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Introduction

Controlling solid-state systems can be achieved by addressing different microscopic degrees of
freedom, such as electronic charges, lattice vibrations (phonons), or spins. Each of these subsys-
tems interacts on characteristic timescales and can be selectively excited using modern ultrafast
optical techniques [1|. This thesis is particularly concerned with the excitation of lattice vibra-
tions and their subsequent coupling to spin dynamics in magnetic materials.

The ability to control magnetism at ultrafast timescales is not only of fundamental interest
but also of high technological relevance. Magnetic order underpins a wide range of applications
across medicine, chemistry, and biology, from imaging techniques to biosensors. However, the
focus here is on the technological implications for data storage devices, including hard-disk
drives and magnetic random-access memories (MRAMs). These devices form the backbone of
our digital society, where the demand for data storage continues to grow at an unprecedented
pace. Current projections estimate that the global data volume will reach values on the order of
175 zettabytes (10%! bytes) within the next few years. This rapid increase in stored information
has been addressed by constructing ever larger data centers. While effective in the short term,
this approach is neither sustainable nor efficient: data centers consume vast amounts of energy,
and their demand continues to rise faster than improvements in energy efficiency. Thus, a
fundamental challenge emerges, how to design faster and more energy-efficient data storage
technologies that can meet the needs of a data-driven world.

Magnetic recording technologies provide an appealing path forward. Today, typical read /write
times in magnetic devices are on the order of ~10 ns. However, from the perspective of solid-state
physics, this limitation is technological rather than fundamental. Spin dynamics in magnetic ma-
terials can occur on picosecond timescales (1-100 ps), orders of magnitude faster than current

devices can exploit. Overcoming this gap requires novel approaches to manipulate magnetic or-
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der at ultrashort timescales. The central idea that motivates this thesis is to achieve control of
the magnetic order of solids via their lattice vibrations. Ultrafast lasers offer a unique tool in this
regard: by generating coherent acoustic phonons, one can couple elastic deformations to the spin
system and potentially manipulate magnetization at picosecond timescales [2]. This approach
promises not only to deepen our understanding of spin—lattice interactions but also to pave the
way for new concepts in ultrafast magnetic data storage and processing. In this context, the work
presented here investigates the acoustic response of magnetic materials under ultrafast optical
excitation, with the aim of exploring and exploiting the interplay between lattice vibrations and

spin dynamics.

Understanding and controlling the interaction between light and matter lies at the heart
of many advances in modern physics and technology. Over the past decades, the development
of ultrafast laser sources has enabled researchers to explore these interactions at their natu-
ral timescales, opening new horizons in fields as diverse as quantum optics, condensed matter
physics, and nanoscale imaging. Femtosecond and picosecond lasers have made it possible not
only to probe the elementary processes that govern electron, phonon, and spin dynamics, but
also to manipulate these excitations with remarkable precision. Among these phenomena, opto-
acoustics—the study of how light can generate, detect, and modulate sound waves at ultrafast
timescales—has emerged as a particularly active field, where a plethora of fundamental processes
can be harnessed to address a broad range of possible applications . When short laser pulses
are absorbed in a material, they induce transient thermal and electronic stresses that launch co-
herent acoustic phonons. These GHz—THz strain waves, confined within nanostructured geome-
tries, serve as both diagnostic tools and active components in hybrid photonic—acoustic systems.
The ability to generate and control such acoustic waves offers opportunities for ultrafast signal
processing, high-resolution sensing, and even strain-assisted magnetization control in magnetic
materials. At the same time, nanostructuring of materials offers a powerful strategy to tailor
the propagation, damping, and coupling of these acoustic modes. By modifying the geometry,
composition, and boundary conditions of a structure—for example by detaching a thin film from
its substrate or incorporating it into a metal-insulator-metal (MIM) architecture—it is possible
to significantly alter its opto-acoustic response. These engineered nanocavities provide unique
platforms to study multiphysics coupling between photons, phonons, and possibly magnons, with

implications for the development of next-generation functional materials and devices.

This thesis investigates the ultrafast acoustic response of nanostructured metal systems,



with a focus on two model platforms: being the first polycrystalline freestanding nickel cavities
fabricated via laser delamination, and the second MIM cavities supporting optical epsilon-near-
zero (ENZ) modes. In both systems, femtosecond pump—probe spectroscopy is used to excite
and monitor acoustic resonances with sub-picosecond resolution. Through a combination of
time-domain measurements, Fourier analysis, and numerical simulations, we extract the key
parameters governing acoustic lifetimes, confinement, and energy dissipation. In parallel to these
core studies, this work also explores a complementary project in the field of optical biosensing.
Specifically, we present the design and optical characterization of a Segmented Refractive Optical
Element (SROE) intended for use in ultrafast Raman-based protein sequencing. While distinct
in application, this component shares with the rest of the thesis a common reliance on custom-
designed optics and nonlinear light—matter interactions, illustrating the versatility of ultrafast

optics tools across different scientific domains.

