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Abstract

This thesis develops in the framework of the Material Science for MagnetoPlasmonic pur-
poses. MagnetoPlasmonics is a recent and fast growing research field that aims at coupling
the plasmonic properties typical of nanostructured noble metals (as, for instance, the lo-
cal enhancement of electromagnetic field or the extraordinary optical transmission) with
magnetic functionalities.

Promising applications, just to mention a few, span from sensing to the realization of active
optical circuits at a nanoscale level.

MagnetoPlasmonic systems, so far mostly studied in the literature, are based on thin layers
or nanostructures of noble metals coupled with ferromagnetic materials. Nevertheless, the
requirement to increase the performances of such systems, and/or extend their functionali-
ties, prompts the search for innovative compounds, which, displaying synergistic properties
not otherwise achievable in phase segregated mixtures, can hold both plasmonic and mag-
netic features.

The aim of the present thesis is the realization and study of Au:Co alloyed thin films and
nanostructures: gold is among the best performing materials in Plasmonics, while cobalt
is known for its ferromagnetic properties. Unfortunately, the two metals are immiscible as
bulk phases.

Au:Co thin films have been prepared by magnetron sputtering deposition technique in
co-focusing geometry. Three different compositions have been investigated, i.e., Au2Col,
AulCol and AulCo2, combined with three different values of thickness, i.e., & 15 nm, ~
30 nm and ~ 100 nm.

A full structural investigation has been carried out by X-Ray Diffraction integrated with X-
Ray Absorption Spectroscopy and Transmission Electron Microscopy. The results demon-
strate that the major fraction of the film is composed of an Au:Co alloy, typically richer
in gold with respect to the nominal Au:Co atomic ratios.

The alloy fraction, its stoichiometry and the local order depend on the initial Au:Co ratio.
In the case of Au2Col sample, the alloy is, indeed, amorphous, while in the case of alloy
richer in cobalt, there are some FCC crystalline seeds, elongated along the direction of
the film growth. These grains are highly textured, with the (111) planes parallel to the
substrate, and show a lattice constant that shortens as the Co content increases.

Besides this alloyed phase, there are segregated clusters of Cobalt, extremely nanostruc-
tured.

The presence of two magnetic phases is confirmed by SQUID measurements, which, fur-
thermore, allowed to characterize the hysteresis loops of the Au:Co films and to estimate
the values of saturation magnetization.

The optical properties of the films have been characterized by transmittance UV-Vis mea-
surements and Ellipsometry.

A thermal stability study demonstrated that the alloy is stable up to 200° C; then, as the
temperature increases, a de-alloying process occurs leading to two segregated phases of



gold and cobalt.

The as-prepared Au-Co materials have been employed as metallic component in nanostruc-
tured periodic arrays, i.e., Semi Nano-Shell Array and Nano Hole Array. The morphological
as well as the optical characterizations of the arrays demonstrate that these systems are
promising candidates for future magneto-plasmonic studies and applications.



Estratto

Il presente lavoro si inserisce nell’ambito della scienza e ingegneria dei materiali per la
MagnetoPlasmonica. Questa ultima é una recente, ma allo stesso tempo crescente, area di
ricerca che mira a combinare le proprieta plasmoniche tipiche dei metalli nobili nanostrut-
turati (quali, ad esempio, 'intensificazione del campo elettromagnetico locale o la trasmis-
sione ottica straordinaria) con funzionalita di tipo magnetico.

Promettenti applicazioni spaziano dalla sensoristica alla realizzazione di nanocircuiti to-
talmente ottici, solo per citarne alcuni.

Tradizionalmente i sistemi per MagnetoPlasmonica piu considerati in letteratura preve-
dono I'accoppiamento di un film sottile o arrangiamento nanostrutturato di metalli nobili
con materiale ferromagnetico. Tuttavia, al fine di migliorare le prestazioni di suddetti
sistemi e/o esplorare nuove funzionalita ¢ necessario ricercare nuovi composti in cui gia il
materiale innovativo presenta proprieta plasmoniche e magnetiche.

Scopo della presente tesi é la realizzazione e lo studio di film sottili e nanostrutture a base di
lega Au-Co: l'oro ¢, infatti, un metallo nobile tra i migliori per applicazioni in plasmonica
e il cobalto ¢ un materiale ferromagnetico. I due metalli allo stato bulk sono notoriamente
immiscibili.

Con la tecnica di deposizione magnetron sputtering sono stati depositati (in geometria
di codeposizione) film sottili Au:Co, caratterizzati da tre diverse composizioni, ovvero
Au2Col, AulCol e AulCo2 e tre diversi spessori, rispettivamente ~ 15 nm, ~ 30 nm e ~
100 nm.

Una ricerca estesa ¢ stata condotta con l'obiettivo di studiare attentamente le proprieta
strutturali dei film, combinando diffrazione a raggi X, con misure di Assorbimento X svolte
al Sincrotrone e Microscopia elettronica. I risultati dimostrano che la parte predominante
del film é costituita da una lega Au-Co che é tipicamente pil ricca in oro rispetto ai rap-
porti atomici nominali di Au e Co.

La frazione di lega, la sua stechiometria e I'ordine locale dipendono dal rapporto Au/Co
inizialmente presente. Inoltre, mentre nel campione Au2Col la lega & prevalentemente
amorfa, nel caso delle leghe pit ricche in cobalto vi é la presenza di grani FCC cristallini,
allungati lungo la direzione di crescita del film, fortemente tessiturati (in cui i piani (111)
sono prevalentemente paralleli al substrato) e caratterizzati da un parametro reticolare che
diminuisce all’aumentare del contenuto di cobalto.

Oltre alla fase di lega, sono presenti dei clusters di cobalto, caratterizzati da un basso
ordine strutturale.

L’interfaccia tra due fasi magnetiche é stata confermata da misure SQUID che hanno in-
oltre permesso di caratterizzare i cicli di isteresi dei film Au:Co e di stimarne i valori di
magnetizzazione di saturazione.

Le proprieta ottiche dei film sono state caratterizzate con misure di trasmittanza (nel range
UV-Vis) ed Ellissometria.

Da un punto di vista termico, la lega Au-Co si dimostra stabile fino a 200° C; al crescere



della temperatura ha lungo una de-alligazione che porta alla formazione di fasi metalliche
separate di oro e cobalto.

I materiali Au-Co cosi preparati e caratterizzati sono stati poi impiegati come compo-
nente metallica in array periodici nanostrutturati, i.e., Semi Nano-Shell Array e Nano
Hole Array. Gli array sono stati caratterizzati da un punto di vista morfologico e ottico
dimostrandosi promettenti piattaforme per future caratterizzazioni MagnetoPlasmoniche.
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Introduction

Nowadays, an unavoidable driving force for technology advancement is the search for in-
novative nanomaterials in which new functionalities, linked to the small dimensions of
the system, can lead to new properties and applications unattainable with bulk materials.
This is particularly true in the optical field, where nano-optics is a well-established and
fast growing research area. A subfield of nano-optics is Plasmonics, which aims at under-
standing and controlling light within sub-wavelength volumes using the surface plasmons
sustained by metallic nanostructures [1]. The surface plasmons are essentially electromag-
netic waves coupled to the collective oscillations of the surface free electrons at an interface
between two media with permittivites of opposite sign (typically a dielectric and a metal)
and are able to confine the light beyond the diffraction limit. The resulting properties,
e.g., the local field enhancement, the extraordinary transmission through nano-holed films
and the high sensitivity to the dielectric environment embedding the nanostructures, are
of paramount importance to develop new or improved devices for sensing and information
transmission technology [10].

Unfortunately, these peculiar features are inevitability accompanied by optical losses and
the inability to modulate the optical signal using noble metals alone. New strategies are,
indeed, required to counteract these drawbacks and to push Plasmonics into technologi-
cal applications [11]. A promising approach is to exploit the various forces playing at the
nanoscale and, among them, the magneto-optical effects allows a dynamic control over light
with sub-wavelength resolution. The coupling of the field of Plasmonics with that of Mag-
netism has lead to the so-called Magneto-Plasmonics, a quite recent research area which
has been gathering increasing attention among scientific groups spanning from nano-optics
and nano-electronics to biosensing. Here the plasmonic features can be, on one hand, tuned
upon the application of a magnetic field while, on the other hand, the Magneto Optical
activity can be largely enhanced by plasmonic resonance excitations [2]. In this framework,

the search for systems, interactions and, among all, materials that may complement the



strength of plasmonics, prompted for the development of materials exhibiting both plas-
monic and magnetic functionalities, with low losses and, at the same time, realistically
transferable to the production phase.

As noble metals are the best performing materials in Plasmonics, major efforts have so far
being dedicated to magnetoplasmonic systems where a thin layer or nanostructured noble
metal was combined with a thin ferromagnetic material. A step forward in the materi-
als’ optimization would be the search for bimetallic compounds, which can support both
the functionalities. Accessing alloying composites is important because such phases offer
interesting synergistic properties not otherwise achievable in phase segregated mixtures.
Bimetallic compounds have attracted considerable attention because they show multiple
functionalities and excellent properties among which catalytic, magnetic and photonic fea-
tures [12]. Nevertheless, a comprehensive investigation on their synthesis feasibility and
characterization is urgent but still lacking.

This thesis develops in the framework of Material Science and Engineering for Magneto-
Plasmonic purposes. The aim of this work is the realization and study of Au:Co bimetallic
nanostructured systems, where the strong plasmonic properties of Gold are intermixed
with the Co ferromagnetic ones. Gold is, indeed a noble metal among the best perform-
ing materials in Plasmonics [13] and, moreover, is characterized by chemical stability and
resistance to oxidation; Cobalt is well known and employed for its magnetic features [14].
The alloying of the two components (immiscible in the bulk phase) is analyzed both in
thin film as well as in 3D periodic nanostructures supporting localized and/or extended
plasmonic modes.

To investigate the ‘alloying’ behavior of Au and Co at a nanoscale level three sets of coatings
have been deposited through a magnetron sputtering technique in co-deposition geometry.
Each set consists of an Au:Co ‘balanced film’ i.e., with an almost equal content of Au and
Co, an Au-Rich film and a Co-rich film, while the sets distinguished only for their thickness,
being prepared in similar process conditions (value of thickness respectively ~15 nm, ~30
nm and ~100 nm). Firstly, a full structural investigation is carried out through X-Ray
Diffraction techniques coupled to X-Ray Absorption measurements and to Transmission
Electron Microscopy imaging. The optical properties of the alloyed thin films have been
characterized by Ellipsometric and UV-Vis measurements. The magnetic behavior was
studied by means of SQUID measurements; furthermore the magnetic moment acquired

by gold in the alloy was estimated by XMCD experiment.



Then, the nano-structuring of Au:Co nanocomposites into the three dimensions is achieved
by means of deposition technique combined with a self-assembly process (through Nano
Sphere Lithography). Arrays of Semi Nano Shells (SNSA) and of Nano Hole Arrays (NHA)
have been prepared still containing the alloyed Au:Co compounds. The morphological as
well as the optical characterizations demonstrate that these systems are promising candi-

dates for future magneto-plasmonic studies and applications.

In particular, the thesis is organized as follows:

Chapter 1 will summarize some basic concepts of Plasmonics ( see section 1.2.1) as well as
Magneto-Plasmonics (see section 1.2.2), with a summary of the main applications 1.2.3.
Furthermore a review of the literature works dedicated to Au-Co system is presented,
with particular emphasis on the structural features (section 1.3).

Chapter 2 will describe the deposition technique adopted to prepare the thin films and
their compositional characteristics (see 2.2). Great attention will be paid to the full
structural investigation, both in the 'long range’ by X-Ray Diffraction (section 2.3.1), as
well as in the ’short range’ by X-Ray Absorption technique (section 2.3.3).

Chapter 3 will deal with the optical characterization of the films (through Ellipsometry
and Uv-Vis spectroscopy, see section 3.1) and their magnetic features (see 3.2). Then,
results about the thermal stability of the Au-Co alloy and the evolution of the coatings,
as a function of the temperature, will be presented (section 3.3).

Chapter 4 will describe the periodic nanostructured systems, Nano Hole Array (NHA, see
4.4) as well as Semi-NanoShell Array (SNSA, see 4.3) in terms of synthesis procedures,

morphological characterization and optical properties.






1 The background

This Chapter describes some basic concepts of MagnetoPlasmonics and a review on the
Au:Co systems investigated in the literature with a particular focus on the structural

results.

1.1 Motivations

The emerging and fast growing field of MagnetoPlasmonics aims at coupling the features
of Plasmonics with the Magneto-Optical properties to develop, for instance, innovative
devices in the sensing area and nanophotonics.

This prompts to find novel materials, which combine both functionalities, with low losses
and which, possibly, are easily processable.

The two candidate materials for mixing are gold, which is among the best performing
plasmonic metals and moreover, shows good chemical stability, and cobalt, known for
its ferromagnetic properties. As these metals are immiscible in bulk phases, a strategy
is needed to force the alloying behavior at the nanoscale and great attention should be
devoted to the structural characterization of the prepared compound, in order to describe
the alloy. These features need, then, to be linked to the functional properties of the
material, in particular to the optical and magnetic characteristics.

The search for innovative materials is, indeed, a forefront sub-field of MagnetoPlasmonics,

and it is the area from which this thesis originates.

1.2 A short Introduction to MagnetoPlasmonics

In the following sections the key ideas at the bottom of MagnetoPlasmonic field will be
presented.

The aim is not to give a comprehensive view of the physics and technology developed in
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the framework of Plasmonics neither a detailed description of Magneto-Optical features
but just to introduce some basic concepts, definitions and equations useful for further
discussions. For a detailed description the reader can refer to |1| and |2| and references

therein.

1.2.1 Plasmonics

Plasmonics, a sub-field of Nano-Photonics, aims at studying and manipulating the high
local field amplification which occurs on a scale length much smaller than the wavelength,
when an electromagnetic field interacts with nanostructured metals. This field enhance-
ments takes place through the Surface Plasmons (SPs) which are essentially electromag-
netic waves coupled to the collective oscillations of the surface free electrons in an interface
between typically a dielectric and a metal.

Surface plasmon modes are strongly localized at the interface between these two media and
can be supported by a huge variety of metallic structures, spanning from bi-dimensional
single surface, thin films, nanoparticles, three-dimensional nanostructures and so on. They
can be classified into two main categories: Localized Surface Plasmons (LSPs) which arise
from the interaction of the electromagnetic radiation with nanostructures where the char-
acteristic length is in the order of or smaller than the incident field wavelength in the
Vis-NIR range, and Extended Surface Plasmons (ESPs) (also known as Surface Plasmon
Polaritons (SPPs)) supported by planar interfaces.

A key concept in the explanation of SPs modes is the description of the optical properties
of metals over a wide frequency (w) range in term of the dielectric function e(w). These
dispersive properties are responsible for the different behavior that characterizes metal ma-
terials in the wavelength (\) range from UV to infrared. Within the simple Drude model,
for low frequencies (A up to visible range) the electromagnetic field is strongly reflected
and there is no propagation inside the metals. For higher frequencies (Near UV-visible)
the penetration of the radiation and, as a consequence, the dissipation increases. In the
UV range metals show a dielectric behavior and the radiation propagates into them. The
electronic band structure of different metals is responsible for the dielectric behavior lead-
ing to different properties; as an example alkali metals show an ultraviolet transparency
while noble metals show a high absorption of radiation in UV frequencies. This absorption,

which characterizes for example gold and silver, is due to transitions between electronic
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bands.
Starting with the Maxwell’s equation of macroscopic electromagnetism and limiting to a

linear, isotropic and nonmagnetic media, the constitutive relations can be defined:

D =¢e5E (1.1a)
B = pupuoH (1.1b)
J=0E (1.1¢c)

where, D is the dielectric displacement, B is the magnetic induction, H the magnetic field,
E is the electric field, J is the internal current density; ¢ is the relative dielectric function,
o is the conductivity and p is the relative permeability ( g¢ is the electric permittivity in
vacuum, £y ~ 8.854 x 107'2 F/m, while y is the magnetic permeability in vacuum, pg ~
1.257 x 1075 H/m; pu = 1 for non magnetic media);

It is clear that the electromagnetic phenomena taking place in metals can be described
using either € or o, being these quantities closely related through equations 1.1.

As phenomenologically described before, the optical response of metals clearly depends
on frequency so that the non-locality in time and space should be taken into account.
Decomposing the impinging fields into individual plane-wave components of wave vector
K and angular frequency w, the constitutive relations 1.1a, 1.1b, 1.1c can be expressed
in the Fourier domain. Then, recognizing that 0/0t— —iw, the fundamental relation

between the dielectric function and the conductivity becomes:

ia(K,w).

e(K,w)=1+
Eow

(1.2)
e(K,w) can be simplified into e(K=0,w), i.e., £(w) in the approximation of spatially local
response. This is correct when A in the medium is higher with respect to the size of unit
cell or the electrons mean free path as typically occurs in the Vis-NIR region. The main
property which describes how a material interacts with an electromagnetic field is the

dielectric function &(w), usually defined as:

e(w) = e1(w) + igg(w) (1.3)
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The dielectric function is related to complex refractive index n, where n = n + itk by the

following equations:

n=+/¢ (1.4)
g1 =n* —k? (1.5)
g9 = 2nk (1.6)
=24 T P (1.7
k=2 (1.8)

where k is the extinction coefficient which describes the absorption of the incident field by
the medium and is related to the absorption coefficient o through the Beer’s Law. The
imaginary part of ¢ (£3) determines the amount of absorption inside the medium.

The dielectric function for a metal can be derived in the framework of the Drude model [15]
as in a wide range of frequencies the optical properties of metallic material can be described
through the plasma model. In this model, a gas of free electrons of number density n
moves against a fixed background of positive ion cores, in the presence of an oscillating
electromagnetic field. While the electron-ion collisions are assumed to occur at frequency
v = 1/7 (where 7 is the relaxation time, ~10713-107!* s at room T), the electron-electron
interactions are neglected: the features of the band structure are incorporated into an
effective optical mass m of each electron. Given these assumptions, the motion of an
electron of the plasma sea can be described with a damped harmonic oscillator model.
If we assume a harmonic time dependance of the driving field E, the expressions for the

dielectric function € for the free electron gas and its real and imaginary parts become:

(Wp)Q
‘W=1- 5 (1-9)
(%})27—2
_ (‘%)27’
go(w) = ) (1.11)

where w), is the so called plasma frequency of free electron gas, (w,)?*= ne?/eom. In the
high frequency limit (w > ) the dielectric function is essentially real (e(w) = 1 —w?/w?).

It is worth noting that the behavior of noble metal in this frequency region is completely
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altered by inter-band transitions due to the excitation of electrons from the filled band.
This phenomenon leads to an increase of the imaginary part of the dielectric function and
occurs also in the case of gold for which a correction to the Drude model is needed [16].
For w < 771, i.e., in the regime of low frequencies, |e5| exceeds |e1| and metals are mainly
absorbing. The application of Beer’s law of absorption implies that, for this 'low frequencies
regime’, the fields fall off inside the metal as e~ 5, § being the so called skin depth, whose
value is tens of nanometers for a typical metal.

The plasma frequency, w,, which correspond to the lower frequency limit of propagation
of transverse electromagnetic waves, can be recognized as the natural frequency of a free
oscillation of the electron gas: the quanta of these charge oscillations are called volume
plasmons, to be distinguished from the surface and localized plasmons described below.
Let’s consider now a flat interface between a conductor and a dielectric (see Fig. 1.1-

a) for the axis definition). The application of the Maxwell’s equations to this planar

a) z
< Dielectric

z
\V( (direction of propagation)

b J

b) Metal

Figure 1.1: a) The geometry for the description of the planar waveguide: the waves propagate along the
x-direction in a Cartesian coordinate system. b) Geometry for Surface Plasmon propagating
at a single interface between a metal and a dielectric.

waveguide geometry, with the assumption that the dielectric function is constant on a
optical wavelength scale and that the electric field has an harmonic time dependance,
leads to the Helmholtz equation

V?E + kjeE = 0, (1.12)

where ko= w/c is the wave vector of the propagating wave in vacuum.
This equation has to be solved separately in region of constant € and the obtained solutions
have to been matched with the appropriate boundary conditions. Considering now the one-

dimensional problem, -see 1.1-b)- with the assumptions:
e there is a planar interface between two media, a metal (¢;) and an insulator (e9);
e the insulator is a non-absorbing medium with Re[es]> 0;

e the metallic character of the other media is described by Re|e;(w)] < 0 (condition fulfilled



10 1.2 A short Introduction to MagnetoPlasmonics

for w below w,);

z direction defines the perpendicular direction to the interface;

x,y are the coordinates of the interface plane;

the direction of the traveling wave is x;

e c changes only in the z direction (¢ = ¢ (z)).

we want to look for propagating wave solutions confined to the interface, i.e., with evanes-
cent decay in the perpendicular z-direction, taking into account the continuity of the electric
and magnetic field at the interface. Describing the electric field of the traveling wave in
x direction as E (z,y, z) = E (2) €%, where (3 is the so called propagation constant of the
waves and corresponds to the component of the wave vector in the propagation direction
x (f = k), the solution of the equation 1.12, leads to:

€1&2
51—|—€2

B = ko (1.13)

The 1.13 is the dispersion relations of the ESPs propagating at the interface between the
two half spaces. The confinement of the wave is quantified in terms of the evanescent decay

length of the field perpendicular to the interface defined as:
z2=1/|k.| (1.14)

being k, the component of the wave vector perpendicular to the interface.

