

1.2.2 Intraband transitions: the Drude model

The Drude model [4] allows to calculate the dielectric function associated to in-
traband transitions €”. It considers the quasi-free electrons of metals as free in-
dependent electrons interacting With their surrounding by scattering processes,
described through the viscous force F= —meyU, with v the scattering rate. The
dynamics of an electron undergoing an electric field E(t (t) = Eye™ ™' + c.c., is thus
described by

d*r dr ~
Me g = —MeY 7 = ek, (1.11)
where 7 is the position vector. The Drude component of dlelectrlc function €? is
defined through the polarization vector PNp = —neer = ey’ E where n, is the
conduction electrons density. It follows

2

ib D ib D ib “p
€w)=€"(w)+€e (w)=1+ w) + w)=€"(w) — ———, 1.12
(@) = () + () = 1+ x7w) +x7w) = M) — s (112

where w, =4/ ;ﬁje is the plasma frequency, resulting fw,~9 eV in gold and silver.

The real e and imaginary part €2 of the Drude contribution result as

Do G
1 w212 o2
(D wg'y wg,y for "<uw. (113)
2 w(w?4+2) w3
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In noble metals, this approximation is valid in the optical frequency domain
(w/v~10).

In the case w=0, 7 is the scattering rate between electrons and lattice (electron-
phonon scattering) or other electrons (electron-electron scattering), and thus is
restricted to two-bodies interaction processes. When w # 0, v takes into account
the absorption of a photon with frequency w by a conduction electron. As the mo-
mentum of a photon is negligible, this intraband absorption requires the presence
of a third body (electron or phonon) in order to satisfy the energy and momentum
conservation (see Fig. (1.2)).

Fig. (1.4) shows the intraband transitions contribution, computed using the Drude
model for the gold dielectric function. The agreement is good for large wavelengths,
conversely, for photon energies £/ >2 eV, the interband transitions contribution be-
comes dominant.

3 wavelength (um) (b wavelength (um)
1.2 0.9 0.6 0.3 12 0.9 06 0.3
0 mEEE :;-—--l; anEnnE}
n o=
I.-.
-20- "
m
0] u " B ~
= a5l & |
.60 -
n
-80 : : : : : : : : . : : :
10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45
energy (eV) energy (eV)

Figure 1.4: Real (a) and imaginary (b) part of the dielectric function of gold. The
differences between measured €; 5 (black dots) [3] and the calculated contributions of
the Drude model XEQ (solid lines) dielectric function allows to extract the interband

contributions xilljz (dashed lines).

1.2.3 Interband transitions

In noble metals, interband transitions occur between core electrons of d-bands and
the empty states in the conduction band (Fig. (1.2)). The energy threshold fiwy,
for this process is ~2eV in gold and ~4 eV in silver [5, 6]. The energy threshold
hw;p correspond to the step increase in e, (Fig. (1.4b)).
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1.3 Optical properties of metal nano-objects

Metallic nanoparticles are small systems consisting of few tens to thousands or
millions of atoms, whose optical response is dominated by the presence of an
extinction resonance induced by the dielectric confinement, called surface plasmon
resonance (SPR). Its properties (spectral position, linewidth and area) depend on
the nanoparticle size, shape and environment, and are briefly discussed in this
section.

1.3.1 Energetic considerations

When an electromagnetic wave Eo(t) :E(Je_i“’t shines a nanoparticle, as illustrated
in Fig. (1.5), the nanoparticle electrons oscillates along the light polarization at
the frequency w.

incident field EO scattered field Esca

Figure 1.5: Nanoparticle illuminated by an 1n(:1dent electromagnetic wave Ej. Interac-
tion with the particle yields a scattered field Esca and an internal one Emt

This electronic periodic movement induces an electric field inside the nanopartic-
ule, Emt(t), and a scattered one, Esca(t), propagating through the external matrix
(from the nanoparticles towards every direction). Absorbed electromagnetic en-
ergy can also be transformed in thermal energy via Joule effect.

In an homogeneous environment, the power absorbed by the nanoparticle, W,s,

Waps = —fﬁ-ﬁds, (1.14)
S

is determined by the flux through the nanoparticule surface S (with 77 the unitary
vector normal to the surface and directed towards the exterior) of the Poynting
vector P, defined as a function of the total external electric field E,,(t) = Ey(t)+
E,.(t) and total external magnetic field H,,(t)= Ho(t)+ Heq(t)

L1 L
P = JRe{E,xH}. (1.15)
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Considering a transparent environment, the development of the electric and mag-
netic fields yields [7, 8, 9]
Wabs + Wsca = We:ct ) (116>

where

Woea = $Re { f[Erea x Fiz,.) - 7dS |

S (1.17)
+Esca><H§]-ﬁdS}

Wewt = _%Re {ﬁg[EO X H:ca
The incident power loss (extinction), We,, in the propagation direction is caused
by the sum of the absorbed power W, and scattered power W, by the nanopar-
ticle.

Convenient definitions are the extinction, absorption and scattering cross-sections
of the nanoparticle. They are defined as the ratio of the powers over the average
intensity Iy (Ip="mnn, ceO<EO>2/ 2, with n,, the refractive index of the medium and ¢
the speed of light) of the incident beam on the nano-object [9].

J— Wel‘
Oext — To ‘
Wa S
Oabs = Iob y (118)
J— VVSC(I
Osca = To
and therefore
Oecxt = Oabs T Osca (119)

Analytic computation of the cross-sections are possible in simple cases (spheroids in
homogeneous matrix), while for more complicated geometries a numerical approach
is required.

1.3.2 Optical response of a nanosphere in the quasi-static
approximation

Consider the configuration illustrated in Fig. (1.6), where a sphere of diameter
D and dielectric function €(w) = €; + €2 is embedded in a transparent medium
of dielectric function ¢,, and shined by the incident plane wave qu = Egei(’z'ﬂ”t)
with £ =n,,w/c. As shown in Fig. (1.7), if the sphere diameter is of the order
of the incident wavelength (D ~ \), electric field is not uniform within the parti-
cle, creating an inhomogeneous charge distribution, inducing multipolar electron
oscillations. On the other hand, if the particle is very small as compared to the
optical wavelength (D <)), the field is uniform inside the particle and the charge

distribution approaches that of an oscillating dipole (dipolar approximation). The
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Figure 1.6: Nanosphere (yellow sphere) of dielectric function € under an electric field
FEy in a medium characterized by €,,. Ey induces a polarization Pyp corresponding to
electronic movement (blue sphere).

Figure 1.7: Charge distribution in the case D<A (left) and D~ X (right).

latter case corresponds to the electrostatic problem of the polarization of a sphere
in a uniform field, which can be solved by Poisson equation with proper boundary
conditions. The incident field induces a polarization ps within the sphere and a
polarization pg in the surrounding medium; applying field continuity conditions at
the interface, the internal field E;,; is shown to be proportional to the incident
field through a dielectric confinement factor [10]

Ein = Ey, 1.20
¢ €+ 2¢,, 0 ( )

The polarizability « of the nanoparticle can be deduced from ]3N p:aeoemﬁg [10]

€— €m

a =3V (1.21)

3
€ — 26,
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where V' = %ﬂ'DS is the volume of the sphere. As a first approximation, the particle
response to an incident field can thus be identified with the response of a dipole
placed in its center. Analytical expressions for o.,; and o, can then be obtained
as a function of the absolute value of polarizability and its imaginary part [10, 11]

IWwer ea(w)
Oext(w) = kImi{a} = 5 , 1.22
() {a} c (e1(w) + 2€m)" + €2(w) (122)
aon(w) = é{:_ﬂ off = 3VZ2whe? (e1(w) — €n)” + e5(w) (1.23)

21t (64(w) + 260)° + E(w)

The scattering cross section o, varies with A as 1/A* (Rayleigh scattering) (A=
2mc/w being the wavelength in vacuum) and the ratio between scattering and
extinction cross sections is proportional to (D/A)3. In the approximation D <\,
extinction is therefore dominated by absorption

Oext = Ogbs > Osca - (124>

The extinction cross section is enhanced at the frequency w = wg minimizing the
denominator in Eq. (1.22). Supposing a relatively small and weakly dispersed
imaginary part e of the metal dielectric constant in this optical region, the reso-
nant condition can be simplified as

€1(wr) + 26, = 0. (1.25)

The occurrence of this condition is associated with the appearance of a resonance in
the extinction optical spectrum of the metal nanoparticle: the surface plasmon res-
onance (SPR). Accordingly to Eq. (1.20), the SPR corresponds to an enhancement
of the optical response of the confined nanosphere resulting from the exaltation of
the internal field FE;,; as compared to the incident field Fjy, phenomenon custom-
arily called dielectric confinement effect. The SPR can be classically associated
to a collective oscillation of the metal electrons relative to the lattice, resonantly
driven by the external electromagnetic field. In the frame of the quasi-static ap-
proximation, the resonant frequency wg is given by the expression

w

p (1.26)

VEL(Wr) + 2€m 7

obtained by injecting Eq. (1.12) and (1.13) in Eq. (1.25). When the SPR lies far
from the interband transitions threshold, as in the simple case of a silver sphere,
it can be spectrally described by a quasi-Lorentzian profile centered around wg.

The extinction spectrum of a silver nanosphere embedded in water (e, = 1.33?)
and evaluated by Eq. (1.22) is reported in Fig. (1.8). It shows a quasi-Lorentzian

WRr =
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wavelength (nm)
600' 500 ' 400 ' 300

a)

20 25 3035 40 45

b) 600 500 400 300

20 25 30 35 40 45
energy (eV)

Figure 1.8: (a) Real (solid line) and imaginary (dashed line) part of the silver dielectric
function. The intersection between €¢; and —2¢,, (dash-dot) determines the SPR peak
position (b), being fiwr ~3.3eV for a silver nanosphere of diameter D =20nm in water
(em=1.33%).

SPR about 3.3 eV, where the resonance condition is satisfied. Conversely, the SPR
of a gold nanosphere in water (Fig. (1.9a) ), located around 2.4 eV, exhibits weaker
amplitude and asymmetry caused by the presence of interband transitions, which
induce an important optical response for energies £ > hw;,~2eV. In addition, SPR
spectral position depends on the matrix through €,,. As shown in Fig. (1.9b), the
SPR undergoes a redshift for increasing values of ¢,, together with an amplitude

increase mostly due to the e prefactor in Eq. (1.22).
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a) wavelength (nm) (b) wavelength (nm)
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Figure 1.9: (a) Extinction spectrum of a gold nanosphere of diameter 20 nm in water
(em = 1.33%) in quasi-static approximation (D < A). (b) Extinction spectrum of a
silver nanosphere of diameter 20nm in vacuum (e, = 12), water (e, =1.33%) and glass
(€m=1.45%) in quasi-static approximation (D<\).

1.3.3 Optical response of a nanosphere beyond the quasi-
static approximation: Mie theory

For large nanosphere sizes (D > \), the dipolar approximation is not justified,
since the spatial heterogeneity of the field within the particle and the consequent
appearance of delay effects cannot be disregarded [8, 10].

Exact calculation of the optical response of a sphere has been developed by G. Mie
[12, 13]. In the case of a non-absorbing medium (real €,,), the cross-sections of a
sphere of radius R write as

2mR?
Oert = — ;(Zn + 1) Re{a, + b, }, (1.27)
2T R? &
Oscq = 7 Z(QTL + ].) (]an|2 + |bn|2) 3 Oabs = Oext — Osca » (128>
n=1

with

_ mabn(mu) gy, (u) — (), (mu) Un ()’ (u) — mapn (u) by, (muw)
Un(mu)&), (u) — m&(u)iby, (mu) °

O b (mu) €l () — u(w)dl,(ma)
(1.29)

where m=(e/€,)?, u=kR=27mn,,R/\, 1, and &, are the Riccati-Bessel and Han-
kel functions, respectively. The index n corresponds to the multipolar expansion
order (dipolar for n =1, quadripolar for n =2, etc...). Fig. (1.10) shows a com-
parison between the extinction spectra of single gold nanospheres computed using

b, =
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the Mie theory and the quasi-static approximation. For small sphere diameters
(D <30nm and u< 1), the dipolar is a good approximation of the Mie theory (Fig.
(1.10a) ). In fact, a first order development of Eq. (1.27) leads to Eq. (1.22) of the
quasi-static case. Increasing the nanosphere size progressively induces a redshift
and broadening of the SPR (Fig. (1.10b,c)) and the introduction of additional
resonances related to quadrupolar modes (Fig. (1.10d)) [14, 15, 16, 17].
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Figure 1.10: Extinction spectra of a gold nanosphere in water (e,, =1.33%) accordingly
to the Mie theory (solid line) and to the quasi-static approximation of Eq. (1.22) (dashed
line) for different diameters D.

The optical response of a nano-object is also strongly influenced by its shape [18].
In most cases, no analytical solution is achievable, exception made for high sym-
metric configurations, such as core-shell spheres, ellipsoids and infinite cylinders.
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1.3.4 Optical response of an ellipsoid and more complex
shapes
Consider a prolate ellipsoid of semi-axes a, b and ¢ (a>b=c), characterized by a

complex dielectric function e =¢;+€5 and embedded in a medium of real dielectric
constant €,,, as the one illustrated in Fig. (1.11).

m

my

Figure 1.11: Prolate ellipsoid (a > b = ¢) of dielectric function e illuminated by an
electromagnetic wave (of components E” along a and E, orthogonal to a) propagating
in a medium of dielectric function €,,.

For such an elongated particle, absorption cross-section strongly depends on the
incoming light polarization. In the frame of the quasi-static approximation, for a
light polarization along the principal axes i = a, b, ¢, the extinction-cross section
has been expressed by R. Gans as [7, 8, 19, 20]

V (H;[n+1)? wel? €2 (w)

ext — 2 ) (130>
¢ (€1(w) + Hilnlem)™ + €5(w)

where V' =4/3mabc is the volume of the ellipsoid, while H;[n] is a geometrical factor
dependent on the aspect ratio n=a/b accordingly to

1L

(i =a,b, C) ’ (1.31)

1—e? /1 1+e 1-7,
Ly=— < l( >—1>, Ly=1L.= , e=+1—n% (1.32)
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Except for the additional factor H;, this relation is similar to the one obtained for
a sphere (Eq. (1.22)) and the resonance condition may be similarly determined

e1(wrli]) + Hien =0, (1.33)

if €5 is weakly dispersed around wg[i]. Considering Eq. (1.12) and (1.13)

Wp

 \/ePrli]) + Hien 2y

wr1]

Fig. (1.12a) shows the extinction spectra of an ellipsoid of aspect ratio n = 2
for different polarization orientations: two separate resonances appear which are
referred to as longitudinal and transversal SPR. The first one is induced by an
incident electric field (E||) polarized along the major axis a, while the second one
by a field (E 1) with orthogonal polarization in respect to a. As illustrated in Fig.
(1.12b), increasing the ellipsoid aspect ratio n redshift the longitudinal SPR in
respect to the transversal one.
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Figure 1.12: (a) Extinction spectra of a prolate Au ellipsoid of aspect ratio n=a/b=2
and long semi-axis a =20nm for incident waves of different polarizations. (b) Extinction
spectra of a prolate ellipsoid with long semi-axis a=20nm and several aspect ratio for a
light polarization along a. All the calculations have been realized in water (e, =1.332).

The origin of the quasi-Lorentzian profile of the longitudinal SPRs in elongated
nanoparticles (with a central frequency wg) can be understood in the framework
of the dipolar response of ellipsoidal nano-objects (wg = wgla]). A first order
expansion in (w—wg) of the extinction cross-section of Eq. (1.30), assuming a
weak and/or weakly dispersed e, around wg (as for gold in the red and infrared
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range, see Fig. (1.3)), yields the longitudinal SPR:
V(HA1)? wed? €2 (w)
¢ Oe ’ 2
ao| (w—wr)| +ew)

where H is the geometrical factor associated to the long axis (H =H,). In experi-
ments described in this thesis, the longitudinal SPR position is always located far
from interband transitions, so that de; /0wl ~2w? /wj; using the Drude dielectric
function of Eq. (1.13). This leads to a Lorentzian extinction profile of the type
A A’
Cemt ((JJ) _ - ( 2 )

T (hw—ﬁwR)2 + (%)2 ‘

, (1.35)

Oegt (w) -

“R

(1.36)

Such a profile is fully characterized by three independent parameters: peak position
wr, integrated area A and spectral linewidth I'. The energy peak position
hw

hwp = , P 1.37
" €P(wr) + Hep ( )

depends on nano-object shape, composition and local environment (Eq. (1.34)
with wg[i] =wg[a]). The spectral area

HH)? e V o
A:7T<+ )2 em” Vg (1.38)

2
Zpr

is proportional to the particle total number of electrons through the volume V
and also depending on its shape, environment and SPR peak position. The SPR
linewidth
Wh b

F:’y—i—w—geQ Ry (1.39)
is the electronic damping rate in Drude model (see Eq. (1.13) ) extended to the con-
fined nano-object case. The discussion here does not include the radiative (I',4q),
chemical (T ¢pern) and electron-surface scattering (7s) contributions to I': they will
be introduced in Section (2.2.3) of Chapter (2) in order to discuss about the SPR
broadening of gold nanoparticles with bipyramidal shape induced by pressure.
The previous calculations demonstrate that wrp and A are affected by physical pa-
rameters different from those influencing I'. In particular, plasmon damping rate
controls I' but does not affect wg and A, which is of key importance as I' can be
significantly altered by surface effects. These parameters can be extracted from
the experimental data by fitting the SPR line, as shown in Fig. (1.13b), and sub-
sequently compared to theoretical predictions if nanoparticle size is known, as it
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Figure 1.13: (a) The polarization dependence of the extinction cross-section measured
for a gold bipyramid at 1.68eV is reproduced by a sinusoidal function (Eq. (1.40)).
(b) Its absolute extinction cross-section for light polarized along the long axis of the
nano-object is fitted by a Lorentzian function (Eq. (1.36) ).

is done in the following chapters.

The optical response of elongated nano-objects strongly depends on the polariza-
tion of the incident light. This dependence, which is partially lost by orientational
averaging in ensemble measurements, can be highlighted in single particle exper-
iments. The extinction cross-section of a nanoparticle illuminated by a linearly
polarized plane wave can be generally written as [21]

Oext(0,w) = o (w) cos®(0 — ) + o1 (w) sin®(0 — 6p) (1.40)

where 6 is the incident light polarization angle and 6, the particle long axis angle,
with respect to a reference laboratory frame. The polarization response measured
in an elongated bipyramid is well reproduced by Eq. (1.40), showing a very high
contrast ratio o, /o) ~ 0 between the maximum amplitude corresponding to po-
larization along the nanoparticle long axis, and the minimum for a perpendicular
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polarization (Fig. (1.13b) ). These measurements provide the absolute orientation
of the nano-object on the substrate.

In the general case of an arbitrary shape, such as penta-twinned bipyramids (which
will be studied in Chapter 2) or finite cylinder (analyzed in Chapter 3) the opti-
cal response can only be computed numerically by different methods, as discrete
dipole approximation (DDA), or finite element methods (FEM). In this thesis
work, FEM has been consistently used to interpret experimental data and their
operating principles will be explained later, in Section (2.2.1) of Chapter 2) (op-
tical domain simulations) and in Section (3.1.4) of Chapter 3 (acoustic domain
simulations).

1.4 Optical detection of single nano-objects: spa-
tial modulation spectroscopy (SMS)

Nanoparticles have been largely investigated over the last decades because of their
distinctive properties and potential use in technological (nonlinear photonic devices
[22], data storage [23], energy harvesting [24]) and biomedical applications (pho-
tothermal therapy [25], biological imaging [26] and sensing [27]). In this context,
optical techniques are powerful tools, yielding information on the intrinsic features
of a nanoparticle (size, shape, and composition) and on its local environment. As
these parameters can strongly fluctuate from object to object, conventional ensem-
ble experiments prevent obtaining quantitative information. In this perspective,
the development of optical techniques for detecting and characterizing single nano-
objects has greatly increased the knowledge in this field over the past few years.

In the first part of this section, the principal methods for the detection of sin-
gle nano-objects are presented. The following part will focus on the description of
the spatial modulation spectroscopy (SMS) technique exploited in this thesis.

1.4.1 Overview of single-particle characterization techniques

In these last years, several experimental techniques [28, 29] have been developed
with the aim of investigating optical properties of single metallic nano-objects.
These can be classified into two categories: far-field (where sources and detectors
are far from the nanoparticle with respect to the wavelength) and near-field meth-
ods (based on illumination or detection typically closer than one wavelength from
the nanoparticle).

A summary of the relevant techniques, with relative advantages and disadvantages,
can be found in Tab. (1.3). Historically, scanning near-field optical microscopy
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Technique lgizﬁf; Advantages Limitations
Scannin - High resolution (~10nm)
° g - Electric field mapping in - Complex interpretation
Near- | near-field optical . . . . .
. Scattering proximity of the nano-object | - Perturbation by the tip
field microscopy . ST .
- Suitable for liquid - Long scan times
(SNOM) .
environment
- No absolute cross-section
- Simple setup - Nanoparticle sizes
Dark-field . - Dynamic nanoparticle > 40nm
Scattering . .
spectroscopy tracking - Background scattering
- Short scan times from other objects

- Diffraction-limited
- No absolute cross-section
- High laser powers
- Complex setup
(two beam alignment)
- Diffraction-limited

- Detection of very

Far- Photothermal Absorption small particle sizes (~1nm)
field imaging (PHI) - Suitable for liquid and
biological environments

. - Absolute extinction - No quantitative

Spatial .
. cross-section measurements for large
modulation L . . .
Extinction | - Detection of small nanoparticle sizes
spectroscopy . .
particles sizes (>5nm) (0sca™~Tabs)
(SMS) . ST
- Low laser powers - Diffraction-limited

Table 1.3: Overview of the main optical single nanoparticle detection techniques
[28].

(SNOM) was one of the first methods to be introduced [30]. Based on a nanomet-
ric tip maintained at a few nanometers from the sample, the technique provides
a high spatial resolution (~10nm, depending on the tip [31]), however the signal
strongly depends on the tip-nanoparticle interaction and it interpretation requires
a complex modeling of the near-field around the tip [32].

Far-field techniques are characterized by a limited spatial resolution, being intrinsi-
cally diffraction-limited, but are free from the spurious influence of the observation
apparatus. The most commonly used far-field techniques are dark-field microscopy,
photothermal imaging (PHI) and spatial modulation spectroscopy (SMS).
Dark-field microscopy is based on the selective collection of the scattered light
from an illuminated nano-object [33, 34, 35|. Simple to apply, it does not provide
a quantitative measurement of o, (since only a fraction of the scattered light is
detected) and is limited to relatively large nanoparticle sizes (typically > 40 nm,
being 0seq/0ert ~V accordingly to Eq. (1.22), (1.23) and (1.25).

PHI is based on the local heating of the nano-object environment through the ab-
sorption of a modulated “pump” laser beam that modifies its refractive index and
on the propagation of a “probe” beam [36, 37, 38]. In absorbing environment this
high sensitive technique allows the detection of small nanoparticle sizes (~1nm),
although a quantitative determination of o, remains difficult.
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Conversely, SMS permits a quantitative measurement of o.,; in nano-objects sizes
larger than ~5nm (Au) or ~2nm (Ag) [39] deposited on transparent or absorbing
substrates. This technique, employed in this thesis, will be explained in detail in
the next section.

1.4.2 Principle of SMS

When a laser beam is focused on a nano-object, a part of the incident power Wj is
lost through absorption and scattering (see Section (1.3.1) ). Consider a punctiform
particle of cross-section o, expressed by Eq. (1.22), located in (xq, o) and shined
by a beam with full-width-at-half-maximum FWHM and intensity profile I(z,y)
in the nanoparticle plane, as illustrated in Fig. (1.14).

°c o o =
> o o o
) A :

normalized intensity
o
N
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o

1.0 -05 00 ¥, 05 1.0

Wi

photodiode

Figure 1.14: SMS principle: a laser beam is focused on a sample containing nanoparti-
cles. Sample position is modulated along y at frequency f and amplitude 9.

The transmitted power W, writes as
I/Vt - I/VO — Oext 1(1'07 yO) ) (141)
meaning the incident beam attenuation AW =Wy —W; is

AW = gy I(x0,Y0) - (1.42)
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For small nanoparticle sizes direct measure of AW is very challenging. For instance,
in a sphere of diameter 20 nm illuminated by a diffraction-limited Gaussian beam,

AW .

I ~1077, (1.43)
the signal being dominated by the power fluctuations of the laser source.

To overcome this limitation, a general solution consists in purposely introducing a
periodic modulation of AW through the modulation of the laser wavelength [40],
the light polarization [41], or the illuminated nano-object position [39, 42|, and
detecting the oscillating component of AW at the same frequency.

The latter approach has been developed by the team. Typically, the sample is
mounted on a piezoelectric shaker which modulates the nanoparticle y position
according to y(t) =yo+0 sin(27 ft), where 0 is the oscillation amplitude and f the
frequency. Thus, the power loss becomes time-dependent

AW(E) = ot I (10, yo+0 sin(27 1)) (1.44)

Assuming the oscillation amplitude is much smaller than the beam size, 6 < FWHM,
Eq. (1.44) can be developed

AW(t) = AW + AW | sin(2m f1) + AW |, cos(4m ft) + o(6%), (1.45)
where
( 52
AIM) = Oext |:I(33’0, yO) + Z:|
oI
AW |, = 0eptd —
| = Ocat ol (1.46)
1 , O%1
\ AI/V|2f 40-633755 a 2 -

Therefore, the power modulation AW(#) contains constant and sinusoidal terms,
all proportional to o.,;. Furthermore, the components oscillating at f and 2f are
respectively proportional to the first and second derivative of the beam profile
I(x,y) with respect to the coordinate y along the vibrational axis and evaluated

n (xﬂvy())'

Practically, power modulations AW] oy are detected as a voltage AV f.2y using a
photodiode followed by a lock-in amphﬁer (LIA) to measure relative power changes.
The detection of the LIA allows to select the component of AW(t) at a specific
frequency (f,2f), i.e. filtering out all the other frequencies and increasing the sig-
nal/noise ratio. The same setup is used to measure, for normalization, the power
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W of the incident beam when modulated as a square wave at the same frequency
(f;2f) by a mechanical chopper, producing Vg |, (alternatively a digital multi-
meter can be used to continuously monitor the incident power). The SMS signal
Stof is thus

AV o; EAWlvaf

S = = = ith Wy = I dxd 1.47
£.2f Wl 2 W wi 0 // (x, y)dady,  (1.47)
: ) <

where the factor 7/2 takes into account the temporal shape of the normalization

signal (square wave). This allows to achieve a high sensitivity (min{S;s;}~107%),

permitting the detection of nano-objects with cross-section of the order of a few
2

nm? [39].