Altogether, the results presented in this thesis contribute to a deeper understanding of how
ultrafast laser pulses interact with structured matter, both from a fundamental perspective and
with a view towards enabling future applications in magneto-acoustics, integrated photonics, and

biophotonics.

Outline of this work

This thesis is organized into seven chapters that progressively build on the physical concepts,
experimental methods, and analytical tools used to investigate light—matter interactions in these

multifunctional nanostructures.

In Chapter 2, we introduce the theoretical and experimental background of ultrafast opto-
acoustic phenomena, focusing on the generation and detection of coherent acoustic phonons in
solids, in particular metals. We discuss how nanostructuring methods, such as the fabrication of
suspended cavities, can be used to tailor acoustic damping and confinement. Particular emphasis
is placed on the interplay between acoustics, optics, and magnetism, laying the groundwork for

exploring multi-physics platforms like magneto-acoustic resonators.

Chapter 3 provides an in-depth overview of the ultrafast optical techniques employed
throughout this work. We describe the principles of pump—probe spectroscopy and nonlinear
optical processes such as second- and third-harmonic generation and white light generation. Op-
tical parametric amplifiers (OPAs), used as tunable sources in both the visible and near-infrared

range, are introduced along with a custom-designed experimental setup tailored for femtosecond
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time-resolved spectroscopy.

In Chapter 4, we present a detailed study of the acoustic response of freestanding nickel
cavities fabricated using laser delamination, a novel fabrication method that could potentially
substitute expensive and time-consuming litographic techniques for nanopatterning. These struc-
tures are compared to nickel films in direct contact with the substrate. The acoustic dynamics
are characterized using pump—probe spectroscopy and analyzed through Fourier transform tech-
niques, while finite-element simulations are employed to interpret the observed behavior in terms
of resonant modes and quality factors. Our analysis demonstrates the superior performance of
the free-standing cavities, providing first evidence that the laser delamination technique is a
viable alternative for next-generation opto-acoustic resonators. Moveover, controlling the prop-
agation of acoustic pulses in a material like nickel is a necessary first step towards a laser-driven
control of magnetic states on ultrafast timescales.

Chapter 5 extends the investigation to a different class of structures—metal-insulator-metal
(MIM) cavities. These systems support epsilon-near-zero (ENZ) modes that enhance optical field
confinement, providing an interesting platform for the generation and propagation of acoustic
phonons. Again, pump—probe spectroscopy is used to probe the system’s response, with com-
parisons drawn to the behavior observed in the nickel cavities.

Chapter 6, we shift focus to a complementary project that intersects with photonics and
molecular biology. This chapter discusses the design, fabrication, and optical characterization
of a Segmented Refractive Optical Element (SROE), a custom optical component developed for
ultrafast Raman-based amino acid sequencing. This work forms part of a larger HORIZON 2020
collaboration and highlights the role of optics in emerging biotechnological applications.

Chapter 7 summarizes the main findings of the thesis, reflecting on their broader impli-
cations for the development of multifunctional nanodevices and outlining future directions for

research at the intersection of optics, acoustics, and magnetism.



Light-matter interaction in multifunctional nanostructures

The ability to detect and control the properties of light beams is at the heart of state-of-the-art
technologies in a variety of fields, such as telecommunications, sensing, imaging and characteriza-
tion of novel materials. In particular, significative efforts are being made towards the development
of miniaturized optical components able to manipulate light at the nanoscale, potentially paving
the way for more efficient and more performant next-generation devices.

This chapter builds the foundational context for interpreting the acoustic dynamics reported
later in this thesis, especially in the case studies of nickel opto-acoustic cavities and epsilon-
near-zero (ENZ) metal-insulator-metal (MIM) resonators presented in Chapter 4 and Chapter
5, respectively. These discussion is based on several review works on photoacoustics, more in
particular in acoustic phonons generated by ultrafast laser action [3], [4], and will provide as well
a context for future promising technologies relaying on the combination of opto-acoustics with

magnetic systems [5].