It is worth noting that the radiation confinement to the interface requires Rele;| < 0 if
Reles] > 0: the surface waves exist only at interface between materials with opposite sign
of the real part of their permittivities, e.g., between a conductor and an insulator. The
1.13 is also valid for conducting media with complex dielectric function, so that also the
ESPs propagation lenght [ is complex.

The travelling ESPs are damped with an energy attenuation length (also called propagation
length) L = (2Im [3])~*, typically between 10 and 100 ym in the visible range. Moreover,
there is a characteristic trade-off between localization and loss, typical for Plasmonics, for
which a better confinement corresponds to a lower propagation length.

As it can be seen in Fig. 1.2-a), the ESPs dispersion curve lies to the right of the light line in
air: a direct excitation is hindered while alternative phase-matching conditions are required

to excite ESPs. This condition can be achieved by means of charged particle impact, prism
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coupling, grating coupling, highly focused optical beams or near-field excitation.

An example of phase-matching through prisma coupling is reported in Fig. 1.2-b); here
a thin metal film is sandwiched between two insulator of different dielectric constant, the
insulator of higher € being in form of a prism: ESPs with propagation constant 5 between
the light lines of air and the higher-index dielectric can be excited. The occurrence of a
ESPs excitation affect the far field properties of the system, as, for example, a sharp dip

in the reflection spectrum.

a) b)
7 / ‘ - 7
7 o/t all —» /7 prism
/silica
1r/ / : /
o / / metal/air interface
Sos / 3 : -
S " Wgpair e / —
S i =) P _—"" metal/prism interface
c 06 / _ 8' / ~
] 7 B //,/‘
= /S Wspsilicar = S
g 04 /o : 2
= ys /
/ '
0.2
0
0 1

Wave vector
Wave vector B/,

Figure 1.2: a) Dispersion relations of ESPs of a Drude metal/air or silica interface. b) Dispersion relations
of ESPs adopting the prism coupling. [1]

The matching condition can be fulfilled also by means of periodic structures -with period
a-, which provide the extra-momentum needed to satisfy both energy and momentum

conservation with the relation:

B = ksinf £ Ak, (1.15)
B = ksinf £ v2w/a (1.16)

where ksinf is the momentum k£, of photons impinging under an angle ¢ with respect to
the surface normal, v is an integer (+1,+2,43...) and 27/a is the reciprocal vector of the
periodic structure. Examples of these periodic structures are the 1D or 2D gratings like
Nano Hole Arrays (NHA), i.e., periodic array of holes in an opaque metal film which will
be discussed in section 4.4.

Summarizing, ESPs are electromagnetic excitations propagating at the interface between
a dielectric and a conductor, evanescently confined in the perpendicular direction, and

originating when the impinging electromagnetic field couples to the conductor’s electron
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plasma. Beside these extended plasmons, LSPs can be excited at the interface between a
sub-wavelength metal particle and a dielectric medium, when interacting with an incident
electromagnetic field.

The archetypic example used in the explanation of this phenomenon is a metallic spherical
nanoparticle embedded in a dielectric medium. The incident field causes an oscillation
of the free electrons while the curved surface of the particle is responsible of a restoring
force acting on the electrons. When particular conditions are satisfied, this phenomenon
results in a resonance which amplifies the field inside and in the near-field zone outside the
nanoparticle: this resonance is named Localized Surface Plasmon Resonance (LSPR).
Differently to the case of the Extended Plasmons, Localized Plasmons can be excited
directly through direct illumination. Moreover, the characteristic A of a LSPR depends on
the morphological and compositional properties of the nanoparticles involved and on the
dielectric function of the medium at the interface. The occurrence of Localized Surface
Plasmons can be fully explained in the framework of the Mie Theory [17] for spherical
isolated particles in a non absorbing medium.

When the geometry is more complicated or interaction effects between particles occur,
numerical simulations based on the Maxwell’s equations can be used to study the system.
Let’s describe the isolated particle, as an homogeneous and isotropic sphere of diameter
d and radius a, with a dielectric function €(w); the surrounding medium, in which the
particle is embedded, is non-absorbing with dielectric constant &, (see Fig. 1.3).

If the wavelength of the incident beam is much larger than d (d < ), we can use the

EI:I

4
e(o) /
€m

Figure 1.3: Homogeneous sphere in an electric media and illuminated with an electrostatic field with
lines parallel to z axis.

quasi-static approximation, i.e., the phase of the oscillating field can be considered constant
over the volume of the particle (this is generally adequate for nanoparticles below 20 nm in
the visible and near-IR range). The electric field can be expressed as Eqg = Eyz. With the

assumptions above, the sphere can be considered an ideal dipole under the effect of this
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static field. E induces a dipole moment p inside the sphere proportional to |Eg|, expressed
by this equation:

E—£&
= Anepema’ ——F 1.17
|Y TEOEMA c+2e, 0 ( )

Using the relation between p and the polarizability o (p=coeaEy) we obtain:

—Em (1.18)

€
a = drege,a’
0cm + 2€m
for which a resonant enhancement occurs when |e + 2¢,,,| is minimum. If Im[e] of the metal

sphere is negligible, this minimum is expressed by the so called Frolich condition:
Re[e(w)] = —2¢,, (1.19)

The Frolich condition shows the dependence of the LSPR from the dielectric function of
the medium which surrounds the nanoparticle: in particular for an increase of ¢, the
resonance red-shifts (this optical feature of nanoparticles is exploited in many refractive-
index sensors’ applications). Also the Electric field inside (E;,) and outside (Eqyt) the

particle is enhanced by this resonance, according to the following expressions:

3em
€+ 2¢, 0 ( 8)
3n(n-p)—p
E,.=E _— 1.20b
! ot 4rri3eoem ( )

where n is the unit vector in the direction of observation.
It is interesting to note that a consequence of the resonantly enhanced polarization « is a
concomitant enhancement in the efficiency with which a metal particle scatters and absorbs

light. The corresponding cross section for scattering - o4, - and absorption - g4 - are [18]:

2

K*, 8w e—¢
sca — L = _kA 6 — 1.21
Osea = grlol =3 + 2, (1.21a)
Oavs = kIm [a] = 47k R*Im Eem (1.21b)
€+ 2e,,

from which the extinction cross section Oez = Oaps + Tseq Can be calculated.
It is clear that the interaction of light with nanoparticles involves both absorption and

scattering mechanism and there is a typical size tradeoff for which a mechanism prevails
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on the other. Analytical expressions for the polarizability can be derived also in the case
of ellipsoids particles, where o depends on the particular axes considered and, and for
core/shell particles, taking into account a 'inner’ and 'outer’ radius [18|. For larger particles,
for which the ’static’ approximation is no longer valid, a rigorous electrodynamic approach
(still in the framework of Mie’s theory) is required leading to additional terms with respect
to 1.18. As an example, the effect of the retardation of the exciting field over the volume
of the sphere should be taken into account, together with the depolarization field inside
the particle and a term related to radiation damping (i.e., the localized plasmons decay
into photons).

The fingerprint of a LSPs excitation is an absorption peak or an intense scattering of the
light. Several parameters, such as kind of material, size, morphology, and environment can
affect this far field optical response.

The best materials for plasmonic applications are the noble metals: their values of n and
k allow minimizing the losses while maintaining the high enhancement of the field typical
of ESPs and LSPs. Among them, gold allows to couple performing plasmonic features to
chemical stability.

Sensing is one of the main and better established application field of Plasmonics [19,20], due
to the fact that, as seen before, the Surface Plasmons are extremely sensitive to the optical
properties -i.e., refractive index- of the dielectric media surrounding the metal. A further
and/or new development of plasmonics can be the realization of fundamental components
in nano-photonics, as modulators or switches, for which the control of plasmon properties
through an external agent can be obtained. A promising candidate is the magnetic field, as
it allows a modification of the optical properties which depends not only on its magnitude
but also on its direction. Moreover, differently to other competitive physical agent as, for
example, temperature or voltage, magnetism is an ultrafast property [21].

The merging of Plasmonic and Magnetism gave rise to the new field of MagnetoPlasmonics,
which, from the appearance of the first articles (around 2007-2008) has been becoming a
fast-growing research area. Before introducing some example of elementary mechanisms
suitable to couple plasmonic properties and magnetic features, the main basic concepts on

magneto-optics will be introduced in the next section.



1.2 A short Introduction to MagnetoPlasmonics 15

1.2.2 The Magneto-Optical effects and their interaction with

Plasmonic features

As described in the previous section, the optical properties of an isotropic material are
fully describe through the dielectric function -(w)-; under the presence of a magnetic field

the € function becomes a tensor where off-diagonal terms, &,,,, appear [22]:

€ all,  all,
e=|—all, e —dll,|. (1.22)
—all, all, €

Here the Magneto-Optical (MO) constants of the material, i.e., &,,,, are written as all; be-
ing I1; the components of the applied magnetic field (B) for paramagnetic and diamagnetic
medium, and the Magnetization (M) for ferromagnetic materials.

Magnetic field induced modifications of the optical properties of materials were first ob-
served by M. Faraday [23] and J.Kerr [24,25]. They studied the change in the polarization
state of the transmitted (Faraday effect) or reflected light (Kerr effect) when a magnetic
field was applied to a glass or to a ferromagnetic material.

Generally speaking, the effect that an external magnetic field has on the light transmitted
through or reflected by a materials depends on the relative orientation of the magnetic
field and the plane of incidence. The different geometries leading to the MO effects are
summarized in Fig. 1.4. For example, in the so called polar Kerr configuration, where B

or M is aligned perpendicular to the sample surface (XY'), Equation 1.22 takes the form:

€ all 0O
e=1—-all ¢ 0 (1.23)
0 0 e

highlighting the coupling between the X and Y components of the electromagnetic field.
This induces a change in the polarization state of the light and consequently, the non-
diagonal Fresnel coefficients, accounting for polarization conversion, 7,, and rg,, depend
linearly on II. The physical magnitudes, experimentally quantified, are the magnetic field
induced rotation 6 and the ellipticity ¢, experienced by the incident light (mathematically

summarized by the complex number ®, where ® = 0 + iyp).
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Figure 1.4: The MO effects, both in reflection (Kerr effect) and in transmission (Farady effect) are
sketched. In the table, the configuration geometry, the corresponding dielectric tensor, the
associated reflectivity tensor and the relevant measurable quantities are detailed in the case
of the Kerr effect [2].

Conversely, if B or M is aligned parallel to the sample plane (XY), but perpendicular to
the plane of incidence of the light (X 7), Equation 1.22 becomes:

0 all
e=|0 ¢ 0 (1.24)
all 0 ¢

In this configuration, known as transversal Kerr, only the p—component of the light will
be affected by the applied magnetic field so that the incident light experiences a change in
the reflected intensity, without changing the polarization state.

Corresponding effects occur when then transmission of the light is involved (Faraday ef-
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fects).

As a matter of fact, all the materials exhibit Magneto-Optical activity, but the intensity

of this response depends mainly on their magnetic nature.

The magnetic features of some representative materials, together with the optical proper-

ties of a noble metal, e.g., gold, and a ferromagnetic metal, e.g., cobalt, are displayed in

Fig. 1.5. The magnetic nature can be classified according to the magnitude and sign of
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Figure 1.5: Magnetic response for (a) a ferromagnetic material i.e.
SrTi03, and a paramagnetic, i.e., Pd, material.

06 08 10 12 14
Wavelength (um)

0.3 0.5 07
Wavelength (um)

Fe and (b) a diamagnetic, i.e.
Real and imaginary parts of the MO

constants of (¢) Co and (d) Au. Calculated SPPs propagation length, Ls,, for noble and
ferromagnetic metals (e). Calculated extinction cross-section for 10-nm-diameter spheres of
noble and ferromagnetic metals in water. All data from [2].

the magnetic susceptibility x, which relates the Magnetization M to the applied field (H)

through the equation:

M = yH.

(1.25)
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x is small and positive in the case of paramagnetic materials, small and negative for
diamagnetic materials and large and positive in the case of the ferromagnets. In these last
ones, differentially to the formers materials, the Magnetization reaches a saturation state
at small magnetic field values (see Fig. (a) and (b)). It is clear that the MO constants of
ferromagnets are order of magnitude larger than those of paramagnetic and diamagnetic
materials.

The physical origin and magnitude of the MO response of noble metals (which, as seen,
are the most used in plasmonics) can be described, similarly to the optical properties, in
the framework of Drude model (see section 1.2.1), leading to the expression for the MO
constants:

we(wpT)?

Smo = 1T dr)2 + (wer )] (1.26)

where 7 is the electron relaxation time, w, is the plasma frequency (w, = \/W)
w, is the cyclotron frequency (w. = eH/m*), being e the electron charge, N the electron
density, H the applied magnetic field and m* the electron effective mass.

Typically, for feasible magnetic fields, the w, value of noble metals is much smaller than w,,
and therefore the resulting MO constants are small [26]. On the contrary, the MO activity
of ferromagnetic materials is much larger with respect to noble metals, due to spin-orbit
coupling, exchange interaction and the specific band structure. As depicted in Fig. 1.5 (c)
and (d), the MO values for Co are approximately three orders of magnitude than those for
Au, in the whole frequency range.

To push plasmonics toward novel technological developments, especially in the field of
telecommunication where all-optical arrangements are required, it is mandatory to add
new functionalities to the plasmonic system. A key role in this process can be under-
taken by Magneto-Plasmonics, where a bi-directional connection between plasmonic and
magneto-optical phenomena occurs. On one hand, indeed, the application of a magnetic
field allows tuning the plasmonic features and, on the other hand, the MO effects can be
largely increased by plasmon resonance excitations.

An optimum combination of both magneto-optic and plasmonic characteristics is typically
achieved mixing ferromagnets and noble metals: sizable MO properties are maintained
while the losses that unavoidably accompany the electromagnetic field amplification, are
minimized. Great part of the magneto-plasmonic literature is dedicated to systems where a

thin layer of ferromagnetic metal is coupled to a thin layer of noble metal, the arrangement
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being a continuous film or a nanostructured array.
To introduce the plasmon resonance effect on the MO activity, let’s first consider an Au/-
Co/Au tri-layered film illuminated by a Kretschmann (i.e., Attenuated Total internal Re-
flection -AT R-) configuration [27], where a minimum in the reflectivity is a signature of the
plasmon (in this case extended) excitation. This affects the value of r,, (pure optical con-
tribution), which assumes a minimum. Considering now, that the complex Kerr rotation
®, in polar configuration is:

O =04 ip=1ps/Tpp (1.27)

(where 7, is the polarization conversion due to the pure MO contribution), it is evident
that a MO enhancement occurs in correspondence to this minimum of the pure optical
contribution. On the other hand, regarding the pure MO contribution, the polarization

conversion 7, cas be expressed as [28]:
’Tp3’ = <EpE8> d ‘gmo‘ (128)

where d is the thickness of the ferromagnetic material characterized by a MO constant &,,,
and (E,E;) is the mean value of the product of the field component inside the magneto-
active layer. The field enhancement achieved through the plasmon resonance excitation,
leads to an increase of the r,s coefficient and, consequently to a MO amplification.

As already cited in the section 1.2.1, ESPs can be excited directly through periodic arrays.
Their effect on the MO activity has been reported in hexagonal arrays of sub-wavelength
holes in optically thin cobalt [29], iron [30] and nickel membranes [31]. For instance, in [32],
a correlation between the reflectivity minima and the maxima in the polar Kerr rotation
at normal incidence is demonstrated. Large enhancement of the MO effect at the peculiar
transmission peaks (i.e., the Extraordinary Optical Transmission peaks explained in sec-
tiond.4) of a perforated Au layer, were predicted in [33,34] for noble metal/garnet system.
Experimental evidence of these effects are described in [35] for similar material arrange-
ments.

Since the pioneering work of Hui and Stroud [36], the consequence of the Localized Surface
Plasmons on the MO activity has been investigated in many nanostructured ferromagnetic
materials. As an example, the occurrence of a LSPR, in an hexagonal array of Ni nanowires,
produces an enhancement of the Kerr rotation [37]; the main contribution arises from the

increase of the rp, coeflicient -respect to that of the corresponding continuous layer- rather
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than from a pure optical contribution (i.e., r,, coefficient). Also Ni nanodisks exibit LSPR,
whose spectral position depends on the disk diameter; it has been demonstrated that, not
only the intensity but also the sign of the longitudinal Kerr rotation is affected by the
plasmon excitations [38]. This is explained through a change in the sign of the real part of
the particle polarizability (across the resonance position) which is transferred to the MO
response.

The insertion of a dielectric layer allows engineering the electromagnetic field distribu-
tion within a metallic nanostructure; this is exploited, for instance, in an arrangement of
Au/Co/Au nanodisks, where a fine-tuning of the position of a silica inter-layer leads to a
reduction of the optical losses in correspondence to the MO enhancement [39).

The effects of an external magnetic field on plasmon resonances have been mainly investi-
gated in systems supporting ESPs. When the magnetic field is applied either perpendicular
to the surface or parallel to the propagating plasmon wavevector (i.e. polar and logitudi-
nal configuration), it induces a Transverse-Electric (TE) component in the initially pure
Transverse-Magnetic (TM) surface waves; moreover a dependance on IT? (where IT is the
magnetic term, see 1.22) is introduced in the ESPs dispersion relation. Oppositely, a
magnetic field applied in the interface plane and perpendicular to the ESPs wavevector
(transversal or Voigt configuration) induces a term linear with IT in the ESPs dispersion
relation. The possible configurations leading to a magnetic field effect on the plasmonic
properties are schematized in Fig. 1.6. It is worth noting that in the Voigt configuration,
which preserves the TM character of the plasmon, the Surface Plasmon is modified and a
magnetic-field induced non-reciprocity effect appears i.e. w(k) # w(-k).

The wavevector modulation has been investigated in Au/Co/Au structures by means of a
plasmonic interferometer [40], demonstrating that it depends on the Co layer thickness and
position. The main contribution to the modulation comes from the spectral dependance of
the SPPs electromagnetic field inside the ferromagnetic layer rather then the wavelength
evolution of the MO constants. Moreover, in this case, a dielectric layer on top of the metal
layer can be used to tune the field redistribution inside the Co layer [41].

The magnetic field modulation of reflected light recently demonstrated in magnetoplas-
monic crystal -made of a Au grating deposited on a garnet layer- [42], opens the way
for the development of active-plasmonic devices in the high frequency regime essential for
telecommunications.

The effect of the magnetic field on the LLSPs has been investigated in solvent-dispersed
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Figure 1.6: On the left, the effect of an external magnetic field (B) on a Localized Surface Plasmon
resonance. Considering a spherical particle, when B is applied parallel to the propagation
direction of the light, the spectral position of the absorption peak is different for left-handed
or right handed circularly polarized light. On the right, the effects of an external magnetic
field on the Surface Plasmon Polaritons are summarized [2].

Au nanoparticles by means of a Magnetic Circular Dichroism technique. A dichroic signal
appears when a magnetic field is applied parallel to the circular polarized incident light
direction arising from the difference between two absorption spectra collected with light
of opposite helicity. It presents a steep slope in correspondence to the localized plasmon
excitation that depends on the refractive index of the surrounding medium [43].

An interesting phenomenon has been demonstrated in arrays of ferromagnetic nano-disks,
where the influence of the phase of the LSPR on the MO activity was explored. The
localized plasmon excitation transverse to the electric field of the incident light, induced
through a spin-orbit coupling mechanism, defines the MO response which is experimentally
described in terms of Kerr reflectivity measurements [44].

The magnetoplasmonic systems, so far described, were typically composed of a ferromag-
netic layer coupled to a noble-metal layer: in this way the two functionalities were put into
contact only at the interface (or part of the interface in the case of nano-structured sys-
tems). A step forward in the development of magnetoplasmonic arrangements is expected

to come from the alloying of a magnetic material with the best performing plasmonic
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metals. It is, indeed, possible to extend to a homogenous medium the hybrid magneto-
plasmonic modes encountered in layered nanodisks [2]|, core@shell nanoparticles [45], as
well as in nanoparticles/matrix systems [46]. Hybridization of plasmonic modes, arising
both from the noble metal and the ferromagnetic counterpart, possibly lead to a strong
MO activity at the plasmon resonance peak, as the hybrid excitation can be influenced
by the application of a magnetic field. Only a few works are dedicated in the literature
to alloyed systems, while a comprehensive investigation on their synthesis feasibility and
characterization is still lacking.

As an example, the enhancement of magneto-optical effects has been demonstrated in Au-
Co nanocomposites thin films [47]. Besides a correlation of the optical properties with the
microstructure, it is shown that the higher MO response is obtained for the films exhibiting

a higher Co concentration.