In the general case, beyond the condition § < FWHM, Eq. (1.44) can be developed
using the Fourier theory

T/2

™ AVV|f TOext 1 . .
S¢(xo,yo) = 5 in (zo,%0) = i T I(xg, yo+0, sin(27 ft)) sin(27 ft) dt
~T/2
(1.48)
AW| e
T MO gt 1 .
Sar(zo,Yo) = 5 WOQf (20, v0) = I/Votf / I(xo, yo+6, sin(2m ft)) cos(2m(2ft)) dt .
~T/2
(1.49)

Fig. (1.15a,b,c) presents the results of numerical computations of S¢(xg, o) and
Sa (20, Yo) supposing a Gaussian intensity profile centered in (0, 0) of form I(z,y) =

exp <—2x2+292> with FWHM= v/21n2w = 0.7\ (typical experimental condition in

w

the wavelength range 500—1100nm). The nanoparticle position is moved through
the windows 1x1pm?, being spatially modulated with § =325nm and f=1500 Hz
(typical experimental parameters). The extinction cross-section has been arbitrary
fixed at 0.y =10° nm?.

In Fig. (1.15d,e) it should be noticed that along the vibrational axis y the detected
profile at f (2f) is similar, but not coincident, to the first (second) derivative of
the intensity profile, accordingly with Eq. (1.46), being d ~FWHM.

In the case of a detection at f the signal is zero when the particle is in the center
of the beam, i.e. at (zo,y0) = (0,0), while at 2f the signal is maximized. Addi-
tionally, the position of the maximum does not change with the wavelength. For

these reasons the 2f detection is experimentally preferred.
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Figure 1.15: (a) Gaussian intensity profile (FWHM=370nm) and spatially modulated
nanoparticle (§=325nm and o.,¢ = 10% nm?). SMS signal simulated at f (b) and 2f (c)
for 1x1pm? scan of a nanoparticle located at (g, yo)=(0,0). SMS signal profiles along
the vibration direction (solid lines) at f (d) and 2f (e). A comparison with the first and
second derivatives of the Gaussian beam (dashed lines) shows that a broadening appears
when the amplitude of oscillation § is not negligible as compared to the FWHM.
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ABSOLUTE EXTINCTION CROSS-SECTION MEASUREMENT

The maximal signal amplitude Sy (o, yo) can be optimized by varying w and 4.
For a particle in the center of the Gaussian beam (x¢,y) = (0,0), the analytical
solution of Eq. (1.49) writes as

2 52 52
ng(O, O) = Oext * E bj E exp —E = Oegt * RQf(é,U)) s (150)

where b;; is the modified Bessel function of first kind and first order. The propor-
tionality coefficient Ryf relating the raw SMS signal Syf to the absolute extinction
cross-section o, is completely determined by the Gaussian beam waist w (or
FWHM) and the vibrational amplitude § (experimentally tunable parameter).
Fig. (1.16) shows the effect of § and FWHM on Rss. Note that it exists an optimal
oscillating amplitude maximizing Ras, occurring at about o ~FWHM.
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Figure 1.16: Ryf as a function of the oscillation amplitude §. Different curves corre-
spond to different focal spot sizes at fixed wavelength A=500 nm. Black squares are the
normalized experimental Sof(0,0) values for a small gold nanoparticle (diameter 30 nm)
illuminated by a beam of A =500nm and FWHM= 0.7\ ~ 350 nm for different mod-
ulation amplitudes § (f =1500Hz). Under these conditions the experimental signal is
maximized by §~350nm (dotted line).
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EXPERIMENTAL SETUP

The SMS microscope setup, used in the work of Chapter 3, has been introduced in
Fig. (1.14). In standard conditions, it consists of apochromatic objectives of high
magnification 100x and numerical aperture N.A.=0.75 which focus and recollect
a tunable laser beam on an individual nanoparticle deposited on a substrate. Using
a piezo shaker, the sample is forced to oscillate along the y direction, typically with
frequency f=1500Hz and amplitude 6 =325nm. A second piezo is employed to
perform XYZ movements, allowing to move single nano-objects within the beam
focus and realize sample cartographies of 100 x 100 pm range.

The beam FWHM can be directly measured considering a linecut along x of the
SMS signal map, as the modulation is absent along this direction, and thus, the
signal z profile will reproduce the beam intensity profile, accordingly to Eq. (1.42).
It exhibits an Airy intensity profile close to the diffraction limit

0.515
FWHM = N A A 0.7\

similar, in first approximation, to a Gaussian profile (see Appendix (A) ). However,
in all the reported experiments, the solution of the integral of Eq. (1.49), that for a
Gaussian spot yields the analytical expression of Eq. (1.50), has been numerically
computed for the Airy profile in order to obtain a more accurate conversion from
SMS raw signal to absolute extinction cross-section.

In the following chapter it will be presented in detail the developments of the SMS
microscope setup that were necessary to realize high-pressure measurements.
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Chapter 2

Optics of a single metal
nano-object under high pressure

Up to now, nanoparticle properties alterations as a function of the pressure have
been studied only in ensemble experiments [43, 44, 45]. However, in order to obtain
more reliable and meaningful results, an individual nano-object characterization
is required. In this context, a setup to analyze single nano-objects under extreme
conditions has been conceived, implemented and improved. This new apparatus is
tailored not only to investigate optical properties modifications of metal nanopar-
ticles under high pressure, but can also be used in other contexts (e.g. to study the
evolution and collapse of an isolated carbon nano-tube (CNT)). In this chapter
are firstly described all the steps necessary to realize and characterize the opti-
cal microscopy measurements on individual nanostructures under high pressure.
Afterwards, the main experimental results obtained on a single elongated gold
nanoparticle, as well as the modeling studies are reported.

Such a setup is based on the SMS technique combined with a diamond anvil cell
(here abbreviated to the acronym “DAC”), a device that makes possible the gen-
eration of a hydrostatatic high-pressure environment around the sample. These
are domains of expertise of our FemtoNanoOptics group, and of the group of prof.
A. San Miguel at iLM, in collaboration with whom this work has been realized.

2.1 High-pressure microscopy setup

The setup for optical characterization on individual nanostructures under high
pressure is based on the SMS technique which allows to locate a single nano-
object and study its optical properties, such as the extinction cross-section, as a
function of wavelength and polarization (see Section 1.4.2 of Chapter 1). More-
over, it exploits the diamond anvil cell, a structure that permits the generation
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of a uniform and controlled high-pressure surrounding. As we are interested in a
setup designed to investigate an individual nanostructure under high pressure, the
combination of these two experimental methods is required. The far-field nature
of the SMS technique is suitable for the adaptation of a DAC, but two relevant and
challenging problems were encountered (and solved) during the setup realization:
optical focusing of the beam and mechanical vibration of the DAC.

2.1.1 Generalities on the diamond anvil cell (DAC)

The DAC is a high-pressure apparatus consisting of two opposing diamonds with
a sample compressed between two plane surfaces, the polished culets (diamond
tips). This enables the compression of sub-millimeter sized samples to extreme
pressures, typically around 100 GPa, although pressures close to 800 GPa can be
reached [46, 47]. An example of laser-heated DAC device is shown in Fig. (2.1).

The combination of high pressure and high temperature (generated by IR lasers
penetrating the diamonds) has allowed the simulation of the planetary interiors,
[48, 49, 50] the discovery of new structures and phases in elements and the synthe-
sis of novel hard materials [51, 52]. What makes the DAC so suitable is that the

Figure 2.1: Schematic of a DAC. The object under investigation (blue disk in the
center of the inset) is surrounded by a pressure medium, contained by a metallic gasket
(yellowish), and heated with an IR laser. The fluorescence (excited by a blue or green
laser light) from a small ruby ball (red sphere) located in the unheated part of the
pressure chamber is used for pressure measurement.
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new materials can be identified and characterized in situ. Remarkable examples
includes the non-molecular ice X, [53] polymeric nitrogen, [54] metallic phases of
xenon, [55] and potentially hydrogen [56].

In a DAC, two diamond anvils are used to compress the pressure chamber (a
sub-millimeter thickness metallic gasket with a hole drilled in its center by spark
erosion [57]). Diamonds have a truncated conical shape with large external sur-
faces typically 3-4mm in diameter, 16 facets, with 1/8 to 1/3 carat weight and
cost about $1000. The diamond culets face each other, and must be polished and
perfectly parallel in order to produce uniform pressure and to prevent dangerous
strains. For this reason a proper alignment must be accomplished, procedure based
on the removal of Newton interference fringes produced by the relative tilt of the
anvils [57].

In order to bring the diamonds closer, an external force-generating device must
be introduced. This can rely on a lever arm, tightening screws, pneumatic or hy-
draulic pressure applied to a membrane [57]. In all cases the force is uniaxial and
is applied to the external sides of the two diamond anvils. The operation of DAC
is based on the principle p=F'/A where p is the pressure, F' the applied force and
A the area. Typical culet sizes for diamond anvils are 100-400 pm, such that a
very high pressure is achieved by applying a moderate force on the much larger
external diamond surfaces. Diamond is a very hard and virtually incompressible
material even at high temperatures [58] and thus it minimizes the deformation and
breakup of the apparatus.

The pressure chamber contains a pressure-transmitting medium (abbreviated with
“PTM”), a high-pressure sensor and the object under investigation. The uniax-
ial pressure provided by the DAC may be transformed into uniform hydrostatic
pressure using a fluid PTM, such as helium, neon, argon, nitrogen, paraffin oil
or a mixture of methanol and ethanol [59]. The PTM must be chemically inert,
as to not interact with the sample and must be stable under high pressures, in
order to stay hydrostatic and ensure uniform compressibility of the sample. If the
sample is heated with a laser, the PTM should not absorb the laser radiation and
should have low thermal conductivity in order to keep the temperature constant
(diamond anvils possess high thermal conductivity). In this case, ideal PTM are
noble gases.

Pressure are measured by a high-pressure sensor, a reference material whose be-
havior under high pressure is known. This can be a structurally simple material
with a known equation of state, such as copper or platinum, monitored by X-ray
diffraction [60] or an unheated ruby ball, where its fluorescence lines are tracked
[61, 62]. More details on the DAC and its alignment can be found in [57].
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2.1.2 Employed diamond anvil cell and pressure handling

The DAC employed in this work, reproduced in Fig. (2.2), was conceived to al-
low increasing the pressure environment up to 10 GPa and to permit the optical
characterization of an individual nanostructure using strongly focusing microscope
objectives (magnification 100x and numerical aperture 0.7).

Figure 2.2: Schematic of the employed DAC. Two Boehler-Almax diamond anvils are
supported by a tungsten-carbide seat and separated by a Cu-Be gasket.

The two parts are Boehler-Almax design anvils made from rough diamonds. This
geometry was introduced in 2004 by R. Boehler and compared to conventional
anvils offers a superior alignment stability, larger aperture, and smaller size [63].
The external diameter measures 3.30 mm, while the unpolished thickness is 1.44 mm,
the smallest available. A small diamonds thickness is required in optical mi-
croscopy to minimize beam absorption. In order to produce the culets, they are
polished following the [100] crystal orientation for the highest strength, which
allows to tolerate a maximal pressure of 50 GPa. The culet has no bavels and
measure 0.4mm in diameter, with a thickness after polishing of 1.385 mm. The
anvils geometry is reproduced in Fig. (2.3).

The two diamonds differ in quality: the upper one is a type Ilas (~ 1ppm of
nitrogen defects), while the lower one is a type Ia (~2x 10 ppm of nitrogen de-
fects). The upper diamond must be purer because the excitation of the sample
and the corresponding optical processes (Raman spectroscopy, fluorescence, SMS)
sensitively dependent on the quality of the exciting beam. Another difference con-
sists in a more accurate polishing necessary on the upper diamond culet to remove
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@ 2.50 mm

Figure 2.3: Boehler-Almax geometry has high conical aperture and low thickness, valu-
able features to realize a microscopy system. In this picture the diamond tip is still
uncut. The reported length are measured in mm.

nano-scratches that can emerge during a long testing period. Those nano-flaws
were extending a few tens nanometers into the diamond and were identified by
looking at the secondary electrons of a scanning electron microscope (SEM), as
one can see in Fig. (2.4). Their effect was a slight, but intolerable modification
of the SMS signal from an individual nanoparticle. The practical result of this
polishing is a newfound thickness of 1.385 mm for the upper anvil.

The external thickness of each anvils is glued to tungsten-carbide seats with
large aperture (85°) allowing optical spectroscopy measurements (as well as X-
ray diffraction). A stretchy membrane, screwed on the external support of the
superior diamond, pushes down the upper diamond by swelling up. This process
is reversible and controlled by a pneumatic inflator that pumps helium towards
the membrane. An example of how the external membrane pressure influences the
sample chamber pressure is illustrated in Fig. (2.5). Note that the pressure within
the chamber is about 103 times higher than the external pressure applied with the
inflator.

A pierced Cu-Be gasket is placed in between the diamonds. The Cu-Be alloy
was preferred to other stiffer material like steel, because, although it can stand
relatively modest pressures (up to 10 GPa), its malleability permits to seal the
DAC at very low pressures (in practice, to characterize the sample at 0 GPa). To
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Figure 2.4: Secondary electron SEM scan realized on the upper diamond culet. Nano-
scratches deep a few tens of nanometers are visible.

avoid leaking at high pressure the gasket hole must be drilled regular and circu-
lar. On the other hand, in order to avoid leaking at very low pressure, seems
to be essential the removal of debris around the perforation by acetone. Before
drilling the hole, the Cu-Be plate must be indented using the DAC. This allows
to choose the starting thickness for the pressure chamber and to make the gaskets
perfectly fit the space between the anvils. The real hole is drilled in the center of
this indentation by spark erosion, and its diameter will be determined by the size
of the tip used. Typical sample space is given by the gasket thickness (typically
50 pm) and the central hole diameter (routinely 130 pm). The chamber thickness
is selected on the basis of the sample and sensor size and of the maximal pressure
desired, while the diameter should be around the 30-50% of the culet extension
for avoiding leaking and leaving enough space for the sample. It is vital that the
chamber thickness remains always larger than the pressure sensor, otherwise an
uniaxial pressure is applied on the sensor giving falsified results.

In case one wants to work with nano-objects deposited on a diamond substrate,
they can be deposited on one of the anvil culets via spin-coating method. It
is preferable to use the upper diamond, because optical modeling as well as ex-
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Figure 2.5: Typical external-internal pressure plot, highlighting a strong hysteresis.

perimental calibrations are more reliable. Since diamond surfaces are naturally
lipophilic and hydrophobic, it is important to gently clean the culets before realize
the spin-coating. This can be done using an optical paper soaked in methanol (the
acetone is to avoid because it dissolves the glue that keep the diamond attached
to the seat). Alternatively, one can introduce in the pressure chamber an external
substrate with nanostructures on it. This enables to change the substrate material
provided that it supports the high pressure and also to realize electron microscopy
measurements on the sample before and after the experiment. Diamond or silica
substrates with a few pm of thickness are currently in phase of realization gby A.
San Miguel group and our collaborator L. Marty in Grenoble at Institut NEEL).

The PTM composition is 4Me:1Et, an alcoholic and transparent mixture which
remains quasi-hydrostatic until 10.4 GPa, where the solidification, displayed in
Fig. (2.6), occurs [64]. This liquid is volatile, therefore it must be added quickly
before sealing the DAC. In order to avoid air bubbles formation inside the pressure
chamber it is useful to prepare the PTM a few hours earlier, letting it some time
to rest; filling the chamber with one droplet that should be gently deposed on the
gasket beside its hole, instead of make it fall directly into it; closing the cell in a
smooth and continuous manner, without low-and-overs.
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The pressure inside the cell is directly measurable by the ruby fluorescence method
(see the end of the section), introducing in the pressure chamber one or several
spherical ruby balls with diameter typically below 10 pm. To avoid contamina-
tions, the ruby balls should be placed on the anvil culet without the sample. As
shown in Fig. (2.6), the ruby balls should preferably be placed close to the gasket
edge in order be far from the center of the sample. Even if ruby and nano-objects
are placed on different culets, but are not well separated in the XY direction, a
distortion in the SMS signal will occur. Once one adds the PTM droplet to fill the
chamber, the nano-objects are not moving due to van der Waals forces, whereas
the ruby balls are easily dragged away. To avoid this, it is extremely useful to
introduce a first PTM droplet on the cleaned culet, then adding the rubies on this
wet surface and immediately after them adding a new PTM droplet on it. With
this procedure the chances of a successful sealing are much higher.

Closing the DAC produces a typical pressurization of 0.02—0.05GPa. In order
to measure this starting pressure, it is essential to measure the reference ruby flu-

Figure 2.6: Left: microscope image of a Cu-Be gasket indentation after a high-pressure
experiment. The shape of the hole is dangerously asymmetrical. Close to its left edge it
is possible to recognize the ruby ball used as pressure probe. Right: a TV screen capture
of a culet portion taken during an experiment. The picture outlines the appearance of
crystals in the PTM by increasing the pressure. The phenomenon, called vitrification,
is caused by an excessive pressure or by the presence of impurities in the PTM. In the
reported case an incorrect ratio in the PTM preparation was the origin (1Me:1Et rather
than 4Me:1Et), decreasing the solidification pressure from 10.4 to about 8 GPa.
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orescence with the DAC open (1 Atm~1bar~10"* GPa~(0GPa), before or after
the experiment !. This starting value can be stabilized by swelling the membrane
a little (usually introducing a quantity of He generating 4 bars of pressure into
the membrane and a pressure of the order of 0.05GPa inside the chamber). In
this low-pressure configuration the DAC may be affected by a slow leaking which
empties the chamber in a few hours. For this reason the time available for the low
pressure measurement is limited. However, once the pressure approaches 0.5 GPa
(applying 15 bars into the membrane), the apparatus becomes very stable and it
can remain pressurized for days. This steadiness persists at high pressure, until the
vitrification of the 4Me:1Et. In this regime of pressure close to 10 GPa (40—45 bar
in the membrane) there is a high risk of leaking due to an asymmetrical defor-
mation of the gasket hole. Consequently, it is useful to have an optical system
which permits to monitor the gasket shape and thickness during the experiment
(in addition, measuring the gasket thickness allows to verify that the ruby ball is
not crushed between the two approaching anvils).

The pressure can be released by gently emptying the membrane. In this phase the
pressurization is stable, permitting experiments to investigate reversibility. Unfor-
tunately, going back to the initial pressure is not possible because of a considerable
hysteresis in the relation between the applied load (membrane) and the pressure
obtained. An example of the phenomenon is reported in Fig. (2.5). The residual
pressure is usually around 1—2 GPa, is stable, and mainly depends on the starting
Cu-Be gasket thickness and on the maximal pressure reached.

In order to monitor the gasket behavior during the experiment, images of the pres-
sure chamber at different spatial coordinates must be acquired. In the setup, the
DAC is mounted on a XYZ piezo nanopositioning stage, with a close loop travel
of 100x100x100 pm, a close loop resolution of 0.8 nm due to capacitive integrated
sensors 2. The piezo stage, in turn, is placed on a manual XY micrometer stage
for coarser movements. To monitor the gasket, the DAC must be moved under a
focusing objective, which focuses an incoherent white light in the pressure cham-
ber, passing through the upper diamond anvil. When the focal plane falls on an
internal surface, like the gasket or a culet plateau, the backscattered light is rec-
ollected by the same objective and redirected to a CCD camera, reproducing the
image of the sample plane on a TV screen. A schematic of the setup is displayed
in Fig. (2.7).

In Fig. (2.8) the culet surfaces has been fully imaged by joining several TV screen
captures along the whole XY range of the piezo stage. In Fig. (2.6) is shown a mi-
croscope image of a gasket indentation after an experiment. The shape of the hole

TRuby fluorescence characterization in air should be accomplished in every experiment, since
every ball show a slightly different fluorescence spectrum.

2The piezo stage is not essential in this monitoring phase, but is useful in maximizing the
fluorescence signal from the ruby ball and essential in localizing and studing single nano-objects.
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pneumatic inflator

white lamp

Figure 2.7: “Culet imaging setup” (front view of the setup, the instruments lying on
the optical table): the white light is focused on a diamond culet by an objective; the
backscattered light is detected by a CCD camera connected to a TV screen.

appears asymmetrical, which indicates that a higher pressure may have induced
the breakdown. By this imaging, one can check the surface state before and after
nanoparticles deposition, verify the vitrification absence of Fig. (2.6), the circular
shape of the gasket, measure its diameter along the X and Y directions by moving
the micrometric screws, as well as its thickness by looking at the Z coordinates
corresponding to the two culets well-focused.

Typically, until 3 GPa, the gasket evolution consists in an initial diameter de-
crease. This is due to the malleability of the Cu-Be, forced to penetrate into the
chamber. Beyond this point, the pressure inside the hole is enough to cause an
overall increase in diameter. During this widening, it is important to check the
integrity and the shape of the gasket: an excessive asymmetry induces a struc-
tural weakening and a subsequent leaking. An example of gasket evolution until
its breakdown, occurred at 6 GPa, is shown in Fig. (2.9). With the pressure rising,
the chamber thickness experiences a linear reduction until the breakdown, where
it keeps dropping despite the internal pressure remains constant. Therefore, it is
important to monitor the gap between the culets and release the pressure before
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Figure 2.8: Collages of TV screen captures reproducing the upper culet (on the left)
and the lower culet (on the right). Every rectangle correspond to a screen capture. The
small grey spots appearing on the surfaces are microdusts or big nanoclusters introduced
during the ruby ball placement, the DAC sealing and the spin-coating process. These
particles are very stable and can be exploited to orientate on the surfaces. The bright
rounded border that covers the upper culet (left) corresponds to the superior part of the
gasket reflecting the white light, while the circular shadow that blots out the lower culet
(right) represents the bottom of the gasket obstructing the light path.
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Figure 2.9: Example of gasket deformation until its breakdown. In the ideal case
(no breakdown), the chamber pressure is supposed to increase linearly with the external
load (membrane pressure); the diameter should grow slowly beyond 3 GPa; the thickness
should decrease linearly. Here all the trends are suddenly interrupted around 6 GPa.
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the breakdown occurs. In this phase, the gasket does not change significantly
its dimension, although a modest decrease in thickness could be noticed. Con-
sequently, a new pressure ramp up with the same gasket can not reach the same
high pressures anymore. The gasket should be replaced after a high-pressure cycle.

In order to measure the chamber pressure a ruby fluorescence calibration sys-
tem must be implemented. As illustrated in Fig. (2.10), its essential elements are

pneumatic inflator

white lamp

DAC loaded
with ruby

|
Ag/Al mi rro%

spectrometer

filter

Figure 2.10: “Ruby luminescence setup”: a monochromatic green laser is focused on
a ruby ball placed on a diamond culet; the yielded fluorescence (red line), filtered from
the backscattered green light by a long-pass filter, is analyzed with a spectrometer.
Translating a pair of mirrors allows to quickly recovered the “culet imaging setup” of
Fig. (2.7).

a laser source to excite the fluorescent radiation and a spectrometer for spectral
analysis. The exciting light is generated by a 531.92nm continuous wave solid
state laser (Nd:YAG doubled), with a full output power of 50mW. The use of
a long working-length objective is essential to focus the laser on a micron size
spot within the pressure chamber, after passing through the diamond anvil [66].
The excited fluorescent radiation is collected by the same objective and separated
from the backscattered laser light introducing a 532 nm ultrasteep long-pass edge
filter. In this way a spectrometer can be used to detect the fluorescence signal.
The spectrometer is a Horiba :HR320 with a grating of 1800 grooves and blazed
wavelength of 400nm. The pressure determination requires the measurement of
the fluorescence spectrum at ambient pressure (~ 0 GPa) and at high pressure.
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The correlation of the measured wavelength shift A\ (or frequency change Av)
with applied pressure is the basis for pressure determination.

The ruby, Cr** doped a-Al,Os, is a well established high-pressure sensor and
does not undergo phase transitions up to 100 GPa. Suitable ruby balls contain
3000 — 5500 ppm of Cr3* and are around 10 pm in diameter. Ruby fluorescence
under blue-green excitation is dominated by an intense doublet with sharp band
components centered at 694.2 nm (14402 cm™!) and 692.8 nm (14432 cm ™), respec-
tively named R1 and R2 line [57, 67, 68]. The lines exhibit a pronounced redshift
with the applied pressure, making the ruby fluorescence a good pressure gauge.
Barnett (1973) and Piermarini (1975) calibrated the wavelength shift through the
Decker equation of state of the NaCl up to 20 GPa and found a linear pressure
dependency given by

AN 0.365 nm

AP~ 77 GPa’
Later, Mao (1978, 1986) and Bell (1986) improved this result by a calibration
through the equation of state of several metals under quasi-hydrostatic and non-
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Figure 2.11: Typical response of a ruby ball observed in the setup. The process is
exploited for pressure measurements using Eq. (2.2). On the top axis the frequency
shift from the 532 nm carrier is indicated.
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hydrostatic pressure condition up to 180 GPa and, for the R1 line, found the
empirical quasi-linear relation
A\ B
— ] -1 2.2
() ] , 22)

where A=1904 and B=7.665 for quasi-hydrostatic and B=5 for non-hydrostatic
conditions. The incertitude on the calibration introduces an error on the pressure
of 4% x P [69]. An example of the ruby’s fluorescence evolution with the pressure
is reported in Fig. (2.11). To extract the R1 line position a double-Lorentzian fit
should be performed.

As shown in Fig. (2.12), the R1-R2 lines splitting remains almost constant in
a hydrostatic pressure environment. It was found that the R1 line shifts remark-
ably in a non-hydrostatic environment, while the R2 line shifts negligibly [70, 71].
Furthermore, the widths of the fluorescence lines increase with increasing non-
hydrostaticity [61, 65]. Therefore the R1-R2 line separation and their linewidths
can be monitored to verify the hydrostaticity of the pressure environment.