1.2.3 Applications

The applications that have attracted the attention of the magnetoplasmonic community
are mainly biosensing or forefront photonics and telecommunication devices.

In the pioneering work of Sepulveda et al. [48], a Magneto-Optical Surface Plasmon Res-
onance transducer based on a Kretschmann configuration allowed to reach an increased
limit of detection of adsorbed biomolecules, with respect to standard biosensors.

A different configuration has been proposed to detect chemical and biological molecules in
a fluid medium [49]. Here, a strong transverse MO Kerr effect variation is achieved near
the SPPs wavelength through an Au/Fe/Au surface plasmon grating.

An improved bulk figure of merit, two order of magnitude greater than any other type of
plasmonic sensor, has been theoretically predicted in Au-Co-Au NanoHole array where the
sensing signal comes also in this case from the transverse MO Kerr effect [50]. Sensing
by means of films perforated with a periodic array of sub-wavelength holes is interesting,
but at the same time challenging, due to the typical broad resonance line width. This can
be overcome by the combination of suitable ferromagnetic and noble metal components so
that it is possible to make use of the MO properties, and consequently of the Kerr effect,
rather than the 'usual’ measurements of the transmission at normal incidence.
Magnetoplasmonic sensing capabilities in system supporting Localized Plasmons has been

tested in array of Au-Co-Au nanodisks [51]. In this case the sharp step of the ellipsometric
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phase, occurring at the resonance wavelength, is exploited as detection signal and can lead
to a sensitivity four times higher than the features conventionally found in propagating
surface plasmon sensors.

Since the modulation of plasmonic properties by an external magnetic field as well as the
enhanced MO effects can be exploited to control the light at a sub-micron scale, magne-
toplasmonic systems represent a valuable way to develop miniaturized all-optical circuits.
The introduction of plasmonic functionalities in the already employed garnet films has
been proposed as an innovative design in integrated optical insulators [2].

In particular the non-reciprocity effect of SPPs allow to get optical isolation at nanoscale
in plasmonic waveguides with low loss [52]. The same effect has been exploited in novel
garnet-based waveguide phase shifter [53|, which, working at high speed under the influ-
ence of an applied field, open the way to the development of optical phase modulators,
isolators and optical clocks for optical information nano-network.

Moving from the telecommunication field, an emerging concept is represented by the so
called ’plamonic rulers’: the near-field coupling of dimer nanoantennas is combined with
magnetic functionalities in order to obtain structural information at the nanoscale.
Finally, it is worth mentioning a fast growing field which takes advantage of both optical
and magnetic properties of nanostructures, i.e., the theranostic approach, where the op-
tical imaging capabilities and bio-compatibilities of, typically, noble-metal nanoparticles
are combined with a therapeutic action (in malignant tissues, for instance). The magnetic
counterpart can be exploited as contrast agent [54|, as transport agent or to enhance the

hyperthermia effects [55].

1.3 Au-Co System in the literature

As seen in the previous sections, the preparation of alloyed compounds where a noble metal
is intermixed with a ferromagnetic material, is very promising to develop systems support-
ing both plasmonic as well as magnetic functionalities. The present thesis is focused on
gold and cobalt, which are among the best performing material respectively in the plas-
monic field and magnetic applications (see Fig. 1.5). Very few papers are dedicated in the
literature to the alloyed Au-Co system for magnetoplasmonic applications, and moreover

a comprehensive investigation on this system, spanning from the structural peculiarity to
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the characterization of 'functional’ properties as magnetism and plasmonic features, is still
lacking.

In this section, an overview of the literature articles dedicated to Au-Co compounds, is
presented with particular emphasis on the structural characteristics.

A review of the results concerning the Au-Co system, achieved until 1985 was carried out
by Okamoto and coworkers [3]. They collected, in particular, data about crystal struc-
tures, metastable phases, thermodynamics and magnetism (i.e., Curie temperatures). The
proposed phase diagram for gold and cobalt is reproduced here in Fig. 1.7; this is the equi-
librium diagram obtained when the bulk starting metals are treated in thermodynamic

conditions. It is clear that at low temperature Au and Co are immiscible. Increasing the
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Figure 1.7: The assessed Au-Co Phase Diagram with selected Experimental Data (for bulk phases).
Reprinted from [3]

temperature up to = 1000°C , alloying takes place with the appearance of a Face Centered
Cubic (FCC) phase containing a maximum 25% of cobalt atoms.

Moreover, playing with preparation techniques that allow the materials to growth in ’far-
from-equilibrium conditions’, it is possible to obtain metastable FCC phases or amorphous
alloy phases.

For example, Mader et al. [56] have extensively studied the alloying and related phenom-
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ena (stability, phase transformations, microstructure and so on) of thin films (30-100 nm)
prepared by a vapor quenching process. The starting close packed metallic components,
characterized by a difference of the atomic radii in the range of 22%-2%, were simultane-
ously evaporated onto a sufficiently cold substrate. That investigation is part of a larger
scale research, developed in the 60’-80’s on glassy metals and ferromagnetic materials (see
also [57]). The authors report the appearance of metastable amorphous phases in a Co
film containing 30% Au that undergoes a transformations toward a FCC alloy (around
430°K) which finally evolves into a two phase system (~ 500°K) where a FCC Au phase is
in equilibrium with a HCP Co phase.

Klement [4] studied the Au-Co alloys prepared by splat-cooling from the melt onto a
substrate held at RT. Single-phase metastable solid solutions were obtained only in the
composition range of 100-58% Au. As the Co concentration increases, the alloy separates
into an Au-rich phase, a Co-rich phase and a solid solution. Metastable Au-Co phases have
been obtained by Tsaur and co. [6] through an ion-beam mixing process on a multi-layered
film (overall thickness around 65 nm) held both at RT and at liquid N, temperature. The
final microstructure depends on the alloy composition as well as the sample temperature
during implantation. Concerning the samples prepared at RT, a single FCC phase is ob-
tained in every case, with a lattice parameter of 3.96 + 0.01 A 3.84 +£0.01 A and 3.70 +
0.01 A for a Co content of respectively 25%, 50%, 75%. The films show a strong texturing
with a (111) preferential orientation. When the samples are prepared at LN, temperature,
the texture becomes weaker so that the Aus5Co75 film is completely amorphous. In the
cases of the other two concentrations, a FCC phase has been obtained with same lattice
parameters as in the corresponding RT films.

The results by Mader, Klement and Tsaur are summarized in Fig. 1.8.

All the experimentally achieved lattice constants (FCC stable and metastable phases)
have been collected by Okamoto in the aforementioned work and are here re-drawn in Fig.
1.9. The data are slightly outside the straight line of the Vegard’s law and show that the
lattice parameter decreases as the Co content increases (reaching a value of about 3.6 A)
for an almost pure Co film). Tt is worth remembering that the Vegard’s law states a linear
relationship (at fixed temperature) between the crystal lattice constant of solid solution
and the concentrations of the constituent elements [58].

More recently, the Au-based systems have been investigated in the context of the research

being made on giant magnetoresistance materials [59]. In particular, rapidly solidified rib-
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Splat- 100-58%, Au 58-50%, Au two 50-319%, Au 31-4%, Au three 09 Au (pure Co)
cooling single-phase f.c.c. phases: Au-rich f.c.c. f.c.c. phases : single-phase
f.c.c. solid (solid solution+  phase (solid solution4  f.c.c.
solution Au-rich phase) Au-rich phase+
Co-rich phase)
Vapour 100-659, Au 65-25%, Au 25-0% Au
deposition: single-phase amorphous single-phase
f.c.c. f.c.c.
Ton-beam 75%, Au 509%, Au 25%, Au 5% Au 0%, Au
mixing single-phase single-phase single-phase single-phase smgle-phaie
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Figure 1.8: Phases obtained by rapid quenching and ion-beam mixing techniques in the Au-Co system:
"Splat cooling’ data from [4], 'Vapour Deposition’ data from [5], 'Ton-Beam Mixing data
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Figure 1.9: Composition dependance of lattice parameter for the Au-Co FCC phase (including the
metastable range). Data from [3,4,6,7]

bons have been obtained by melt spinning or planar flow casting, from a master alloy of Au

containing 20% Co (prepared by arc melting of pure metals). XRD analysis reveals (at high

angular range) a diffraction pattern composed by two superimposed FCC solid solutions:

a minority phase with lattice parameter of about 4.015 A and a composition corresponding

to the master alloy and a main phase of lattice constant ~ 4.052 A, significantly enriched

in gold (the lattice parameter of bulk Au is about 4.08 A. Given the matter balance, the

authors hypothesize the presence of a Co rich phase not detected by XRD measurements
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due to the significantly lower scattering factor.

Few works in the literature are dedicated to the Au-Co system at a nanoscale level. Among
them, most of the attention is focused on nanoparticles obtained through physical as well
as chemical methods [60-62]. Concerning the structural features, Nabika and co. [63] show
results (TEM and SAED) on Au-Co nanoparticles prepared through co-deposition onto a
PolyAcryloNitrile matrix. They attribute the lattice planes observed in the as-deposited
particles (size of the order of 2 nm) to a FCC phase with lattice constant of about 4.02
A close to that of Au bulk. When the particles are heated up to 870° K the mean size
increases up to 8 nm and a phase transformation occurs, leading to the observation of more
diffraction lines (corresponding to a Face Centered Tetragonal phase) and a higher inter-
planar spacing. The authors claim to have obtained an ordered Au-Co structure starting
from a metastable disordered phase.

Sub-micron spheres (=230 nm) of Au-Co alloy have been obtained through pulsed laser
irradiation of colloidal (Au and Co-oxide) nanoparticles [61]. X-ray diffaction patterns re-
veal a crystal phase whose reflections are in intermediate positions with respect to those of
pure gold and pure Co-oxide. In particular, the lattice parameters was in the range of 3.99
A -3.96 A which corresponds, according to Okamoto’s data [3], to an atomic percentage
of cobalt in the range of 20-30 %. Form SQUID measurements, the alloyed spheres seem
to be weakly ferromagnetic without evidence of super-paramagnetic behavior.
Nanocomposites Au-Co thin films (=50 nm) have been prepared by Yang and cowork-
ers [47] mainly for the purpose of their research on optical and magnetic properties (see
1.2.2). The Co concentration was varied from 5% to 60% through magnetron sputtering co-
deposition. The structural characterization was carried out by means of STEM Z-contrast
images associated to EELS spectra as a function of the temperature during sample prepa-
ration. According to the authors’ observations, an amorphous phase has been obtained
for the RT coating, that segregates as the deposition temperature increases leading to the

formation of Au and Co grains.






2 Au:Co

The material

This Chapter focuses on the structural features of the Au:Co films prepared by magnetron
sputtering co-deposition technique. X-Ray Absorption Spectroscopy coupled to X-Ray
Diffraction and Transmission Electron Microscopy measurements demonstrate the alloy
formation leading, at the same time, to a comprehensive investigation of the Au:Co com-
pounds in terms of stoichiometry and atom arrangement order.

Furthermore, the effect of the composition and of the layer thickness has been systemati-

cally investigated.

2.1 Introduction

To investigate the alloying behavior of gold and cobalt at nanoscale level, focusing on
the structural features of the obtained nano-composites, as well as on their optical and
magnetic properties, three sets of thin films have been deposited through a magnetron
sputtering technique. Each set consists of an Au:Co 'balanced film’, i.e., with an almost
equal content of Au and Co, an Au-rich film and a Co-rich film in which the Au/Co content
is 2:1 and 1 : 2, respectively. For each composition, different film thicknesses were used:
the source power was tuned and the deposition time scaled in order to obtain the desired
film thickness and stoichiometry. The considered values of thickness were respectively 15
nm, 30 nm and 100 nm.

The investigation of the alloying behavior of the two metallic elements has been carried out
through a full structural analysis by means of X-Ray Diffraction measurements (responsive
to the 'long-range’ structural order), Extended X ray Absorption Fine Structure (sensitive,
on the contrary, to the ’short-range’ order) and Transmission Electron Microscopy.

Ellipsometry and UV-Vis measurements were carried out for the characterization of the

29
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optical properties, whose results will be detailed in section 3.1 of the next chapter.

The magnetic properties have been characterized by Superconducting Quantum Inter-
ference Device (SQUID), while the magnetic moment acquired by gold in the alloy was
detected through X Ray Magnetic Circular Dichroism (XMCD) measurements (see section
3.2).

The thin films were used to obtain nanostructured ordered arrays: the 30 nm thick films
were used to coat the Polystyrene Mask in the synthesis procedure of the Semi Nano Shell
(SNS) Array (see 4.3), while thicker samples (thickness around 100 nm) were used for the
Nano Hole Array (NHA) (see 4.4).

The details concerning the process parameters and the films’ stoichiometry are reported in

the following section.

2.2 Sample deposition and compositional

characterization

Au:Co films were prepared with a custom-built magnetron sputtering deposition apparatus,
which allows for the co-deposition of up to three different materials.
The working gas was Argon at a pressure of 5x 1072 mbar. Au was deposited with a 2 inch.
radio-frequency driven source, setting the power in the range of 28-55 W. In the case of Co
(purity 99.95%), a DC magnetron sputtering 2 inch. source was used, providing powers
in the range of 48-96 W. The typical deposition rate was around 1-2 A/s. The sources
were tilted of an angle ~ 30° with respect to the axis normal to sample surface allowing a
simultaneous deposition of the two metals (see Fig. 2.1 for the deposition geometry).
A rotating sample-holder, grounded to the deposition chamber, allowed for a uniform
covering of the substrates and was not intentionally warmed or cooled ("RT’ deposition).
The source-target distance was about 18 cm (see Fig.2.1).
The substrates were typically silica (HSQ 300 from Heraeus), silicon and, in the case of
the thinnest samples dedicated to TEM characterization, carbon coated Cu grids.
The thickness and the composition of the films were properly tuned through an optimized
combination of the electrical power to the source and the opening time of the shutters
placed in front of the targets.

The films’ composition was measured by Rutherford Backscattering Spectrometry (RBS)
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Figure 2.1: The magnetron sputtering geometry for the deposition of Au:Co nanocomposites

performed with a HVEC 2.5 MeV Van de Graaff accelerator at Legnaro National Labora-
tory (LNL)-INFN, using 2 MeV a-particles at normal incidence and a scattering angle of

20°. The results for the three sets of samples are summarized in Tables 2.1, 2.2, 2.3. The

content of Oxygen is under the detection limit of this technique (7% at.)

An example of RBS analysis is reported in Fig. 2.2, where the experimental data related

to the 'thick’ balance coating, is superimposed to the simulation.

For simplicity, throughout the present work, the ’balanced stoichiometry” will be labeled
AulCol, while the Au-rich and Co-rich coatings will be named Au2Col and AulCo2 re-

spectively.

30-nm thick film | Au-rich | Balanced | Co-rich
Au content (% at.) 67+1 50+1 33+1
Co content (% at.) | 33=+1 50+1 67+1

Table 2.1: RBS results for the estimation of Au and Co content (% at.) in the 30 nm-thick films
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15-nm thick film | Au-rich | Balanced | Co-rich
Au content (% at.) | 7h£l 59+1 36+1
Co content (% at.) | 2541 41+1 64+1

Table 2.2: RBS results for the estimation of Au and Co content (% at.) in the 15 nm-thick films

100-nm thick film | Au-rich | Balanced | Co-rich
Au content (% at.) 68+1 53+1 32+1
Co content (% at.) 32+1 47+1 68+1

Table 2.3: RBS results for the estimation of Au and Co content (% at.) in the 100 nm-thick films
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Figure 2.2: A representative example of RBS analysis. In black the experimental data, in red the simu-
lation. The arrows indicate the surface signals from the two metals composing the coatings
and the signal from the silica substrate.
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2.3 Structural characterization

2.3.1 Structural characterization by XRD

X-Ray Diffraction measurements were performed with a Philips X’Pert PRO MRD triple
axis diffractometer (angular resolution 0.01°, accuracy 0.001°) on samples deposited on
silica. The working wavelength was the typical Cuk, emission, arising from the equal
contribution of both Cuka; and Cukas, ie., A=1.5487 A. Two classes of measurements
were employed to investigate the crystalline phases and the texture in the nanocomposite
films. A series of scans were performed in Grazing Incidence X-Ray Diffraction geome-
try (GI-XRD) geometry (see 2.3-a)) with the incidence angle fixed at a ‘glancing’ angle
(typically 0.6°+-0.8°) and the detector spanning an angular range of 25°-85°. The incoming
angle was optimized in order to maximize the signal from the coating but, at the same
time, to guarantee that the film was completely probed by the radiation. GI-XRD patterns
give an overview of the crystalline phases inside the sample. To complement the analysis,
also w — 20 scans, i.e., ‘symmetric scan’, were performed. In this geometry (see 2.3-b)) the
source and the detector are placed at the same angle with respect to the sample surface:
in this way the scattering vector (3) is always perpendicular to the film and the planes

contributing to the reflection are only those lying parallel to the surface.

a) GI-XRD geometry

g
26
"\, Dstector ) L.

b) W—20 scan
S

=) 20

Figure 2.3: On the left, the definition of the w and 6 angle. In a) the geometry to acquire GI-XRD
patterns, with a fixed glancing w angle of the incoming beam and the moving 260 angle. In
b) the geometry adopted to collect w — 20 scans: here w and 6 moves symmetrically around
the axis normal to the sample which is always parallel to the scattering vector (s).

The first analysis to be presented is the one concerning the results obtained for the 30 nm

set, which is the intermediate thickness and can be also considered as a reference for many
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nanostructures prepared in the second part of the present work (see Chapter 4). Fig. 2.4
reports the GI-XRD pattern for the Au2Col sample (acquired with the incoming beam at
a fixed angle of 0.8°, with respect to the sample surface), compared to the data obtained
in the case of a pure Au film and a pure Co film magnetron sputtered in similar process
conditions and with similar thickness.

The sputtered gold grows according to a Face Centered Cubic (FCC) phase with lattice

Au2Co1_30 nm film
Sputtered Au Film

80 —— Sputtered Co Film
1 ——Au (FCQ)
0 Co (HCP)
60 5;
50

2 vy
B T =y

eoe—0
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Figure 2.4: GI-XRD patterns of a Au-rich film -in blue-, compared to that of a pure Au sputtered film
-in orange- as well as of a pure Co film -gray color-. The data are scaled for readability.

parameter a4,= 4.06 & 0.01 A. This value is slightly lower with respect to that reported in
literature and also the texturing is different from that of the bulk Au phase [64]. The Co
shows an Hexagonal Close Packed (HCP) structure, in agreement with what is reported for
the corresponding bulk phase [65]. The pattern related to the A2Col sample reveals two
broad peaks centered respectively around 38.9° and 66.3°. The experimental pattern can
be ascribed to a FCC phase with the first peak corresponding to the (111) reflection and the
other peak (higher angle) corresponding to the (220) reflection. Nevertheless, the relative
peak intensities indicate a strong preferential orientation of the crystallites. Moreover, the
w — 26 scan, depicted in Fig. 2.5 reveals a strong [111] texturing along the growth direction

of the coating, as only one peak, located at 39°, is present. It is interesting to note that



2.3 Structural characterization 35

also the polycrystalline sputtered film of pure gold exhibits a preferential orientation as
highlighted by the high (111) reflection intensity.

—— Au2Co1_30 nm film

20
(111)
o
*1
O
: )
- |
k N
SIO ' 4IO ' 5IO ' 6IO ' 7I0 ' 8I0 ' 9I0

26 (°)

Figure 2.5: A representative symmetric scan on a Au:Co film. Ounly the (111) reflection of a FCC lattice
is detected.

The appearance of a FCC phase is in agreement with the evidence from literature as
detailed in section 1.3. Due to the strong texture of our samples, the (200) peak needs
to be detected with a symmetric scan around this specific reflection. Firstly, the sample
should be properly tilted along the 1) direction (see Fig. 2.6-a) for the angle labelling): we
set the ¢ angle at a value near the nominal angle between the (111) planes and the (200)
planes, i.e., 54.74° then we tuned this angle in order to maximize the signal and finally we
acquired a w — 26 scan in this ‘tilted’ configuration. The results are reported in Fig. 2.6
b). This indicates that the mixture of gold with cobalt acquires, during growth, a highly
particular texturing, which should be taken into account in further discussions.

The GI-XRD patterns for all the Au:Co compositions are depicted in Fig. 2.7 -left-,
together with the reflections due to the phase of pure gold and cobalt. The peaks become
broader bands and experience a little shift toward higher angles, as the Co content increases.
It is worth noting that, at the wavelength adopted in these experiments, besides a lower
scattering factor of cobalt with respect to that of gold, a fluorescence background arises
from Co atoms. This leads to a decreasing of the signals as the Co/Au ratio increases

and, therefore, the interpretation of the spectra concerning the Co-rich coating, i.e., peaks
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a)
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Figure 2.6: a) The tilting geometry adopted to detect the (200) reflection of the FCC lattice. The so
acquired pattern is reported in b)

position, Full Width Half Maximum (FWHM) and so on, is quite difficult. Nevertheless,

in all the cases, the detected reflections can be attributed to a FCC phase, whose lattice

parameter is not that of the sputtered pure gold neither that of the cobalt phase. The

corresponding w — 260 scans are summarized in Fig.2.7 -right-: the peaks centered around

40° become predominant, in agreement with the appearance of a strong [111] texturing

along the growth direction of the film.