The ruby lines positions are however influenced by the temperature. Specifically,
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Figure 2.12: R1-R2 lines quasi-linear shifts observed in the setup. The continuous
lines are fits of the experimental points. At ambient pressure, the R1-R2 lines are
located at 694.2 nm and 692.8 nm respectively. The pressure dependency is in accordance
with Eq. (2.1) and the distance between the lines remains constant with the pressure
(1.42nm = 29.46 cm ™), indicating a hydrostatic environment.
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the R1 line follows the empirical third-order polynomial [72, 73]:
AN = 6.591x 1073 AT +7.624x 107 AT? — 1.733x 10" AT? (2.3)

where A\ and T are expressed in nm and K respectively. By linearizing this
formula to AN/AT ~ 6.2x 1073 nm/K and comparing with Eq. (2.1), it results
that a temperature change of 6 K is equivalent to a pressure variation of 0.1 GPa.
Therefore the heating effect due to the laser absorption in the ruby ball can be a
source of systematic error in the pressure determination, mainly for powers greater
than 40 mW [57], and should be minimized using low power (~1pW in this work).

2.1.3 SMS and DAC combination: optical development

The setup for optical characterization on individual nano-objects under high pres-
sure requires the application of the SMS technique to the DAC system mentioned
above. This means: focusing at the diffraction-limit inside the DAC and kHz
mechanical shaking of the whole DAC. This was achieved by carefully developing
both optical and mechanical aspects.

From an optical point of view, an efficient SMS system requires a tunable laser
source that must be focused on an individual nanostructure at the diffraction limit.
Concerning the laser source, a mode-locked Ti:Sa laser is employed enabling quick
wavelength changes in the range 680—1080nm 3. The main obstacle to focus the
laser light at the diffraction limit is the presence of the diamond. This is con-
nected to the diamond’s high index of refraction of 2.4 [74, 75]. The problem can
be easily explained treating the diamond as a plane-parallel plate. In case it is
crossed by a collimated beam, no aberrations are introduced into the system. On
the other hand, when the same parallel plate is placed in a converging or diverging
beam, a series of aberrations including spherical and astigmatism are introduced.
Since the SMS technique is performed with a single laser wavelength at the time
(quasi-monochromatic regime), the chromatic aberration is not relevant. On the
other hand, the spherical aberration shall be corrected, as discussed here.

When a plane-parallel plate is traversed by a converging beam, its focal plane is
longitudinally retarded. The displacement Az, illustrated in Fig. (2.13), is due to
the change in refractive index and in the paraxial region is given by [76]:

Ap = [";1%, (2.4)

where n is the diamond refractive index and h is the parallel plate thickness.
Considering the thickness of the used top diamond anvil (1.385 mm after the pol-

3The use of a pulsed laser source is not relevant for the purposes of linear SMS technique.
On the other hand it becomes fundamental to further implement nonlinear methods within the
same setup, like the pump&probe technique or the second-harmonic generation.
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Figure 2.13: Longitudinal displacement of image by plane-parallel plate.

ishing) the longitudinal displacement measures 0.8 mm. Eq. (2.4) applies to the
paraxial region only. Outside this region, a more complex relation applies [77]:

1 —sin®a 1—-N.AZ2
Am=|1—-\|5—=|h=|1-\ 55—
" n? — sin® o [ n? — N.A.2

where N.A. is the numerical aperture. Assuming an objective with a numerical
aperture in air of N.A.=sina=0.7, Am results 0.9 mm. Therefore, the longitudi-
nal spherical aberration, defined as the difference between Am and Ap, is 0.1 mm.
Moreover, the blur diameter for the spherical aberration is given by [77]:

h, (2.5)

n?—1
B =|——=1h. 2.
spher [32n3N3 :| ( 6)

For the considered objective, Bgyper = 0.029 mm, which is too high as the necessary
condition to investigate single nanoparticles by SMS is the focusing of the beam
down to diffraction limit (<1 pm).

Typically, spherical aberration are compensated by using a commercial focusing
objective with a correction collar. Unfortunately, for the DAC case, the aberration
is too important to be adjusted in such a way, posing a considerable challenge in
individual nano-object imaging. In order to overcome these aberrations a custom
made pre-compensated microscope objective has been conceived on purpose for
the specific diamond thickness. It was realized by Mitutoyo (Japan), it has a 100x
magnification, 0.7 as numerical aperture and 30 mm working distance, high enough
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to be compatible with the DAC geometry constrains.

Introducing the tunable laser source and the pre-compensated objective in the
setup of Fig. (2.10) yields the “transmission SMS setup” of Fig. (2.14) that per-
mits to implement the SMS technique and characterize the focused beam.

pneumatic inflator

white lamp

Y piezo
shaker

Lock-in amplifi

[ spectro-

meter

Figure 2.14: “Transmission SMS setup”: a tunable laser beam is polarized and then
focused into the pressure chamber through a pre-compensated objective; the DAC is
forced to oscillate by a Y piezo shaker and the outcoming modulated power is detected
using a lock-in amplifier. Moving a few mirrors on magnetic supports allows to quickly
switch between the “transmission SMS setup”, the “ruby luminescence setup” of Fig.
(2.10) and the “culet imaging setup” of Fig. (2.7).

In this configuration the laser source is polarized and focused on a culet surface,
where the nanostructures are typically deposed. The DAC is screwed to an alu-
minum holder, which in turn is fixed on an Y electric piezo shaker, mounted on
the top of the XYZ piezo stage. The XYZ stage allows XY cartographies, while
keeping the laser beam focused. The Y piezo shaker (with a capacitive integrated
sensor) produces a sinusoidal oscillation in the nano-object Y-coordinate. In order
to perform spatial modulation, amplitude and frequency of vibration are controlled
by the function generator of a lock-in amplifier (LIA). After transmission through
the lower anvil, the modulated transmitted light beam is detected by a silicon pho-
todiode. The photodiode signal is read in parallel by a DMM (digital multimeter),
which monitors the average transmitted power in absence of the nano-object Wy,
and to the LIA, that detects the modulated transmitted power AW at twice the



46 Optics of a single metal nano-object under high pressure

frequency of oscillation. These two instruments are connected to a computer allow-
ing to map the “SMS signal”, proportional to the relative variation in transmitted
power AW /W, over the spatial XYZ coordinates. The SMS signal can be eas-
ily converted in absolute extinction cross-section o by knowing the amplitude of
oscillation and the beam shape and size. In general, the absolute extinction cross-
section ¢ of a nano-object is a function of the light wavelength and polarization.
These two parameters are controlled by the tunable laser source and by the po-
larizer angle. A change in wavelength slightly modifies the focal distance of the
beam, but can be easily compensated with the XYZ piezo stage.

A qualitative beam characterization can be performed enlightening the CCD cam-
era with the backreflected laser light. In Fig. (2.15) are reported two TV captures
realized with a standard objective and with the pre-compensated one. Both of
them have 100x magnification, 0.7 numerical aperture and 30 mm working dis-
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Figure 2.15: Qualitative beam spot comparison performed using a CCD camera. Left:
the standard objective introduces serious aberrations. Right: the pre-compensated ob-
jective enables to reach diffraction limit.
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tance. As clearly seen in the image, the spot corresponding to the pre-compensated
objective is narrower and has a Gaussian profile, while the one generated by the
standard objective is wider and presents strong aberrations, making it inappro-
priate for focusing purposes. A standard objective has been used to collect the
transmitted light, although a second pre-compensated objective would be the best
solution.

A quantitative beam characterization has been performed once the mechanical de-
velopment (see Section (2.1.4) ) was carried out and the “Transmission SMS setup”
of Fig. (2.14) was fully operational. As explained in Section (1.4.2), a proper SMS
image realized using a particle much smaller than the beam size allows a precise
beam characterization. When this condition is respected the SMS image profile
along the oscillation movement (Y) tends to the second derivative of the beam
profile for small amplitudes (the LIA detection was always realized at the second
harmonic), while across the orthogonal direction (X) it simply coincides with the
beam profile. In order to produce an SMS image, a nano-bipyramid was deposed
on the culet of the superior diamond anvil and the laser beam (with A =800 nm)
focused on it.

As shown in Fig. (2.16), the SMS image at the focal point may present asymme-
tries and rings. This is a consequence of the spot displacement and defocussing
occurring when a plane-parallel plate is tilted relative to the optical axis. This
effect can be minimized rotating the DAC in its holder with the aim of yielding a
symmetric 3-lobe SMS image, as illustrated in Fig. (2.16).
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Figure 2.16: DAC tilt correction made by optimization of the SMS image map.

As displayed in Fig. (2.17), the image spot profile is well fitted by the Gaussian
distribution, and even better by the Airy pattern (Eq. (A.2) and (A.3) of Ap-
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pendix (A)). This is not surprising as the Gaussian beam is deliberately strongly
truncated by the pupil of the pre-compensated objective, the incoming light being
well-approximated by a plane wave. The truncation effects in the focusing and the
quantitative treatment of the diffraction limit can be found in Appendix (A). In
an Airy pattern profile, the FWHM of the focused spot is limited by

FWHM = % with K=0.515. (2.7)
When A = 800nm and N.A. =0.7, Eq. (2.7) gives FWHM (800 nm) = 590 nm,
while the Airy fit of Fig. (2.17) gives FWHM (800 nm) = (625+20) nm, which is
slightly larger than the diffraction limit.
According to Eq. (A.6) of Appendix (A), fitting an Airy-like spot profile with
a Gaussian (max-free) function, rather than a Bessel function, underestimates
the FWHM (reducing the constant K of Eq. (2.7) giving diffraction limit to
Kgauss = 0.496). This is due to the fact that the Gaussian fit of a Bessel distri-
bution is too large at the base and consequently narrower at the the FWHM to
compensate, as shown in Fig. (2.17). This is consistent with the experimental case,
as Kgauss = 0.496 yields a theoretical diffraction limit FWHM (800 nm) =570 nm
and the Gaussian fit of Fig. (2.17) gives FIWHM (800 nm) =605 nm (again 35nm
larger than theoretical limit). This suggest that the image spot profile is the Airy
pattern main lobe, despite the fact that outer rings are not visible. Their absence
is due to some residual spherical aberration that generates some spikes, clearly
visible for < 0.5pm in Fig. (2.17). The spot size larger than the diffraction
limit and the presence of some aberrations are limited inconveniences and not an
obstacle to perform SMS experiments. These imperfections are probably due to
the difference between the diamond thickness after the polishing (1.385 mm) and
the nominal thickness compensation of the objective (1.5 mm).
In the available range of laser wavelength, 680 — 1080 nm, the FWHM is propor-
tional to A, in accordance with Eq. (2.7). This means that the objective correctly
focuses the beam and no significant aberration are occurring in this wavelengths
range. Repeating the analysis of Fig. (2.17) for several wavelengths at a specific
pressure as illustrated in Fig. (2.18a) yields a more reliable estimation of K., for
the experimental FWHM formula

Kezp A
N.A.

Experimentally K.,, is also a function of the pressure P, as the latter affects
the diamond refractive index and thickness, as well as the PTM refractive index.
Indeed the beam is focused and studied at the nano-particle level, whose center is
located in the pressure chamber, 30—40 nm under the culet of the superior diamond
anvil. The PTM refractive index npry, grows with the pressure, as illustrated in

FWHM,,, =

(2.8)
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Figure 2.17: Quantitative image spot analysis realized through the SMS technique
performed with a 2f detection. If the oscillating particle is smaller than the beam, then
the X profile of the signal corresponds to the beam intensity profile; if the amplitude
of oscillation is much smaller than the beam size, then the Y profile approaches the
second derivative of the beam intensity profile. The X profile is well fitted by a Gaussian
function (although the base is too large and the linewidth too narrow), and even better
through a Bessel function (first kind, order one) corresponding to an Airy pattern.
The key parameter is the fitted FWHM (W identifies the total beam power and c is
an experimental parameter, converting the arbitrary SMS signal into absolute cross-
section).
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Figure 2.18: (a) For a specific pressure, the FWHM measured via SMS (squares) shows
a linear dependence with the wavelength. (b) The experimental K.;, dependence on
pressure (triangles) is well fitted by a parabola (solid red curve). Its increment in the
0—10 GPa range corresponds to a FWHM widening of 20—30nm.

Fig. (C.2) of Appendix (C)). Conversely, the refractive index of the diamond
nq decreases linearly with the pressure, as shown in Fig. (B.2) of Appendix (B)).
Furthermore, even the diamond thickness h decreases linearly when the pressure is
incremented, as displayed in Fig. (B.3) of Appendix (B)). For a variation of 10 GPa
the changes in h are negligible (—12pm over 1.385 mm), while the variation of ngy
(—5x1073) may have a significant impact due to the important thickness of the
anvil. Overall, during the pressure ramp-up, the light path is modified (nprp
increases, ng and h decrease), eventually inducing non-corrected aberrations. The
image spot F'WHM has been measured at several wavelengths in air and in 4Me:1Et
during an entire pressure experiment. The phenomenological relation between K.,
and the pressure is quasi-parabolic as shown in Fig. (2.18b). It can be expressed
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as
Kewp = 0.56 +2x1074 P? (2.9)

where the pressure P is in GPa. In conclusion, the FWHM is simply given taking
Eq. (2.8) with N.A.=0.7

FWHMeqp = (0.8 +3x107* P?) X, (2.10)
where P is expressed in GPa.

In the “Transmission SMS setup” of Fig. (2.14) nano-objects deposed on the
superior diamond culet can be localized through an SMS cartography. Despite
the initial gasket diameter is around 130 pm only an inner circular area with lower
diameter can be examined. This is a consequence of the numerical aperture of
the objective, as is illustrated in Fig. (2.19). The useful diameter in air can be
expressed as

Dsms = Dgasket — 2N gasker tan (arcsin (N.A.)) . (2.11)

UPPER
DIAMOND
nano-objects
oY
ZT_, GASKET
SMS cartography G, gaSke't e(.ige x
70x70um . contamination
LOWER
DIAMOND

SMS cartography DETECTION

70x70um

Figure 2.19: SMS signal contamination induced from the gasket borders (outer green
ring in the upper cartography) and from a ruby deposed on the opposite culet (circular
blur in the lower cartography). The simplistic diagram explains the origin of the problem.
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For a gasket thickness hgqsker =30 pm and N.A.=0.7, this results in @gprs ~ 70 pm.
Another source of SMS signal distortion comes from the ruby on the opposite culet.
The contaminated area is a circle of diameter 20—30 pm, as shown in Fig. (2.19).
In conclusion, only the nano-objects far enough from the contamination sources

should be studied.

From an optical point of view, the knowledge of the image spot profile and size
are the keys elements to realize a proper quantitative SMS experiment. Using the
pre-compensated objective, the spot shape is well described by an Airy pattern
whose size is governed by Eq. (2.10). The optical part characterized, in order
to realize SMS experiments, an appropriate mechanical oscillation must now be
applied and quantified.

2.1.4 SMS and DAC combination: mechanical develop-
ment

From a mechanical point of view, an efficient SMS system should be able to pre-
cisely control in time the XYZ coordinates of an individual nano-object. The
particle must be kept into the focused laser beam, while it oscillates along the
Y-direction with a proper amplitude and frequency. The vibration amplitude
should be comparable to the beam spot size in order to have a strong SMS sig-
nal, while the working frequency should be high enough to reduce the 1/f noise
coming from laser power fluctuations and electronics, but not too elevated either,
otherwise mechanical coupling will appear and odd XYZ vibration could occur. To
this respect, for a sample of a few tens of grams the operating working frequency
lies around 1500 Hz. Unfortunately diamond anvil cells are pretty heavy and,
even after important improvements, the employed DAC still weights 0.4 Kg. This
strongly reduces the amplitude of oscillations and generates mechanical resonances
at relatively low frequencies. In order to characterize and improve the mechani-
cal apparatus, a simple model based on an interferometric study has been realized.

In the “Transmission SMS setup” of Fig. (2.14) the XYZ position of a nano-
object can be manually controlled via a micrometric stage which is fixed to the
optical table through 4 posts. For a finer positioning, a XYZ piezo nanopositioning
stage with a capacitive integrated sensor is mounted at the top of the micrometric
stage. In order to generate the sinusoidal oscillation, a Y piezo shaker is installed
on the XYZ piezo nanopositioning stage (mass of piezo 0.16 Kg, maximum dis-
placement 12 pm, presence of a capacitive integrated sensor). The base of the Y
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shaker is fixed on the movable part (top) of the XYZ stage (see also Fig. (2.22)
at page (56)). The DAC is screwed to a cylindrical holder made of aluminum
(mass of DAC with holder 0.6 Kg), which is in turn fixed on the top of the Y piezo
shaker. Two vertical springs are hooked up to the holder in order to statically
compensate the weight force of the DAC. The voltage for controlling the position
of the Y piezo shaker is provided by the internal LIA (lock-in amplifier) function
generator, which generates a sinusoidal voltage of amplitude V4, frequency f
and phase ¢4

UL]A(t> =Vira SiIl(27Tft + CbLIA) , (212)

forcing a periodic expansion in the Y piezo shaker that can be followed through
its capacitive integrated sensor on an oscilloscope

vy () = Vi sin(27 ft + @) , (2.13)

where the prime symbol (') indicates quantities measured through the capaci-
tive integrated sensors. The voltage amplitude V5. (measured in Volt) can be

directly converted in spatial amplitude A% (in pm) using the calibration factor
Cy=121um/V of the Y piezo shaker:

Y (t) = Al sin(2r ft + ¢l ) . (2.14)

Ideally, the Y piezo shaker and the DAC (with the nano-objects contained in the
pressure chamber) should move as one. If this is the case, the system can be mod-
eled by a forced harmonic oscillator, where the only limitation in frequency would
come from the Y piezo shaker push-pull force capacity, that is equal to F'=20N.
According to this, Mpac Yy(t) < F VYt with Mpac = 0.6 Kg, the maximal available
amplitude of oscillation being inversely proportional to the frequency square and
quantified in Fig. (2.20). The graph highlights the need of choosing a frequency
below 1.5 kHz, where the vibration amplitudes can attain at least half of the beam
spot FWHM in the infrared, and hence yield an intense SMS signal.

Unfortunately the system oscillates in such an ideal movement only for low fre-
quencies, beneath 100 Hz, where the noise from laser fluctuations is way too large
for the SMS technique. In fact, the DAC important weight causes some mechanical
couplings between the DAC, the Y piezo shaker and the XY7Z piezo stage, making
the apparatus more akin to a forced system of three coupled harmonic oscillators,
rather then a single one. As a consequence, the real amplitude of oscillation of the
DAC is insufficient to generate a perceptible SMS signal for most of the accessible
frequencies, whereas for three specific frequencies dangerous resonances show up.
Therefore, in order to perform the SMS technique, an optimal working frequency
range must be found, hence requiring a mechanical system characterization.
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Figure 2.20: Maximum amplitude of oscillation as a function of the frequency, accord-
ingly to the push-pull limit of the Y piezo shaker. Amplitudes can be reached only for
f<1.5kHz, region where they are comparable to the beam spot size.

The capacitative sensors integrated in the piezos allow to monitor the motion of
the system components with respect to the element they are attached to, and
what discussed for the Y piezo shaker applies to the XYZ piezo stage too. In the
Y direction a periodic movement shows up due to the coupling with the Y shaker

Yiyz(t) = Ay zsin@rft + ¢y ) (2.15)

while along the X and Z direction the movement is always negligible (unless in the
case of a strong resonance).

To study the absolute movement of the system components (with respect to the
optical table) a home-made interferometer has been assembled. Outlined in Fig.
(2.21), it is based on an optical mirror mounted on the mechanical component to
characterize and enables to detect the absolute movements along the Y direction
of the DAC holder

Yholder (t) = Aholder Sin<27rft + ¢holder) 5 (216)

of the XY7Z piezo stage
nyz(t) = AXYZ sin(27rft + quyz) (217)
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Figure 2.21: “Interferometer setup”: a monochromatic green laser beam is separated in
two arms using a beam splitter; the first line is reflected by a mirror that is fixed with
respect to the laboratory reference system; the second line reflected by a small silicon
wafer (acting as a light mirror) glued on the DAC holder, on the XYZ piezo stage, or
on the micrometric stage. The two beam paths are recombined and sent to a silicon
photodiode connected to an oscilloscope, that allows to study their interference as a
function of time. Translating a few mirrors allows to quickly recover the “Transmission
SMS setup” of Fig. (2.14), the “ruby luminescence setup” of Fig. (2.10) or the “culet
imaging setup” of Fig. (2.7).

and of the micrometric stage
Yiase(t) = Apase SIN(27 f1 + Ppase) ~ 0. (2.18)

The latter resulted negligible, yielding an equivalence between relative and abso-
lute movement of the XYZ piezo stage (Eq. (2.15) and Eq. (2.17)). Absolute
(measured by the interferometer) and relative (sensor) movement of the system
components are summarized in Fig. (2.22).

When amplitudes and phases are deduced from piezo sensors, they are obtained
directly by the sinusoidal signal in the oscilloscope, proportional to the internal
mouvement. However, when they are measured through the interferometer, a more
complex signal occurs. Basically, the more fringes are detected per period, the
greatest the oscillation amplitude is, but the sinusoidal motion makes the fringes
denser in time when the oscillation speed is maximal. To be more quantitative,
the intensity of the interference between the path 1 (reflected by the fixed mirror)



56 Optics of a single metal nano-object under high pressure

- I
YDAC — YDAC + Yholder

_ !
Yholder - Yholder + YY Yholder

YY == Y]} + YXYZ ch
YX Yz ~ Y)E YZ YXYZ Y}é YZ
Ybase =il Ybase

Figure 2.22: Sketch of the system components (movable piezoelectric parts in yellow).
Table: absolute and relative movements along Y are summarized in column “Y move-
ments”. Absolute movements (i.e. with respect to the optical table) are measured by the
interferometer (“INTERF”). Relative movements (i.e. movement of the piezo component
with respect to its base) are measured by piezo internal sensor (“SENSOR”).

and the path 2 (reflected by the oscillating component) takes the form

A7

Imt(t) :Il+IQ+2\/ IllgCOS h

(Ly — Ly + Acos(2nf + ¢))| , (2.19)

where A is the laser wavelength, I; and I, are the intensities along the path 1
and 2 respectively, L, is the distance between the beam-splitter and the reference
mirror, Ly + Acos(2nf + ¢) is the distance between the beam splitter and the
mirror on the moving part, A, f and ¢ are the amplitude, frequency and phase of
oscillation. The intensity I, (t) is detected through a photodiode, measured on
an oscilloscope and fitted using Eq. (2.19). An example of the interference signal
and its fit is reported in Fig. (2.23).

The main results on the mechanical vibration characterization are presented in
Fig. (2.24), showing the Y amplitudes divided by the excitation voltage amplitude
(e.g. Anotger/Vira) and normalized to the amplitude at very low frequencies and
the dephasings. As a preliminary remark, it should be notice that, in the ideal case
(verified at very low frequencies), the driving force should only make the holder
and the DAC vibrate (Ypac = Yioider = Yy #0), while supporting components are
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Figure 2.23: Example of signals monitored on the oscilloscope for interferometric analy-
sis. The lower black curve is the voltage introduced by the LIA that drives the Y shaker;
in red its sinusoidal fit; the upper black curve is the voltage proportional to the interfer-
ence induced by the DAC holder oscillation; in red the fit based on Eq. (2.19). This fit
curve slightly deviates from the experimental one, as the photodiode acts like a low-pass
frequency filter, reducing the amplitudes of the signal when it varies faster. However,
it was verified that this signal distortion does not affects the relevant fit parameters
(amplitude and phase).

not supposed to move (Yiuse = Yxvz =0).  As illustrated in Fig. (2.22), the
DAC holder was characterized via interferometer only, the Y piezo shaker through
the capacitative sensor, the XYZ piezo stage with the two methods, albeit only
the capacitative sensor data are reported (the other data being similar). Three
resonances dominate: “R3” ~100Hz, “R;” ~770 Hz and “Ry” ~ 1770 Hz, each one
being attributed to the proper frequency of the three equivalent oscillator. The
XYZ piezo stage introduces the resonance “R3”. Indeed, its nominal unloaded
resonant frequency is 190 Hz(£20%) that becomes 140 Hz(+20%) with a load of
0.33 Kg (data from manufacturer). Thus, it can be associated to an equivalent os-
cillator with unloaded mass 0.4 Kg and spring constant 5.7x10% N/m. A mass load
of 0.76 Kg (DAC, holder and Y shaker) would thus produce a resonant frequency
close to 110 Hz.

The Y shaker and its load (DAC plus holder) introduce the two resonances “R;”
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Figure 2.24: Main results from the system experimental characterization. Green trian-
gles correspond to the motion of the XYZ piezo stage (measured through its integrate
capacitative sensor); red squares indicate the absolute motion of the DAC holder (mea-
sured by the interferometer); black dots are the relative motion of the Y piezo shaker
(sensor); blue reversed triangles represent the absolute motion of the Y piezo shaker
(obtained from Yy = Y{/—i—YXy 7). Note that the XYZ piezo stage is approximately in
phase with the driving force in the intervals [0 Hz, “R3”] and [“R;”, “Rg”|, while they
are in antiphase in the regions [“R3”, “R1”] and [“Ra”, 2000 Hz].
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and “R,” at higher frequencies. Indeed, the Y shaker nominal unloaded resonant
frequency is 5600 Hz(£20%) and its nominal stiffness 45x10% N/m(£20%). There-
fore, it can be associated to an equivalent oscillator with unloaded mass 0.036 Kg
and spring constant 45x10° N/m. A mass load of 0.6 Kg (DAC and holder) would
produce a resonant frequency at about 1350 Hz.

The amplitudes reported in Fig. (2.24) show that in the frequency range [1000—
1500 Hz| the Y shaker is oscillating, but the XYZ piezo stage and the DAC holder
are not moving. Therefore, this range can not be used for SMS experiments, as
the sample would not vibrate. A possible working frequency could be the nodal
point at 825 Hz, indicated as “N” in Fig. (2.24), where A} ~0. Here Appiger ~ Ay
and therefore relatively high oscillation amplitudes of the DAC can be produced.
However, “N” is located in the proximity of “R;”, where the dephasing are strongly
varying with the frequency. For stability reasons, it is preferable to work at fre-
quencies where all the system components are in phase with the driving force.