- GIXRD scans on 30 nm-thick films:
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Figure 2.7: On the left, the XRD patterns (grazing incidence geometry) for the 30-nm thick films of
different stoichiometry. The data have been normalized to the intensity a 55°, to take into
account possible differences in the illuminated area. The corresponding symmetric scans (i.e.
w — 20) are reported on the right.

Generally, the XRD data indicate the presence of FCC crystalline grains with the (111)

planes preferentially parallel to the sample surface and with the lattice parameter getting
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shorter as the Co content increases. A more detailed analysis of the (111) reflection in
the symmetric scan, reveals that the crystalline phase highly texturized along the growth
film direction is actually a mixture of phases. A tail is, indeed, evident towards lower
angles, as highlighted in Fig. 2.8. Each of the (111) peak, in the w — 20 scans, has
been fitted with a convolution of two pseudo-Voigt functions: an example of the results of
this procedure is depicted in Fig. 2.8, regarding the AulCol film. This detailed analysis
reveals that the crystalline portion of the Au:Co films is composed of (at least) two phases.
Accordingly to the difference in the peak intensity, their contribution is different: typically,
the predominant phases has a maximum at higher angles. The ’secondary’ contribution to
the peak intensity could alike arises from a mixture of crystallites whose features gradually

differ from that of the predominant phase.

Exp.Data

— 'Phase 1'
'Phase 2'

8,0x10° - —— Cumulative Fit

6,0x10° 4

4,0x10°

Intensity (a.u.

2,0x10° 4

0,0 P =feaiy

26(9)

Figure 2.8: An example of peak fitting with a superimposition of two pseudo-Voigt functions.

The lattice constant a can be inferred from the angular position of the maximum, i.e.
26, through the expression:

a=VR TR+ (2.1)

2sin(0)
with h, k, | the Miller indices of the planes which produce that reflection and \ is the
wavelength. The estimation of the particle size (nm) has been carried out through the
Debye-Sherrer formula (see [66]) from the peak FWHM values, taking into account the
instrumental broadening. The scenario coming out from the analysis of the symmetric
scans is that of two classes of textured grains: a 'predominant’ one, with bigger crystalline
particles contributing for most of the w — 26 peak intensity, and a ‘secondary’ one formed

by fine-grained particles with a larger lattice parameter with respect to that characterizing
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the previous class. The quantitative results are summarized in Fig. 2.9 as a function of

the Co content in the as-deposited film; the literature data from [3] are also reported.

@ |attice constant (A) O particel size (nm):

4024 ~ [literaturedata 1128

4.00 - 3 7126

3984 T 124

396 422
—s04d © ]
<M 1€
= 3.92 " {18 &
c 1 S K. i =
@ 3.90 o R 116 o
5 1 R *. i
& 3.88 . 9 . N
g 0077 S i& —414 »
3 3.86 : J12 2
) ] ‘ x 2
© 3847 : {10 E
E 3.82—_ O S —— é’ ls a

3.80 - .

3.78

3.76 o 4

3.74 N

T T ' T ' T " T T T " T " T 1 0

30 35 40 45 50 55 60 65 70
Co concentration (at. %) - in the as deposited film-

Figure 2.9: Experimental lattice constants of the phase which mainly contribute to the (111) peak in-
tensity in the w — 20 scans of the 30 nm-thick Au:Co films (dark circle, see axis on the left.
The data of the corresponding particle size, along the growth direction, are depicted as red
squares (see right axis). For comparison are also reported the literature [3] data of the lattice
parameter as a function of the Co content (gray asterisks).

Assuming the Vegard’s law (see section 1.3) and taking the experimental lattice parame-
ter of the pure Co and Au thin film —prepared by magnetron sputtering- as limit values, it
is possible to infer the composition of the compound constituting these crystalline grains;
the Co-rich sample should contains an alloy of composition Aug35C0g65 , while the stoi-
chiometry of the bimetallic compound should be Augg5C 035 in the balanced coating and
Augg5Cog 15 in the Au-rich sample.

These inferred lattice parameters have then been adopted as ’constraints’ values in the
analysis of the GIXRD scans. Here, the peak at higher scattering angle arises from the
diffraction of (220) planes belonging to the textured crystallites seen before. The signal
centered at lower angle is due to the scattering from (111) planes of ‘randomly’ oriented
grains, the only ones that can fulfill the diffraction conditions at that value of 2¢ in ’glanc-
ing’ geometry. The peaks have been fitted with the same procedure seen before (two
pseudo-Voigt functions) taking into account that the maximum lattice parameter allowed
is that of the sputtered gold film (i.e., the experimental value: a,,= 4.06+ 0.01 A). The
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results are summarized in Fig. 2.10 for all the film compositions where the lattice constant
data (see vertical axis on the left) are reported as a function of the particular reflection
adopted for the calculation. This allows identifying the textured grains, which give diffrac-
tion both through the (111) planes, in the symmetric scans, as well as the (220) planes,
in the GIXRD patterns; on the contrary, the randomly-oriented crystallites can contribute
only to the (111) peak in the GIXRD scans. The right axis refers to the corresponding
Ry distance, i.e., the first neighbor distance in the lattice, as these values will be useful
in further discussions.

Summarizing, XRD measurements detect columnar FCC grains with the main dimen-
sion (whose values depend on the initial stoichiometry) perpendicular to the sample surface
and aligned with [111] crystallographic direction. In the direction parallel to the substrate,
the crystalline ordering is less pronounced, as highlighted by the peak broadening in the
GIXRD scans, and the ‘long range’ order is lost within few nanometers. The lattice con-
stant of these grains is lower than that of sputtered Au moving from 3.76 A to 3.99 A as
the Co concentration increases; assuming a Vegard-like dependence of the lattice parame-
ter on the alloy composition, this phase should contain an atomic Co percentage of 25 %
to 40 %. The remaining fraction of cobalt, is supposed to segregate but is not detected
by any XRD scans. This suggests that a consistent percentage of cobalt separates in an
amorphous, or at least extremely nanostructured, phase. Moreover, as already noted, the
lower X-Ray scattering factor of Co, with respect to Au, further limits the detectability
of this phase. Preliminary X-Ray Diffraction (XRD) measurements carried out with a Co
k, X-Ray source do not evidence other phases than those highlighted by the Cu-source
diffractometer.

Besides the columnar grains, there are some smaller columns with a lattice parameter re-
laxed with respect to the previous ones and a fine-grained phase, which is consistent with
sputtered gold. The appearance of a textured FCC phase is in agreement with what was
presented by Tasur and co. [6] ( see section 1.3), who claimed to have obtained a single
FCC alloy, highly (111) textured in the case of RT samples. This is not surprising as
the sputtering process has some analogies with the ion beam mixing. In both processes,
although the energy regimes can be quite different, energetic ‘projectile’ particles impinge
on the Au/Co mixture. In the ion beam mixing, 300keV Xe ions are accelerated toward
an Au-Co multiple layer promoting a collision cascade and a motion of the target atoms

so that they can be accommodated in a uniformly mixed structure; moreover these atomic
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processes are estimated, by the authors, to last for a maximum of 107 s, thus allowing
for a non-equilibrium mixture to be preserved. Also in the magnetron sputtering process,
the atoms (or ions) leaving the target and impinging on the growing film own a kinetic
energy that can reach a value of tens of eV [67] and can promote adatoms mobility toward
an ordered structure; on the other hand the process is quite fast (nearly a monolayer can
be deposited per second) allowing for the formation of 'far-from-equilibrium’ structures.
In both processes, this energy ‘surplus’ (that reaches a substrate that was not intention-
ally cooled), allows for more ordered phases to arise, with respect to faster quenching
processes performed on LN, cooled substrates where an amorphous alloying takes place
instead (see for example LNj ion beam mixing by Tsaur and the 'vapor quenching’ tech-
nique by Mader [5,6]).

Moreover, Mader describes the obtained initial phase as an amorphous metastable alloy
that evolves, as a function of the temperature, towards a two phases-system through a

metastable FCC alloy (see section 1.3).
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Figure 2.10: A summary of the XRD data (lattice parameter and particle size) as a function of the
reflection peak adopted for the estimation. Results concerning the Au2Col, AulCol and
AulCo2 samples are detailed respectively in a), b) and ¢). The main dimension of the grains
is along the direction perpendicular to the substrate.
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2.3.2 Structural characterization by TEM

In order to clarify if the nano-composite films are mostly composed by crystalline structures
and to refine the phase identification, thinner samples were prepared as described in section
2.2 and dedicated to Transmission Electron Microscopy (TEM) characterization. Thin films
on a copper mesh grid (coated with carbon) were prepared together with a sample on silica,
in the same batches. These latest samples were first characterized by GIXRD measurements
and the obtained patterns are reported in Fig. 2.11 a) - ¢), for the composition Au2Col,
AulCol and AulCo2, respectively, together with data of the corresponding 30 nm-films.
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Figure 2.11: GI-XRD patterns of thinner Au:Co films (i.e., 13 £2 nm) compared to those of the corre-

sponding 30 nm-thick films ( a) - ¢)). An example of w — 20 scan is depicted in Fig. 2.11
-d), where the data of a Au-rich thin films deposited on a TEM grid are compared to those
of the corresponding thin film and a 30 nm-thick film, both prepared on silica

From the comparison, we can see that the position of the peaks are the same within an
error of ~1%. These results are also confirmed by w — 26 scans of which an example is
reported in Fig. 2.11 d) related to the Au2Col stoichiometry (obviously, for the thin film
deposited on the grid, the high intensity peaks due to FCC Cu also appear). Therefore,
it is reasonable to think that the thinnest samples and in particular the Au-Co films
deposited on the grid for TEM are representative of the crystalline structures inside the

thicker coatings. The thin films have been characterized by Bright-Field TEM (BF-TEM),
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High-Angle Annular Dark-Field and Scanning-TEM (HAADF-STEM), High-Resolution
TEM (HR-TEM) and Selected-Area Electron Diffraction (SAED) patterns. The analysis
were performed with a field emission FEI TECNAI F20 Super Twin FEG (S) Transmission
Electron Microscope operating at 200kV.

The BF-TEM (see Fig.2.12) reveals white spots, to be ascribed to areas with 0 Z-contrast
in the nano-composite, for example Co-rich ‘phases’, and black spots, which are in turn
attributed to Au-rich portions. The dimensions of these black spots are in the range of
3-5 nm for the Au2Col thin film and decrease as the Co/Au atomic ratio increases. This
picture is in agreement with HAADF-STEM analysis, where a high contrast is related to
the presence of heavy atoms. As an example, Fig. 2.13 reports the image obtained on the
Au2Col sample showing white regions and small black spots.

In order to obtain a more quantitative description of the phases and structures in the
films, HR-TEM measurements were performed on all the compositions. The pictures are
reported in Fig. 2.14, together with the corresponding Fast Fourier Transform (FFT)
images. Given both the observation of lattice planes as well as the appearance of continuous
rings on the FTT images, some poly-crystalline grains seem to be present throughout
the films. The white spots, particularly visible in the rings of Au2Col film, indicate
the occurrence of a phase texturing, in agreement with XRD scans. Nevertheless, the
white 'halo” in the FTT images is likely related to an amorphous phase which, besides
the crystalline fraction, constitutes the as prepared nanocomposites. Also according to
HR-TEM the grains appear smaller as the Co concentration increases. The measurements
of the inter-planar spacing are compatible with a FCC phase or a mixture of phases; the
results are summarized in Table 2.4 together with the attribution of the Miller indices.

The data concerning the Au2Col coating show a FCC phase of lattice constant 4.04+0.04
A together with another FCC phase whose lattice parameter is 3.97+0.05 A. Also for the
balanced Au:Co film, a FCC phase of lattice constant 4.04£0.04 A seems to be mixed
with a FCC phase with a shorter lattice parameter 3.93+0.05 A. The inter-planar spac-
ing measured in the AulCo2 coating are compatible with two FCC phases of respectively
4.0440.04 A and 3.91+0.05 A.

These results are congruent with those from XRD analysis: small grains of an Au bulk-like
phase are mixed with crystallites characterized by a shorter lattice parameter, belong-
ing to the before called ’secondary’ phases. It is worth noting, indeed, that the TEM

transmission geometry (with a tilting angle of maximum 30°) does not allow to detect the
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crystalline planes arranged parallel to the sample surface, and as highlighted in Fig. 2.10,
small randomly-oriented grains of this ’secondary’ phase can be detected through the (111)
reflection in the GI-XRD patterns. As a consequence, TEM analysis can not give evidence
of the 'predominant’ phase, mostly contributing to the peak intensity in symmetric scans.
In all the samples, no pure or oxidized crystalline cobalt phases have been detected: also
TEM measurements, likewise suggestions from XRD scans, indicate that these phases, if
present, are in an amorphous state or form very small grains.

Also the SAED analysis, performed on a circular region of radius =~ 100 nm, reveals a
polycrystalline structure. The patterns related to the balanced and Au-rich films are re-
ported, as an example, in Fig. 2.15 where a slight texturing is distinguishable in the case
of Au2Col coating. According to the previous analysis, the rings can be ascribed to a FCC
phase with lattice constant of 3.98 & 0.04 A for the Au2Col thin film and of 3.94 + 0.03
A for the AulCol concentration. No pure Co or Co-rich phases are detected.
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Figure 2.12: Bright-Field TEM images acquired on the thinnest Au:Co samples, respectively for the
composition a) Au2Col, b) AulCol and c¢) AulCo2.
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% Au2Colas

sl

Figure 2.13: A representative HAADF-STEM measurement. The image is related to the Au-rich sample.
Similar results have been obtained for the other compositions, confirming the BF-TEM

results.
Miller indices Experimental inter-planar distances (A)
(hkl)
/ Au2Col AulCol AulCo2
(111) 2.34 2.33 2.33
(111) 2.27 2.27 2.26
(200) 2.00 2.02 absent
(220) 1.44 1.44 absent
(220) 1.44 1.41 absent

Table 2.4: The experimental interplanar distances (A) inferred from HR-TEM analysis on 15 nm-thick
Au:Co samples
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Figure 2.14: High-Resolution TEM images acquired on the thinnest Au:Co samples, respectively for the
composition a) Au2Col, b) AulCol and c¢) AulCo2, with the corresponding FFT images
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Au2Colas

Figure 2.15: The detection and characterization of the crystalline phases by means of SAED analysis.
Images of Au-rich and balanced thin films are reported as an example.
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2.3.3 Structural characterization by EXAFS

So far, we have seen the structural features that, characterized by a long range order,
could be revealed with X-ray diffraction techniques. Nevertheless, the detection of crys-
talline phases, especially those containing high percentage of gold atoms, could mask the
presence of less ordered phases, or due to the low X-Ray scattering factor of cobalt at the
Copper Ka wavelength (typically adopted in laboratory diffractometers), the presence of
Co-rich phases.

For the sake of completeness, it is worth to complement the long-range order analysis pre-
sented in section 2.3.1 with a short-range structural characterization that is sensitive, also
to possible amorphous structures.

To this purpose, X-ray absorption experiments were performed at the BMO0S8 Italian Beam-
line of the European Synchrotron ~ESRF (Grenoble)- on the 30 nm-thick samples. Both
Extended X ray Absorption Fine Structure (EXAFS) and X-Ray Absorption Near-Edge
Structure-XANES spectroscopies were carried out at the Au Ls- and Co K- edges in fluo-
rescence mode.

The equipment included a couple of Pd-coated mirrors for harmonics rejection, a (311) Si
double crystal monochromator working in dynamical focusing mode and a 13-element HP
Ge detector. During the measurements, the samples were cooled at 80 K to reduce thermal
vibrations. X-ray absorption spectra of Au and Co metallic foils and of CoO powder pel-
let, have been acquired in transmission mode as standard reference. Moreover, a Au/Co
bilayer , i.e., a 8 nm-thick pure Co layer coated with a 12 nm-thick layer of pure gold, was
deposited on silica substrate and measured as well as a reference film.

The spectra analysis was performed by the FEFF8-FEFFIT 2.98 package [68], fitting both
the Au-edge and Co-edge spectra for each sample at the same time. The Au-Au and Au-Co
single scattering contributions were included in the first shell multiparametric fit in the
R-space; similarly, the contributions from Co-Co and Au-Co scattering were taken into
account in the analysis at the Co-edge. The constraints imposed to the fit were that the
interatomic distance and Debye-Waller (DW) factor of the Au—Co coordination were the
same for both edge spectra. Moreover, to reduce the number of the fitting parameters, for
each coordination the same DW factor was adopted for all the films. This did not alter
significantly the reported results but allowed a better fit stability. To account for possible

partial segregation, the EXAFS analysis considered the presence in each film of a Au,Co;_,
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solid solution nanostructured alloy (contributing to the Au-Au, Au-Co and Co—Co coor-
dinations) and of nanostructured Co (contributing to the Co—Co coordination only). The
presence of nanostructured Au was considered in a first step, but then excluded, since it
did not improve the quality of the fit. Globally, the coordination numbers for the different
intermetallic coordinations were bounded to preserve the film stoichiometry measured by
RBS.

Looking first at the XANES and EXAFS spectra of the Au/Co bilayer, whose data
are superimposed in Fig. 2.16 to those of the metallic Co sheet and CoO powders, the
oxidization of the cobalt can be excluded as the onset of the photoelectric absorption occurs

at the same energy than for metallic Co and no Co-O (nor Au-O) signal was detected. The
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Figure 2.16: Co K-edge (a) XANES and (b) EXAFS spectra for the deposited films, compared to Co
and CoO spectra.

first shell analysis did not evidence any Au-Co coordination; the resulting Au-Au and Co-
Co interatomic distances turn out to be respectively 2.85 4+ 0.01 A and 2,50 + 0.01 A,
while the coordination number is in both cases =12. These values are slightly lower than
that found in the corresponding bulk phases (2.88 A and 251 A respectively), as it is the
case for nanostructured films [69, 70].

The XANES and EXAFS spectra recorded at Co K-edge for the Au:Co bimetallic films
are reported in Fig. 2.16 (a) and (b). Also in this case, the Co 1s photoelectric absorption
edge energies for the three films indicates that Co atoms are in the metallic state. It is

clear that the absorption spectrum, both in the part close to the absorption edge (Fig.



2.3 Structural characterization 51

2.16 (a)) and in the EXAFS region (Fig. 2.16 (b)), depends on the Au concentration in
the nanocomposite. The combined EXAFS analysis of the Au-edge and Co-edge spectra
evidenced a Au—Co first shell coordination, indicating the formation of a Au-Co alloy in
all the investigated films. Fig. 2.17 reports data and fit both in R- and in k-space for
one representative film (Au2Col), as well as all the single scattering contributions to the
signals.

Nevertheless, an alloy phase alone was not enough to correctly fit the experimental data,
so the combined EXAFS analysis of the two Au-edge and Co-edge spectra, considered the

presence of a solid solution Au,Co;_, alloy, as well as of single-metal clusters.
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Figure 2.17: Multiparameter first shell fits (intermetallic coordination) superimposed to the EXAFS data
for Au2Col film ((a,b): Au-edge, (c,d): Co-edge) in the R-space (a,c) and in the filtered
k-space (b, d). The single scattering contributions to the fit are reported.

The results of the EXAFS analysis are collected in Table 2.5 for all the samples.

It is worth noting that in a first analysis, the formation of segregated Au nanoclusters
(in addition to Co clusters and the alloy) was also considered. Anyway, our data (see Table
2.5) show a Au—Au monomodal distance distribution that depends on the film composition
and that is remarkably different from the bulk one, suggesting that it is for the major part
related to an alloy phase rather than to Au clusters. This is a first suggestion that what

observed through XRD measurements and TEM observations (see 2.3.1), i.e., the presence
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Table 2.5: Results of the EXAFS analysis: fy50, is the fraction of atoms in the Au,Co;_, alloy with
first shell coordination number Ngji0y, Ra—p is the A-B first shell coordination distance. The
coordination number of Co clusters is Ncones. The Debye-Waller factors are 0%, 4, = 0.007
A2 02 o, =0.010A% 6% . = 0.012 A2 for the alloy film, 02, , = 0.006 A% and 0%, ,,
= 0.007 A2 for the Au/Co bilayer (uncertainty in the last digit).