In order to better understand the behavior of the dephasing around “N”, the rel-
ative movements of the DAC holder (Yio4er — Yxyz) and Y shaker (Yy — Yxyz)
with respect to the XYZ piezo stage has been modeled through a forced two-spring
system along the Y direction

MyYy = —ky (Yo — Y1) — BoYs

where a sinusoidal force of amplitude Fj is applied to the first oscillator tied
to a wall, while the second oscillator is connected to the first one. The first

Y Y shaker DAC+holder
> F; sin(2rft)
1
—
kl: )81 er 52

Figure 2.25: Forced two-spring model adopted to understand the dephasing behavior of
the system components: a sinusoidal force of amplitude F} and frequency f is applied to
M to simulate the LIA driving force applied on the Y shaker. This mass is attached to
the wall (replacing the XYZ piezo stage) through a spring of constant k; and dissipative
parameter 1. On the other side, it is connected to a second oscillator (simulating the
DAC and its holder) characterized by Ma, ko and fs.
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resonator represents the Y piezo shaker, while the second one the load (DAC plus
holder), as illustrated in Fig. (2.25). The system of Eq. (2.20) can be analytically
solved assuming that the solutions are sinusoidal functions with frequency f. The
solutions are:

{YI = Avsin(2rft+61) (2.21)
Yy = Aysin(2nm ft + ¢o)
where
PRV i (CY AT AL YA A LR VAT AU
S YT e
R kM
4= Nk (2.23)
¢, = — arctan Lq) _i__ Z;] , (2.24)
¢y = — arctan [Q] : (2.25)
p
_ 4 ki +ky+ 81 ko + Bo Jerke
p=(2nf) ( M, + 7 )(27Tf)2 4 AT (2.26)
k k k
T (J\i_llJrJ%) (2rf)” + ( = +Mjf\;2+ 251)(27#), (2.27)
R (2.28)

"= ]{?2 — M2(27Tf)2 ’

In Fig. (2.26) are plotted experimental amplitudes and dephasings of Y}", ... =
Yhotder —Yxyz and Yy =Yy —Yxy, and their fits, realized using Eq. (2.22), (2.24)
and (2.23). Tmposing k; =4.5x 107 N/m (so that the first spring constant is close
to the nominal stiffness per unit length of the Y piezo shaker) and fitting the
amplitudes and the dephasing concomitantly determines all the model parameters
(Fy, My, My, kq, ko, B1, 52). The model reproduces the main features of the ex-
perimental data “R;”, “Ry”, “N”, showing that around 1500 Hz the amplitude of
oscillation of the DAC holder is smaller than the Y shaker one. Varying the model
parameters pointed out that the nodal point “N” occurs every time that an oscil-
lator of mass M; is placed between two elements with higher masses (M; and the
wall). More importantly, comparison of fitted curves (Fig. (2.27) ), enlightens that
the Y shaker is in phase with the driving force in the interval [“N”, “Ry”], while
they are in antiphase in the regions [“R;”, “N”], making the frequencies higher
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Figure 2.26: System simulation with the forced two-spring model and comparison to
experiments. Black dots represent the movement (amplitude and phase) of the Y shaker
relative to the XYZ piezo stage (Yy) (see also Fig. (2.24)). Black lines are amplitude
and phase (A; and ¢1) derived by the fit of all the points with the forced two-spring
model. Red diamonds correspond to motion of the DAC holder relative to the XYZ
piezo stage (V' ... = Yhoider—Yxvz). Red line is amplitude Ay from the fit. In these fits,
k1 was taken equal to the Y shaker stiffness, k1 =4.5x 107 N/m; F} was chosen so that
at low frequency the oscillation amplitudes where of 1 pm/V, F; =40N; the equivalent
sum of masses of My + My should be close to the masses sum of DAC, holder and Y
shaker (0.76 Kg). Fitting yields M; =0.44 Kg and My = 0.25 Kg; the other parameters
were completely determined from the fits, resulting ko =7x 106 N/m, 31 =300 Kg/s and
B2 =60Kg/s.
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Figure 2.27: Oscillation amplitudes and dephasing obtained through the forced two-
spring model (Eq. (2.22), (2.23), (2.24) and (2.25) ) considering the parameters obtained
from the data fit illustrated in Fig. (2.26). Notice that at frequencies slightly lower than
“N” the oscillators are not in phase, while at slightly higher frequencies they are both
in phase with the driving force.

than “N” more appropriate to work with.

In conclusion, it is necessary to work at a frequency in the range 700 Hz < f <
1500 Hz to have a reasonable signal-over-noise ratio (large frequencies) and to
avoid mechanical breakdowns (occurring at too high frequencies). In this range,
the DAC can oscillate with an amplitude comparable to the size of the beam spot,
the dephasing between the oscillators and the applied force is small and has not
discontinuities.

A good choice would be to work close to the nodal point “N” (825 Hz), where the
internal movement of the Y piezo shaker is negligible (Yy ~0) and the amplitude
of its movement with respect to the optical table is comparable to the DAC holder
one Yy ~ Yj4er- For this reason the choice f=825Hz was initially made. Even
better is to work at slight higher frequencies than “N” (~840Hz) in order to have
all the components almost in phase with the driving force.
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In order to improve the signal-over-noise ratio, the working frequency should be
increased. In the model, this can be done by changing the parameters My, My, k;,
ko. Indeed, decreasing M; would mainly increase the frequency for “R;”; increas-
ing k; would increase “R;”, “Ry” and slightly “N”; decreasing M, or increasing ko
would increase “R;”, “Ry” and “N”.

In practice, a modification of the connection (removal of part of a mechanical
adapter mass) between the base of the Y piezo shaker and the top of the XYZ
piezo stage (corresponding to a modification of M; and K;) has enabled to shift
the working frequency at f =940 Hz, which is the one used in the pressure experi-
ments presented in this chapter.

The application of the SMS technique requires the determination of the DAC am-
plitude of oscillation at f =940 Hz. This oscillation amplitude is a linear function
of the amplitude of the applied sinusoidal voltage, then can be written in the form

5(940 HZ) = C- VLIA . (229)

The coefficient ¢, measured in pm/V, has been determined applying the SMS
technique on a gold nanoparticle deposed on the culet of the superior diamond. If
the beam shape and size are well known this kind of measurement is more reliable
than the interferometric one, because it gives the movement of the nanoparticle
ot the center of the DAC, while the interferometer measures the vibrations of the
outer part of the holder (indeed even the holder and the DAC are not completely
moving as one). It results ¢=(0.52£0.02) pm/V. To have a strong SMS signal, the
LIA voltage was tuned yielding 6(940 Hz) of the order of the beam size described
by Eq. (2.10). The following experiments has been performed with V;;4=1.13V
corresponding to a spatial modulation of

§(940 Hz) = (0.52 & 0.02)pm V' x 1.13V = (590 + 25) nm .. (2.30)

From a mechanical point of view, determination and optimization of the sample
oscillation amplitude is the key element to realize a proper SMS experiment. The
apparatus improvement and characterization have made it possible to work with
the desired amplitude, at a reasonably high frequency. At this point, the SMS
technique was operational and high-pressure experiments could be carried out.

2.2 A single metal nanoparticle under high pres-
sure

The implementation and characterization of a setup for optical microscopy mea-
surement on individual nano-objects under high pressure allowed to realize the
first quantitative experiments, which are presented in this section.
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Up to now, the studied nanostructures are elongated gold nanoparticles: nano-
bipyramids (BPs) directly deposed on a diamond culet and then immersed in
hydrostatic 4Me:1Et (properties of this PTM can be found in Appendix C). The
choice of working with this kind of nanoparticles was made on the basis of the
solid knowledge of their optical properties (experiments and modeling) already es-
tablished at standard pressure [78, 79]. Examples of BPs experimental extinction
cross-section spectra, o(w), dominated by a quasi-Lorentzian SPR are illustrated
in Fig. (2.28). In the current section are reported the successful measurements
realized on gold BPs, starting from the most recent one (“BP1”) and ending with
the first measured (“BP5”). In order to describe them, it is convenient to introduce
the following terminology: “ramp-up”, which indicates the experiment part where
the pressure is increased; “ramp-down”, which corresponds to the phase where the
pressure is decreased and “pressure cycle”, hence the union of a ramp-up with the
following ramp-down. Furthermore, when the word “complete” is added, it means
that the whole available pressure range [0—10 GPa] was investigated.

wavelength (nm)

6?9 5?0 5‘II 7 4?9 4‘] 3
——n=2
r|=L/f) D Au

Leszomdos

energy (eV)

Figure 2.28: Extinction cross-section of individual gold BPs deposed on a silica sub-
strate. The red curve is associated to a BP from sample A, constituted by sharp BPs
with aspect-ratio n ~ 4. It exhibits a quasi-Lorentzian longitudinal SPR centered at
1.64eV and a smaller peak at 2.15eV related to the presence of sharp tips. The blue
curve corresponds to a BP extracted from sample B, composed by rounded BPs with
n~ 2. It shows a quasi-Lorentzian longitudinal SPR located at higher energy 2.04eV.
Interband transitions increase the extinction cross-section o beyond 2.5eV.
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The investigated nanoparticles are synthesized in collaboration with chemists (Prof.
L.M. Liz-Marzan in San Sebastidn and Prof. M. Tréguer-Delapierre in Bordeaux)
and they are available in liquid solution which can be directly deposited on a culet
of a diamond anvil via spin-coating. As illustrated in Fig. (2.29), transmission
electron microscope (TEM) images show that all the BPs from the same solution
have very similar dimensions, which are summarized in Tab. 2.1. This is impor-
tant for modeling, as a morphological characterization by electron microscopy of
the BPs deposited on the anvil substrate (1.4 mm thick) is not possible.

Some attempts have been made using scanning electron microscopy (SEM), but
the insulator character of the diamond makes the electrons accumulate on the in-
terface causing a strong blur, as shown in Fig. (2.30).

In Tab. 2.2 on page 79 are summarized the working conditions and the main
features of each experiment (from the most recent “BP1” to the first attempts
“BP5”). Here, the experiment “BP1” is discussed in detail, while for the others
only the final results and some peculiarities are reported.

sample 2

‘ 100nm \

£

PSS~
AL

Figure 2.29: TEM images realized on standard TEM grids. at the left is presented the
sample 1 (very low size and shape dispersion); at the right sample 2.

sample 1 sample 2
SAMPLE Au-BP@QPEG ~ Au-BP@QPEG
LONG AXIS (nm) 100.5 + 4.5 100 + 11
SHORT AXIS (nm) 3243 31.0+3.5

Table 2.1: Summary of the solutions containing gold BPs with PEG as surfactant. The
reported dimensions come from TEM images. Sample 1 has a very low size and shape
dispersion, while sample 2 is more polydisperse and contains also gold spheres.
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sample 2

Figure 2.30: SEM images realized on the culet of the superior anvil: at the top left
the diamond anvil glued on its tungsten-carbide seat; at the top right the culet plateau
where the BPs are deposed via spin-coating; at the bottom left a BP from sample 1; at
the bottom right a cluster from sample 2.

BP1

During experiment “BP1”, the particle under investigation was an individual gold
BP from sample 1 placed on the superior diamond anvil. Typically, after the spin-
coating, isolated BPs are searched on the culet at 0 GPa, without PTM. This is
accomplished through the SMS technique, which allows to measure the extinction
spectrum dominated by the SPR and the polarization response of each detected
particle. The longitudinal SPR of a single BP shows up as a Lorentzian shape,
while the light polarization dependence is sinusoidal and drops to zero for light
polarized orthogonally to the long axis. These are key points to distinguish an
isolated BP from a spherical particle or a cluster, which present several resonances
or a polarization response not going to zero. As this mapping and selection of the
nano-object may take some hours, it is realized without PTM (avoiding evapora-
tion). The characterization of an analyzed BP in air is presented in Fig. (2.31).
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The ramp-up begins after the introduction of a ruby ball on the clean culet (the one
with no nanoparticles deposited) and of the PTM in the pressure chamber. The
pressure is already increased by a small amount when loading the DAC. For the
studied BP, the starting point was 0.055 GPa and the maximal value 9.72 GPa.
Afterwards, the ramp-down was started, dropping the chamber pressure until a

wavelength (nm)
1 127 10133 9§4 8§6 8?7 7'{'5 7?9 6§9

' B
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& (hw — hwe)? + (

AIR

@)2
2

11 12 13 14 15 hwg1e 17 18
energy (eV)

5(0) = ”(s") [1 + o8 (2(9 —0,) 1%0)]
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0 60 0y 120 180 240 300 360
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Figure 2.31: Extinction cross-section o of “BP1” placed on the upper culet and sur-
rounded by air. Top: the longitudinal SPR spectrum is fitted through a Lorentzian
function centered at the photon energy fuvy, with linewidth I and area A (Eq. (1.36)
of Section (1.3.4)). Bottom: the polarization response at A =800nm is fitted using a
sinusoidal function with maximum o(6p) at 6y and passing through zero at 8y+90° (Eq.
(1.40) of Section (1.3.4) with o, =0).
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residual value of 1.82 GPa. During the whole pressure cycle, the longitudinal SPR
of the BP was measured and its polarization response verified. Lastly, the BP is
characterized again in air, at 0 GPa. The beam spot FWHM was also character-
ized as a function of wavelength and pressure, yielding the pressure and wavelength
dependence of Eq. (2.10) and allowing to convert the raw SMS signals in absolute

cross-section, measured in nm?.

Measuring the polarization response enables to monitor the orientation of the BP
long axis. As illustrated in Fig. (2.32), it never changed during the pressure exper-
iments. No modification of BP orientation has ever been detected in any pressure
cycle, due to the strength of the van der Waals forces between nanoparticles and
diamond. The SPR measured during the ramp-up and their Lorentzian fits are
plotted in the graphs of Fig. (2.33). The main role of the ramp-down is to study
the reversibility, by coming back to some pressure points already measured, as
checked for this particular BP at 7.37 GPa. This extinction spectrum is displayed
in Fig. (2.34) together with its counterpart of the ramp-up, exhibiting perfect
reversibility. Unfortunately, during ramp-down after 7.37 GPa, the SPR started
to redshift and broaden in time without any pressure modification. The reasons
for this out-of-control behavior are unclear and may be ascribed to permanent
modifications of the nano-object shape and/or its surface degradation.

The Lorentzian distribution fit function is completely determined by three pa-
rameters: peak position (SPR energy), linewidth and area, whose evolution are

@ 0.055GPa @1.49eV
® 5.35GPa @1.36eV
® 9.72GPa @1.32eV

T T T T T T T T T T T | T |

0 50 100 150 200 250 300 350
polarization (°)

Figure 2.32: The polarization response of “BP1” remained unchanged during the ex-

periment.
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Figure 2.33: In the upper graph some of the measured extinction spectra of “BP1” are
presented as well as their Lorentzian fits. In the lower graph, all experimental curves
are shown, vertically shifted adding a constant proportional to the related pressure (the
offsets are indicated by white lines below each curve and intersect the right axis at the
corresponding pressure). The strong redshift experienced from 0 to 0.055 GPa is mainly

due to the introduction of PTM. The reversibility of the process has been verified at
7.37 GPa (dashed red line).
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Figure 2.34: Extinction spectra during ramp-up and ramp-down show perfect reversibil-
ity at 7.4 GPa for “BP1”.

illustrated in Fig. (2.35). The peak position of the resonance undergoes a non-
linear monotonic redshift. These are the most precise data (smallest error bars)
of all the pressure cycles and show a variation of about AE ~ —0.18¢eV (red-
shift of AE/E ~ —12% for 10 GPa increase). Linewidth and area have more im-
portant vertical error bars, however they both exhibit an increase with pressure:
spectral SPR, broadening A(AI') ~15meV (AI'/T'~10%) and SPR area increase
AA~1500eV nm? (AA/A~15%) for 10 GPa increase. To confirm these trends,
other single BPs are reported. Note that the sharp redshift and broadening that
occurs around 5 GPa has been observed only in “BP1”.
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Figure 2.35: Evolution of the “BP1” Lorentzian fit through the ramp-up. The hori-
zontal error bars are established looking at the pressure fluctuations during every SPR
measurement, plus the intrinsic incertitude related to Eq. (2.11) estimated at 4% of
the pressure, plus a standard error of 0.06 GPa, which takes into account eventual het-
erogeneity in the ruby ball as well as changes in temperature governed by Eq. (2.3).
The vertical errors bars are determined by changing the fit parameter of interest while
letting other fit parameters free to move until the Lorentzian function no longer fits

experimental data.
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BP2

The studied “BP2” particle was again an individual gold BP from sample 1 placed
on the superior diamond anvil. Firstly, the BP was characterized in air. The ramp-
up began at 0.058 GPa and ended at 9.52 GPa. Afterwards, a complete ramp-down
took place, dropping the chamber pressure until the residual 1.59 GPa. Lastly, the
BP was characterized in air, at 0 GPa.

During this experiment, the beam spot FWHM was not directly characterized, but,
as the working conditions were the same as “BP1”, Eq. (2.10) was exploited to con-
vert the raw SMS signals in absolute extinction cross-sections. This transformation
seems successful as the obtained SPR curves are symmetrical and Lorentzian-like.
One reason why the FWHM was not directly measured is that the beam spot was
somehow unusual, having two focus positions maximizing the SMS signal from the
BP. Later on, it was understood that other particles present on the opposite culet
could contaminate the SMS signal, similarly to what illustrated in Fig. (2.19) for
the ruby ball case.

During the complete pressure cycle, the polarization response was repeatedly mea-
sured, and as shown in Fig. (2.36) the resonance goes always to zero at the same
angle, demonstrating no re-orientation of the elongated nano-object.

The extinction spectra o were fitted with the Lorentzian distribution. The evolu-
tion of peak position, linewidth and area are illustrated in Fig. (2.37). The peak
position of the resonance undergoes a redshift that resembles to the one seen in
“BP1”, although no discontinuities occur. The complete ramp-down reveals the

® 0 GPa(air) @1.65eV
— Ramp-up:

@ 0.058 GPa @1.55eV
© 4.68 GPa @1.41eV
@® 949 GPa @1.37eV
— Ramp-down:

@ 2.17 GPa @1.43eV
— Ramp-up 2:

O 0.05 GPa @1.46eV

300 360 420 480
polarization (°)

o (x10* nm?)

Figure 2.36: The polarization response of “BP2” remained unchanged during the ex-
periment.
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reversibility of this parameter. The peak position shows a non-reversibility only
when measured in air, but this is probably due to a change in the environment
refractive index after putting the BP back to air at the end of the cycle, as SPR is
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Figure 2.37: Evolution of the Lorentzian fit through the complete pressure cycle of
(4BP277.
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very sensitive to residual liquid or water vapor. Linewidth and area undergo a soft
augmentation throughout the complete ramp-up. During the complete ramp-down
these parameters seem to decrease and come back. However, between these two
measurements an additional broadening shows up. This unexpected behavior was
observed only in “BP2” and its origins are unknown. One possibility is a system-
atic error introduced through a wrong focusing of the beam during the ramp-down
experiments. The amplitudes of the induced pressure changes are very similar to
those measured for “BP17: red shift AE~—0.15eV (with AE/E~—10%), broad-
ening A(A') ~15meV (with AT'/T'~10%), and enhancement arca AA~ 1000V
nm? (with AA/A~18%), the three presenting a non-linear dependence on pressure.

BP3

During experiment “BP3”, the studied object was a cluster composed by two
aligned nano-objects from sample 1, placed on the superior diamond anvil. Firstly,
the BPs were characterized in air. At that time, the ruby ball was not character-
ized in air, at 0 GPa. Therefore the first pressure point of the ramp-up was not
precisely measured. Supposing that the DAC loading produces a starting pressure
similar to the one of “BP1” and “BP2”, the ramp-up then started at 0.05 GPa and
ended at 8.54 GPa. Afterwards, a complete ramp-down took place, dropping the
chamber pressure until the residual 0.33 GPa. Lastly, the BP was studied again in
air, at 0 GPa.

Over the course of the experiment “BP3”, the beam spot FWHM was not directly
characterized. However, as the working conditions were the same as “BP1”, Eq.
(2.10) was exploited to convert the raw SMS signals to absolute extinction cross-
section.

The measured extinction spectra present two SPR peaks and are well fitted by a
double-Lorentzian distribution. Supposing that the two nano-objects are two BPs
subjected to the same broadening, the two linewidths are fitted with the same
value, while the two peak positions and areas are kept independent. As illustrated
in Fig. (2.38), this kind of fit is satisfactory until the end of the ramp-down, where
the SPR second peak is not recognizable anymore. During the complete pressure
cycle, the polarization response was repeatedly measured and the signal is always
minimized at the same angle, as showed in Fig. (2.39).

The peak position of the two resonances undergo a redshift that resembles to the
one seen in “BP1” and “BP2”, despite a very little discontinuity can be noticed
about 7GPa (see Fig. (2.40)). The complete ramp-down reveals the reversibility
of the position with a redshift of AE~ —0.14eV (AE/E ~—10%) upon 10 GPa.
However, fitting with a double-Lorentzian distribution with the same linewidth
adds additional parameters which increases the error bars. Consequently, the
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Figure 2.38: Double-Lorentzian fit curves allow to reproduce the SPR shape of “BP3”
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linewidth and the area should not be examined, though a general trend similar to
the previous ones seems to occur.
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Figure 2.40: Evolution of the double-Lorentzian fit through the complete pressure cycle
of “BP3”. Vertical error bars become larger starting from 3 GPa of the ramp-down
because the second peak is very weak and its characterization becomes uncertain.
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BP4

During experiment “BP4”, the studied particle was a gold BP from sample 2,
placed on the inferior diamond anvil. The ruby ball was not characterized in air
(0 GPa) and, as in the case of “BP3”, the ramp-up is supposed to start at 0.05 GPa,
ending at 7.61 GPa. Afterwards, a complete ramp-down took place, dropping the
chamber pressure until the residual 1.75 GPa. During the complete pressure cycle,
the polarization response was repeatedly measured and the signal goes to zero
always at the same angle.

During the experiment “BP4”, the beam spot size and the BP amplitude of oscil-
lation were unknown, preventing from a conversion of the raw SMS signal to an
absolute cross-section quantitative value.

Even without conversion, the observed SPRs can be satisfactorily reproduced by
a Lorentzian distribution. Note that, when the raw SMS signal is directly fitted
(instead of absolute extinction cross-section), peak position and linewidth are still
reliable (however with introduction of a modest systematic error that can be esti-
mated of the order of —0.01 eV and therefore can be corrected). On the other hand
the area, measured in eV -nm?, cannot be quantified. Original and retrieved data
are illustrated in Fig. (2.41). The typical redshift is dominating, while a small
broadening shows up. Data indicate that a pressure change of 10 GPa induces a
redshift AE ~—0.12eV (with AE/E ~—9%) and a broadening A(AI') ~ 30 meV
(with AT'/T' ~16%). The complete ramp-down of “BP4” counts several pressure
points, because the aim was to verify the reversibility of the SPR. During the
complete pressure cycle, no discontinuity was observed.

BP5

During experiment “BP57, the studied particle was a gold BP from sample 2,
placed on the inferior diamond anvil. The ramp-up began at 0.5 GPa and ended at
7.5 GPa. Afterwards, the gasket hole became asymmetrical (as seen in Fig. (2.6))
and a PTM leaking forced to abort the experiment.

During experiment “BP5”, beam spot size and amplitude of oscillation were un-
known, making impossible to convert the raw SMS signal to absolute extinction
cross-section. Over the course of the ramp-up, the polarization response was re-
peatedly verified.

When the raw SMS signal is directly fitted, peak position and linewidth are still
reliable, despite the introduction of a modest systematic error, that has been cor-
rected. This is illustrated in Fig. (2.41), confirming the typical redshift with a
soft broadening that, over a pressure change of 10 GPa, is about AE ~ —0.09eV
(with AE/E~—7%) and A(Al') ~40meV (with AI'/T"'~23%).
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Figure 2.41: Evolution of the Lorentzian fit through the complete pressure cycle of
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BP1 BP2 BP3 BP4 BP5
individual individual cluster of 2 individual individual
Au-BP @QPEG Au-BP @QPEG Au-BPQPEG Au-BP@QPEG Au-BP QPEG
SAMPLE sample 1; sample 1; sample 1; sample 2; sample 2;
upper culet, upper culet, upper culet, lower culet, lower culet,
4Me:1Et. 4Me:1Et. 4Me:1Et. 4Me:1Et. 4Me:1Et.
quantitative: quantitative: quantitative: qualitative: qualitative:
=940 Hz; =940 Hz; f=940Hz; f=825Hz. f=825Hz.
SMS 4 =590 nm; 5 =590 nm; 5 =590 nm;
FWHM measured FWHM from  FWHM from
(vielding Eq. (2.10)). Eq. (2.10). Eq. (2.10).
complete complete complete complete ramp-up.
ramp-up pressure pressure pressure
PRESSURE & cycle. cycle. cycle.
beginning
ramp-down.
redshift & redshift & redshift & redshift & redshift &
broadening; broadening; broadening; broadening; broadening;
RESULTS reversibility complete complete complete reversibility
until 7GPa reversibility. reversibility. reversibility. not verified.
in ramp-down.
enhanced additional
OTHER redshift & broadening
EFFECTS broadening @ beginning
@5 GPa ramp-down.
ramp-up.

Table 2.2: Brief summary of the characteristics of the various experiments, identified
by the columns “BP1”, “BP2”, “BP3”, “BP4”, “BP5”. The line “SAMPLE” introduces
the studied nanostructures and their environment; “SMS” reports the main working
parameters and specifies if the optical study was “quantitative” or “qualitative”, i.e. if
the absolute cross-section in nm? was retrieved or not; “PRESSURE” describes the range
of pressure investigated; “RESULTS” contains the main effects of the pressure ramp-up
and states their eventual reversibility; the line “OTHER EFFECTS” reports additional
observations in the SPR position or linewidth while the pressure was changing.



80 Optics of a single metal nano-object under high pressure
1.53 810
L —> Ramp-up:|
1.50 A4 BP1 -827
a BP2 ¢
%1.47 ,1'(- I a ggi -844 ,g
A A
1444 b e » gp5  [881=
o I ) £
RPN R 579
o e }}i L g I Qo
w1384 bt o ot -899 Q@
% 1 i I‘H‘tij _ 4 A A i g
1.35 I s .-iip ST -919
: O S |
1.32 2 %ﬁ:._ln 939
=4 |—}—|
1 .29 T T T T T T 961
0 2 4 6 8 10
pressure (GPa)
Jh —> Ramp-up:
0.00 L A BP1
S | % a BP2
Q ;_[LL a BP3
& -0.054 %'ﬁ* A BP4
= b a BP5
g Fhin;
ot T L
% ' T L"%%:‘L ,_EL_._’LE# :rI'_I_'
o T i 1] |—E—|
Q. _0.15- - amiS SIS
2 ki
1 |_}_| ._I
g I—I—il
-0.20 T T T T T T T T
0 2 4 6 8 10

pressure (GPa)

Figure 2.42: Upper graph: SPR energy measured from ramp-up experiments realized
on individual gold BP placed on the diamond substrate. Lower graph: SPR energy shift
induced by pressure increase.
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2.2.1 Pressure dependence of the SPR spectral position

As seen in the previous section, the pressure ramp-up produces a redshift in the
SPR position which is modeled in the current section. Firstly, complete numerical
simulations based on the finite elements modeling (FEM) and taking into account
the real geometry of the experiment are presented. Afterwards, a simplified ana-
lytical model is developed with the aim of enlightening the main physical origins
of the observed evolution.

The experimental SPR energy data of all BPs are summarized in the upper graph
of Fig. (2.42), while the lower one directly shows the SPR energy shifts with re-
spect to initial position. This peak translation is not linear with the pressure, and
is modeled in the current section. Moreover, until 5 GPa the curves are overlapped,
while they separate at higher pressures. In particular, “BP1” present a strong shift
at 5 GPa that can not be explained through a simple model. The reasons of these
deviations at high pressure will be discussed later (Section (2.2.3) ).

NUMERICAL MODEL

The FEM has been realized in the configurations reported in Fig. (2.43), where
an individual Au-BP of volume V', aspect-ratio n and 30nm short axis, is sep-
arated from a diamond substrate by distance d, which could be introduced to
take into account the presence of surfactants. The nanoparticle is characterized

Figure 2.43: Configuration adopted for the FEM.

volumetrically by the compressibility of bulk gold and optically through the pres-
sure dependent dielectric functions of gold, whose real and imaginary parts are
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€12(w) = 652+6§%2, where 652 indicates the Drude components and e’fQ the inter-
band contributions. The BP environment consists of the diamond substrate and
the 4Me:1Et as surrounding liquid, which are respectively modeled by the real
dielectric functions €;(w) = n2 and epry(w) = NPy, whose imaginary parts are
negligible for red and near-IR photons, as explained in Appendix (B) and (C).
A polarized and monochromatic Gaussian wave of intensity Iy, passes through
the diamond and illuminates the BP, exciting its longitudinal SPR at the photon
frequency w. Computations in this geometry yield the spatial distribution of the
electromagnetic field from which absorption and scattering cross-section are de-
duced. The absorption component is calculated integrating the differential form
of the Joule heating equation over the nano-object volume

Oabs = %/Re{f-ﬁ*}d{/, (2.31)
0

where j is the current density and E is the electric field. The scattering part is
computed from the flux of the Poynting vector of the scattered field over a virtual
sphere surrounding the nanoparticle

1 1 - -

Osca = — 7{ —Re{Ese-H., }dS . (2.32)

Iy ] 2
In order to avoid artifacts coming from the boundaries back-reflected radiation,
a perfectly-matched layer (PML) has been introduced between two wider spher-
ical boundaries, of radii 200 and 260 nm. At a fixed frequency w, the computed
extinction cross-section is

Ocxt = Oabs + Osca - (233)

By varying w, the entire o.,; spectrum can be calculated. A change in pressure P
affects both the volume of the gold nanoparticle and the optical properties of the
nanoparticle and environment (ef’,, €5 and epryy, through relations: Eq. (1.13) of
Chapter 1 , Eq. (B.4) of Appendix (B) and Eq. (C.4) of Appendix (C). These
effects are taken into account in the numerical simulations, which provide the lon-
gitudinal SPR spectrum for each desired pressure.

As illustrated in Fig. (2.44), the FEM simulations with horizontal BPs in con-
tact with the diamond substrate (d = 0nm) show an excellent agreement with
the experimental SPR shift observed in all the BPs, meaning that the considered
ingredients (pressure dependence of dielectric functions and volume) are respon-
sible for the observed response. The aspect-ratio n of each nanoparticle has been
chosen to reproduce the SPR of the measured cross-section ¢ at the initial lowest
pressure value. This aspect-ratio, coherent with TEM measurements of the initial
solution, is kept constant for all the applied pressures. The numerical simulations
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Figure 2.44: Reproduction of the experimental data through the FEM approach. Exper-
imental data are points with error bars. Lines identify the SPR peak position obtained
from the FEM realized on an horizontal BP of aspect ratio n: the violet solid line cor-
responds to a perfect contact between BP and diamond (d = 0nm); gray dotted lines
correspond to the configuration where the BP is separated from the diamond because of
the surfactant presence (d=2nm).
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also allows to take into account different configurations, such as the presence of the
surfactant layer around the nanoparticle, introducing a distance d between particle
and substrate from 0 to 2nm [79]. As displayed in Fig. (2.44), considering d #0
does not change the curvature of the simulated shift. The main consequence is a
uniform blueshift (+0.01eV if d =2nm), which can be compensated by slightly
increasing 7 (from 3 to 3.05, consistent with the uncertainty of the morphological
characterization), thus recovering a good fit of the low pressure spectrum. The
simulation on experiment “BP5” has not been reported as experimental data over-
lap with the ones of “BP4”.

SEMI-ANALYTICAL MODEL

The semi-analytical model is a powerful tool to provide a physical insight into the
observed pressured-induced effects.

In dipolar approximation, when the SPR lies far from the interband transition
threshold, as in the case of an elongated Au-BP, the SPR is spectrally described
by a quasi-Lorentzian profiled centered around

w

P (2.34)

T )
\/ Gzlb + HEPTM

| Ne2
= 2.
“r Vmeg (2.35)

is the plasma frequency of gold. Eq. (2.34) is an extension of Eq. (1.26) and
(1.34) of Chapter 1, valid for a sphere and elongated ellipsoid in an homogeneous
environment, for an arbitrary nano-object in a generic environment. Here, H is
a geometric factor depending on the BP aspect-ratio n and on the configuration
considered (shape, size, environment, substrate distance). For an ellipsoidal shape,
analytical expressions can be used to calculate H. For the general case, as the
present one, numerical FEM simulations have been performed for a BP of aspect-
ratio 7 deposited on diamond and embedded in PTM (see Fig. (2.43)). Once
the aspect-ratio identified for each BP, its extinction spectrum is computed for
different values of eprys. From Eq. (2.34) it follows

WRr =

where

(wr/wp) > =Heprar+ef’ (2.36)

which has been exploited to retrieve H, as illustrated in Fig. (2.45).

The following approximations are made in the semi-analytical model presented
here: the dipolar regime applies (i.e. the nanoparticle sizes are small with respect
to the light wavelengths); the SPR is located far away from the gold interband
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transition frequencies (wgp < wjp), being a quasi-Lorentzian with position indepen-
dent from ey; the interband component of the gold real dielectric function has
negligible dispersion in frequency €% = ¢®(wg); the nanoparticle has an elongated
shape with aspect-ratio n (but it is not an ellipsoid) and H(n) can be numerically
determined performing FEM simulations; the product Hepry, allows to take into
account the impact of the global environment (including both PTM and diamond
substrate) on the BP resonance position wg at P =0GPa; only the pressure de-
pendence of the PTM is considered because the pressure changes of the diamond
refractive index are 60 times smaller than the PTM ones in the 0—10 GPa range
(Appendix (B) and (C) ); the frequency dependence of epry can be neglected (as
shown Fig. (C.2) of Appendix (C)); in the interval 0—10 GPa, the BP volumetric
compression is governed by the linear relation

V =Vo(1 — kp,P), (2.37)

where V' is the BP volume at the pressure P, Vj is the BP volume at 0 GPa and
Fay=5.77x1073 GPa~! is the bulk gold isothermal compressibility at 300 K [80].

Considering Eq. (2.34), the pressure shift of wg may be seen as a consequence
of the pressure variations of w,, epry and ezib

du)R . &uR 8wp 8WR fkaM 8WR aElib (2 38)
dP ~ Ow, OP ~ depry OP Oeid oP ‘
which can be developed as follows
dwR WRrR WRrR Wr ; ﬁepTM Wr [ WR ; 8€i1b
— = —kay— —H | — - — | — . 2.
P~ 2 2 <wp> P 2 \w,) oP (2.39)

The first term has been rearranged considering Owg /0w, =wr /w, (from Eq. (2.34))
and Ow, /0P = 0w, |V x NV |OP = —w,/(2V') x (—ka,V'), following from the plasma
frequency dependence on volume (Eq. (2.35)) and from Eq. (2.36). Transforma-
tion of the second and third terms follows from Eq. (2.34).
Considering hwg~1.55eV, it results (wgr/w))? ~3x1072 (w) being the gold plasma
frequency calculated at Vp: hw)=9eV), while H ~10, depyar/dP~1x107" GPa™!
and del’ /dP < 4x1072 GPa™!, meaning the last term of Eq. (2.39) is negligible com-
pared to the first two, yielding the non-linear differential equation in wg=wg(P)
dwg  Eay H depry o

T T R T I R

(2.40)

where w,, depends on P according to Eq. (2.35) and (2.37). Its solution depends on
the value of H, which is determined numerically, as discussed above. Importantly,
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for both full-numerical (FEM) and semi-analytical modeling, an initial numerical
computation is needed to determine aspect ratio n, or equivalently H, by compar-
ison of numerically generated and experimental spectra for a specific pressure.

Note that the differential equation (Eq. (2.40)) can also be obtained starting from
wr general dependency on environment index (€,,) and gold dielectric functions
(652 and e"llig) under the same assumptions made here, as detailed in Appendix

(D).
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Figure 2.45: Determination of the factor H through linear fits of the numerically com-
puted SPR position of BP in different conditions: in each curve, related to a particular
aspect-ratio 7, the slopes are equal to H.

Eq. (2.40) has been numerically solved using, as boundary condition, the exper-
imental point at the lowest measured pressure for “BP1” and “BP2”, and the
second lowest measured pressure for “BP3” and “BP4”. Results of this simplified
approach, reported together with the experimental data in Fig. (2.46), are almost
identical to the ones obtained through the complete FEM simulations. This proves
that the main effects responsible for the observed SPR shift are the pressure in-
duced modifications of the environment refractive index (especially of the PTM
one) and of the metal (real part of its dielectric function).
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Figure 2.46: Reproduction of experimental data through the numerical resolution of
differential equation Eq. (2.40), based on the Mie theory and the Drude model. These
results are basically identical to the ones obtained through the FEM approach with
d=0nm (Fig. (2.44)).
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In order to go further into the physical mechanisms behind the SPR shift, an
analytical study of the non-linear Eq. (2.40) is proposed, based on an iterative
approach. A small pressure increment from Py =0 GPa to P; will shift the resonant
frequency from wg to w; =wi+Aw (wg), where

Py 0\2 0
Awn(w) = }%/ |:k’Au B E(UJR) aGPTM:|dP __ [k‘AuAP_ E(WR) Aepras
Py

2 2 (w92 OP 2 (wl)?
(2.41)
with
AP =P — P, (2.42)
A1°€PTM = EPTM(Pl) - EPTM(PO)

Note that the pressure dependence of 1 /wz introduces a correction that will be
neglected here (hwg =9eV). Eq. (2.41) has been evaluated at the starting frequency
wo, and is valid only for small increments in pressure. The new resonant frequency

becomes h (L
wl—w?g{ —i—ﬂAP——( R)

2w

Subsequently, the pressure can be raised from P; to P, = P+ AP, producing a
new resonance at we =w; + Aws(w) that is obtained integrating at w; fixed. As
the dependence of w; () on «f; has a known expression (Eq. (2.43)), wa(w;) can

be expressed as a function of «fy. After N steps, one obtains

Asepra| - (2.43)

N
wr(P=NAP) = w% + AI}IEOZ; Aw; = W + Aw; + ... + Awy . (2.44)

where the expression of the frequency shift results

k aq H

sz‘ = Wi—1 |: A AP — _hAzePTM] s (245)

2 (wp)?

with

Ajepry = EPTM(Pi) - €PTM(P1'—1) . (2'46)

Neglecting the terms beyond the second order in AP (keeping AP?, APAepry
and AeZ,,) will bring, after N integrals, to

i—1
1+ @ ZAP HoZAZEPTM + H} Z ( zEPTMZAjGPTM> +

j=1

- HOQAPZ <( 1)+2(i—1 ))AiepTM> + w (%APY
(2.47)

(.UNN

9
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where

H ()?
2 (wp)*

As N is a big number, Eq. (2.47) can be rewritten as

Hy = (2.48)

kAu

WN ~ u% 1 + 7NAP— Ho(GPTM(NP) - EPTM(O))+

+ Hg Z (AiGPTM <€pTM<<i - 1)P) — €PTM(0))> (249)

k al 1/k 2
A . Au
_ HOTAP ZEI <<N+ QZ)AZ'EPTM> + 5 (TNAP)

Considering the limit of Eq. (2.44) the sums are transformed into integrals, yielding
an expression of the resonance frequency at the pressure P

kau
wR(P) ~ (A% 1 + %P — HO (EPTM(P) — 6PTM<O)>+
o (7 / Oeprm o)
+H0/ (EPTM(P)_EPTM(O)> ap’ dP (250)
0

kaw [T Oeprm 1 [ kay ?
— Hy-2 pP+2pr P’ + = (2up
02 /0 ( * ) o T\

Finally, by defying the variation of PTM dielectric function as

AEPTM(P) = EPTM(P) — EPTM(O) s (251)

the resonance position can be expressed as a function of P and Aeprys as follows

OAeprm

wr(P) ~ o, D

dP'+

Fau r
1 + %P— HQAEPTM[P] —{—Hg/ AEPTM(P/)
0

kAu P aA€pTM 1 kAu 2
— HOTPAEPTM(P) — Hgl{fAu/O P/pol—{— 5 7P

(2.52)

In Eq. (2.52), the term +ky,P/2 results from the volumetric compression of
gold, which increases the density of conduction electrons, and hence wg through
w, (numerator of Eq. (2.34), the plasma frequency dependence term). It is always
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Figure 2.47: (a) The three components of Eq. (2.52) are separately plotted; their sum
(dashed green curve) is compared to the full solution of Eq. (2.40) (solid black curve).
Comparison between simplified analytical model and complete numerical approach in the
case of experiment “BP1” (b) and “BP2” (c). Numerical and semi-analytical solutions
always have similar shapes. A vertical shift of the order of the experimental incertitude
is visible in the case “BP2”. This difference comes from errors in the numerical deter-
mination of aspect ratio by fitting the lowest pressure g, spectrum with FEM model.
This uncertaintly translates into an offset in all the SPR energy — pressure curve of the

order of 0.01 eV
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positive and proportional to the pressure, and therefore introduces a blueshift.
The element —HyAepry (P) originates from the grow of PTM refractive index
with pressure. It is always negative and dominates at lower pressure, where €ppy,
changes quickly. Consequently it provokes a redshift (through the denominator of
Eq. (2.34), the environment dependence term).

The remaining four terms results from a retroactive process. They are introduced
to take into account that, when the resonance is modified by the previous two
mechanisms, the frequency w=wpg at which 8})% and % are evaluated changes,

modlfylng in turns the SPR position. As, between these corrective contributions,
+H? fo Aepry [P aAgj;,T“ dP" is dominant and always positive, additional blueshift
shows up.

Altogether, at lower pressure the PTM influence strongly dominates, since epry,
increases fast, while at higher pressure the change of the gold dielectric function
becomes more and more important.

In Fig. (2.47a), the resonance position as a function on the pressure defined by Eq.
(2.52) is plotted. The contribution from the gold compression (+ka, P/2), from the
environment (—HoAepr[P)), and from the feedback terms (sum of the last four
terms) are reported separately. Their sum is compared to the full solution of Eq.
(2.40). In the lower graphs, the comparison between this solution and the com-
plete numerical model shows a very similar dependence, confirming that the main
ingredients at the origin of the SPR shift of a single elongated metal nanoparticle
under high pressure are the modifications of the metal dielectric function (the real
part of the Drude term) and the environment refractive index.

From experiments, other characterization of the SPR can be analyzed, providing
insightful views of physical phenomena. In the following, the integrated spec-
tral area of the measured cross-section spectra and their spectral width will be
discussed.

2.2.2 Pressure dependence of the SPR area

The spectral area under the experimental BP cross-section at different pressure is
discussed here. Only experiments “BP1”7 and “BP2” provide quantitative values
of the optical cross-section of a single BP, which is obtained from experimental
data after the calibration procedure. Results are summarized in Fig. (2.48).

Even if error bars are large, in the two situations the spectral area slightly increases
with pressure, in a nonlinear way. To understand the possible physical origin of
this effect, one can analyze the optical response of a model elongated nanoparti-
cle, i.e. a prolate spheroid of volume V', aspect-ratio n, embedded in a medium of
dielectric function €,,(w). As already mentioned in the previous section, an ellip-
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Figure 2.48: Evolution of the spectral area of the optical single nanoparticle cross-
section as a function of the pressure. Note that for “BP1” a discontinuity in the SPR
position occurs about 5 GPa.

soid in an homogeneous environment is well-adapted to mimic the configuration
of the horizontal BP seen in Fig. (2.43), where the exact geometry is taken into
account through the H parameter. In the frame of the quasi-static approximation,
where the optical response is dominated by absorption, Eq. (2.34) applies and the
spheroid cross-section o(w) becomes a Lorentzian distribution. For light polarized
along the longer ellipsoid axis, the area under o(w) writes as

T(HH)?2 el Vb, 7(1+H)2mey 4
A= — PV, 2.53
2cw? 2¢cNe ™ “r (2.53)

Here, the elements affected by the pressure are €,,, V and wg. Therefore, for small
changes, the relative variation of the area is expected to be

AA (A=A 3 Aen AV Auwg
~ — 2 4 2.54
Ao A S 2en0) Vo) T em0) (2:54)
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where the zeros enlightens the quantities evaluated at standard pressure. One

obtains

3 AEPTM +4AWR -

A(P) = Ay (1 + 2 et (0) (0]
where Awgr(P) = wr(P)—wg(0) is given by the numerical solution of Eq. (2.40)
computed in the precedent section for “BP1” and “BP2”. Note that at the zero
order approximation ( Eq. (2.43)) the volumetric contribution vanishes, giving

A(P) ~ Ay ll + (g - QH“%”(O)) :zm (2.56)

which is consistent with the fact that the total absorption in a metal nanoparticle is
proportional to the number of its gold electrons, that remains constant at different
pressures (only their density is modified). Therefore, the main area modifications
come, once again, from the change with pressure of the environment, affecting the
nanoparticle polarizability. This analysis explains the non-linear increase of the
area with pressure, being directly proportional to the pressure dependence of the
PTM dielectric function Aeprys(P).

QkAuP> : (2.55)
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Figure 2.49: Fits of the experimental area of “BP1” and “BP2” optical cross-section
using Eq. (2.55). The only free parameter is D, the ellipsoid equivalent short-axis.
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More quantitatively, Eq. (2.55) allows to calculate the spectral area of the ellipsoid
cross-section. Considering the values of H and 7 used in the previous section, the
only free parameter is the initial volume of the equivalent ellipsoid: V = %anq.
The choice of a good value for D,,, the ellipsoid short-axis, permits to reproduce
the experimental areas evolution and also to reproduce their absolute values, as
displayed in Fig. (2.49).

2.2.3 Perspectives: SPR linewidth and discontinuities

The SPR linewidth dependence on the pressure has been quantitatively studied
for single BP in the experiments “BP1”, “BP2”, “BP4” and “BP5”, all showing
a broadening of the order of 10—15% in the range 0— 10 GPa (see Fig. (2.35)
and (2.37)). The analysis of the SPR spectral linewidth provides useful informa-
tions on the electronic processes. The SPR linewidth I' is the sum of indipendent
contributions

B
F(UJR) = w—];GZQb(wR) —+ Fmd(wR) + Fchem + ’)/e(wR) -+ ’th(wR) + Vs (wR) , (257)
p

including an interband (Z}i@eg’), a radiative (I';4q), a chemical (I'cperm), an electron-
P

electron (7. ), an electron-phonon (+y,,) and an electron-surface scattering (7y,) term.
The interband contribution to damping is here absent (ef’(wr)=0), as the consid-
ered spectral region is far from interband transitions (wg <<ws).

The radiative term at the frequency wg scales as
Frad = 2hkmd(wR)V (258)

and is important only at large sizes (typically >30nm). Previous measurements
on lithographed gold nanodisks and gold-silver nanoboxes, as well as discrete-
dipole approximation calculations, show that k,..q(wg) ~ n,, [81]. Consequently,
I'yoq ~n,,V and its relative variation in 10 GPa should be % ~ AnL,:L+A_VV A

+22% — 6% = +16% .

For surfactant stabilized nanoparticles, the presence of molecules at the matrix
interface introduces the so called chemical damping I'.j.,,. Increasing the pressure
could progressively densify the surfactant layer in contact with the nanoparticle,
modifying I'spen. This term is difficult to quantify and model, however it only
weakly affects the SPR linewidth in BPs. The main contribution to the linewidth
of the SPR optical absorption comes from the conduction band electronic scatter-
ing rates, where the absorption of a photon at wg is assisted by unklapp electron-
electron, electron-phonon and electron-surface scattering processes.
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The scattering between umklapp electrons at optical frequencies yields [82]

 (KsT\? hor
VB(WR) - Cdp ( h(,dp > [1 + (27TKBT6)

that, in the domain KgT, < hwg, becomes

Ye(wr) mup( R )2 . (2.60)

21w,

(2.59)

Consequently, vo(wgr) ~V 2u% and its relative variation of 7. (wg) in 10 GPa should
be A«Z?S:;) = %% + 2%}—“;’* ~-3%-22%=-25% . However, the term 7, (wg) only weakly
contributes to the linewidth of the SPR, as v.(wr) < Ypn(wr). The two following
terms, y,n(wr) and 74(wg), are the dominant ones for small size nanoparticles.
Their quantitative pressure dependence is not known, and these first studies may
contribute to sheld light on such processes at nanoscale. Even if further investi-
gations will be required for a complete analysis, the following qualitative elements

can already be discussed.

The absorption of a photon of energy hwr mediated by electron-phonon scattering
generates [83, 84, 85, 86, 87|

Yon (wWr) e‘ph/ VEVE + hug frp(E) (1 — frp(E + hwg))dE,  (2.61)

for parabolic energy dispersion and hwg < KgT.. Consequently, v,,(wr) is related
to the electron-phonon coupling, G.-,,, which could be affected by the pressure.
Ultrafast pump&probe experiments performed by the team on silver nanoparticles
embedded in glass at high pressure have demonstrated that the electron-phonon
energy relation time -, is weakly modified by the pressure [44]. Although the
optical v, (wg) and the ultrafast +,;, are not the same physical quantity, they are
related to Ge-pp, and thus, one can exploit this dependence to get an idea of the

possible variation in 10 GPa range V”#(w}; 10% .

The electron-surface scattering term writes as [88]

UF

VS(WR) = gs(WR) (2.62)

Legs

The confinement factor gs(wg) has been recently quantitatively investigated at
single particle level, both experimentally [89, 90, 91| and theoretically [92, 93].
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It has been correlated with the extent of the electronic spillout tail and a de-
tailed recent study [92] has shown that it is proportional to the refractive index
of the environment n,,(wg). No quantitative experimental evidence of this de-
pendence has been proved, and such pressure investigations, where this refractive
index can be modified in a controlled way by pressure could bring the first quan-
titative demonstration of this quantum effect. The effective confinement length
Ly is tied to the nanoparticle size and geometry. In the case of a nanorod
Lepy = VLD ~ U%D ~ n%Vé, where L and D are its long and short axis, while
n = L/D is the aspect-ratio [91]. Considering the volumetric dependence of the
Fermi velocity, vp ~ V’%, it results v, ~ nmn’%V’g and its relative variation in
10 GPa should be A% Ao bnm 28V o 19990 4+ 4% = +26% .

This simple analysis is qualitatively in line with the observed broadening. In
fact, the only negative variation comes from ~.(wg), which gives a marginal con-
tribution to the total T', as #% ~10% [94]. Furthermore, as in the case
of SPR shift, the environment matrix change plays here an important role.

In order to be more quantitative, the knowledge of the percentage contribution
of each term in Eq. (2.57) is needed. This has been previously investigated in
the group [78] for smaller Au-BP (76 nm x24nm). The pressure induced modifi-
cations of the SPR linewidth therefore write as . ~=6%I, v, ~56%T, vs~22%T,
[oa~2.4%0 and T operm =~ 13.6%1. In this case one can write

AT’ A ra AFC em A e A A s
= 0.024=17 1 0,136 =" 4 0.06=1 + 0.56 =21 +0.22=02 | (2.63)

F Yrad Fchem Ve Yph Vs

AFFCW" =0 leads to a total relative variation at 10 GPa between

that, in the case -
+6 and +12%. As expected, the relevant contribution comes from -, and -,
that would introduce a broadening of < +6% and +6% respectively. Considering
that the present Au-BP are Slightly larger, one would expect that the weight of
SYrad ig larger at the expense of & o =2 50 the global broadening should be little
modified. Overall, these consideration agrees well with the variation observed in
the experimental linewidth.

This open the ways to more studies in order to better understand and quantify the
physical mechanisms at the origin of the SPR broadening at different pressures.
For instance a single particle pump&probe investigation under high pressure could
help to understand the behavior of 7,,(wg) as a function of the pressure [44].
Changing the size and aspect-ratios will help to investigate v5(wg) and distinguish
its contribution from the electron-phonon bulk one. Moreover, performing experi-
ments on single gold BP with different environments (e.g. changing PTM or using
surfactant-free encapsulated in SiOy BPs) will possibly shed light on this quantum
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confinement effect and, for the first time, its dependence on the environment.

Another aspect to investigate is the presence of some discontinuities in the optical
behaviors ot high pressure (>5GPa), as for instance the jump in peak position or
linewidth occurring in some experiments. The most notable cases are “BP1” at
5 GPa for the peak position and “BP2” at about 10 GPa for the broadening. This
may come from exceeding the elastic limit of the nanoparticle metal that could
abruptly modify the particle lattice (changing v,,(wgr) ) and aspect-ratio (modify-
ing wr(n) and vs(wgr) ). The gold elastic limit measures only 0.2 GPa in the bulk
case [95], but it increases reducing the size [96]. The threshold for the investigated
Au-BPs is unknown, but plastic deformation could be a source of discontinuity
and irreversibly. To shed light on this point, the particles should be deposed on
adequate substrates, in order to perform SEM or TEM microscopy before and es-
pecially after a complete pressure cycle.