FILM RAquu(A) RAufco(A) RCO*CO(A) falloy alloy comp. N(Llloy Nconces
(£0.01) (£0.01) (£0.01) x

Au2Col 2.81 2.69 2.48 0.87+£0.09 0.81£0.08 8.51+0.5 6.1+0.5
AulCol 2.80 2.66 2.48 0.70+£0.07  0.74 £0.07 7.94+0.5 8.5£0.6
AulCo2 2.77 2.64 2.48%* 0.59+0.06  0.56 +0.06 5.84+0.5 8.1+0.6
Au/Co bilayer  2.85 - 2.49 - N4,—10.3+0.3 Ng,=11.0+0.3
Au bulk 2.88 - - Ngu=12

Co bulk . . 2.50 - Neo=12

* Asymmetric Co—Co distance distribution, the estimated third cumulant value is (64£3)x10~*A3.

of randomly oriented Au or, at least, Au-rich nanoparticles with average size of ~ 2-5 nm-,
actually correspond to a minor fraction of the nanocomposite (below 10 %).

Given the EXAFS results, we can assume that the Au:Co coatings are composed of an al-
loyed phase, which is the major fraction of the film, and segregated Co clusters, according
to the scheme depicted in Fig. 2.18, where the percentages of the constituting metals in
the alloy are also reported. Regarding the nanostructured alloy phase, the analysis shows
that the it involves a fraction fu,, which includes the majority of the atoms in the films
(0.6 < faoy < 0.9, see Table 2.5 and Fig. 2.18). In addition and more importantly for
magnetoplasmonic applications, the alloy composition is richer in Au with respect to the
average film composition (see the stoichiometry reported in Fig. 2.18). The coordination
number of the alloy phase is lower than the one estimated in the Au/Co bilayer and de-
creases from about 8 to about 6 with the decrease of the Au concentration, suggesting the
formation of sub-coordinated metal sites for lower Au/Co ratio in the film.

The Au—Co intermetallic coordination distance, detected in all the films and at both Au
and Co edge spectra, exhibits an intermediate value between the ones of metallic Au and
metallic Co, depends on the film composition and increases as the Au concentration in the
film is increased. The coordination number for this bimetallic coordination varies in the
range 1.5-2.5 when measured at Au edge and in the range of 1.5-4 when the Co edge is
considered. The effect of the alloy composition and of the Au—Co distance on the local
magnetic properties of the films will be discussed in section 3.2.1.

For each film, the three interatomic distances (Au-Au, Co-Co and Au-Co) differ one from
each other as it is usually the case when the atomic radius of the constituent metals are
quite different, both in a FCC alloy [71,72], as well as in metallic glasses [73]. The av-
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Figure 2.18: Fraction of the alloy and segregated phases for the three Au:Co films. The compositions of
the alloyed phases are reported as well.

erage nearest neighbor distance for the Au,Co;_, alloy, estimated by taking into account
the three distances weighted by the alloy composition, is 2.76+0.01 A, 2.7240.01 A and
2.65+0.01 A for the Au2Col, AulCol and AulCo?2 films, respectively.

Additional information on the structural disorder, can be inferred through the Debye-

2 of the different coordinations; the present analysis leads to 0%, 4, <

Waller factor o
0o < Obu_co» 1-€., the Au-Au atomic pair (with a contracted distance with respect to
the single-metal phase) exhibits a lower structural disorder with respect to the Co-Co pair.
It is interesting to compare the present results for the AulCol film with the ones for the
Au/Co multilayer (stack of 30 groups of 0.9 nm thick Au and 2.6 nm thick Co bilayers)
reported in literature [74]. In that case the Au-Co mixing was strictly limited to one
atomic layer, and the interplanar distance was increased (decreased) for Co (Au) at the
interface, with respect to the pure metal phase. Moreover, the interplanar distance of the
Au layer at the interface corresponded to a nearest neighbor distance of 2.77 A, while the
interplanar distance of the Co layer at the interface corresponded to a nearest neighbor
distance of 2.62 A [74]. These values are pretty similar to the Au-Au and Au-Co nearest
neighbor distances in our AulCo2 film, in agreement with the picture that the interface
mixing, limited to one atomic layer in the multilayer case is extended here to the whole

film thickness.

As already discussed, the structural results show a partial Co segregation, involving a mi-
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nor fraction of atoms in the films (see also Fig. 2.18). To measure the degree of alloying,
the Cowley short range order parameter «, is often used |[75]. For a A:B binary system
with atomic ratio A/B=y/(1-y), aa = 1-Nap/(Na(1 — y)), where N4 is the total coordi-
nation number of the A site and Nyp is the coordination number of the hetero-metallic
coordination of the A site. For a completely random mixing a—0, while for complete phase
separation a=1. In the present case ac,, i.e., measured for Co-edge, is positive and is
the highest for the AulCo2 film (a¢,=0.36, 0.64 and 0.68 for the Au2Col, AulCol and
AulCo2 films, respectively). This suggests that the elemental mixing is favored for higher
Au/Co ratio in the film.

Regarding the fraction of segregated Co clusters, the effective coordination number is on
the average lower than that for Co in the bilayer, indicating a stronger nanostructuring of
this phase in the bimetallic films. As noted above, the Co—Co coordination takes contri-
bution from both the Au,Co;_, alloy and from Co clusters. It is worth noting that for
the Co-rich film, where a considerable fraction of segregated Co is present, the use of an
asymmetric Co—Co distance distribution, skewed towards longer Co-Co distances (positive
third cumulant), improved the fit quality. The obtained third cumulant value (see Table
2.5) is in agreement with the results found for ion irradiated Co nanoparticles and suggests
a highly defective Co phase [76].

2.4 Discussion

As elucidated in section 2.3.1, the XRD measurements performed on 30 nm-thick films
detected elongated crytallites, whose FCC (111) planes lie preferentially parallel to the
substrate. These grains are the predominant portion of the crystalline phases detected by
X Ray Diffraction. The corresponding lattice parameters are in the range of 3.99 A — 3.75
A as the Co content increases: from these values the nearest neighbor distance results to
be respectively 2.83 & 0.01 A for the Au-rich sample, 2.75 + 0.01 A in the case of AulCol
sample and 2.66 + 0.01 A for the Co-rich sample. These nanoparticles are mixed with
a fine-grained minority phase (also highlighted by HR-TEM and the electron diffraction)
whose lattice parameter increases from the above values to that of ’pure sputtered’ gold
(lattice constant =~ 4.06 A).

On the other hand, the average nearest neighbor distance for the Au,Co;_, alloy estimated

by EXAFS analysis, tacking into account the alloy stoichiometry, (see 2.3.3) are 2.76 +
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0.01 A, 2.72 + 0.01 A and 2.65 + 0.01 A respectively for the Au2Col, AulCol and Au2Col
films.

In Fig. 2.19 the comparison between the nearest neighbor distances (Rp;—js) inferred sep-
arately from XRD and EXAFS data is reported.

o from XRD
2.85 e from EXAFS

— 2.80
<
9 |
C
S 275 i %
(2]
2

=

=
@ 270-

2.65 %

— T T ‘T T T T T T T T T T 1
30 35 40 45 50 55 60 65 70

Co content (at. %) in the as. dep. film

Figure 2.19: Comparison between the nearest neighbor distance - Rys_ s (A) inferred from XRD and
EXAFS analysis, as a function of the initial Co content.

In the case of Au2Col film, the interplay between a structural 'long range’ analysis and
‘short range’ characterization suggests that the alloy phase is largely amorphous, as the
value of R),;_j; distance resulting from XRD measurements is far from that estimated by
EXAFS analysis. On the contrary, the alloyed phase in the AulCo2 sample seems to be
more ordered, as the two Rj;_js values are compatible within errors. An intermediate sit-
uation is shown by the AulCol coating, where the alloy is most likely partially crystalline.
It is worth underlying that the ’long range’ order expires, in any case, in a length scale
of some nanometers. This is evidenced by the short ’lateral’” dimensions of the grains in
the balanced and Co-rich samples (see Fig. 2.10). Moreover, the estimation of the coor-
dination number (from EXAFS, see Table 2.5) is in agreement with this picture as the
obtained values -decreasing from 8 to 6 as the Au concentration decreases-, are lower than
the one estimated in the Au/Co bilayer. This suggests that the phase is highly fragmented,
and, especially for Co-rich nanocomposites, the particles are small and the metal sites are

sub-coordinated.
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As seen in section 1.3, literature studies show the occurrence of an amorphous alloy be-
tween gold and cobalt [4,5,47|, as well as a crystalline Au-Co phase [3|, depending on the
process condition.

As a matter of fact, a crystalline metastable alloy would be favored, from a thermodynamic
point of view, with respect to an amorphous structure, also in the case of 'immiscible’ (in
the bulk) materials. Nevertheless, a disordered phase is expected when the size difference
between the constituent atoms is large (as for Au-Co system where the size factor is 12-
15%) and the speed of the process is high or the energy of the particles arriving at the
substrates is low, allowing to reach far-from -equilibrium conditions. This is the case of
vapor quenching [5,56,57] and splat-cooling [4] where the arriving atoms ‘freeze’ in place
close to their points of landing and this could be also the case of the sputtering process
proposed by Yang [47] as well as that adopted in this work. According to our process
condition (see section 2.2), the typical deposition rates are in the range of 1-2 A/s: the
impinging particles, carrying typically an energy of about ten eV, do not have enough time
to accommodate in a 'more thermodynamic’ configuration.

The structural analysis on our samples, prepared by a co-focusing magnetron sputtering
deposition, shows a scenario which depends on the initial Co content. In the case of Co-
rich and balanced coatings, the presence of alloyed crystalline seeds, elongated along the
growth direction, is suggested by symmetric X-Ray Diffraction scans. The phase appears
at the same time highly fragmented and is mixed with segregated Co clusters, which most
probably are extremely nano-structured and/ or amorphous. The fine grains of the other
phases, detected by XRD and characterized by a longer lattice parameter (up to the value
of sputtered Au), constitutes a minor part of the nanocomposites, i.e., under 10 %, as no
evidence of these phase comes from EXAFS analysis.

It is worthwhile to note, that the X-Ray Diffraction can detect crystalline grains also when
they are present in small percentage, if the scattering factor is high enough (and this is the
case for gold atoms). This technique can, indeed, gives 'partial’ information on the struc-
ture of the coating, restricted to the crystalline phase. On the contrary, EXAFS analysis
gives an overview on the 'whole” material constituting the sample, besides on an ’atomic’
scale, irrespective of the crystalline order.

In addition, the values of the coordination distance obtained by EXAFS analysis, shed
new light on the results from XRD measurements, especially for what concerns the Au-

rich sample. As the Au-Co average distance does not correspond to any of the lattice
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parameter of the crystalline phases revealed by GI-XRD patterns and w — 26 scans, these
latter phases are most likely related to Au or Au-rich ‘stressed’ phases, with shrinked inter-
planar distance depending on the crystal axis and a (111) preferential texturing along the
film growth direction. Again, these crystallites are a minor fraction of the entire nanocom-
posite. The alloyed phases, certainly highlighted by the Au-Co coordination in the ’short
range’ analysis, is supposed to be amorphous.

To conclude, Fig. 2.20 reports a scheme summarizing the main results of the structural

characterization, on Au2Col, AulCol and AulCo2 samples.
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Figure 2.20: A scheme summarizing the main results of the full structural investigation on 30 nm-thick

films: Au2Col (top), AulCol (center) and AulCo2 (bottom). The stoichiometry of the

alloy and the segregation of Co (nanometric) clusters are highlighted as well as the features
of crystalline phases (a is the lattice parameter).
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2.5 Structural features vs. film thickness

It has been already pointed out (section 2.3.2) that the phases detected by GI-XRD in
the thinnest films, i.e., the 15 nm-thick samples, are comparable within error with those
detected in the set characterized by a thickness of 30 nm.

A similar scenario occurs also in the case of the 100 nm-thick films; furthermore, here, due
to the higher intensity of the XRD signals, the presence and the role of textured phases,
characterized by a shorter lattice parameter, are particularly evident.

Fig. 2.21 a) reports the grazing-incidence XRD scans as a function of the composition,
while the corresponding symmetric scans are shown in Fig. 2.21 b).
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Figure 2.21: On the left, the XRD pattern (grazing incidence geometry) for the 100-nm thick films of
different stoichiometry. The corresponding symmetric scans (i.e., w — 26) are reported on
the right.

Similarly to the thinner samples, a FCC phase of lattice constant shorter than that of
magnetron sputtered gold is present in all the nanocomposites. This phase is, as usual,
highly textured along the growth direction, so that, to detect the (200) reflection (absent
in the GI-XRD measurements) it is necessary to properly tilt the samples along the 1)
direction of the diffractometer (as seen in Fig. 2.6) and perform the w — 26 scans around
that reflection; the collected patterns are reported in Fig. 2.22.

Fig. 2.23 displays the data of the lattice parameters inferred separately from the (220)
reflection (of grazing incidence scan), the (111) peak (in the symmetric scan) and the (200)
reflection (measured by a ‘tilted” w — 26 scan). The results confirm, on one hand, that the
lattice parameter of the predominant crystalline phase shortens as the Co content increases
and, on the other hand, demonstrates that this phase is quite 'isotropic’ along the three

crystallographic directions.
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w-26 scans (tilted) on 100 nm-films
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Figure 2.22: XRD data collected by means of a symmetric scans performed around the (200) reflection

(i-e., tilting the axis normal to the sample surface in order to set the ¢ angle at a value ~
54.7°).
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Figure 2.23: Data of the lattice parameters for the crystalline phases detected in the Au:Co 100-nm thick
samples, as a function of the Co content (%). The experimental value have been inferred
from the principal reflections: the (220) peak in the Grazing-incidence patterns, the (111)

peak of the symmetric scans and the (200) reflection in the w — 26 patterns collected tilting
the samples.

In the case of the Au-rich sample, this ‘isotropic’ FCC phase has a lattice parameter of
3.97 + 0.01 A; the size of the grains, as inferred from GI-XRD scan is about 8-9 nm, while
that along the growth direction (as inferred from (111) reflection in w — 26 scan) is =~
30 nm. Moreover, the corresponding (111) reflection is well detected also in the GI-XRD
scan, revealing that this phase, or at least part of this phase, is randomly distributed in

the coating, i.e., some grains have lost the strong preferential texturing.
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Concerning the balanced and Co-rich sample, a detailed analysis of the peaks, through
the superposition of two pseudo-Voigt functions, is needed. Two examples of this kind of
analysis are reported in the following pictures. Fig. 2.24-left- regards the (220) reflection
in the grazing incidence scan of AulCol nanocomposite while Fig. 2.24-right- reports on

the analysis of the (111) peaks in the w — 26 scan of sample AulCo2. According to this
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Exp. data -(111) peak-
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Figure 2.24: Examples of fitting with a double Pseudo-Voigt function: on the left, the case of the (200)
peak in the GIXRD pattern of a balanced sample; on the right the contribution to the (111)
peak in the symmetric scan of Co-rich sample.

analysis, the highly textured phase in the balanced coating has a lattice constant in the
range of 3.84-3.88 A and it is characterized by elongated nanoparticles whose dimension
along the growth direction is about 13-15 nm. Moreover, beside a fine grained (2-3-nm)
phase of gold (lattice constant of about 4.07 A) randomly oriented, there are small particles
of an 'intermediate’ phase whose lattice parameter is 3.94 + 0.02 A and whose (111) planes
are preferentially parallel to the substrate. A similar scenario characterizes the Co-rich
sample, except that the shrinked phase has a shorter lattice parameter in the range of
3.73-3.76 A.

It is worth noting that, similarly to the 30 nm-films analysis, the fitting with two functions
could be an approximation: the peak tail towards lower angle can be ascribed to a mixture
of phases whose features gradually changes from that of the principal phase.
Summarizing, the phases detected with XRD analysis, on 100 nm-thick films, are (where

a is the lattice constant):

e Au2Col: a 'predominant’ phase with a of about 3.97 A, highly (111) texturized with

the main size along the growth direction ~ 40 nm and a ’lateral’ dimension of about 10
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nm; a phase with similar lattice constant, isotropic with average size of about 20 nm and
randomly oriented; a fine grained phase (contributing to the XRD intensity to a lesser
extent), with a approaching the value 4.06 A (i.e., ’Au bulk-like phase’), a size along the
growth direction ~8 nm and lateral size ~2 nm ;

e AulCol: a ‘predominant’ phase with a=3.85-3.88 A, highly (111) texturized, main size
along the growth direction =~ 15 nm, other dimensions of about 2 nm; some fine-grained
phases (average size of about 2-3 nm), with longer lattice constant ~3.94-4.07 A, partially
(111) texturized

e AulCo2: a phase with a of the order of 3.74 A, highly (111) texturized, main size along
the growth direction ~ 20 nm, other dimensions of about 2 nm; a fine-grained phase
(average size of about 1-2 nm) with longer lattice constant ~3.88-3.92 A, textured, and

a fine-grained Au bulk-like phase.

Some interesting features emerge looking carefully at the results from the symmetric scans,
which detect the crystalline planes parallel to the sample surface.

It is worth remembering that the predominant contribution to the crystalline portion of
the films arises from a highly textured FCC phase, whose (111) planes are parallel to the
sample surface.

Fig. 2.25 reports all the collected w — 26 scans where only the (111) peak of the FCC phase
is detected. Fig. 2.25 shows clearly again that in the 30 nm- and 100 nm- thick films this
phase is characterized by a shorter lattice parameter with respect to that of gold, which,
furthermore, decreases as the Co content increases.

On the contrary, in the case of the thinnest samples, this textured phase has in all the
investigated cases a lattice constant of 4.01 + 0.01 A and is quite independent from the
stoichiometry of the as deposited sample. Although further investigations are required,
this suggests that in the first stages of the film growth an Au-rich phase is formed. Then,
as the growth goes on, more cobalt is incorporated in the developing crystalline phase
proportionally to the Co content. A steady state is reached, as, when the thickness increases
from a value of 30 nm to 100 nm, the phases are the same, i.e., characterized by a similar
lattice constant. These phases are composed of columnar grains which, as the film thickness
increases, acquire a more isotropic shape.

Furthermore, as suggested by EXAFS analysis, the crystalline phases richer in cobalt induce
a higher degree of crystallinity also in the alloyed matrix, which constitute the predominant

portion of the films.
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Figure 2.25: A summary of the w — 260 scans on all the Au:Co films.

On the left: given a sample

composition, a comparison of the results for films characterized by different thickness. On
the left: for each value of thickness, a comparison between the patterns related to different

compositions.






3 The Properties of Au:Co films

This Chapter summarizes the functional properties of the Au:Co films with the estimation
of the UV-Vis optical constants and the characterization of the magnetic behaviour. X-
Ray Magnetic Circular Dichroism measurements demonstrate that Au atoms acquire a
magnetic moment, further confirming the alloying with Co.

Finally the results concerning the thermal stability of the Au:Co alloy and films will be

presented.

3.1 Optical Properties

The optical properties of the prepared Au-Co materials were firstly characterized by means
of ellipsometric measurements performed on 30 nm-nanocomposites (on silica substrates),
in the range of 30-1000 nm.

A commercial V-Vase (Woolam) ellipsometer was employed, in reflectance mode (for inci-
dence angles between incoming light and the normal to the surface of 60°-65°-70°) as well
as in transmittance mode.

Ellipsometry essentially measures a change in polarization as light reflects from a material
structure. The polarization change is represented as an amplitude ratio, ¥, and the phase
difference, A. Since the measured response depends on the optical properties and thickness
of individual layers, these spectroscopic scans enable, on one hand, the estimation of the
material optical constants, i.e., the real part of the refractive index n and the extinction
coefficient k, while, on the other hand, allow an indirect evaluation of the structural fea-
tures through a comparison between experimental and modelled optical data.

The physical quantities ¥ and A, experimentally measured by the ellipsometer, are related
to the ratio of Fresnel reflection coefficients r, and 7, for p and s polarized light through
the:

p= v _ tan(W)e'?. (3.1)
Ts
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while 7, and r, are related to the polarized incident, reflected and transmitted electromag-
netic waves according to the Jones’ formalism [77]. Their values, experimentally measured
as a function of the wavelength and for the three incidence angles previously mentioned,
have been fitted assuming the sample composed by a metallic film on a silica substrate.
The fitting parameter are, beside the composition and the thickness of the layers, the op-
tical constants of the constituting material. It is worth noting that a bare silica slide has
been measured as well, in order to estimate its actual optical constants and to build a more
reliable model. An example of ellipsometric experimental data with the corresponding fit-

ting is depicted in Fig. 3.1

W in degrees
B 8 B ® 8 8 &

3000 6000 9000 12000 15000

Wadength (A)

Figure 3.1: A representative set of ellipsometric experimental data (in green) with the corresponding
‘generated’ data, i.e., the results of the fitting procedure (in red).

On one hand, the optical constants, n and k, of the Au:Co nanocomposites were in this
way inferred for all the stoichiometries. These values were employed to estimate real -&1-
and imaginary -e9- part of the complex dielectric function € = €1 + iy, through equations
1.5 and 1.6.

On the other hand, the optical constants have been calculated in the framework of the
Effective Medium Approximation (EMA). The EMA models are among the most used in
literature for the calculation of the effective optical properties of a mixture of materials [78].
One of them is the Bruggeman model, which is usually adopted to simulate nanocomposites
where clusters of the components do not form any compounds but are closely mixed.