Later on, these experiments will be extended to isolated carbon nanotubes. An
in-depth experimental analysis (that will rely on combinations of different tech-
niques at high pressure: SMS, Raman spectroscopy and pump& probe) will give an
enhanced understanding of the CNTs properties evolutions under extreme condi-
tions, with special regard to the collapse phenomenology.
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Chapter 3

Mechanical properties of a single
nano-resonator: damping of
acoustic vibrations

The vibrational properties of nano-objects can be experimentally addressed using
optics-based methods in the frequency (e.g. Raman spectroscopy) or time (e.g.
pump&probe spectroscopy) domains and have been the object of many investi-
gations in the last 20 years. The main outcome of such experiments are specific
vibrational modes which are detected as damped oscillations with period 7" and
damping time 7. The way vibrational periods depend on nano-object size, shape,
environment and encapsulation, has now been clarified [102]. In particular, it has
been demonstrated that they are accurately described by continuum mechanics
even for ultrasmall (~1nm) nanoparticles [97, 98]. However, many questions still
remain open on the damping mechanisms, which are subtler to determine since
small structural, morphological and environmental changes provoke dramatical al-
terations of the vibrational modes lifetime. The greater complexity of their study
as compared to that of frequencies has two origins. First, in contrast with vi-
brational periods which are predominantly determined by intrinsic nano-object
properties (e.g., composition, morphology and crystallinity) in most experimen-
tal cases [102], damping times are very sensitive to the properties of the nano-
object /environment interface, which determine the efficiency with which acoustic
energy is transmitted from the former to the latter. Additionally, damping inves-
tigations by ensemble experiments is precluded by the size and shape dispersion of
the nanoparticles, meaning that experimenal techniques with single-particle sen-
sitivity have to be used for such studies. In this regard, ensemble studies do not
allow a precise investigation of the relaxation processes, due to the unavoidable
inhomogeneous effects (dephasing between the vibrations of nanoparticles induced
by small differences in their morphology) that they introduce. As illustrated in



Mechanical properties of a single nano-resonator: damping of

100 acoustic vibrations
600 } \ A ) "‘V o
: : %
Glas?u 1 400 ’//
—~400 A — L7
g2 |(a) & {(b)  water” ©
3] A [ s ()
200 - " LI
200 - A - .
A e
A - , . |
L Silica___---- -
0 +— - ; : ; 0 f==—r———————
0 20 40 60 80 100 0 10 20 30
T (ps) T (ps)
200 = " 1500
|
v o / L}
150 — . =
Water - ti 1000 [
_— 7 . —_—~ .
g 10 % |z @ 3
=—100 - . = any
S 500 - .
50 — /’ §
. Silica __---~"""
0 p=+—T—7—T——T1 0 —
0 5 10 15 20 0 50 100 150
T (ps) T (ps)

Figure 3.1: Statistics on periods T' and damping times 7 of the modes detected in previ-
ous P&P experiments on single nanoparticles [99, 100]. For each graph, the investigated
particle geometry is displayed. Lithographed or deposited on a glass substrate (a) nano-
triangles (aspect ratio 2.4); (b) spheres (radius 40 nm) and (c)(d) rods (axes 25x60nm)
have been studied. All the reported oscillations are associated to a breathing mode,
apart from the last one (d) which is an extensional mode. Each data point correspond
to a different nano-object of a given sample. Green dashed lines (b)(c) are the results
of continuum mechanics computations for spheres and infinite cylinders in the indicated
homogeneous environments [102]. These curves enlighten the important dispersion in 7.

Fig. (3.1), even studies on single nanoparticles produce an important dispersion
in the modes damping times. In fact, while the periods present a weak dispersion
(mostly reflecting the size dispersion in the samples used), their lifetimes strongly
fluctuate from a particle to another, an effect that was initially ascribed only to
large variations of nanoparticle-substrate coupling [99, 100, 101] (note that the im-
pact of nanoparticle geometry, which constitutes the main finding of this chapter,
had not been invoked).

In order to shed light on these aspects, and in particular to investigate a possi-
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ble dependence of damping rate on nano-objects morphology, a systematic study
on individual nanodisks produced by electron lithography was carried out. The
choice of this kind of geometry relies on the simple shape characterized by two
dimensions only (diameter and thickness) and on the relatively large contact with
the substrate. Furthermore, lithography avoids the presence of ligand molecules
and residual solvent occurring for deposed, chemically synthesized nano-objects.
Making use of the experimental pump&probe (P&P) technique, the damping times
were successfully correlated with the disks aspect ratio, while simulations based
on finite elements method (FEM) helped to clarify the general physical origin of
the observed behavior.

This chapter opens with some elements of the elasticity theory and a description of
the numerical simulation modus operandi. Afterwards, the analyzed samples are
described in details and the experimental investigations, as well as their analysis,
are illustrated. The experimental results are compared with the outcomes of the
numerical modeling and the consequential conclusions are drawn.

3.1 Fundamentals on vibrational properties
of single metal nanoparticles

A continuous solid can be treated as a network of points with equilibrium position
L whose motion is described by the new position [ of each point, or, alternatively,
by the displacement field 4, as shown in Fig. (3.2) [103].

@(L,t)=1(L,t)— L, (3.1)

Figure 3.2: Left: idealization of a solid as a web of points. Right: local displacement
of an element.

In order to describe a material deformation, it is convenient to consider the differ-
ential form

A= [dl(ﬁ, t)]2 - [dL]Q. (3.2)
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Considering a three dimensional coordinate system with axis i=ux,y, z, vectors u;,
and small displacements, so that 7~ L ~ [, the deformation A can be expressed
through the strain matrix S as

3
A= Z Si,de’ide s (33)

ij=1
where S, in linear approximation, consists in a symmetric tensor

3ui i auj

SiVj - arj 87"1' 7

written in compact form as: S = V4. (3.4)

—

A deformation is produced by some forces which can be of volume (F), like the
gravity, or of surface (7') that are transmitted in the volume through elastic forces.
The traction forces acting on the surface of normal vector 77 are described intro-

ducing the stress matrix T, defined as

—

T,=T-i. (3.5)

The Newton principle allows to relate the force fields (ﬁ , f) with the displacement
field (@) as follows
0
P or
where p is the material density. In the regime of linear elastic deformation the
Hooke law applies, giving rise to the elastic constitutive equation

—V-T+F, (3.6)

T, = Z Cijil Skl written in compact form as: T =c: S, (3.7)
kel

where the stiffness tensor ¢ has 3* components, of whom only 21 are indepen-
dent.! For cubic crystals the components of the stress tensor ¢ can be summarized
through a 6x6 matrix containing c;1, ¢12 and cyy. Besides, if there is elastic isotropy
(polycrystalline case),

C11="Ciat2cy (3.8)

and the material elasticity is described by only two independent elastic constants,
e.g. Lamé constants

{A oz (3.9)

M= Cqq

1 _ _ _ _
Cijkl = Cjikl = Cijik = Cjilk and C;jri = Cpiij-
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connected to the longitudinal (cz) and transversal (¢r) speed of sound via

2
cr = At 2 and cr = \/E, (3.10)
V. » p

or to the Young modulus (E) and Poisson’s ratio (v) speed of sound via

3A+2p A
=y — and

T V= oA (3.11)

Combining Eq. (3.4), (3.6) and (3.7) for an elastically isotropic material, in the
case F =0, yields the Navier equation

02
P o
which is used in the following to describe the vibrations of metal nanoparticles.

Despite neglecting the atomistic character of matter, this law has proved to be
valid down to nanoparticles sizes of ~1nm [97, 98].

= (A +20)V(V 1) — puV x (V x 1), (3.12)

In addition to the elastic properties, a viscous damping can also be phenomeno-
logically taken into account adopting the viscosity tensor q

T:C:S+q:%, (3.13)

whose effects consist in the introduction of a frequency-dependent mechanical
damping. At room temperature, two important physical mechanisms contributing
to this viscous damping are the thermoelastic attenuation (due to the irreversible
heat conduction from compressed to rarefied regions through longitudinal waves)
and the Akhieser mechanism (lying on the passage of the coherently-excited acous-
tic wave that interacts with the equilibrium phonon distribution) [103]. These vis-
cous effects introduce attenuations with a quadratic frequency dependence o~ f2.
However, other dissipation mechanisms may occur, introducing a wide variety in
the attenuation-frequency curve. For instance, in polycrystalline materials, ran-
domly oriented grains provoke scattering of acoustic waves. All these sources of
attenuation are referred to as intrinsic damping, since they are independent on
the particular geometry and are present in bulk systems. On the other hand, the
configuration and composition considered could include other sources of relaxation
(extrinsic damping). That is the case of the dissipation occurring at the interface
between two different materials, introduced later through the infinite film example
or when investigating confined nano-objects at nanoscale.
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Eq. (3.4), (3.6) and (3.13), results in a system of three equations and three param-
eters (i, S, T). Formally, the acoustic theory is very similar to the electromagnetic
one, and by introducing the particle velocity v = %_1; and the momentum density

p=pv, a parallelism can be established with the Maxwell’s equations, considering

— —
— —

T «— E S < D P < B 7= H.
This comparison leads to the acoustic Poynting theorem: in any volume V' with
closed surface S 2, the energy balance is described by

/P-ﬁdsz—/ﬁ-@m/—/T-a—SdV—/U-ﬁdv, (3.14)

where the tensor quantity
P=-—v.T (3.15)

is called the acoustic Poynting vector. *
Therefore, the total power flow outward through the surface S is the force applied
times the velocity of the application point.

When a three dimensional linear elastic solid is subjected to point forces caus-
ing local displacements, the produced work is stored in the form of strain energy
& (in absence of energy dissipation). The incremental strain energy, d€, for the
elementary volume dV can be written

1
dS:QT-SdV, (3.16)
that, integrated over the entire volume V', yields the total strain energy &
1
5:—/T-SdV. (3.17)
2 Jv

3.1.1 Eigenmodes and Q-factor

The vibrational eigenmodes of a nano-object are the harmonic solutions of Eq.
(3.12) with complex frequency f, of the form [102]

(7, ) = @(7) exp (m ft) tee. (3.18)

It is possible to distinguish two important configurations satisfying the bound-
ary conditions of the problem. For nano-objects in vacuum, these correspond to

Zactually, there is no need of restricting the application of the Poynting vector to completly
closed surfaces in the acoustic case.
3in complex notation it becomes P = f%{i*-T.
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vanishing stress on the nanoparticle surface, yielding undamped vibrations modes,
characterized by real frequencies f . For matrix-embedded nano-objects, the dis-
placement field has to obey Navier equation in both the nanoparticle and its en-
vironment (where it should correspond to a purely diverging acoustic wave) with
continuity of displacement and stress at their interface. Damped modes character-
ized by complex frequencies ( f ) are obtained in this case, with damping associated
to the emission of acoustic waves in the environment.

The frequency f has real part f =1 /T, where T is the oscillation period, and
imaginary part o = 1/7, where 7 is the lifetime of the vibration. Acoustic vibra-
tion associated to a given mode it thus characterized by this complex frequency
(fo = fu+io,/(27)), the normalized displacement field (U, (7)) and its complex
amplitude (A,).

U, (7, t) = =AU, (F) exp (127 fut — opt) + c.c. (3.19)

N | —

A convenient parameter to characterize the damping of an acoustic mode is its
quality factor @),, defined as
L

Qn

Qn = , (3.20)
with «, /7 also corresponding to the bandwidth Af, of the n-th mode in the
spectral domain

Af,
Over time, an oscillating object returns to equilibrium thanks to extrinsic (emission
of acoustic waves in the environment, see Sections (3.1.2,3.1.3) ) and intrinsic (see
discussion in Section Section (3.1)) damping mechanisms. Since these damping
channels are independent, the total quality factor can be decomposed as

@n

(3.21)

1 1 1
- = + . 3.22
Q Qemtrinsic Qint'rinsic ( )

where Qciirinsic and Qintrinsic are the quality factors associated to extrinsic and
intrinsic damping mechanisms, respectively. Q.utrinsic 18 discussed below in two
simple cases: a film on an infinite substrate and a nanosphere in homogeneous
environment.

3.1.2 Film on substrate: interface contribution to damping

Consider an infinite film of thickness h, perfectly attached to an infinite extended
substrate. The geometry is outlined in Fig. (3.3). Analyzing the longitudinal
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film

substrate

Figure 3.3: Slab of thickness h is spread over a semi-infinite substrate.

waves along the vertical direction (u(z,t) =u(z,t)2'), Eq. (3.12) reduces to the
wave equation
Pu 0%
o2~ T
The perfect contact film/substrate translates in two boundary condition at the
interface: continuity of the acoustic displacement and acoustic pressure. This
implies at the interface

(3.23)

ulr] = uls]
. . : (3.24)
{p[F] cp[r] Gelr] = pls] ci[s] 52 [s]
where p is the density, and the letters “F” and “S” indicate the film and the

substrate, respectively.
Assuming a free boundary condition (i.e. vanishing pressure) at z=h, one gets

ou

gup - _ 2
= 0 (3.25)

z=h

and imposing propagation through the substrate in the —z direction only (without
reflection components) complex frequencies of oscillation ( fn) are obtained. f,
depend on the acoustic impedance of the materials (Z=pcy), and in the Zp > Zg
case it results [104]

~ CL[F] 1 CL[F] ZF — ZS
L
=y e ™2 2

) with  n=1,23.... (3.26)

This results in Q-factors
21°n

In(4e=%s
Zrp+Zs

O, = (3.27)
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independent from h, the geometrical parameter characterizing this mono-dimensional
system.

3.1.3 Spherical nano-objects embedded in an homogeneous
environment

The acoustic modes of an elastic homogeneous and isotropic sphere can be obtained
from the resolution of Eq. (3.12) in spherical coordinates. They were originally
computed by Lamb [105] in the case of a sphere in vacuum, before being extended
to spheres embedded in an elastic homogeneous and isotropic environment [106].
The solutions of the Navier equation in spherical coordinates consist in two types
of displacements: spheroidal, characterized by a local variation of the volume
(i.e. with V-4 #0) and torsional, where the volume does not change (i.e. with
V-4=0). The radial and angular variations of displacement are respectively de-
scribed by Bessel spherical functions j;(kr) and y; (kr) (for the radial component)
and spherical harmonics Y;™(6, ¢) (for the angular component), with angular mo-
mentum [ > 0 and azimuthal number m € [—[,{]. In time-resolved experiments,
only the isotropic [ =0 modes, associated to purely radial displacement field are
detected. A schematic of the mode displacements is displayed in Fig. (3.4).

Torsional (n=0, I=2, m=0) Radial (n=0, /=0, m=0)

Figure 3.4: Schematic of the vibrational modes of a sphere: the blue arrows indicate
the superficial deformation occurring in a torsional and radial mode.

In the case of a sphere of radius R in vacuum, undamped modes are obtained with

frequencies
chn CL (n+1) .
= I~ h =0,1,2... .2
fn 7R oR wit n=0,1, , (3 8)
where the coefficients &, are the solutions of
tan(&,) = b (3.29)

crén
- (g2)
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In the case of an elastic homogeneous and isotropic infinite matrix, stress-free
boundary has to be replaced by the imposition of a purely diverging acoustic wave
in the environment, yielding to the complex f,,

cp(n+l) 1 ¢ Zg
2R 2r R Z,,

~ Cr, ~ ) Cy, ~ _
fn Re{gn} + %E IHl{fn} ~

=53 (3.30)

with Z; and Z,, the acoustic impedances of the sphere and of the matrix respec-
tively (the approximation of Eq. (3.30) is valid when the values of impedances are
not too close.).

Remarkably, this mono-dimensional system defined by the radius R, has Q-factors

T L,

Qn=§ZJwH) (3.31)

independent from R (periods and damping time being both proportional to R), a
result thus similar to the previously considered nanofilm case.

The goal of experiments performed in this thesis will be to investigate more com-
plex systems, where the acoustic damping through the environment could be tuned
by modifying the morphology of the nano-object (e.g. its aspect ratio).

3.1.4 Numerical modeling

The acoustic modes can be analytically calculated only for isotropic highly sym-
metric geometries (sphere or infinite cylinder in a uniform matrix or infinitely
extended film attached on substrate). In all the other cases, their numerical com-
putation is required. In this work, the finite-element method (FEM) was adopted
to simulate a nanodisk (ND) on an infinite substrate.

It has been realized in the experimentally relevant configuration reported in Fig.
(3.5), where an individual Au-ND of diameter D, thickness h and aspect ratio
n=D/h, is perfectly attached to a sapphire substrate, much thicker than the ND.
This translates in two boundary conditions at the gold/sapphire interface: conti-
nuity of displacement and stress. The system is characterized by the densities p
and the Lamé constant of gold and sapphire.

Numerical simulation were performed using a frequency-domain approach con-
sisting in calculating the forced vibrations of the ND induced by a given periodical
excitation. Vibrational spectra were then obtained by plotting physically relevant
quantities (such as the strain energy stored in the ND) as a function of excitation
frequency, leading to resonances each associated to a specific excited vibrational



3.2 Experimental measurements on single gold nanodisks 109

sapphire

Figure 3.5: Configuration adopted for the FEM simulations. The geometry of the
problem has a circular symmetry (a). This feature was exploited in the simulations,
where only a section of the system was actually considered, reducing the computational
time (b). A PML layer was introduced between two virtual spheres of fixed radii (120
and 160 nm).

mode and yielding its frequency and damping time (see pages 126-130). To avoid
contamination effects associated to acoustic wave reflection at the domain border,
a perfectly matched layer (PML) was introduced, an approach also used for optical
simulations. In this work, ND excitation consists of uniform stress with the aim
of simulate the effect of a femtosecond pulse laser (namely a uniform dilatation)
used in the experiences illustrated later on.

Simulations show the general result that rescaling both the dimensions of the
ND (D, h) by a factor M (n being unchanged) will not affect the nature of the
modes, but simply reduce by M their complex frequency (the Q-factor remains
unchanged, as it depends only on the specific considered mode and on the aspect
ratio 17). Such rescaling will be exploited later to compare frequencies of the same
mode from ND of different sizes.

3.2 Experimental measurements on single gold
nanodisks

The previous section has introduced two nano-resonators (film, sphere), showing
that the Q-factor of their acoustic modes does not depend on the system dimen-
sion (thickness, radius). In order to understand whether this is also the case for
more complex nanostructures with a geometry characterized by two or more pa-
rameters, an in-depth study on cylindrical nano-resonators was carried out. These
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oscillators consist in isolated gold nanodisks (ND), geometrically characterized by
their thickness (h) and diameter (D) and coupled with a thick sapphire substrate.

3.2.1 Investigated samples

Two ND samples, referred to as S1 and S2 in the following, were realized via
electron lithography (collaboration with F. Banfi in Cattolica univeristy of Brescia
and F. Rossella in Pisa university). Their layout is illustrated in Fig. (3.6). The

S$1,S2 4—D—>, ‘ air

h

sapphire

Figure 3.6: Left: schematics of the studied samples (not in scale), consisting in NDs
with same thickness and different diameters. Right: composition of the samples: Au-ND
of thickness h and diameter D are attached to a sapphire substrate.

samples were produced using a sapphire substrate of thickness 0.5 mm on which a
multitude of NDs were lithographed. The NDs are well isolated from each other
(10 pm apart) to permit single particle investigations. Constant thickness h and
variable diameter D were targeted during the fabrication process for the different
NDs forming each sample. This introduces a wide variety of aspect ratios n=2D/h
per sample, each of them being repeated on 48 NDs. Dimensions of the NDs are
reported in Tab. (3.1).

In order to precisely check the actual morphology of the produced NDs, atomic
force microscope (AFM) and scanning electron microscopy (SEM) characteriza-
tions were performed by the collaborators. AFM measurements were performed
on NDs located in diametrically opposed zones of the sample, demonstrating that
h was constant over the whole sample, as shown in Fig. (3.7).

It follows that h=(19£3)nm for S2 and h=(40£5)nm for S1. SEM characteri-
zation of the NDs was also performed, allowing to identify and discard NDs with
visible imperfections. However, precise D estimations via SEM are challenging,
due to the limited resolution of this technique (degraded by charge accumulation
on the sapphire substrate).
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SAMPLES S1 S2
NOMINAL THICKNESS (nm) 30 15
AFM THICKNESS “h” (nm) 40 19
NOMINAL DIAMETER RANGE “D” (nm) 60—180 60—400
DIAMETER STEP (nm) 5 10
ASPECT-RATIO RANGE “;” (nm) 15— 4.5 3-20

Table 3.1: Geometry of the studied samples: the NDs aspect ratio 7 has been obtained
using the thickness h, measured via AFM, and the diameter D, target of the electron

lithography.
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Figure 3.7: AFM measurements performed on sample S2 on two ND with very different
diameters and locations. The thickness h remains equal in different regions. Note that
precise D measurements by AFM are hampered by tip convolution effects.

3.2.2 Optical characterization of a single gold nanodisk

ND morphology characterizations were complemented by a linear optical character-
ization of single ND. Using the spatial modulation spectroscopy (SMS) technique,
extensively described in Section (1.4.2) of Chapter 1, the absolute extinction spec-
trum of individual NDs, as well as the polarization dependence of extinction were

measured.
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EXTINCTION SPECTRUM

The extinction cross-section o.,; spectrum, dominated by the surface plasmon res-
onance (SPR) of the gold nano-objects, provides information on 7, as discussed in
detail in Fig. (3.8).

wavelength (nm)
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Figure 3.8: Examples of extinction spectra obtained on NDs from S1, all exhibiting
clear SPR peaks. The experimental cross-section o (dots) are well fitted by Lorentzian
distributions (solid lines). Increasing the diameter yields a redshift of the SPR peak,
whose energies are plotted in the second graph (dots). These data were compared with
the optical FEM calculations including the sapphire substrate (solid lines). FEM cal-
culations were performed for several h values, confirming that the (40+5)nm value
determined by AFM also leads to a good reproduction of the measured SPR positions.

POLARIZATION RESPONSE

Polarization measurements are extremely sensitive to shape anisotropy, allowing
to identify and discard elliptical NDs. Indeed o.,; is independent on the laser
polarization for a circular symmetric ND, while a longitudinal and a transversal
SPR emerge if the symmetry is broken, as in the case of the ellipsoid described in
Section (1.3.4) of Chapter 1. A comparison between the response of an elliptical
and a circular ND is proposed in Fig. (3.9).

The polarization selection is complementary to the SEM screening, since the latter
cannot discern between small ellipticity or mis-calibrations. Note that for strong
deviations from the circular shape, however, the polarization response may remain
constant. For instance, in equilateral nanotriangles o.,; is independent on the po-
larization [108], meaning that non-circular NDs with triangular shape cannot be
distinguished from circular ones.
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Figure 3.9: SEM-SMS characterization performed on two different ND from sample S2,
with same nominal thickness A and diameter D. Left: the SEM profiles show that the
diameter is slightly larger in the 59° direction; the SPR is clearly red-shifted and en-
hanced when measured along 59° (continuous lines are Lorentzian data fits), confirming
the ND ellipticity suggested by SEM observations. Right: similar characterization with
another more circular ND, that was identified as a suitable candidate for subsequent
acoustic experiments. In the lower graphs, the angle-dependent and constant response
as a function of the light polarization direction measured at a fixed wavelength confirm
the two different geometries.
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FURTHER APPLICATIONS OF SMS EXPERIMENT'S

The linear optical characterization of the NDs by SMS provides other benefits
when pump&probe (P&P) experiments are subsequently performed. In P&P spec-
troscopy, two pulsed laser beams of different colors are focused on the nano-object
under investigation. Therefore, the SMS technique helps superposing spatially the
two laser beams, by overlapping their SMS images from the same nano-object.
Furthermore, the knowledge of the extinction spectrum of NDs allows to select
an appropriate probe frequency maximizing the detection efficiency of an acoustic
mode in ultrafast experiments. Finally, after a P&P experiment, where a ND has
been repeatedly excited, a novel SPR measurement permits to verify the nanopar-
ticle integrity.

3.2.3 Excitation and detection of acoustic modes in a single
gold nanodisk by time-resolved spectroscopy

Acoustic vibrations of nano-objects can be detected through spectroscopy tech-
niques, such as Raman and P&P. The latter is the most suitable choice for this
work, since allows to study single (higher signal over noise ratio) and relatively
large nanoparticles (Raman spectroscopy is well adapted to detect vibrational
modes of small size objects, typically less than 20nm, as larger sizes are associ-
ated to lower frequency vibrations difficult to detect [109]).

TIME-RESOLVED PUMP-PROBE EXPERIMENTS

In optical time-resolved P&P experiments, energy is deposited into a nano-object
via a “pump” light pulse and its ultrafast response is monitored via a time-delayed
“probe” pulse. The two-colors P&P setup used during this study is sketched in
Fig. (3.10). It is based on a Ti:Sa laser source delivering 100 fs pulses at a rep-
etition rate of 80 MHz in the frequency range [690 —1040nm]. The output pulse
train is split in two parts to generate the pump and the probe beams, a different
wavelength being generated for one of them through second harmonic generation
[390 —520 nm| or with an optical parameter oscillator [540—700nm]. In the con-
text of the experiments reported here, the two beams are focused on the single
ND using an apochromatic objective, by combining the P&P setup with the SMS
microscope. The time delay between the pump and the probe pulses is changed
by means of a mechanical delay stage. The high sensitivity detection of the pump-
induced time-dependent relative change in transmission AT'/T" of the probe beam
through the sample is achieved by chopping the pump beam at 30 kHz and detect-
ing the induced probe beam transmission change using a lock-in amplifier.

In the context of noble metal nanoparticles, the pump absorption initially gener-
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W

photodyiode

Figure 3.10: Setup for P&P experiments on single nano-objects. In the configuration
illustrated here, pump and probe beams are respectively generated by frequency doubling
(blue beam) and optical parametric oscillator (green beam) from the red/infrared output
of the tunable Ti:Sa laser source. After filtering the pump, the ultrafast response is
characterized by monitoring the relative transient change of probe beam transmission
AT/T, which is a function of the delay between the pump and probe pulses (controlled
through the mechanical delay stage on the probe beam path). In order to achieve high
sensitivity, the pump beam is mechanically modulated (chopper) at the frequency f, and
the pump-induced probe beam power fluctuations are detected via lock-in amplification
at the same frequency.

ates non-thermal electronic distributions [110]. Electron-electron scattering leads
to electronic thermalization within a few hundred of fs [110, 111], while electron-
phonon coupling leads to complete nanoparticle thermalization in a ~ 1 ps timescale
[81, 112]. This is followed by the cooling of the excited nanoparticle, i.e. the trans-
fer of energy injected by the pump beam towards the surrounding. This process
takes several ps-ns depending on the nanoparticle size, the composition and geom-
etry of the interface nanoparticle/matrix, the thermal resistance at the interface
(Kapitza resistance) and on the environment thermal conductivity [113, 114, 115].