The 30 nm-films have been modeled with a silica substrate coated with a mixture of

cobalt and gold. The atomic percentages of the two metals have been constrained to
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the values inferred from RBS measurements, so the 'host’ material was alternatively Au
or Co depending on the actual film stoichiometry. Moreover, the experimental dielectric
functions of the starting metals (¢4, and £¢,), estimated from the fitting of spectroscopic
scans performed on pure sputtered Au or Co layers (with thickness in the range of 30-
40 nm), was adopted in the calculation of the nanocomposites’ optical constants (i.e. ¢)
through the numerical equation:

€Au — € ECo — €

uEAu + 2 + fC

fa =0 (3.2)

a2
where fa, and fc, (=1-fa,) are the fraction of the two constituent metals, €4, and e¢,
are the corresponding dielectric function and ¢ is the final effective dielectric function of
the composite material.

The comparison between the experimental optical constants and those generated from
the Bruggeman model, are shown in Fig.3.2, respectively for the Au2Col (Fig.3.2 a)-b)),
AulCol (Fig.3.2 ¢)-d)) and AulCo2 (Fig.3.2 e)-f)) compositions. In all the cases, the
experimental values, especially those related to the refractive index, are not in agreement
with the corresponding simulations; this indicates that a complete segregation of the con-
stituting metals, as assumed in the model, does not take place in anyone of the analyzed
nanocomposites, while it is consistent with a, at least partial, alloying between gold and
cobalt.

The real (g1) and imaginary (e2) part of the complex dielectric constants, estimated form
the n and k values, through the equations 1.5 and 1.6, are reported in Fig. 3.3 for all the
Au:Co films; the data concerning a 30-nm film of pure sputtered gold are reported as well
for comparison.

A reliable evaluation of the complex dielectric constants of the as prepared nanocompos-
ites is, indeed, of paramount importance for the comprehension and the modeling of their
plasmonic behavior. As seen in section 1.2.1, the dielectric constant is a key element in the
dispersion relation of traveling electromagnetic waves which, in the case of a metal coupled
to a dielectric medium, determines the existence and the behavior of the Surface Plasmon
Polaritons (or ’extended Plasmons’, i.e., as seen in 1.2.1, excitations propagating at the
interface and evanescently confined in the perpendicular direction). Moreover, in the case
of metal nanoparticles embedded in a dielectric medium (or, conversely, of nanovoids in a

metallic matrix), the dielectric constants of both materials tune the resonance conditions
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The optical constants inferred from the experimental data (black dashed line) are superim-

posed to that calculated through a EMA-Bruggeman model (gray line). a)-c)-e) refers to n
values respectively for the composition Au2Col, AulCol and AulCo2. b)-d)-f) refers to k
values respectively for the composition Au2Col, AulCol and AulCo2

and the dipole surface plasmon modes (i.e., the localized plasmons).

The macroscopic optical behavior of the metallic coatings are controlled by their dielec-
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Figure 3.3: Experimental real (¢1) and imaginary part (e3) of the complex dielectric function for 30 nm
thick layers: a) Au, b) Au2Col, c¢) AulCol, d) AulCo2.

tric constants. The UV-Vis Transmittance data have been acquired with a Jasco V-670
double-beam spectrophotometer, in the 190-1700 nm wavelength range and are reported
in Fig. 3.4. The spectrum of a 30-nm film of pure (sputtered) Au is reported in Fig. 3.4
as well for comparison -box on the right-.

A pure noble metal film reflects the electromagnetic radiation for frequencies up to the
visible part of the spectrum. At lower wavelengths, the field penetration increases until
the UV range, where the dielectric character, generally acquired by the metallic materials,
is strongly attenuated by the transitions between electronic bands (inter-band transitions).
This leads to the typical transmittance drop for wavelengths below 400 nm. The transmit-
tance of Au:Co films follows the same trend. In this case, for wavelengths in the near IR

range, the penetration of the electromagnetic field becomes deeper as the Co content in-
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Figure 3.4: Transmittance spectra of Au2Col, AulCol and AulCo2 30nm-thick films. On the right, the

data for a pure gold film (a 30 nm-thick film, prepared by magnetron sputtering) are reported
for reference.

creases, leading to a lower reflectance and to a slightly higher percentage of transmittance.
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3.2 Magnetic Properties

3.2.1 X-Ray Magnetic Circular Dichroism

In order to detect the local magnetic moment of the bimetallic components in the alloy,
a X-ray Magnetic Circular Dichroism (XMCD) analysis was performed both at ESRF
(Grenoble, France) and ELETTRA (Trieste,Italy) Synchrotron. This technique allows de-
composing the total magnetic moment of a multicomponent, heteromagnetic system into
the orbital and spin contributions of each element; other peculiar features are its element
specificity, the orbital selectivity and the high sensitivity.

Basically, the dichroic signal with X-ray wavelengths relies on the different absorption
coefficient for different polarization of the radiation: it is induced by magnetism and is
significant near the photoelectron absorption edge from a core state.

The physical mechanism underlying the technique is phenomenologically outlined in Fig.
3.5 where the two step-model of Stohr [8] is depicted.

The angular moment carried by a circularly-polarized X-ray photon (i.e. +h and —h
respectively for right and left circularly polarized radiation) is entirely transferred to the
electron photo-excited from a core level (through the conservation law of the angular mo-
mentum in the absorption process). If the photo-electron originates from a spin-orbit split
level, corresponding for example to the Lj edge depicted in Fig. 3.5(b), part of the angular
momentum carried by the photon will be converted into spin via the spin-orbit coupling.
Right circularly polarized photons transfer the opposite momentum to the electron than
left circular polarized photons, and hence photo-electrons with opposite spin are created
in the two cases. Moreover, the spin polarization will be opposite at the two edges, due to
the opposite spin-orbit coupling.

The magnetic properties enter in the 'second’ step, as the spin splitting of the valence shell
acts as a sort of detector for the spin of the excited photo-electron. The dichroic signal
is proportional to k-M, k being the X-ray wavevector and M the vector of magnetization
which acts as the quantization axis.

A powerful set of sum rules [79] links the spin and orbital momentum separately and
quantitatively to the measured intensity A and B, i.e., to the difference of the white line
intensities -the XMCD intensities- recorded with right and left circular polarization. In
particular the spin moment can be inferred from A — 2B measured intensity, while the

A + B dichroic signal allows to determine the orbital contribution to the moment.
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Figure 3.5: A sketch of the one-electron (step) model proposed by Stohr [8]. In (a) the electronic tran-
sitions in conventional L-edge X-ray absorption occur from spin-orbit split 2p core shell to
the empty conduction band states above the Fermi level. The transition intensity, measured
as the white line intensity I3 + I12 is proportional to the number of holes. In (b) and (c)
the quantities A and B are the integral of the dichroic signal respectively at the Ir3 and I
egdes (see text for details)

The experimental XMCD data are generally analyzed according to the formalism of Chen
and co. [9]: the relevant quantity p, ¢ and r adopted in the calculation are outlined in Fig.
3.6. The cited work is the first experimental confirmation of the XMCD sum rules for Fe and
Co. Starting from the transmission spectra of Fe and Co thin films (on parylene) taken with
the projection of the spin of the incident photons parallel (I,) and antiparallel (I_) to the
spin of the majority electron, the authors employed the corresponding absorption spectra,
p+ and p_ (calculated respectively from I and I_ through the equation py o< —in[ly /1],
where I is the transmission spectra for the substrate alone), to calculate the relevant inte-
grals. In particular, ¢ is the integrated p, — p_ spectrum in the whole L3+ Ly range, while
p refers to the L3 edge integral. With only these two calculated quantities, it is possible
to infer the orbital-to-spin magnetic moment ratio, ur/us = 2q/(9p — 6¢q). Moreover the

spin and orbital contribution to the magnetic moment can be quantified separately. The
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Figure 3.6: X-ray Absorption Spectra and Magnetic Circular dichroism at Ly 3-edges of cobalt (from [9]).
The absorption data in (b) are calculated from the experimental transmission data reported
in (a); + and — refers to the incident photon helicity, s refers to the substrate (parylene in
this case). (c) and (d) are the MCD (i.e. XMCD) and summed Absortion spectra and their
integration. The p and ¢ shown in (c) and the r shown in (d) are the three integrals needed
in the sum-rule analysis. The dotted line in (d) is the two-step-like function for edge-jump
removal before the integration.

integrated py + p_ spectrum, calculated in the whole range after a background removal
with a twp-steps function, is the third integral need in the calculation, i.e., r. Then, given

the estimation of the number of holes in the d orbitals, ny, the orbital contribution wu; and
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the spin contribution pg are calculated through the expression:

- —dqny,
pr= 5" (3.3)
—(6p — 4q)n
s =~ 20 (3.4)

Our XMCD experiment was carried out at Au Lj 3-edges on balanced and Au-rich samples,
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Figure 3.7: (a) X-ray absorption and XMCD spectra recorded at the Au Ly 5 edges for the AulCol film.
(b) Comparison of the XMCD signals for the measured films. (c) XMCD signal measured
at E=11927.5 eV (corresponding to the energy where the intensity of the dichroic signal is
maximum) for the AulCol film, measured as a function of the applied magnetic field.

at the ID12 beamline of ESRF (Grenoble, France). The AulCol and Au2Col samples were
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cooled at 2 K and immersed in a magnetic field parallel/antiparallel to the photon beam.
The incidence angle with respect to the sample surface was 85 deg. XMCD spectra were
recorded in fluorescence mode by a photodiode (backscattering condition) by reversing ei-
ther the circular polarization helicity or the magnetic field. The hysteresis loops, based on
the XMCD signal, were measured by varying the applied magnetic field intensity in the
range +5 T

The X-ray absorption and XMCD spectra the AulCol film are reported in Fig. 3.7(a),
while in Fig. 3.7(b) the XMCD signal recorded for different films are compared. The
XMCD signal is evident for AulCol and Au2Col samples, showing that Au atoms in the
films have acquired a net magnetic moment due to the Au-co alloying. The sign of the
dichroic signal (negative at the Ls-edge and positive at the Lo-edge) indicates that the
magnetic moment of Au atoms is aligned along the applied magnetic field. Moreover, a
full magnetization of Au is reached for applied magnetic field |B| < 0.2 T, as shown in the
plot reporting the XMCD intensity (at the Ls edge) as a function of the applied magnetic
field (Fig.3.7(c)).

The Au/Co bilayer, measured as well for comparison, does not exhibit any detectable
dichroic signal (Fig. 3.7(b)), in agreement with the negligible fraction of Au atoms (with
respect to the total number in the film) at the Au/Co interface, as discussed in section
2.3.3. The XMCD signal (i.e., the Au magnetic moment) is higher in the AulCol film
with respect to the Au2Col one. The reason is likely related to a stronger Au-Co inter-
action (Co-richer alloy and shorter Au-Co interatomic distance) in the AulCol film (see
Table 2.5 and Fig. 2.18). The XMCD signal of the AulCol film (about 1.4% of the edge
jump, Fig. 3.7(b)) is comparable to that of Au/Co multilayer [74], despite in our case
the Co/Au atomic ratio is significantly lower (about 1:1 with respect to 4:1 in ref. [74]).
This indicates a relatively efficient coupling in the alloy film, induced by the high degree
of mixing, which is promising for magneto-optical applications. Moreover, the Au XMCD
signal in the AulCol film is significantly higher than the one for films of Au-capped Co
nanoparticles [80], in agreement with the higher degree of mixing in the present case.
The sum rules, see equations 3.3 and 3.4, were applied to quantitatively estimate the mag-
netic moment of Au atoms, as well as the spin and orbital contributions to the magnetic
moment [74]. The number of holes was assumed to be 0.054 as found in [81] for the com-
pound AuyMn. This approximation is widely adopted by the XMCD community. Given

the element Au, indeed, n; depends only on the specific electronic state of well defined
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symmetry to be considered.

For the AulCol film the average magnetic moment per Au atom is 0.059 pp/atom, up
being the Bohr magneton (= 927.401 x 1072J/T). This result is comparable to the one
obtained for the Au/Co multilayer; again, since our Co/Au atomic ratio is significantly
lower with respect to the multilayer, this is in agreement with an effective alloying between
the two metals [74]. Moreover, it is found that the orbital-to-spin magnetic moment ratio
is pur,/ps=0.17£0.01 for the AulCol film and pr/us=0.1440.01 for the Au2Col one. A
higher orbital component is known to arise by decreasing the magnetic domain size, due to
the higher fraction of atoms at the domain surface [80,82]. In this case, the coordination
number of the alloy phase (slightly lower for the AulCol film than for the Au2Col one)
suggests a sub-coordinated site for the AulCol film, that could explain the small difference.
For comparison, in the well ordered Au/Co multilayers previously cited pup,/ps=0.12 [74].
To complement the study on the metallic magnetic moment, another XMCD experiment
was carried out at the Co L3, absorption edges at the beamline CiPo of the ELETTRA
synchrotron (Trieste, Italy) in transmission mode. The samples were immersed in a mag-
netic field (maximum intensity = 0.3 T) parallel/antiparallel to the photon direction. A
cooling system assured an homogeneous temperature of the sample, which could be varied
in the range 20-300 K. The XMCD signal was collected by reversing either the photon
helicity or the direction of the magnetic field. The same sum rules discussed before were
used to estimate the orbital versus spin contribution to the total magnetic moment as well
as the total magnetic moment per Co atom. The experiment was mainly focused on the
Au:Co 30 nm thick films deposited onto C-coated Cu grids (grid spacing = 30 pm).

In Fig. 3.8(a) one example of X-ray absorption spectra recorded with opposite values of
the magnetic field (B=0.3 T, T=10 K) is shown for the AulCol as-deposited film. The
XMCD signals retrieved from the spectra for all the as-deposited layers (T= 10 K) are
reported in Figure 3.8 (b). The spectra are normalized to the Ly dichroic signal.

It is evident that the intensity of the Lj dichroic signal depends on the film composition
indicating a different contribution of the orbital magnetic moment to the total magnetic
moment of Co atoms.

In Fig. 3.9 the orbital versus spin magnetic moment ratio is reported for the different films,
measured at 10 K and at room temperature. At low temperature, the orbital component
of the Co magnetic moment is significantly higher for low Co concentration in the film. For

comparison, the py /ug values measured for a pure Co film is 0.1 [9] while for Co clusters
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Figure 3.8: (a) Co Ly 3 edge X-ray absorption spectra for the AulCol film, measured at T=10 K with the
magnetic field parallel and antiparallel to the photon helicity.(b) Normalized XMCD signals
for the three films of different composition, measured at 10 K.

immersed in a Au layer (i.e., complete phase separation) is about 0.2 [80]. For Au-Co alloy
films the results are intermediate between these two values. Nevertheless, it is observed
that the experiment at room temperature shows a more modest dependence of py/us on
the film composition. Work is in progress to clarify this point. The results on py vs. pug
and on the measured magnetic moment per Co atom for the different films are reported
in Fig. 3.9. The results indicates that the total magnetic moment of Co does not depend
appreciably on the film composition.

It is worth noting that the maximum value of the magnetic field use was 3000 Gauss and
that it was applied perpendicular to the sample. In these conditions the Au:Co films could
not reach the saturation magnetization, as demonstrated by a representative hysteresis loop
reported in Fig. 3.10. For this reason, the estimated values of the magnetic moment are

underestimated with respect to the actual values, obtained by the SQUID magnetometry,
which will be described in the next section.
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Figure 3.10: Hysteresis loop for the AulCol film (on grid) acquired at 300 K.
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3.2.2 SQUID measurements

The magnetic properties of the Au:Co films have been studied by measuring hysteresis loops
in the 6-300 K range with a Superconducting Quantum Interference Device (SQUID) mag-
netometer. The thickness of the films is 30 + 2 nm. A Co film, with thickness 22 + 1 nm,
was also investigated as reference sample.
SQUID is the main component of the quantum design Magnetic Property Measurement
System (MPMS) that is recognized to be one of the most sensitive instrument for measur-
ing magnetic properties; the intensity of the applied magnetic field, that is produced by a
superconducting magnet made of wires wound in a solenoidal configuration, varies in the
0 — 5 T range, and the sample temperature can be varied in the 2 K — 400 K temperature
range. The employed SQUID magnetometer is equipped with the reciprocating sample
oscillation (RSO) option, that allows to directly determine the overall magnetic moment
of a sample with a sensitivity of the order of 1078 emu. The SQUID sensor is based on the
physical phenomena of flux quantization through a circuit including a Josephson tunneling
junction, where two superconducting electrodes are separated by a thin (=~ nm) insulating
barrier. The sensor is connected to the detection coils in a closed superconducting loop.
The magnetic moment of the sample, which moves through the superconducting detection
coils, induces a change in the magnetic flux; this change is proportional to the persistent
current in the detection circuit, which is linearly converted in output voltage by the SQUID
sensor. This voltage is, indeed, proportional to the magnetic moment of the sample. A
refrigeration by cold helium gas guarantees that the sample, the magnet and the SQUID
electronic are in the superconducting state.
The measured loops have been corrected for the diamagnetic contribution of the substrate
(Silicon).

The values of Mg at T = 6 K are reported in Table 3.1. In the reference Co film, Mg is

Sample | Mg at T=6K (emu/cm?) | Mg at T=300K (emu/cm?) |

Au2Col 325120 232%17
AulCol 490130 450430
AulCo2 710450 680450

Co 125070 127070

Table 3.1: Values of Mg concerning the 30 nm-thick Au:Co films, estimated at T=6K and T=300K (the
main source of error on the values is the uncertainty on the sample volume).
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lower than the value expected for bulk HCP Co (1422 emu/cm?®). This magnetization re-
duction may be ascribed to the nanocrystalline structure of the film, implying the presence
of a large fraction of atoms located at the grain boundaries and hence a reduced atomic
density [83-85]. In the case of the Au:Co films, Mg increases almost linearly with the Co
content, as shown in Fig. 3.11.

In Fig. 3.12 the values of Mg for the AulCo2, AulCol, Au2Col has been plotted as a

800
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Figure 3.11: Values of Mg at T=6K for the Au:Co films as a function of the Co content in the as deposited
samples.

function of temperature T (the curves are normalized to the value of Mg at T = 20 K). The
dependence of the magnetization on temperature becomes more pronounced with decreas-
ing the Co content and in particular, in the Au2Col film the reduction of Mg is larger than
25%. This decrease can be attributed to the reduction of the crystallinity degree of the
samples [86]. As seen in section 2.4, the Au-Co alloy in the Au-rich film is predominantly
amorphous. It is worth noting that Mg does not change significantly in the Co film in this
temperature range; see Table 3.1 for the values of Mg at T = 300 K.

From the above values of Mg, taking into account the Co integrated concentrations (at/cm?)
measured by RBS analysis and the thickness of Au:Co layers, the values of the magnetic
moment (i) per atom of cobalt have been estimated. The results demonstrate that p in the
different films is quite independent from the composition of the films with a typical value
of 1.50 £+ 0.02 pp/atom. It is worth noting that the values of Co magnetic moment esti-
mated from XMCD analysis (see section 3.2.1 and Fig. 3.9) are lower, around 1.25 + 0.05.

Although further investigation is needed to clarify this point, it is worth remembering that
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Figure 3.12: Values of Mg (normalized to the value of Mg at T=20K) for the three compositions as a
function of temperature.

the Au:Co samples could not reach the saturation magnetization at the maximum allowed
magnetic field applied during XMCD experiment. Moreover, the easy magnetization axis
of thin films typically lies in the plane parallel to the surface (due to the shape anisotropy)
while the applied field was in the XMCD case perpendicular to the sample.

The structural analysis has also pointed out that besides an Au-Co alloy, which is the
major constituent of the films showing a composition depending on the initial stoichiom-
etry, there are nanostructured clusters of segregated cobalt. The composition of the alloy
and the estimated fraction of each component were schematized in Fig. 77. Based on
this picture, i.e., assuming that the alloy and the segregated cobalt are the only magnetic
phases, and considering the values of Mg at 6 K, consistent values of magnetization for the
Au-Co alloys have been derived. To the latter phase, we have attributed the Mg measured
in the reference Co film. The calculated values of Mg for the Au-Co alloys are reported as
a function of the Co atomic content in Fig. 3.13.

A closer inspection of the hysteresis loops provides information about the magnetic struc-
ture of the samples.

At T = 6 K, the reference magnetic sample, i.e, the film of pure cobalt, is isotropic in the
plane, as observed by measuring hysteresis loops along two orthogonal directions (0° and
90°) in the plane of the film. The loops are reported in Fig. 3.14 which actually shows the
ratio between Magnetization (M) and Mg as a function of the applied field (H). In Fig.