More precisely, the coupling between hot electrons and phonon modes of the
nanoparticle is described by the two-temperature model (TTM), which describes
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the rate of energy exchange between electrons and phonons in the system [81]

Ce(Te>d3;E = _g(Te - E)
OI% =g(T. — T1) 7

(3.32)

where T, and 7} are the electronic and lattice temperatures, C.(T,) = T, is the
temperature dependent electronic volumetric heat capacity, C is the lattice volu-
metric heat capacity and g is the electron-phonon coupling constant. Calling T}
the ambient temperature and AT, the increase in the electronic temperature due
to the pump pulse, in the low excitation limit (AT, < Tp) the relaxation time is
given by 7p=c(To+AT,)/g. P&P measurements leads to 75~ 1 ps for bulk gold.
At 300 K, C. < (), meaning the initial electronic temperature after laser excitation
is much higher than the equilibrium temperature of whole nanoparticle after in-
ternal thermalization. The increase in lattice temperature from optical excitation
is typically a few K to tens of K. Higher lattice heating is avoided in the following
single particle experiments as it may cause nanoparticle melting.

The global cooling of the thermalized nanoparticle at temperature T, =T, =T, >Tj
(and T, being the surrounding matrix temperature) is then ruled by two main
mechanisms: the heat transfer across the particle/matrix interface and the heat
diffusion in the matrix itself *. Therefore, for a nanosphere of radius R embedded
in a matrix of thermal diffusivity oy, (a,, =A,,/C,, considering the environment
thermal conductivity A, and volumetric heat capacity C,,) one has

{ag;s = —4&(Ts(t) = T(R, 1))

(3.33)

9% (rTh,) 1 O(rTm) )
or? T am Ot

where T and T,,, are the temperatures of the nanosphere and of the matrix and G is
the interface thermal conductance (typical order of magnitude 100 MW m=2K™1).
The system can be solved using Laplace transform techniques to determine the
rate of cooling of the nanosphere, treating G as an adjustable parameter [81]. In
the limiting case where the interface conductance mechanism is slow compared to
the heat dissipation in the surrounding, 7§ decays exponentially with a character-
istic time of 7¢ = C;R/3G. Considering a small gold nanosphere with R =10nm
and G = 150 MWm 2K, it results 7o ~ 60ps. On the other hand, if heat
dissipation in the matrix is the slowest process, then the timescale is given by
™ = (C1R)*/(9C,,A,,), that results in 7p & 50ps for glass [121]. The similar
magnitudes show that, generally, both interface resistance and environment diffu-
sion have to be taken into account. However, considering a sapphire matrix and

“4heat diffusion within nanoparticle can be neglected, as it is much faster than the surrounding
matrix
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R=10nm, the diffusion timescale becomes much smaller, 7p ~ 1 ps, due to the high
diffusivity of sapphire, nanoparticle cooling being then mostly limited by interfa-
cial thermal transfer. Note that, due to the different scaling with nanoparticle size
of the relaxation times associated to diffusion and interface, heat diffusion in sap-
phire becomes again relevant for larger nanoparticles. For instance, a nanosphere
with =100 nm embedded in sapphire presents 7¢~600 ps and 7p~ 100 ps.

This thermal relation induces a long-time AT'/T signal which will be subtracted,
as well as the electronic contributes, in order to focus the attention on the acoustic
component of the signal investigated in this work.

In this frame, acoustic vibrations are launched via lattice dilation upon heating

(heating modifying the equilibrium configuration of the nanoparticle), and thus,
acoustic modes with displacement field similar to the particle dilatation can be

Hooe e ®

AT/T (x10°)

0O 200 400 600 800 1000
time delay (ps)

Figure 3.11: Ultrafast response of the asymmetrical ND presented on the left hand
side of Fig. (3.9). The P&P signal is usually described through several time domain
events: particle equilibrium (1); electron heating by a femtosecond pump pulse and ther-
malization of the electron gas (2); electron-lattice thermalization (3); damped acoustic
vibrations (4); cooling (5).
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excited. They are damped through intrinsic processes discussed in section (3.1)
[116, 117, 118] and by mechanical energy dissipation towards the environment
[119, 120], with a rate dependent on the nanoparticle size and on the composition
and geometry of the nanoparticle/matrix interface.

All the mechanisms described above temporally modify the dielectric function
of the nanoparticle (e = €1 +iey), affecting the observed probe transmission. In
particular, an acoustic vibration corresponds to a specific harmonic displacement
of the nanoparticle interatomic distances. This locally induces a periodic variation
of € that reflects into a periodical SPR shift for metal nanoparticles. When the
probe frequency w,, is chosen in the flanks of the SPR, the spectral oscillations of
0t induced by a vibration mode can be detected at fixed wy,, as it manifests with
a temporal modulation of the observed probe transmission (its complex frequency
f directly reflecting that of the related acoustic mode [119]).

An example of the transmission change AT /T as a function of the P&P time delay
is reported in Fig. (3.11). The experimental signal is firstly characterized by a
sharp peak close to the origin that corresponds to the electronic excitation and to
the relaxation via electron-electron and election-phonon coupling. This ultrafast
response can be well fitted through the convolution between a Gaussian and a
decaying exponential, whose lifetime 75 is the characteristic time for the electron-
phonon scattering. Afterwards, the signal returns globally to the zero because of
the cooling mechanisms. In most of the reported cases, this trend is empirically
well reproduced by the sum of one (or two) decaying exponential with lifetime 7
(and 7p). When acoustic vibrations are detected, sinusoidal damped oscillations
are superposed to the quasi-decaying exponentials. Globally, the decaying part of
the experimental signal can be fitted using

AT _

N
- > Aje 7w cos (2 fit+ ¢;) + Be m +Ce © + De (3.34)
=1

where A;, 7, f;, ¢; are fit parameters setting out the i-th mode oscillation am-
plitude, lifetime, frequency and phase; B, C', D, 15, 7¢, Tp are fit parameters
describing the decaying exponentials amplitudes and lifetimes.

DATA ANALYSIS

The experimental P&P signal of each investigated ND has been analyzed following
the protocol described in Fig. (3.12). In this way, the i-th acoustic mode of a ND
is characterized by its frequency f;=1/T;, attenuation o; =1/7;, phase ¢; and am-
plitude A; (note that the two former are intrinsic to vibrational modes, while the
two later depend on the way they are excited, and, for A;, detected). To count the
number of oscillations carried out by a mode before its attenuation, the Q-factor



3.2 Experimental measurements on single gold nanodisks 119

80
ﬂ & \
£ 04 80
= oo rw\ NV nnga) ol
: i :
0.4 o
20-
IR N S — >
0 200 400 600 800 1000 b 0 20 30 i s
K time delay (ps) frequency (GHz) /
4
4 n @
¥ \/\/VVVVVVVVVVV"W Mes s)  (GHz)
5 50ps S
< 2 \/VV\/\/VW\NWWV-!\ * 43| 23 |250| 4 | 18| 6.0 | -16
E 14 L \‘\‘
o 50| 20 | 478 |2.1|30( 3.1 | -16
0] ’VMN‘IV"W o
p \
1 | | | ' 39 (2563452928 ( 3.1 | -1.5
0 200 400 600 800
K time delay (ps)
s
. 1.2 B C D
% 153 Tc
2 09 (0% (@) (104 (s (109
'—
= 0.6
<]
0.3
0.0

0 200 400 600 800 1000
\ time delay (ps) /

Figure 3.12: Tllustration of the analysis of P&P experiments realized on the NDs. In
this example, the ultrafast response of Fig. (3.11), related to the asymmetrical ND
characterized on the left hand side of Fig. (3.9), is the starting point. Upper panel: by
subtracting the electronic and thermal exponential decays only the acoustic component
remains (black) and a Fourier transform is realized to help identifying the modes fre-
quencies (green). Central panel: oscillating part of the P&P signal is fitted using three
damped sinusoids (red); above this fit, the three sinusoids are presented separately; in
the table are reported the useful parameters of every mode (respectively: period, real fre-
quency, lifetime, attenuation, Q-factor, amplitude, phase). Lower panel: the total P&P
signal (black) is accurately reproduced by Eq. (3.34), using the sum of three damped
sinusoidal function and two decaying exponentials (red), whose amplitudes and lifetimes
are summarized in the table besides.

is also considered following the definition of Eq. (3.20): Q;= nf;/a;. Furthermore,
for each ND the cooling dynamics has been monitored measuring the lifetime 7
(and, in some cases, Tp if another decaying exponential is needed to properly fit
the data).

It might be pointed out that after 1ns (the maximal P&P delay available in ex-
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periments previously performed in our group on single nanoparticles, including
those on the S2 sample) some experimental signals have not relaxed to their initial
values (Fig. (3.11)). This usually does not affect much frequency determination.
However, in order to achieve more reliable values of ); and 7¢ it was worthwhile to
extend the P&P time delay further during this thesis. This was accomplished by
extending the delay line maximum range from 1ns to 3ns, introducing some back
and forward paths that make the probe beam of Fig. (3.10) passing three times
through the delay stage. This improvement has been exploited to study NDs from
sample S1.

EXPERIMENTAL RESULTS

Shape effects have first been investigated by measuring the acoustic response of
circular and elliptical NDs, as shown in Fig. (3.13). As illustrated in Fig. (3.13a),
P&P experiments on the circular ND of Fig. (3.9) enable the detection of a single
acoustic mode. Similar observations were made for several NDs, showing that cir-
cular symmetry breaking leads to the replacement of the dominant mode by two
or three modes with close frequencies. These results are in line with the free ND
eigenmodes evolution with ellipticity deduced from the FEM study presented in
in Fig. (3.14).

In the specific case of the NDs from Fig. (3.12) and (3.13a), characterized by
D =70nm and h = 19nm, the circular ND presents a dominant mode with fre-
quency f; = 23GHz and the elliptical one shows a mode at same frequency f;
(with similar damping) and two different modes with frequencies within the range
f113 GHz. Typically the frequencies exhibited by the circular NDs are detected also
in elliptical ones, with very small deviations. However, their damping times and
Q-factors present large fluctuations, as illustrated in Fig. (3.13b), where another
elliptical ND (with yet same nominal dimensions), shows a dominant frequency
close to f1, but with Q-factor 40% higher. Therefore, reliable ) estimation is chal-
lenging for non-circular NDs. The detection of several vibration modes with close
frequencies and similar lifetime generally induces a beating pattern which can be
fitted by several damped sinusoids with exchangeable damping times, precluding
from a precise attribution of lifetime for each mode. As the primary goal of this
investigation was the determination of the Q-factor dependence on the aspect ra-
tio, the subsequent investigations were therefore limited to circular NDs, identified
from their quasi-polarization independent o.,; in SMS measurements.

Some representative oscillating P&P components of circular NDs from samples
S1 and S2 are presented in Fig. (3.15). As described in detail in its caption, every
oscillation trace has been centered on the 7 of the related ND (vertical axis) and
compressed along the time delay axis getting unitary periods (horizontal axis).
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Figure 3.13: (a) Analysis of P&P experiments performed on the circular ND described
in Fig. (3.9). Top panel: the data (black) are fitted using a simple damped sinusoid
(red), whose parameters are reported in the table below the Fourier transform graph.
Bottom panel: the signal (black) descent is reproduced using the sum of two decaying
exponentials (red), whom amplitudes and lifetime are summarize in the table. (b) Anal-
ysis of acoustic trace obtained from P&P experiment performed on another elliptical
ND of similar size. The data (black) are fitted using three damped sinusoid (red), whose
parameters are reported in the table below the Fourier transform graph. This enlightens
that anisotropy may affect the estimated Q-factor of similar modes (43 and 45 ps).
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Figure 3.14: (a): computed acoustic excitation spectra (obtained by the computation of
vibrational modes and their projection on the displacement field associated to a dilation)
of eigenmodes of a free circular disk of thickness h = 30nm and diameter D = 100 nm
(black dot) and eigenmodes of a free elliptical disk of thickness h = 30 nm, short axis
D;=100nm and long axis Dy =120nm (red dots). For the circular disk, a single mode
is excited, with a 14.3 Hz frequency and a radial breathing-like normalized displacement
profile (b). For the elliptical one, three modes are predicted to be excited, with 8.0 Hz,
13.3Hz and 15.0 Hz frequencies and the normalized displacement profiles indicated in
panels c-e.

This normalization allows to visually compare the Q-factors of the long-lasting
mode for several 1. Since () is roughly the number of visible oscillations, its typi-
cal value is about 15, but an enhancement can be noticed at n=2.5 (@ ~50), while
a second broader and weaker enhancement seems to occur around n==6 (Q) ~30).

Acoustic P&P traces associated to n in the range [3.2—8.5] are accurately fit-
ted with a single damped vibrational mode, which is referred to as model. It is
characterized by its frequency fi, phase ¢q, lifetime 7, and amplitude A;. An
example is reported in the graph (a) of Fig. (3.16). f; decreases with the ND di-
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Figure 3.15: Representative acoustic P&P traces of circular NDs from samples S1 (solid
lines) and S2 (dotted lines). In order to compare the different curves, some changes were
made to the original data. Firstly, they have been vertically translated in order to match
with the aspect ratio of the related ND (vertical axis), and then colored and rescaled to
make them visible. Period T' and amplitude A reported beside each curve correspond
to the mode with higher Q-factor (identified by two-sinusoidal fits realized on every
acoustic trace). The delay time axis of each acoustic trace was normalized over the
period T' yielding the number of oscillations (horizontal axis). This allows to visually
compare the Q-factors of the most long-lasting mode for several aspect ratios 7.
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Figure 3.16: Four P&P acoustic traces (green and black) are fitted using one or two
damped sinusoid (red). Each graph contains the Fourier transform and a table with
the fitting parameters. The first table line describes the dominant mode of the Fourier
transform. Overall, three different modes (i = 1,2, 3) are detectable. Typically model
and mode2 are in phase ¢ ~ @9 ~7/2 (except when n=2.5, i.e. ) is enhanced), while
mode3 is always in antiphase ¢3~ —m/2.

ameter, while ¢; remains constant ®, as shown later in the summary of Fig. (3.18).
For smaller 7, two modes are commonly detected. In particular, within the inter-
val [2.2—3.2] the acoustic traces still exhibit mode! (whose frequencies smoothly
match with the mode1 from the previous range) and a second relevant mode, called
mode?2, whose frequency fs reduces almost linearly with the ND diameter similarly
to fi. Its phase ¢ is independent from 7 and close to ¢;. On the other hand,
Ay and 75 are remarkably dependent on 7, and often completely different from A;
and 7. Examples are shown in the graphs (b) and (c) of Fig. (3.16).

Within the range [1.5—2.2] the acoustic traces consist in the mode2 and the mode3
a new vibrational mode with frequency f3 quasi-independent of ND diameter.
Again, the phase ¢3 is independent from 7, but this time is shifted of = with re-

Sas long as the experimental probe wavelength is kept in the same SPR flank, as illustrated
in Fig. (3.17).
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spect to ¢y. An example is reported in the graph (d) of Fig. (3.16).

Overall, for n scaling from 1.5 to 8.5, three different vibrational modes are detected
via P&P (see Fig. (3.18), discussed later, for details). Oscillations called model
and mode2 are most likely associated to radial displacements of the ND, since
their frequencies decrease with the diameter and they tend to be in phase. On
the contrary, mode3 should be associated to a thickness displacement of the ND,
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Figure 3.17: Verification of the effect of pump and probe frequencies on the determined
acoustic mode parameters. Two P&P acoustic traces (shifted for clarity) are obtained
on the same ND (D=85nm) from S1, using very different combination of probe wy, and
pUmMpP Wpymp Wavelengths: in the first case wy, =wy = 620nm and wyymp = 820 nm; in
the second configuration wy,, =ws =800 nm and wpymp =400nm. One may observe that
in the second case the acoustic trace has larger amplitudes and is in antiphase with
respect to the first. However, frequencies and Q-factor remain unchanged, within the
experimental error bars.
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given that its frequency does not change with the diameter and it is in antiphase
with model and mode2 (a thickness increase inducing a SPR blueshift, opposite
to the redshift induced by a diameter increase).

As already mentioned, frequencies f; and Q-factors (); are intrinsic to the i-th
vibrational mode, and therefore independent on the excitation and detection con-
ditions. This aspect is a key point that allows to compare frequencies and Q-factors
obtained probing different NDs at different frequencies w,,. This property has been
experimentally verified for a couple of NDs, repeating the P&P experiment with
very different wyym, and wy,. The results, reported in Fig. (3.17), show little
fluctuation in f; and @); attributed to their incertitudes. The phases ¢; are simply
shifted of # when the probe wavelength passes in the other SPR flank. On the
other hand, A; exhibit strong variations, which make unsuitable a quantitative
comparisons between mode amplitude of different NDs.

The results of the study performed on circular NDs from S1 and S2 are summarized
in Fig. (3.18). The frequencies from S2 have been multiplied by 19/40 in order to
compensate the difference in h with S1 (see Section (3.1.4) ). Overall, three differ-
ent modes (model, mode2, mode3) have been detected. For aspect ratio 7 in the
range [2.4—3], each NDs exhibit mode! and mode2 with similar frequencies and
phases. In order to distinguished between them, they were classified in accordance
to the criterion A; > Ay and Q; < @Qy ¢ (comparisons with frequencies, Q-factors
and amplitudes computed in FEM simulations, reported later in Fig. (3.22), also
helped to distinguish the nature of these three modes). A salient result of the
experiments reported here is the enhancement of (); and )5 around specific ND
aspect ratios, with @)y presenting a sharp peak near n=2.5 (max{@Q>} =66) and
()1 a broader one about =6 (max{Q;}=31). In order to clarify the nature of the
detected modes, to model their frequencies and damping rates and to understand
the origin of these Q-factor amplifications, a comparison with FEM simulations
were carried out.

COMPARISON WITH NUMERIC MODELING

To better understand the origin of the observed acoustic modes, FEM simula-
tions (Section (3.1.4) ) were realized on single NDs of several 7 (ranging from 1.4
to 9) and h=40nm, in the configuration shown in Fig.(3.5). The ND excitation
consists in a uniform and periodic stress at a frequency f (chosen in the inter-
val 0 —25GHz). For each n and f, the ND strain energy was deduced from the
computed displacement field (accordingly with Eq. (3.16) of Section (3.1)). In
Fig. (3.19) the ND strain energy is plotted as a function of  and f (and nor-
malized to 0.5 for visualization purposes). The Lorentzian peaks appearing in

Salthough at =3 this distinction becomes vague.
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Figure 3.18: Extracted parameters of the detected modes for all the circular investigated
single NDs from samples S1 and S2. The frequencies from S2 have been multiplied by
19/40 in order to compensate the difference in h with S1. model and mode2 present
frequencies that decrease with the diameter, while mode8 has a constant frequency.
moded is in antiphase with respect to model and mode2. mode2 exhibits an enhancement
of Q at n=2.5, while model shows a broader and weaker amplification of ) around 1n=6.
model also presents relative strong amplitude about n=2.5.
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Figure 3.19: Normalized strain energies spectra computed for NDs of several n and h=
40nm. The frequency response allows to identify the excited ND modes frequencies and
Q-factors. Right: (a) in the 7 range [5 — 8] and f interval [6 — 10]GHz an enhancement
of (Q may be noticed, since the Lorentzian peaks are sharper around n=6. This mode
corresponds to model from the experimental results. (b) In the 7 range [2—4] and
[ interval [8 —20]GHz two dominant modes are crossing each other around n = 2.5.
model is the broader, while the second shall corresponds to mode2 and its maximal @)
enhancement takes place at n=2.2. At lower frequencies, about 9 GH z, mode8 can be
observed.

the graphs correspond to excitation-frequencies for which the ND reacts with an
acoustic eigenmode. The Q-factor of each mode is directly evaluated as defined
in Eq. (3.21), considering the frequency over bandwidth ratio Q= f,,/Af,, where
fn is the central frequency and Af, is its linewidth. The computed excitation
spectra exhibit vibrational modes at frequencies close to those measured experi-
mentally. For instance, the graph (a) and (b) on the right of Fig. (3.19) focuses
on the modes observed in P&P experiments: in graph (a) model exhibit a high
Q-factor at n=6 (with f; ~8 GHz); in graph (b) model is crossing mode2 about
n=2.5, which in turn present a maximal Q-factor at n=2.2 (with f; ~ 16 GHz).
In the 10 GHz range, mode3 may also be noticed for aspect ratios between 2 and
2.5 (its computed excitation amplitude becomes negligible for larger aspect ratios).
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The frequencies f,, are rearranged in a more convenient way on the graph of Fig.
(3.20). A visual comparison with the top graph of Fig. (3.18) is now straightfor-
ward. Frequencies corresponding to model, mode2 and mode3 have been enlight-
ened using gray, red and blue lines respectively. model and mode2 are crossing
each other at n=2.7, where only one frequency is observed. In order to individ-
ually understand the nature of model and mode2, their associated displacement
fields and averaged energy fluxes were computed for n =4, where the two modes
are spectrally well separated (i.e., they do not significantly hybridize, as seen Fig.
(3.19b) ). As shown in the lower panel of Fig. (3.20), mode! exhibits a radial-like
displacement. Its energy flux is mostly vertical and unidirectional and intense
at the ND /substrate interface, associated to an efficient energy transfert to the
environment (poor Q-factor). mode2 presents a torsional-like displacement. The
acoustic Poynting vector shows vortex patterns at the interface, meaning that the
emission of acoustic waves in the sapphire substrate can be partly compensated
by the reentrance of some of the emitted energy in the ND, suggesting possible
higher quality factors for this mode. mode3 has been characterized at n=2. It is
dominated by a thickness deformation and the energy flux is mainly vertical and
intense at the interface, accounting for the poor quality factor of this mode.

According to the simulations, a maximal Q-factor enhancement for mode2 oc-
curs at n=2.2. At this aspect ratio, relative displacement field and energy flux
have been computed for model and mode2 and the results are illustrated in Fig.
(3.21). At n=2.2 the modes are close in frequency and a hybridization of their
displacement fields takes place. In particular, model presents some torsional de-
formations characteristic of mode2. On the other hand, mode2 does not exhibit
displacement in the region close to the interface, in contrast to what seen in Fig.
(3.20). This lack of deformation can be visually obtained superposing the relative
displacements fields of model and mode2 from Fig. (3.20). As a results, the vortex
patterns present in the energy flux of mode2 are getting further apart from the
interface, being higher into the ND. This effect reduces even more the energy flux
intensity through the interface, and thus, strongly increases the Q-factor of mode2.
It can be therefore concluded that the Q-factor enhancement is mainly caused by
a mode hybridization that reduces the energy loss towards the substrate for one of
the hybridized modes. This mode hybridization occurs when two modes intersect
in frequency. The mode crossing thus requires a 2D system with two different
geometrical dimensions (or higher), since in 1D systems all the mode frequencies
scale with the size parameter in the same way.

Following this argument, the Q-factor enhancement observed in model at n =06
could be attributed to an hybridization between model and mode3. Indeed, ob-



Mechanical properties of a single nano-resonator: damping of
130 acoustic vibrations

aspect ratio

? .3 . ¢ 9 6 . 1

253 : -
= 1N, . h=40nm » FEM frequencies
35 20 L\ L (- f) ) ety
~ b ° |
> % ® . ? o o ‘
215 N ° > 8 g
g - 8 ° . o | ] g ° o\ §—
= 9 ° 9 ° & °
E 10‘%‘. ° ) |
Y i " ] - ? +
]
5
. relative displacement energy flux
& i i 3|
1 e - 1] 1|
. ' _(normalized)/ normalized

3R T
||||||||

4) mode1 (n

o
.

B g

2) mode2 (n

mode3 (n

Figure 3.20: In the graph: ND frequencies calculated via FEM. Frequencies correspond-
ing to model, mode2 and mode3 have been enlightened using gray, red and blue lines
respectively. model and mode2 are crossing each other at n=2.7. Below: model, mode2
and mode3 example of normalized displacements field and energy flux (evaluated at n
far away from the modes interception). model is radial-like, mode2 is torsional-like and
moded is thickness-like.

serving the graph of Fig. (3.20), a prolongation of f3 would cross f;. The weak
displacement of mode3 (difficult to detect when other modes are present) together
with the fact that f; and f; have similar slopes at n =06 would explain why the
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Figure 3.21: Normalized displacement field and energy flux computed for model and
mode2 at n=2.2. The modes have difference appearance in respect to the ones illustrated
in Fig. (3.20) at n=4. The proximity to the mode frequencies intersection provokes an
hybridization, which results in a reduction of energy loss throughout the interface in the
case of mode2.
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Q-factor peak of model is broader and weaker with respect to the one of mode2.

A direct comparison between the experimental and numerical results is proposed
in Fig. (3.22). The modes frequencies are plotted using different symbols to distin-
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Figure 3.22: The mode frequencies are plotted using different symbols to distinguish
between model, mode2 and mode3 and colors to indicate the experimental (a) and the
numerical Q-factor (b), or the experimental (c) and numerical (d) normalized squared
amplitude. Black points correspond to measured frequencies where the uncertainties
are too big to establish a Q-factor (or an amplitude). These graphs allow to compare
measured and modeled frequencies, Q-factors and amplitudes.

guish between model, mode2 and mode3 and colors to indicate the local Q-factor
in panels (a) and (b), or the normalized squared amplitude in panels (¢) and (d).
The comparison between the measured (a) and computed (b) Q-factors, shows a
general agreement, although in the experimental case the Q-factors enhancement
are lower, and the peak of n=2.2 is shifted towards n=2.5 (which could be as-
cribed to a slight deviation in the effective aspect ratios). The frequencies have
similar arrangements, despite the intersection is not clearly visible experimentally.
Another difference is that when the experimental () amplification occurs at n=2.5,
mode2 has higher frequency than model, while in the simulations the opposite is
expected.
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The comparison between the measured (c¢) and computed (d) normalized squared
amplitudes cannot be performed quantitatively, since experimentally the ampli-
tudes depends on the detection configuration. However, observing numerical am-
plitudes and Q-factors allows to understand that at certain 1 some modes are
not detectable, since both their Q-factor and amplitude are negligible (dark blue).
This is the case for model at n<2.3 and mode2 at n> 3, as experimentally absent.