3.14 the Coercitivity (H.) and the Remanent Magnetization (M, ) are shown as functions
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Figure 3.13: Estimated values of Mg for the Au-Co alloy as a function of the Co content in the alloy.
Two magnetic phases have been considered i.e., the alloyed compound and the segregated
cobalt, according to the scheme sketched in Fig. 2.18 and to Fig. ??. The line is a linear

fit.
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Figure 3.14: Hysteresis loops (in plane, along the two orthogonal directions 0° and 90°) of the reference
Co sample, at T=6K. In (a), M/Mg as a function of the applied field (H). In (b), H, (in
black) and M, (in red) as functions of the temperature (T).

of temperature.
Concerning the alloyed samples, let’s consider first the Au2Col sample. The loops mea-

sured at 0° and 90° at T = 6 K are shown in Fig. 3.15-(a). Also in this case, the sample

appears isotropic in the plane. However, a full view of the loops reveals a clear non-

saturation tendency. For instance, this effect is well visible in Fig. 3.15-(b) where the first
quadrant of the M vs H loop at T = 300 K is plotted.

H. and M, for this sample are shown as functions of temperature in Fig. 3.16-(a). At the
lowest temperature, H. is substantially higher than in Co film, but it strongly decreases

with increasing temperature especially up to about 100 K; M, exhibits a similar trend.
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Au2Col film, at T=6K. The data of M/Mg as a function of the applied field (H) are
reported. In (b), first quadrant of the M vs H loop at T = 300 K is highlighted.
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Figure 3.16: In (a), H. and M for the Au2Col film as functions of temperature (T). In (b), the ZFC-FC
curve for the AulCo2 sample. The field applied for the measurements was H,pp =20 Oe.

This behavior suggests that small cobalt or cobalt-rich clusters are embedded within the
AuggCoyy amorphous alloy. The latter constitutes the largest portion of the sample and
possesses a weaker ferromagnetism compared to Co. It is expected that the small Co clus-
ters may undergo a magnetic relaxation process similar to superparamagnetism [87,88|. To
support this description, the magnetization has been measured for increasing temperature
in the 6-300 K range in an applied field Hg,, = 20 Oe, after cooling the sample from
room temperature down to 6 K both without external field (Zero-Field-Cooling (ZFC))
and in H,p, (Field-Cooling (FC)). The resulting ZFC-FC curve is shown in Fig.3.16-(a).
Magnetic irreversibility, i.e., the difference between FC and ZFC magnetization, is clearly
observed from T = 10 K up to T =~ 215 K, where the ZFC branch displays a peak. This

behavior is perfectly consistent with the hypothesis above, namely with the existence of
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Co, or Co-rich, clusters embedded in the AuggCosy matrix. The clusters are magnetically
blocked at the lowest temperature, thus determining the high Hes value; with increasing T,
thermal effects induce magnetic relaxation processes and at T ~ 215 K all the clusters have
entered the superparamagnetic regime. However, it is worth noting important features of
the curve in Fig.3.16-(b): i) the value of Mzrc at T — 6 K is quite high, corresponding
to more than 20% of the total Mg measured in this sample (= 325 emu/cm?, see Table
3.1); ii) the value of Mpc at T = 6 K corresponds to ~70% of the total Mg; iii) in the
whole temperature range, the FC branch exhibits a downward concavity, consistent with
the existence of a monotonically decreasing ferromagnetic background.

Furthermore, it should be noted that the Au-Co alloy is magnetically very soft. The con-
tribution of the Co clusters to the H,, indeed, reduces with increasing temperature as they
become superparamagnetic and above T = 100 K values of coercitivity smaller than 10
Oe are measured (see Fig.3.16-(a)). Thus, we conclude that H,,, applied at the beginning
of the ZFC measurement is sufficient to magnetize the soft Au-Co alloy to a large extent
and, after FC, to block along its direction the magnetic moments of the largest fraction of
cobalt atoms in the sample.

Considering now the sample with the highest Co content, i.e, the AulCo2 film, the mag-
netic behavior is clearly anisotropic. Fig. 3.17-(a) reports the loops measured at T = 10
K along two perpendicular axis in the film plane: the first one parallel to an edge of the
sample taken as reference and named as '0°’ and the second one perpendicular to the for-
mer, labeled '90°’. The anisotropy is evident, being the 0° direction the easy magnetization
axis. Indeed, the loop measured at 0° is highly squared (the squareness ratio parameter
M, /Mg ~0.97) and an abrupt reversal of the magnetization is observed. Accordingly, the
90° direction is expected to be the hard magnetization axis, resulting in the absence of mag-
netic hysteresis, according to the well-known Stoner-Wohlfarth model for magnetization
reversal [89]. On the contrary, we do observe a hysteresis loop with low squareness ratio
(M,./Mg =0.43) and slightly shifted along the horizontal axis. In general, a loop shift is the
manifestation of the occurence of exchange anisotropy caused by the magnetic exchange
interaction at the interface between two phases with different magnetic anisotropy [90-92].
In our opinion, also in the present case, the loop shift, together with the overall irregular
shape of the loop, reveals the existence of two different and interacting magnetic phases.
With increasing temperature, the shape of the loops evolves as displayed in Figs. 3.17-(b)
and 3.17-(c), relative to T = 20 K and T = 100 K respectively. Fig. 3.18 shows the
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curves of H. and M, /Mg as a function of the temperature, measured along the 0° and 90°
directions. At all temperatures, the 0° direction remains the easy magnetization axis. The
shape of the 90° loops exhibits a peculiar evolution: at T = 20 K the loop is symmetric
with respect to the vertical axis and no shift is observed. However, an odd feature appears,
namely a crossing of the two branches. The effect, well visible in Fig. 3.17-(c), affects all

the 90° loops measured at T >20 K and it is highly reproducible.
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Figure 3.17: The hysteresis loops for the AulCo2 film, collected respectively at (a) 10K, (b) 20 K and
(c) 100 K.
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Figure 3.18: Values of H. (a) and M,./Mg (b) for the AulCo2 film as functions of temperature (T). The
measurements were acquired along the ’0°” and ’90°’ axis in the plane of the sample.

The AulCol film shows a very similar behavior, as demonstrated by Fig. 3.19 - which
displays the loops at 0° and 90° measured at T = 6 K (Fig. 3.19-(a)) and 100 K (see
3.19-(a)) — and by Fig. 3.20, showing H. and M, /Mg as functions of the temperature. In
this case too, the 0 direction is the easy magnetization axis, even if the squareness ratio is
slightly lower than in AulCo2 at all temperatures, and the 90° loops measured at T < 20
K appear shifted, whereas for T > 20 K they feature crossed branches.

Our hypothesis is that both the loop shift and the branch crossing are hints of the co-
existence of two different magnetic phases, even if the second effect is very peculiar and
certainly deserves further investigation. Assuming that the two phases are intimately
mixed and coupled by exchange interaction, the reversal of their magnetization vectors
is determined by the subtle interplay between the strength of the exchange coupling, the
strength and direction of the magnetic anisotropy and the direction of the external applied
field. These two different magnetic phases may be consistently identified with the Au-Co
alloy and with the clusters of cobalt: it is observed that their magnetization vectors switch
almost coherently when the external field is applied along the 0° direction, whereas in the
loops measured along the 90° direction, a more complicated reversal mechanism occurs,
which is still under investigation.

Certainly the AulCo2 and AulCol films show an anisotropic magnetic behavior. Con-
sidering that cobalt is a magnetostrictive material and that the Au-Co alloy may exhibit
similar properties, this result is explained assuming a dominant magnetoelastic contribu-

tion to the anisotropy energy of the two phases. This requires that the two phases are
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Figure 3.19: The hysteresis loops for the AulCol film, collected respectively at (a) 6K and (b) 100 K.
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Figure 3.20: Values of H. (a) and M,./Mg (b) for the AulCol film as functions of temperature (T). The
measurements were acquired along the ’0°” and ’90°’ axis in the plane of the sample.

subjected to a mechanical stress whose origin may be intrinsic to the growth process, as

sputtering deposition takes place in out-of-equilibrium conditions, or caused by a lattice

mismatch between the two phases themselves. This latter mechanism is in agreement with
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the results from the full structural investigation (see section 2.4), as the crystalline prop-
erties of the alloy become higher as the Co content (in the as deposited film) increases.
On the contrary, it has been demonstrated that the alloy in the Au2Col film is mostly

amorphous, in agreement with the observed isotropic magnetic behavior.
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3.3 Thermal stability of Au:Co films and alloy

To study the stability of the alloy and the evolution of our compounds as a function of
the temperature, the Au2Col coating was characterized throughout a thermal annealing
up to 800°C, performed in-situ at the diffractometer. The sample was mounted on a DHS
Anton Paar hot stage, connected to a TCU 150 Temperature Control Unit with a nominal
heating rate of 60 °C/min. It is composed of a dedicated sample-holder (aluminum nitride
material), indicated by the number "2’ in Fig. 3.21-left, connected to a heater and isolated
from the environment by means of a plastic cover (i.e., the X-Ray window dome indicated
by the number ’3’ in Fig. 3.21) inside which nitrogen gas was fluxed. In order to prevent
all possible mechanisms of oxidation, the film was coated with a cap layer of 200 nm of
silica.

The heating ramp adopted in this experiment is sketched in Fig. 3.21-right. The heating
power furnished to the sample-holder allowed reaching the desired temperature in maxi-

mum 10’; an interval of further 10" was dedicated to the thermalisation of the coating.
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Figure 3.21: Left: the heating stage adopted to perform in situ XRD measurements, where '1’ is the
air-cooled housing, ’2’ is the heated sample holder, '3’ is the X-Ray window dome. Right:
the heating ramp applied to the sample-holder during in situ XRD experiment.

XRD measurements in GI-XRD geometry have been collected together with symmetric
scans, as detailed in 2.3.1. The GI-XRD patterns corresponding to each annealing step are
reported in Fig. 3.22.

The reflections are almost unvaried until 200°C, then a transformation starts to occur lead-
ing to the shift of the peaks towards lower angles. Moreover the (220) peak experiences a
broadening until 300 °C, then a progressive decrease of the signal takes place, indicating
that initial strong texture, characterizing the as deposited film, is gradually lost. The final

pattern, indeed, reveals a mixture of pure FCC gold and of pure FCC cobalt. This is partic-
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Figure 3.22: GI-XRD patterns collected during the in situ thermal treatment, as a function of the tem-
perature.

ularly clear analyzing the data collected on the sample cooled down to Room Temperature,
after the complete thermal treatment. Here, differently to the scans acquired during the
annealing steps, the reflections do not experience the shift related to the thermal expansion
of the lattice. The pattern is reported in Fig. 3.23, compared with the reflections of pure
FCC Au and Co.

It is worth noting, that the texture is slightly different from that of bulk gold [64], and
resembles that of sputtered Au whose experimental pattern is reported in Fig. 2.4. Fur-
thermore, the appearance of a FCC phase of cobalt is already known in the literature and
typically occurs when Co grows in presence of, also small, quantity of Au [3].
Concurrently, the (111) reflection in the symmetric scans strongly increases as demon-
strated by the w — 26 scans reported in Fig. 3.24 as a function of the temperature.

In the low temperature steps, the intensity of the peaks arises from two contributing
phases, similarly to what seen in section 2.3.1: a ’secondary’ contribution from a Au-like
phase (see 'Peak 2’ in Fig. 3.25-left) is mixed with a 'predominant’ contribution from a
phase (see 'Peak 1’ in Fig. 3.25-left) characterized by a shorter lattice parameter. The lat-
tice constants of these crystalline phases moves towards higher values as the temperature
increases. The data are reported in Fig. 3.24-right and indicate that the two phases merge

around 500°C leading to a single phase of bulk Au. The corresponding lattice parameter
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Figure 3.23: GI-XRD data collected on the Au2Col cooled sample, after the complete annealing up to
800°C. The pattern is a mixture of pure FCC Au and pure FCC Co, whose reflections are
also depicted.
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Figure 3.24: On the left, the collected w — 20 patterns as a function of the temperature steps. The (111)
and (311) reflection of a FCC lattice appear. On the right, a magnification of the (111)
peak, highlighting the shift of the maximum and the increase of the intensity.

is subjected to a thermal expansion; indeed, the value inferred from a Room Temperature
(RT) measurement after the complete thermal treatment is compatible with that of pure
gold |64].

The grazing incidence measurements, together with the symmetric scans, suggest that

in this sample the segregation of the two constituting metals is accompanied by a strong
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Figure 3.25: On the left, a representative example of (111) peak fitting -in symmetric scan- with two

pseudo-Voigt functions. On the right, data of the corresponding lattice parameters (in A):
red circles are related to the predominant’ phase, see 'Fit Peak 1’ on the left, blue triangles
are related to the ’secondary’ phase, highlighted by the ’Fit Peak 2’; The green circle is
related to the sample cooled at RT after the complete annealing.

texturing of the FCC gold phase with the alignment of the (111) planes parallel to the
substrate.

The separation of cobalt from gold is also highlighted by Scanning Electron Microscopy
(SEM) imaging and Energy Dispersive Spectroscopy (EDS) microanalysis performed with
a Zeiss Sigma HD field-emission scanning electron microscope (FE-SEM). The SEM was
operated at 5kV for imaging using the In-Lens detector. A compositional map of EDS was
carried out with a scanning step of about 20 nm; the apparatus was operated at 20kV and
employed a SDD detector with a resolution of 129 eV for fluorescence X-Ray analysis. To
detect the spatial distribution of the two metals, the signal was collected respectively at
the Ly line for Au and at the K,y for Co. The EDS map is reported in Fig. 3.26-a), with
the corresponding SEM image in b).

The segregation of Au and Co as a function of the temperature is also confirmed in the
balanced and Co-rich films. The 30 nm-coatings set was measured by XRD, after an an-
nealing performed ez-situ at 500° C. Reducing gas (mixture of Argon and 2 % Hydrogen)
was fluxed inside the furnace during the one hour-treatment. The GI-XRD spectra for the
Au2Col film as well as the AulCol and AulCo2 films, collected after the annealing, are
reported in Fig. 3.27. For comparison the reflections corresponding to the pure Au and Co
bulk phases (FCC) and to the Oxidized Co (Co030,) are also reported. It is confirmed that
the phase separation is complete: a FCC phase of pure gold coexists with a FCC phase of
Co30,4. The oxidation of cobalt is probably due to a small partial pressure of Oxygen, in

any case present inside the furnace, despite the reducing gas employed.
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Figure 3.26: In a), the EDS map performed on the sample annealed at the diffractometer according to
the ramp in 3.21-right. Yellow spots correspond to gold, Pink spots are related to cobalt.
In b), the corresponding SEM image of the area in a). The scale bar measures 2.5 pm.

Moreover, in these samples, thermally treated without a capping layer of silica, the coat-
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Figure 3.27: The GIXRD spectra related to the 30 nm-thick set after an annealing at 500°C, 1 hour
long, performed ez situ in a tubular furnace (reducing atmosphere).

ings undergo a dewetting process. This is demonstrated by the appearance of a surface
signal, belonging to the silica substrate, in the corresponding RBS spectra and by a mor-
phological characterization through SEM imaging. Islands of pure gold are mixed with
particles of cobalt as demonstrated by the mapping of Au and Co signals in EDS analysis.
The elemental maps are reported in Fig. 3.28 at two magnifications with the corresponding
SEM morphological images.

Even if far from the scope of this work, the formation of a network of interconnected par-
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Figure 3.28: Images a)-c) report the EDS maps performed at two magnification on the sample Au2Col
annealed in furnace at 500° for 1 hour. Yellow spots correspond to gold detected through the
Lo, Pink spots are related to cobalt, detected through the K,;. In b), the corresponding
SEM image of the area in a). The scale bar measures 2.5 ym. d): the corresponding SEM
image of the area in c¢). The scale bar measures 1 pm. The SEM was operated at 20kV for
X-Ray analysis and at about 5kV for imaging.

ticles of gold mixed with nano-particles of cobalt could be taken into account in the design
of nanostructured arrangement where the properties of this noble metal need to be cou-
pled to the magnetic behavior through nearby but at the same time segregated features.
Furthermore, the system can be embedded in a desired matrix, as dielectric or transparent
material, for instance.

Also X-Ray absorption analysis confirms that the Au:Co films are stable up to 200° C; then
a transformation starts, leading to a de-alloying process since 250° C. The measurements,
on the 30 nm-Au2Col film thermally treated (ez-situ) at 250° C and up to at 800° C,
have been performed at the BM08 Italian Beamline of the European Synchrotron ~ESRF
(Grenoble) at the Co K- edges similarly to the experiment detailed in section 2.3.3. The

equipment included a 13-element HP Ge detector, a (311) Si double crystal monochroma-
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tor working in dynamical focusing mode and a couple of Pd-coated mirrors for harmonics
rejection. During the measurements, the samples were cooled at 80 K to reduce thermal
vibrations. A Au/Co bilayer i.e., a 8 nm-thick pure cobalt layer coated with a 12 nm-thick
layer of pure gold, deposited on silica substrate, was measured as a reference film.

The EXAFS signal in k-space corresponding to Au2Col coating thermally treated at 250°
C and 800° C are compared to that of as deposited sample and to that of the Au-Co
bi-layered system, in Fig 3.29.

The data revel that the interatomic distance in the annealed samples move towards the
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Figure 3.29: EXAFS data, at the Co k- edge, for the Au2Col film in the k-space: comparison between
the signal for the film annealed at 250° C and the one thermally treated up to 800° C
(embedded in silica), with the as deposited coating and the Au-on-Co bi-layers

value characterizing the bi-layers where Co is completely separated from Au and only poly-
cristalline phases are present. Moreover, the features of the alloy are lost and the structure
resembles that of a completely segregated system, approaching that of a long-range ordered

system in the case of the sample annealed up to 800° C.






4 3D Nanostructures

This Chapter describes periodic arrangements of nanostructures whose composition is the
same as the Au:Co compounds detailed before. The two kinds of bi-dimensional arrange-
ments considered here are the Semi Nano Shell Array and the Nano Hole Array.

Results on their morphological characterization as well as on their far field optical response

will be presented.

4.1 Introduction

After the investigation on the alloying behaviour of gold and cobalt at a nano-scale level
in thin films, the research moved toward the study on the feasibility of replicate the alloy
features in confined nanostructures. As seen in Chapter 1, the capability to realize nanos-
tructured bimetallic compounds allows to couple the plasmonic features of noble metal
-Au- to the magnetic properties of the transition metal counterpart -Co- in innovative
magnetoplasmonic platforms suitable for further magneto-optical characterizations.

Two classes of nanostructures have been mainly investigated: the NHA (Nano Hole array),
i.e., a periodic array of nanometric holes drilled in a thin metallic film, which can sustain
extended plasmons and the Semi-NanoShell Array (SNSA), which can be modeled as a
periodic array of spherical cups where localized plasmons occur.

The synthesis procedure is based in both cases on Nanosphere Lithography (NSL) [93],
a fast, simple and not expensive technique to produce bi-dimensional patterns at the
nanoscale on a large area (typically of order of ¢m?). The first step, common to the
synthesis procedure for both kinds of arrays is, indeed, the preparation of a nanoparticles’
mask by the self-assembling of monodisperse Polystyrene (PS) nanospheres on a substrate
in a hexagonal close packed single mono-layer.

In particular, a modified version of a dip coated method has been adopted [94], where the

self-assembly of the nanoparticles takes place at the interface between two liquid phases.

97
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The starting PS nanoparticles solution (wt. 10%) was purchased from Microparticles
GmbH (Germany); the nominal diameter was 522 £+ 12 nm. The monolayer formation

is based on the following steps:

1. 20 uL of a solution PS suspension:isopropyl alcohol (50:50 % in volume) is spread on
a Soda Lime Glass (SLG) substrate 2 x 2 cm? previously cleaned with an acid piranha
solution;

2. this substrate, inclined with a certain angle, is immersed into a glass vessel filled with
Milli-Q water (18.2MQ\cm resistivity) using a motorized system which assures an uni-
form velocity during the immersion;

3. PS nanoparticles form a monolayer on the water surface thanks to the capillary forces
at the meniscus between the alcoholic suspension and the water;

4. the first substrate is automatically moved up outside the vessel and another cleaned
substrate (slices of HSQ 300 silica or mono-crystalline silicon) is manually immersed
into the vessel to collect the resulting compact monolayer which floats on the water
surface;

5. the masked substrates are dried at room temperature.

The monolayers quality was investigated by morphological measurements, carried out by
Atomic Force Microscopy (AFM) measurements. The characterization was performed with
a NT-MDT Solver PRO-M microscope equipped with a 100 x 100 gm scanner. An example
of AFM image is reported in Fig. 4.1-a) with the corresponding FFT (4.1-b)) exploited
to estimate the actual diameter of the nanospheres. Measuring the distance between ten
spots, in the FFT image, a value of 514 4+ 10 nm has been inferred, in good agreement
with the nominal value. Before the synthesis of the monolayer, the substrate was cleaned
in a piranha solution (3:1 by volume of 30% H205 and 98% H,SO,) for 1 hour at 90 °C and
then washed with ultra-pure milli-Q water. This step is mandatory to make the surface
extremely hydrophilic. Sulfuric Acid and Hydrogen Peroxide were purchased from Sigma-
Aldrich as the Isopropyl alcohol with purity > 99.7 % employed for the dilution of the PS
suspension.