In Fig. (3.23) the computed Q-factors are plotted for the three modes as a function
of the aspect ratio. FEM simulation takes into account only the acoustic damping
coming from the propagation of acoustic waves throughout the interface, yielding
extrinsic () with important enhancement at n = 2.2 (@2 > 2250, where the “>”"
is due to discreteness of computed points) and =6 (¢ ~ 120). On the other
hand, P&P measurements gives the total acoustic damping of the detected mode,
meaning intrinsic damping and/or morphology imperfections also play a role. For
this reason the experimental () exhibits much weaker enhancements (with maxi-
mal values of Q2 =66 and )1 =31) seen in Fig. (3.18) and Fig. (3.22).

Acoustic energy is efficiently conserved within the ND at n=2.5 and n=6, where
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Figure 3.23: Numerically computed Q-factors. Inset: zoom of the region with Q3.
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Q-factor enhancements takes place. This raises the question of whether even the
heat transfer towards the environment is slowed down. The nanoparticle cooling
has been investigated in the NDs of S1, where the P&P delay time was extended to
3ns. Using Eq. (3.34) to fit the NDs ultrafast responses, two exponential decays
were usually required to follow the cooling process, and thus, two time constants
Tc and 7p were extracted. Typically, 7p results of the order of 200 ps, while 7¢ is
higher, being around 2 ns (therefore always well distinguishable from 7 and being
the limiting slower process due to heat transfer at interface). Its value has been
extracted for different aspect ratio 7, as illustrated in the graph of Fig. (3.24).
Conversely to acoustic damping of one specific mode, the value of 7¢, associated
to incoherent heat transfer, seems to be independent on 7 and centered around
the average value of ~ 1.8ns. The variations present in Fig. (3.24) are mainly
associated to the relatively high incertitudes. Furthermore, the use of different
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Figure 3.24: The value of 7¢ (black diamonds) does not shows any dependence on 7
and its average value is ~1.8 ns (red line). The fluctuations are mainly attributed to the
important experimental incertitudes. In the green box: 7¢ obtained on the same ND
(D=85nm) from S1 repeating the experiment at a different wy,..
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probe frequencies wy, could introduce additional fluctuations (the time constant
Tc may be influenced by the detection frequency, because, depending on w,,, the
sensibility to the variations of the ND and environment dielectric functions changes
[122]).

3.3 Conclusions and perspectives

By combining the spatial modulation microscopy with the pump&probe utrafast
spectroscopy technique, the linear and ultrafast properties of single gold NDs de-
posited on a sapphire substrate have been investigated, with a focus on their
acoustic properties. A campaign of time-resolved measurements on Au-ND of var-
ious aspect ratio 1 has been accomplished. Three different acoustic modes have
been detected and called model, mode2 and mode3. The former two exhibit a Q-
factor enhancement, reaching )1 =66 at n=2.5 and ()2 =31 at n=06 respectively.
Conversely, the analysis of the slow relaxation of the signal shows that the thermal
energy transfer at the interface (involving all vibrational modes of the ND) is not
influenced by the phenomenon, being independent from 7.

In order to understand the physical origin of the Q-factors enhancements, numer-
ical simulation based on FEM computations has been achieved. In this way the
NDs modes activated from a uniform and periodic stress has been traced and char-
acterized in terms of Q-factor, amplitude, relative displacement field and energy
flux.

The numerical simulations confirm en enhancement of Q-factor at similar 7, but
with higher intensity, strongly resulting in maximal values of @7 > 2250 and
(2~ 120. This difference probably originates from the lack of intrinsic damping
in the FEM computation and/or from the presence of geometrical imperfections
and uneven contacts in the lithographed NDs.

The relative displacement field shows that the model is radial-like, mode2 has
some torsional components and mode3 has a thickness nature. Typically, their
energy flux are maximal at the ND/sapphire interface.

When approaching the )5 resonance, i.e. n=2.5, the relative displacement shows
an hybridization between model and mode2, reducing the energy losses of mode?2
throughout the interface. Therefore, Q-factor enhancements can be obtained by
exploiting such mode hybridization that reduces the energy loss towards the sub-
strate. This mode hybridization occur when two modes intersect in frequency. In
practice, one can make two modes cross each other by tuning the morphology of
the nano-object, as the aspect ratio of the ND. This phenomenon takes place for
complex geometries, which involves at least two dimensional parameters, and could
be exploited to optimize the geometry for high quality resonator or nanobalances.
[123]
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Extension of these studies to similar samples with different interfaces, including
adhesion layers between NDs and substrate, could allow to improve the ND /sub-
strate contact and investigate configurations with different interface properties. An
attempt with chrome adhesion layer NDs was unsuccessful, because its presence
broadens the NDs SPRs [124], reducing the P&P signal amplitude of one order of
magnitude (compensating with higher pump powers caused NDs irreversible dam-
age) and because at optical frequencies the chrome light absorption is one order
of magnitude higher than the gold one, meaning the excitation mechanism is rad-
ically different and difficult to compare with the former samples results. In this
contest, polymeric adhesion layers should be considered, having the advantage of
avoiding SPR broadening [125].

In order to be quantitative, a study on the differences observed between mea-
sured and simulated Q-factors is necessary. A possible model system to study
Qintrinsic would be a free-standing nano-object, as long nanowires (high aspect ra-
tio) deposed on large holes, where the contact with the substrate occurs only in
two remote regions. This kind of configuration has already been experimentally
studied via P&P spectroscopy [126, 127] and a Q-factor of the order of 100 was ob-
served. However, in such measurements the pump beam was focused on relatively
little fractions of the suspended nanowire, exciting acoustic propagating longitu-
dinal waves that contributed to the acoustic damping. In order to reduce this
contribution, the system will be further investigated exciting the entire nanowire,
providing values for Q;,iinsic and a more complete insight of the damping processes
at the nanoscale.



Conclusions and perspectives

In this thesis, the optical and acoustic properties of a single metal nanoparticle
have been tuned by altering its environment and morphology.

In a first part, the impact of a pressurized environment on the linear optical
response of individual gold bipyramids has been quantitatively studied. In or-
der to follow the evolution of the single-particle extinction spectrum under high
pressure, a challenging combination of a spatial modulation spectroscopy (SMS)
microscope with a diamond anvil cell has been achieved. The characteristic lon-
gitudinal surface plasmon resonance (SPR), dominating the optical response of
single gold bipyramids, has been experimentally monitored by measuring its en-
ergy position, spectral linewidth and area.

Rising the pressure results in nonlinear red-shift, broadening and area increases.
The SPR red-shift has been successfully modeled numerically, using the finite-
element method (FEM), and then analytically, showing that this behavior is es-
sentially the result of two phenomena: the change in environment refractive index,
which causes a strong nonlinear red-shift, and the metal compression, which trans-
lates in a weaker linear blue-shift.

The spectral area dependence on pressure has also been explained through a simple
model for elongated morphologies and, again, the observed increases are mainly
attributed to the environment refractive index changes.

The spectral linewidth rise with pressure contains multiple contributions, including
modifications of the electronic scattering processes. An important term affected by
pressure is the electron-surface scattering contribution which, according to merely
theoretical quantum models, is sensitive to the environment refractive index. In
that respect, pressure measurements on single nanoparticles can be considered as
a first experimental evidence supporting these theories. Precise interpretation of
the physical mechanisms at the origin of this phenomenon requires further inves-
tigations at different sizes and environments, that will be performed in the future.
The high-pressure SMS microscope also opens many perspectives for investigating
other nanomaterials at single particle level under extreme conditions (e.g. nan-
otubes).
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In the second part of this thesis, the morphology of a single nanoparticle on a sub-
strate has been correlated to its acoustic properties. Specifically, two lithographed
samples composed of gold nanodisks of various aspect ratios on a sapphire sub-
strate were produced and characterized. SMS has been consistently exploited to
select the most circular nanodisks. The combination of the SMS microscope with
an ultrafast pump&probe (P&P) setup allowed to realize time-resolved measure-
ments on single nanodisks.

Considering the acoustic components of the ultrafast responses, a few dominant
vibrational modes could be optically excited and detected for each single nanodisk,
and experimentally characterized providing access to their frequency, damping rate
and quality factor (Q-factor). A particular attention was devoted to the depen-
dence of these parameters on the aspect ratio. In the investigated region, three
different modes were detected in total, two of them exhibiting a Q-factor enhance-
ment at specific aspect ratios. Acoustic FEM simulations has allowed to precisely
identify the three modes, confirming the presence of these Q-factor enhancements.
The origin of the phenomenon has been clarified by looking at the displacement
and energy flux fields computed in the nanodisk-substrate system.

Q-factor enhancements are induced by a mode hybridization that results in a re-
duction of the energy loss to the environment (through the interface with the
substrate). Such hybridization can be achieved by tuning the nanodisk aspect ra-
tio until two acoustic modes cross each other, and can be exploited for applications
requiring high Q-factor acoustic resonators. This is not possible in monodimen-
sional systems, such as films or spheres, where all the mode periods identically
rescale with the object dimension.

Q-factor enhancements expected from FEM simulations occur for similar nanodisks
aspect ratios, however they are much larger than the experimental ones. This dif-
ference is attributed to intrinsic vibrational damping and possibly to defects in the
nanodisk morphology, not considered in computations. For a quantitative com-
parison with theory and a complete understanding of the physical phenomena at
the origin of the acoustic damping, further investigations focused on the character-
ization of the intrinsic damping are required, and will be developed in the future
(e.g. ideally studying quasi-free standing nano-objects).

Conversely to acoustic damping rates, the long time thermal components of the
ultrafast relaxation were found to be independent from the aspect ratio of this spe-
cific system. A complete thermo-optical modeling is currently under development
in the group, and more detailed investigations will be performed on the thermal
relaxation of nano-objects, including morphological and environment-dependent
effects and any possible connection with acoustic relaxation.



Appendices






Appendix A

Gaussian beam diffraction limit

When a lens is illuminated by a Gaussian beam, the diffraction-limited diameter
of the image spot has the form [128]

K\

NA (A.1)

®spot -
where K is a constant dependent on the pupil illumination and on the definition
of diameter, A is the wavelength and N.A. the numerical aperture. The intensity
profile of the spot is strongly dependent on the radiation profile at the entrance
pupil of the lens. If the pupil illumination has a Gaussian profile, the image spot
has a Gaussian profile:

41n(2)Wq 4In(2)(r — ro)?
G= — s exp |— — |
TFWHM FWHM

(A.2)

where 1 is the total beam spot power that coincides with the incident one (W=
W;), FWHM is the full width at half maximum, and (r—r) the radial distance from
the optical axis. On the other hand, if the pupil is brightened with a plane wave
top uniform illumination, obtained for example by a strongly truncated Gaussian
profile, the spot results in an Airy disc:

B(r—ro) 2
AM/E) 2 besselﬂ[FWHM}
- FWHM? [ B(r—ro) } ’

I (A.3)

FWHM

where 1} is a fraction of the incident power (Wy=W;(1 — wy,), with wy, being the
entrance pupil power loss ratio of Eq. (A.7) below (wy, =0 when no truncation
occurs), bessel;q...] stands for the Bessel function of first kind and first order, A
and B are numerical constant (A = 0.83159179; B = 3.23266). When the pupil
illumination is between these two extremes, a hybrid intensity profile occurs.
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In the case of the Airy disc, the diameter of the spot can be defined considering
the first dark ring:
1.22)
= 244\N ~ —— . A4
o NA. (A4
However, when the pupil illumination is not uniform, the image spot intensity never
falls to zero making it necessary to define the spot size differently. Commonly it is
considered as the diameter at the half intensity point, the so called full width at
half maximum (FWHM), or the radius at the 1/e? intensity point, the beam waist
w. When the image spot has an ideal Airy disc intensity profile, the diffraction
limit of Eq. (A.4) can be rewritten as

FWHM _ 0.515)\
Airy disc: { oay (A.5)
W= "Na.

An alternative characterization of the Airy disc intensity profile is made approx-
imating the central lobe with a Gaussian profile with same central amplitude or
with free amplitude. The fitting width results

FWHM = 0.501)\ FWHM = 0.496
Gaussian (max-fixed) { oaen T, (max-free) oo T (A6)
W= "Na. W="Na

In the second case, where the amplitude is treated as a free parameter, the width
is smaller because the maximum amplitude is overestimated. This introduces a
systematic error if one tries to fit an experimental Airy profile with a Gaussian
function.
The constant K of Eq. (A.1) is a function of the truncation ratio

r_ e

D

where wg is the waist of the incident Gaussian beam and D the limiting aperture
diameter of the lens. If T'> 2 (high truncation) the image spot intensity profile
approaches the Airy pattern, whilst when 7°'<0.5 (low truncation) it is closer to a
Gaussian function. The FWHM of the spot can be expressed as a function of K

K\

FWHM = ——
N.A.’

with
0.35625 0.32225

(T —0.2161)217 (T — 0.2161)2221”
plotted in the graph of Fig. (A.1)).

K =0.515+
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Figure A.1: Constant K as a function of the truncation ratio 7.

The optimal choice for truncation ratio depends on the relative importance of spot
size, shape and power loss ratio that, for a truncated Gaussian beam, decreases
exponentially with 7"

w, = e 2T (A.7)

Typically, in SMS experiments the required powers are very modest and it is
therefore possible to work in the T'>2 regime, where the incoming laser Gaussian
beam is strongly truncated, the pupil is uniformly illuminated and the image spot
approaches the ultimate focusing limit due to Airy pattern. In reverse, during
pump&probe measurements on single nanoparticles the required pump power can
be higher and, for certain wavelengths, wy, must be kept small (low truncation).
However, in these kinds of experiments, reducing the size of the pump beam spot
close to the diffraction limit is less critical, allowing a choice of smaller 7.
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Appendix B

Diamond properties under high
pressure

The refractive index of the diamond ny is a function of the wavelength A as well
as the pressure P.

In standard condition, the dependence of ng on A was studied by Edwards et
al. [129]. Previous data from the UV to the near IR region were reviewed and
collected, and a phenomenological formula to estimate ny in the far IR region was
obtained

na(\, P=0) = ng(A=o00, P=0) + AL + Ay L* + A3L* + A, L* (B.1)

with L=(A? —0.028 pm?) ™, ng(A=o00, P = 0)=2.37553, A; =3.36440 x 1072 pm?,
Ay=—8.87524x10"2 pm*, A3=—2.40455x10"% pmS, A,=2.21390x107° pm®. The
resulting graph of n, as a function of A is displayed in Fig. (B.1). These data
are well fitted by a decreasing three-exponential function with offset equal to the
asymptotic limit of Eq. (B.1)

de<)\, P:O) = nd(A:OO, P = 0) -+ Ale*)‘/’\l -+ /\267)\/)\2 + A3€7>\/)\3 s (B2)

where A1 = 52, /\1 =72 nm, A2 = 0226, )\2 =312 nm, A3 = 000767 )\3 = 2785 nm.
This expression is valid in the whole range 400 — 4000 nm.
The diamond refractive index is also pressure dependent. This aspect was studied
in the range 0—40 GPa for several wavelength (400 —900nm) by Eremets et al.,
[74] resulting to be a quasi-linear function of the pressure. Realizing a linear
approximation of these data in the range 0—20 GPa allows to estimate the pressure
dependence

dng(\, P) = p(\) dP. (B.3)
The slope coefficient p(A) is always negative and is reported in Fig. (B.2) as a
function of the wavelength. Linear fits were performed on these data obtaining
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Figure B.1: Refractive index of the diamond at standard pressure as a function of the
wavelength. The data in the far-IR region are calculated using Eq. (B.1), while the
others come from the literature. The red solid curve is the decreasing three-exponential
fit of Eq. (B.2) and the inset drawn the attention to the wavelengths available in the
“Transmission SMS setup” of Fig. (2.14).

with

P if x<703
(\) = {po +pi” L x< nm (B.5)

p(A=00) if z>703 nm

p(A=00)=—-5x10"*GPa!, py=—8.472x107* GPa ', and p; =4.94x 1077 GPa 2.
Considering the “Transmission SMS setup” of Fig. (2.14), where the available
wavelength range is 680—1080 nm, Eq. (B.5) can be simplified

na(A, P) = ng(A\, P=0) + p(A=00)P. (B.6)

The thickness h of a diamond slab contained in a DAC pressure chamber can
be studied using the experimental diamond equation of state [129]

h(P) = hq l1 +4.28 <@ - 1)1 o (B.7)

0

=
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Figure B.2: The refractive index of the diamond decreases linearly with the pressure
through the coefficient p(\), which is wavelength dependent. A linear fit was realized
using the formula Eq. (B.5) to estimate the coefficients p(A = o0), pp and p;. For the
wavelengths available in the “Transmission SMS setup” of Fig. (2.14) p=p(A=00) =
—5x107%* can be used.

where hy is the thickness at 0 GPa, A(P) is the R1 ruby line position at the pressure
P and \y=A(P=0). Injecting the ruby pressure dependence of Eq (2.2) of Chapter

2, Eq. (B.7) becomes
B_|*® B
{1 + ZP} — 1” , (B.8)

where A = 1904 and B = 7.665. The pressure dependence of the ratio h/hg is
reported in Fig. (B.3). Eq. (B.8) is a quasi-linear function in the regime 0—10 GPa
and can be approximated to

h(P) = ho |1+ 4.28

h(P)/hy =1 —T7.315x107"P. (B.9)

Alternatively, the thickness h can be calculated directly from the diamond elastic
moduli (experimentally determined using ultrasonics, X-rays and Brillouin scat-
tering). Considering one of the most reliable value, ¢;; = 1080.4 + 0.5 GPa, [130]
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Figure B.3: Relative thickness of bulk diamond as a function of the pressure. The solid

black line results from the DAC approach of Eq. (B.8); the dash red line correspond to
the Young modulus calculation from Eq. (B.11).

one obtains T

where T, the stress component normal to the diamond surface [100], matches —P.
Eq. (B.10) can be reformulated as

h(P)/hy =1 —9.256x107*P, (B.11)

and is shown in Fig. (B.3) as well.



Appendix C

4Me:1Et properties under high
pressure

4Me:1Eth is a common pressure transmitting medium, composed in four parts
of methanol (CH3OH) and one part of ethanol (CoH50H), which remains liquid
and hydrostatic until 10.4 GPa. [64] [65] Concerning the methanol, the refractive
index dispersion in the range 450—1550 nm, at standard pressure and 27°C can be
approximated as [131]

n3,. = 1.745946239 — 0.005362181\*+-
+ 0.004656355\ 2 + 0.00044714A* — 0.000015087A %, (C.1)

where A is the light wavelength expressed in pm. For the the ethanol, in the range
500—1600 nm and at 20°C, the dispersion takes the form [132]

14 0.83189\%  0.15582)2
Et A2 —0.00930 A2+ 49.45200

The imaginary part kg, remains always within the range 1075—107% in the region
600—1100 nm, and hence the absorption is negligible. The refractive index of the
PTM mixture 4Me:1Et can be estimated combining Eq. (C.1) and (C.2)

inM()\,PIO) = (4nM€ —l—nEt)/5 (C3)

whose dispersion in the range 680—1080 nm is plotted in Fig. (C.1).

The refractive index of the hydrostatic PTM 4Me:1Et has been measured by Eggert
et al. [68] in the region of low viscosity 0.5—11.5GPa in the wavelength range
415—830 nm. The data are fitted by a simple formula that depends on the pressure
P and light wavelength A

(C.2)

Eq Ey

ANP)=4]1
npry (A, P) Tmoa

(C.4)
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Figure C.1: Modest dispersion of the 4Me:1Et refractive index in standard condition.

where
E;=10.58 (p/po)**t, Ey=13.38(p/po)*"", €= hc/A are in eV

and
p/po = [1—0.08941n(1 + 14.37 P)] " .

The evolution of the refractive index as a function of the pressure is illustrated
in Fig. (C.2). Despite Eq. (C.4) has been developed in the range 415—830 nm,
it is reasonable to make an extension until 1080 nm, as the chromatic dispersion
is small. Moreover, the imaginary part of the PTM refractive index kprp; is
negligible in the interval 680 — 1080 nm, hence the PTM permittivity is simply
€1 :n%DTMOW P)
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Figure C.2: Pressure dependence of the 4Me:1Et refractive index. The difference be-
tween 700 and 1000 nm is negligible.
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Appendix D

SPR optical modifications under
high pressure: from numerical to
semi-analytical model

Each small isotropic change in pressure d P modifies the dielectric functions of the

metal and the environment, as well as the volume of the object. This yields a

variation in the BP cross-section o(w), where w = QT“C is the photon frequency.

Therefore, its peak position, which occurs at the resonant frequency wg, will un-
dergo a shift induced by these variations

Owg Oe,, Owr (861D N 36"1”) &P Owr (865 et

dr =g T3 \ap T ap e \ap ap)dp JCRY

where €; 5(w) :6€2+€§€2 are respectively the real and imaginary parts of the gold
dielectric function which must be evaluated at wg, 652 indicates the Drude com-
ponents and eile the interband contributions. €,,(w) is the environment dielectric
function (including both the PTM and the diamond substrate), which is a real
number and weakly dispersed in the SPR region (see Appendix (B) and (C)). In
order to evaluate the peak position change dwyr induced by a pressure variation
dP, all the partial derivatives in Eq. (D.1) shall be determined. The term Oe,, /0P
can be calculated using Eq. (C.4) of Appendix (C), which defines the pressure and
frequency dependence of the PTM refractive index. The diamond contribution,
determined by Eq. (B.6), can be neglected as in the 0—10 GPa range the variation
of its refractive index is 60 times smaller. Moreover, the frequency dependence of
epra can be neglected, as shown Fig. (C.2) of Appendix (C). The derivatives of
the Drude terms 6?2 with respect to the pressure are analytically determined from
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the Eq. (1.13) of Chapter 1

P(w,V) ~ —w—fz’
- 2 (D.2)
ey (w, V) ~ L
Pressure derivatives of 652 can be expressed as
Ocy e, 09 (D.3)
op — w op W ‘

where k4, =5.77x1073 GPa™! is the bulk gold isothermal compressibility at 300 K
[80]. By taking into account the modifications of the plasma frequency w,, due to
a change of the nano-object volume V' (w, ~ V%) and therefore of the conduction
electron density. At 1.55eV

VBEID wf,
T W D.4
This correspond to
el OeP
0.02GPa~! ~ % % ~|—02GPa"!. (D.5)

€D is also dependent on 7 which increases with the pressure as seen in the exper-

iments reported. Keeping the volume constant Vy =V (P =0GPa), an increment
of v of 15% induces
el

|~ 0.04 GPa™"'. (D.6)

)

For elongated gold BPs the frequencies of resonance (wg < 1.5eV) are far from
the gold interband transition region (w; > 2.5eV): wgp < wy. As a consequence,
e’ (wr) =0 and €’ (w) is weakly dispersed, their derivatives with respect to P will be
negligible. To be more quantitative and estimate the order of magnitude of these
derivatives one can consider the measurements of Garfinkel et al. [133] on the
bulk gold reflectivity subjected to biaxial pressure, or the temperature dependent
ellipsometric measurements in bulk gold of Winsemius et al. [134], analyzed by
Stoll et al. [122], using

85%2 - 86%2 ar ov o E au, 35%2

op A VP aa O
where a, =4.3x1079 K™t is the bulk gold volumetric thermal expansion coefficient
at 0 GPa [80]. The two approaches gives similar results and in the domain 1.2 —
1.8 eV one finds

(D.7)

Deld _ Detb

0~%p < ap

<0.04GPa™!. (D.8)
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As for a quasi-Lorentzian SPR in the dipolar regime

GwR (‘%JR
0~ |5 — D.9
862 861 ' ( )
one may use Eq. (D.5), (D.8) and (D.9) to simplify Eq. (D.1) in the form
D
g ~ 208 Ocrras Qe Oy (D.10)

Oepry OP Oe; OP

where the partial derivatives must be evaluated at w = wg. Taking into account
that at w=wp

Qg | o 14
Oeq 2 wf,
9eP o w?
= L= v ; (D.11)
N
P = —kaV
the simplified formula of the main text is recovered
dwp 1 Owr depry
— = Tk , D.12
dP 2 Au LR aEPTM dP ( )

with its two main contributions due to the pressure-induced changes in the metal
(Drude) and environment dielectric functions.
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Summary

In this thesis, the properties of a single metal nanoparticle have been tuned by
altering its environment and its morphology. Specifically, in the first part of this
work, the surface plasmon resonance of individual gold nanobipyramids has been
experimentally studied under a pressure-adjustable surrounding, and its evolution
physically interpreted through theoretical modeling. In order to access to the
optical response under high-pressure at single-particle level, a challenging com-
bination of a spatial modulation spectroscopy (SMS) microscope with a diamond
anvil cell has been achieved. In the second part of the thesis, the acoustic vibra-
tions of individual gold nanodisks on sapphire substrate have been experimentally
characterized by combining the SMS microscope with an ultrafast pump&probe
setup. The dependence of their damping on the disk morphology has enlightened
the presence of quality-factor enhancements. Numerical modeling has provided a
physical insight for the observed phenomena, showing that mode hybridizations
occur at specific aspect ratios, reducing the acoustic energy loss through the nano-
object/environment interface.

Résumé

Dans cette these, les propriétés d’une nanoparticule métallique unique ont été
controlées en modifiant son environnement et sa morphologie. Plus spécifiquement,
dans la premiere partie de ce travail, la résonance plasmon de surface de nanobipyra-
mides d’or individuelles a été étudiée expérimentalement dans un milieu sous pres-
sion controlable, et son évolution interprétée a I’aide de modélisations théoriques.
Afin d’accéder a la réponse optique d’une nanoparticule unique a haute pression, la
combinaison d’un microscope de spectroscopie a modulation spatiale (SMS) avec
une cellule a enclume de diamant a été réalisée. Dans une seconde partie, les
vibrations acoustiques de nanodisques d’or individuels sur un substrat en saphir
ont été caractérisées en combinant le microscope SMS avec un dispositif de spec-
troscopie ultrarapide pompe-sonde. L’étude de leur amortissement en fonction de
la morphologie des disques a permis de démontrer d’exaltations des facteurs de
qualité mécaniques. Les modélisations numériques ont fourni un apergu physique
du phénomene observé, montrant qu’'une hybridation entre modes se produit pour
des rapports d’aspect spécifiques, réduisant ainsi les pertes en énergie acoustique
a travers l'interface disque/environnement.