The first step of the array preparation was followed by a Reactive Ton Etching (RIE) process
(to reduce the PS nanosphere diameter without atering the particle-to-oarticle distance)
and a sputtering deposition of the two metals, whose parameters depend on the particular

system to be considered. The corresponding details will be presented in section 4.4 respec-
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Figure 4.1: a) AFM image 20 x 20 um? of a PS monolayer with nominal Diameter (D) 522 + 12 nm. b)
Fast Fourier Transform (FFT) of the AFM image in a), the white line was used to measure

the distance between 10 spots and to extract the actual diameter of the nanospheres.

tively for the Nano Hole Array (NHA) and in section 4.3 for the SNSA.

4.2 Nano-Holes Array

A Nano Holes Array (NHA) is a periodic array of tiny holes in an opaque metal film,

with size smaller than the wavelength of incident light. This arrangement exhibits peculiar

optical properties as strongly enhanced transmission of light through holes [95] and wave-

length filtering. These effects arise from the interaction of the impinging radiation with

electronic resonances in the surface of the metal film. The periodic features characterizing

these systems, provide, indeed, the momentum conservation necessary for the coupling

process between the incident wavelength and the free surface charges (see equations 1.15

and Fig. 1.2). The metallic component can then sustain SPPs modes, which play a crucial

role in the transmission of light through the sub-wavelength holes array, leading to the

so called Extraordinary Optical Transmission (EOT). This phenomenon occurs when the

transmission efficiency, n, is larger than 1, i.e., the flux of photons per unit area emerging

from the holes is larger than the incident flux per unit area.

The process can be basically divided into three steps [96]:
1. the coupling of the light to SPs on the incident surface;

2. the transmission through the holes to the second surface;

3. the re-emission from the second surface;
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The intensity of the enhanced plasmonic field above each hole compensates for the ineffi-
cient transmission (when the propagation regime is substituted by the evanescent regime)
through each individual sub-wavelength hole. The EOT can be in principle observed in
the case of a single aperture, due to the excitations of Localized Plasmons [97], or due to
the presence of periodic corrugations surrounding the holes [98]. Nevertheless, a sizeable
effect can be addressed by the periodic array, which can also act as a filter. Peculiar trans-
mission peaks appear when the momentum-matching conditions are verified and depend
on the geometrical parameters of the array and on the optical features of the metal and of
the sourronding dielectric medium. At the peak transmissions, standing Surface Plasmons
waves are formed on the surface, associated with high field enhancement.

The NHA have been gathering increasing attention for their potential applications in many
fields of science and technology. In the field of opto-electronics, for instance, studies are
being carried out to extract more light from light emitting diode [99]. The EOT can be
employed in SPs-activated mask for new generation lithography, in order to obtain sub-
wavelength features in the near-field and high throughput [100]. Another promising area
of application is their integration in biochips as sensing elements, where the high optical
contrast, the small size, the strengthen of the input and output optical fields and, addi-
tionally, the focusing capability, can all be exploited [101]. The combination of molecules
and holes can find application in the spectroscopic area [102], and for catalytic transfor-
mations. Finally, sub-wavelength holes might find use in quantum and atom optics, where
the manipulation of the atoms and the control of their direction, is needed [103].

NHAs, particularly made up of ferromagnetic materials, have been tested in magnetoplas-
monic system, as seen in sections 1.2.2 and 1.2.3. In principle, indeed, all the metals can
support Surface Plasmon modes, however a minimization of losses should be expected by
coupling cobalt with gold. The choice of the metal is, indeed, a crucial parameter in the
design of NHA, beside the geometrical factors as the symmetry of the structure, the aspect
ratio and shape of the holes, the aperture area and so on.

In our case, the initial diameter of the PS nanospheres determines the period of the ar-
ray. The size of the hole is instead tuned through an ad hoc RIE process, an etching
process typically used to remove matter from a substrate in micro- and nano-fabrication
area. Our Reactive Ion etching is, in particular, an ion-assisted dry etching based on a
combination of chemical and physical mechanisms. The masked substrates were positioned

on a copper platter inside a cylindrical vacuum chamber and electrically connected to a
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radio-frequency source. A gas mixture of Argon and Oxigen was fluxed inside the chamber
and ignited to generate a plasma: due to the voltage difference, the positive ions were
attracted to the platter, colliding with the sample to be etched. The chemical etching of
PS is due to oxygen ions, while Ar™ ions remove the polymer transferring part of their
kinetic energy, as in a sputtering process. The gas mixture, the total pressure inside the
chamber and the etching time have been properly optimized to get a maximum reduction
of the diameter of the nanosphere, while preserving their stability. The strong reduction
of the PS spheres diameter correspond to a minimization of the holes in the final array,
essential, as previously seen, to enhance the evanescent regime characteristic of the Sur-
face Plasmon modes. It was indeed, observed that a much aggressive etching can damage
the nanospheres shape deteriorating, also, their stability. The quality of the etched mask
can be monitored by electron microscopy analysis. In particular, Field Emission Scanning
Electron Microscopy (FE-SEM) measurements have been performed with a Zeiss SIGMA
HD operating in the 0.2 = 30 kV range, with a spatial resolution of about 1.2 nm at 30
kV.

In Fig. 4.2-a) the morphology of the PS nanospheres etched with an optimized RIE pro-
cess is reported. The etching parameters were: a total gas pressure of ~ 370x 10 *mbar,
a percentage of Oxygen in the mixture of 70%, a power of 12 W provided to the source
and a treatment time of 7°. The RIE process need to be, indeed, optimized to achieve
the maximum reduction of the PS spheres diameter while maintaining the stability of the
nanoparticles. An example of optimized RIE is reported in Fig. 4.2-b), which shows a
SEM images acquired in cross-section. It is worth noting that the intrinsic anisotropy of
the RIE process slightly changes the shape of the nanoparticles from spheres to lens-like
nanoparticles; this does not compromise the whole synthesis procedure. Nevertheless, a
too aggressive etching process can induce a collapse of the PS spheres into the substrate;
an example of this unusable mask is reported in the cross-view SEM of Fig. 4.2-c).

From the measurements of nanospheres’ diameter, an average value of 280 + 9 nm was
obtained.

The steps needed to complete the preparation of the NHAs are summarized in Fig. 4.3.
The etching step is followed by a magnetron deposition carried out in co-focusing geom-
etry. In particular, NHAs have been deposited in the same batch of the corresponding
continuous films (according to the process parameters detailed in section 2.2), so that, also

in the case of these nanostructures, three compositions will be considered: a ’balanced’
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Figure 4.2: SEM images of etched Polystyrene monolayers deposited on silicon substrate. a) top-view at
100 kX of the PS spheres subjected to a RIE process properly tuned for the NHA preparation
(see text for geometrical details). b) cross-view at 100 kX highlighting the anisotropy typical
of the etching process. ¢) SEM cross-view image showing the results of a not optimized i.e.,
too aggressive etching process.
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Figure 4.3: Schematic diagram of the synthesis process of NHA: 1) self-assembly of a PS nanospheres
mask on a substrate, typically silica (HSQ300) or Si; 2) reactive ion etching to reduce the PS
diameter; 3) cosputtering deposition of Au and Co (see 2.2); 4) removal of the PS mask by
an adhesive tape.

AulCol NHA, two un-balanced ones, i.e., Au2Col NHA (rich in Au) and AulCo2 NHA
(rich in Co). Moreover, it is reasonable to assume that, given the gap between the etched
nanospheres, the mechanisms of the growth of the metallic coating are the same as for the
solid films.

The thickness of the material surrounding the holes, is, indeed, an important parameter in
the design of the array [96], as it should be several times the skin-depth (see section 1.2.1)
of the metal to assure a strong opacity compared to the apertures. A final thickness of
85-95 nm was selected, since typical values of skin depth for noble metal are of the order
of 20 nm.

After the Au:Co film deposition, the PS were removed by an adhesive tape. The final
results is a hexagonal array of holes in the thin metal on the substrate.

The morphology of the NHAs has been characterized through FE-SEM. Fig. 4.4 reports,

as an example, the images for the Au2Col NHA, acquired at different magnifications.
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Figure 4.4: a) SEM image 100 kX of a representative NHA; the arrows represent the vector needed to
describe the periodic arrangement of holes, the the i,j index are also indicated. b) SEM image
at 50 kX of the same NHA.

Fig. 4.4 describes also the geometry of the periodic pattern: the vector (i,j) identifying the
holes’ position can be indexed with (1,0) and (1,1). From the analysis of the SEM image,
it is possible to infer the geometrical parameters. The period is confirmed to be 514 4+ 9
nm, corresponding to the diameter of the untreated nanoparticles. From Fig. 4.4-a) the
average diameter of the holes is 274 £+ 6 nm, in agreement with the diameter of the etched
PS nanospheres just after the RIE process. It is worth noting, that this value correspond
to the measurements of the 'projection’ of the holes, assuming a cylindrical shape of the
apertures.

Looking instead at the FE-SEM image acquired with the detection of the secondary elec-
tron, see Fig. 4.5, it is clear that the morphology of the holes is more complex. Due to
the co-focusing geometry of the deposition process, part of the Au and Co atoms can be
deposited also in an annular region underlying the PS spheres. The uncovered area results,
actually, lower than seen before, its diameter being 249 + 10 nm. Then there is a thickness
gradient going from this area to a ’cuspid’ zone, which corresponds to the highest ring
surrounding the hole.

The optical properties of the as prepared NHAs have been characterized by means of UV-
Vis measurements performed in transmission mode with a JASCO V670 spectrophotometer
in the 200-1500 nm wavelength range. The data are summarized in Fig. 4.6-a), -b) and
-¢) (orange line) for the array of composition Au2Col, AulCol and AulCo2, respectively.
Furthermore the transmission spectra of a pure-Co NHA, which shows a geometry similar

to that of the previous ones, has been measured as reference as well: the data are reported
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Figure 4.5: FE-SEM image of a representative NHA acquired at 100 kX by detection of secondary electron
to enhance the morphology features; the maximum thickness in the annular region around
the holes decreases towards the voids according to a spherical profile.

in Fig. 4.6-d). All the NHAs have been measured before (black line) and after (orange
line) removing the PS spheres.

After pulling out the PS mask, the NHAs typically show three features in the transmis-
sion spectra: a peak between 400 and 500 nm and and two broadbands locate respectively
around 300 and 1000 nm. From a theoretical point of view, applying the momentum-
matching conditions -equations 1.15- and assuming a virtually vanishing hole size, it is
possible to calculate the wavelength of the maximum transmittance, at normal incidence,

for the hexagonal 2D lattice, with the expression:

)\max = ¢ Emed (41)
3@ g4 g2 Vo

where a is the period of the array (in our case 514 nm,) ¢, are the index of the vector

lattice as depicted in Fig. 4.4-a), ¢, and &4 are the dielectric constant - see equation 1.3-
of the metal constituting the NHA and of the dielectric material in contact with the metal,
respectively. Fig. 4.6 showss the results of the calculation concerning the composition, as
a function of the (1,0) or (1,1) lattice vector and the dielectric material, i.e., silica and
air (It is worth noting that the NHAs are deposited on silica while their surface is directly
exposed to ambient air). The g, of the silica was set at 2.15, i.e., the experimental value
measured on a bare substrate by means of Ellipsometry. The positions of the calculated

Amaz are indicated by the arrows where the name of the corresponding dielectric material
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Figure 4.6: UV-Vis transmission data of NHAs of stoichiometry a) Au2Col, b) AulCol, c) AulCo2,
respectively. In d) the transmission spectra of a NHA of pure cobalt. The arrows indicate
the wavlenegth at whic the maximum transmission should occurs according to equation 4.1.

and of the (7, j) index are reported as well.

In all the cases the experimental transmission features experience a red-shift respect to the
calculated positions. This is generally observed in literature as the simple model adopted
does not take into account the finite diameter of the holes and the possible correlated
interference phenomena [104]|. From quantum-mechanics studies [105], red shift is explained
taking into account two interfering contributions to the transmission; to the resonant mode
of transmission mediated by the surface plasmon polaritons excitations at the two interfaces
(described before), it should be added a non-resonant contribution arising from the direct
light transmission through the holes. Their interference causes a red-shift of the peak

and induces also an asymmetry on the spectral shape, typical of Fano-like resonance.
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Furthermore the thickness of the metal should be considered as well [106]: it is certainly
not semi-infinite as expected in the ideal model and, in our case, as seen before, it is
not constant but follows a complex profile and vanishes in proximity of the holes. This
weakens the strong constrain of opacity intrinsic to an ideal NHA and, moreover, can lead
to a coupling of the modes occurring on either sides of the array or the interference with
the non-resonant contribution of light transmitted directly through the array.

For what concerns the material composition, the addition of gold to cobalt, on average
enhance the optical performance of pure-Co NHA. The increase of the transmission is
not proportional to the Au content as an important parameter to be considered is the
regularity of the holes and of the array. The uniformity, indeed, depends on the specific
batch of synthesis and in particular on the step of the mono-layer self-assembly which rules
the following steps (see Fig. 4.3) of the process and the final geometry. Certainly these

steps are eligible for further optimization.

4.3 Semi nano-Shell Array

The array of Semi Nano-Shells (SNSA) is the other 3D-nanostructured system, prepared
and characterized in this work.

The first three steps of the synthesis procedure are similar to that of the NHA a part the
removing of the PS: the final structure is an hexagonal array of Semi Nano-Shell units

coated with a thin Au:Co film. The process scheme is sketched in Fig. 4.7.

1. Self-assembly of 2. Reactive Ion Etching 3. Magnetron sputtering
PS nanospheres (Ar-Oy) co-deposition:
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Figure 4.7: Schematic diagram of the synthesis process of NHA: 1) self-assembly of a PS nanospheres
mask on a substrate, typically silica (HSQ300) or Si; 2) a ’soft’ reactive ion etching to slightly
reduce the PS diameter; 3) cosputtering deposition of Au and Co (see section 2.2).

In this case, a soft etching step has been employed, to slightly reduce the initial diameter of
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the PS nanosphere. In particular, the total working pressure was fixed at ~ 9x 10 *mbar,
i.e., lower than in the case of NHA treatment. The other parameters were: a percentage
of Oxygen in the mixture of 70%, a power of 10 W provided to the source and a treatment
time of 6’. After the etching step, the PS nanoparticles have been coated with a thin
Au:Co film; the magnetron sputtering deposition process was carried out with the same
parameters adopted for the deposition of 30 nm-thick continuous films (see section 2.2).

Two representative FE-SEM images are reported in Fig. 4.8, before (left) and after (right)
the coating deposition. From the analysis of the images, the diameter of the PS nanospheres
is 412 + 7 nm just after the RIE process and 438 £ 11 nm after the magnetron sputtering

deposition.

EHT = 5.00kV S ens D n EHT= 5.00kV Signal A=InLens Date 26 Aug2015 PSRN
WD=64mm M 00KX Time 12:55:47 [ WD = 31mm Mag= 100.00KX Time :12:02:27

Figure 4.8: On the left, FE-SEM image at 100 kX of a representative SNSA. On the right, the same
SNSA covered with a 30 nm-thick Au:Co coating.

Finally, the SNSAs have been coated with silica layers, still deposited by means of mag-
netron sputtering process, to prevent possible oxidation of the cobalt. Due to the particular
geometry of these arrangement the surface/volume is by far higher with respect to the solid
films increasing the risk of oxidation phenomena. The thickness of the silica top layers was
about 200 nm.

As seen, the Semi Nano-Shells are essentially PS nanospheres partially coated on top with
a Au:Co film, with a thickness of ~30 nm. The full structural characterization performed
on the solid films, confirmed the Au-Co alloy formation and provided a description of the
obtained solid solution in terms of composition and local order (see section 2.4). It is
reasonable to assume that alloying takes place also in the coating of the Semi Nano-Shells,
as the process parameters of the magnetron sputtering deposition were similar to those of

the corresponding films. Nevertheless, SNSAs have been characterized by means of X-ray
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Absorption analysis to verify this hypothesis. The measurements were performed at the
BMO8 Italian Beamline at ESRF (Grenoble, France) in the experimental conditions de-
scribed in section 2.3.3.

The analysis indicates that Co atoms are in the metallic state. The combined EXAFS
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Figure 4.9: Multiparameter first shell fits (intermetallic coordination) superimposed to the EXAFS data
for AulCol SNSA: a) Au edge, b) Co edge in R-space. the single scattering contributions to
the fit are reported.

analysis of the Au-edge and Co-edge spectra highlighted a Au-Co first shell coordination,
confirming the formation of a Au-Co alloy in all the SNSAs. A representative example of
the results is reported in Fig. 4.9 which shows the EXAFS data of the AulCol sample in
R-space.

The resulting first shell coordination distances are about 2.81 A for the Au-Au distance,
2.65 A for the Au-Co distance and 2.47 A for the Co-Co distance. These data are similar
to those obtained in the corresponding solid film (see Table 2.5); the alloy fraction is ~60%
and, also in this case, is richer in gold.

The far-field response of SNSAs have been characterized through UV-Vis measurements
performed with a JASCO V670 dual beam spectrophotometer. The collected data are
reported in Fig. 4.10, in the wavelength range of 450 - 1800 nm. As a reference, the
absorbance of SNSAs of pure gold and pure cobalt, prepared in similar conditions and
showing similar geometrical parameters, are reported as well.

The modulation of the signal is due to the occurrence of localized plasmonic modes typical
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Figure 4.10: The Uv-Vis absorbance of arrays of Semi nano-Shells covered with a thin layer of pure-Au,
pure-Co, and Au-rich, AulCol and Co-rich alloy, respectively.

of the nano-shells, which can be modeled as (partial) core-shell nanoparticles (see section
1.2.1) with a metallic skin and a dielectric core (i.e., Polystyrene). Moreover, as the gap
between adjacent shells in the final array is on the average less than 50 nm, a lateral cou-
pling between LSPs can take place leading to a red-shift of the optical features.

It is demonstrated the alloy enhances the optical response of a pure cobalt SNSA, due to
the reduction of the imaginary part of the effective dielectric function and therefore of the

optical losses, enabling these systems as suitable for future magneto-plasmonic activity.






Conclusions and Perspectives

In this thesis, thin films of Au-Co alloy have been deposited by means of co-focusing mag-
netron sputtering technique, and characterized in terms of structural, optical as well as
magnetic properties. Three compositions have been considered (Au2Col, AulCol and
AulCo2) together with three values of film thickness (=~ 15 nm, ~ 30 nm and ~ 100 nm).
The alloy formation has been demonstrated and studied by a combination of structural
techniques, i.e., X-Ray Diffraction, X-Ray Absorption Spectroscopy and Transmission Elec-
tron Microscopy, which, furthermore, allowed the characterization of the alloy in terms of
stoichiometry and local order.

In particular, in the Au-rich coating, the alloy constitutes the ~ 85% of the film, has a
stoichiometry of AugyCooy and is amorphous. In the AulCol and AulCo2 films, the frac-
tion of the alloy is respectively ~ 70% and ~ 60%, with a stoichiometry of Au;qCosy and
AugpCoyg, respectively.

In the case of Au2Col sample, the alloy is amorphous, while in the case of alloy richer
in cobalt, there are some FCC crystalline seeds, elongated along the direction of the film
growth. These grains are highly textured, with the (111) planes parallel to the substrate,
and show a lattice constant that shortens as the Co content increases arriving to a value
of 3.76 + 0.01 A in the AulCo2 film.

Besides the alloy, the samples exhibit a phase of segregated cobalt clusters, characterized
by a low atomic order, whereas no evidence of Co-oxide has been found.

The presence of two separated magnetic phases in the Co-rich samples is also suggested
by SQUID measurements. Some peculiar features in the corresponding hysteresis loops
are highlighted, which are probably related to the interplay between the strength of the
exchange coupling, the strength and direction of the magnetic anisotropy and the direction
of the external applied field and need further investigations.

On the contrary, the alloy in the Au2Col sample behaves as a soft ferromagnetic matrix:

the embedded Co clusters probably experience a magnetic relaxation process leading to

111
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the observed superparamagnetic behaviour.

Au atoms in the alloy acquire a net magnetic moment as extimated by XMCD measure-
ments at the Au Ly s-edges; for instance, in the case of AulCol film, its value is about
0.059 up/atom.

Upon thermal annealing, the alloy is stable up to 200° C; then, as the temperature in-
creases, a transformation occurs leading to the separation of gold and cobalt phases. If the
Co oxidation is prevented during the annealing, Co atoms separate into a FCC metallic
phase.

The addition of gold to cobalt brings the optical features typical of this noble metal into
the compound: the optical constants of Au:Co films have been measured by Ellipsometry
for the three compositions.

The alloyed Au-Co compounds have been successfully nanostructured into three dimen-
sional periodic arrangements. Arrays of Semi Nano-Shells and Nano Hole Arrays have
been prepared coupling the magnetron sputtering deposition technique with Nano Sphere
Lithography steps and a Reactive lon Etching process. The morphological as well as the
optical characterizations of the arrays demonstrate that these systems are promising plat-

forms for future magneto-plasmonic studies and applications.
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