2.1 Principles and applications of ultrafast opto-acoustics

The development of pulsed laser sources has enabled the study of ultrafast light-induced coherent
acoustic phonons (CAPs), which has become a significant area of research in condensed matter
physics and ultrafast optics.

When an ultrashort laser pulses is absorbed by a material, the spatio-temporal characteristics
of the resulting acoustic waves generated no longer depend on the pulse duration. Instead, the
dynamics are limited by the characteristic timescales of energy transfer within the medium, for
example on the order of a few ps for electron-phonon scattering, and by the volume over which this

transfer occurs, generally constrained by the material’s optical penetration depth, here referred
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as & [6]. As a result, coherent strain pulses can be generated using a pump laser pulse with time
durations shorter than a picosecond, such as the 220 fs pulses used in this work. The detection
of the resulting mechanical perturbation is typically performed using a time-delayed probe pulse,
monitoring the transient reflectivity (or transmittivity) of the sample. This pump—probe scheme,
wherein a femtosecond pump pulse excites the system and a probe pulse reads the response via

changes in reflectivity or transmittivity, is discussed in detail in Chapter 3, Section 3.1.

The ability to optically excite and detect coherent acoustic phonons in solids opens the door to
a wide range of applications, particularly in the micro-electronics and opto-mechanical industries.
CAP generation and propagation have been extensively studied in metals |7], semiconductors [8]
and quantum wells [9]. This thesis focuses on metallic nanostructures and multilayered systems,

where the geometry and boundary conditions strongly influence the acoustic dynamics.

In metals, the interaction with a femtosecond laser pulse is highly localized within the first
20 to 30 nm beneath the surface. After absorbing a photon, electrons occupy a strongly out-
of-equilibrium state, reaching temperatures of several thousand kelvin within a few hundred
femtoseconds, while the lattice remains initially unaffected [10]. To describe this process, the
Two-Temperature Model (TTM) [11] provides a quantitative robust framework to explore the
subsequent dynamics of energy transfer between these subsystems [12]. The electrons temper-
ature Te(z,t) (with z indicating the penetration coordinate within the material) then relaxes
by transferring energy to the lattice, which responds in a slower way increasing its temperature
Ti(z,t) on a picosecond timescale. The coupled differential equations governing these dynamics

are:

Ce(Te)aaTte =-G(T. —T)) + S(z,1) (2.1)
cl@ =G(T. - T) (2.2)

ot

where C, and Cj are the electronic and lattice heat capacities, G is the electron-phonon coupling
constant and S(z, t) represents the energy source term from the absorbed laser pulse. This rapid,
non-equilibrium heating generates a transient stress field o(z,t) in the material. In metals, the

total stress is composed of two main contributions [13]:

o(z,t) = 7. CcAT(2,t) + 3BBAT(2,1) (2.3)
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The first term (o(z,t)) arises from the electronic pressure, dominant in the sub-picosecond
regime, while the second term o;(z,t) corresponds to the thermoelastic stress due to delayed
lattice heating and thermal expansion. Here, v, is the electronic Griineisen parameter, B the
bulk modulus and £ the thermal expansion coefficient.

These stresses launch coherent strain waves 7(z,t), which propagate through the material
at the longitudinal sound velocity C,. For a cavity, for example a thin metallic film on top of
a substrate, the strain waves reflects at interfaces, forming acoustic echoes. These echoes can
be detected optically due to their effect on the dielectric function €, via the photoelastic effect
and surface displacement. In time-domain measurements, the result is a periodically modulated
reflectivity (or transmittivity) signal. For simple geometries, such as thin films or slabs, the CAP

dynamics can be described by the one-dimensional inhomogeneous wave equation:

0? 0? 10 t
gu 100(21) (2.4)
ot? 922 p 0Oz
The resonant eigenfrequencies of the longitudinal confined acoustic modes in a film of thickness
H are given by:

fn:%n, n=1,2,3,... (2.5)

Figure 2.1 illustrates the spatio-temporal evolution of a coherent acoustic pulse in a metallic
thin film excited by an ultrashort laser pulse. Following the optical pump absorption near
the surface (within the optical penetration depth), a localized thermal stress is generated. This
launches a broadband acoustic strain pulse that propagates through the material. The schematic
shows how the wave packet travels, reflects at the material /substrate interface, and gives rise
to oscillatory strain fields confined within the film. The degree of reflection or transmission at
the film—substrate boundary plays a critical role in determining the damping of the acoustic
modes, which we explore in more detail in the following chapters through both experimental and

numerical analyses.
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Figure 2.1: Schematic representation of coherent acoustic phonon generation and propagation
in a thin film upon femtosecond optical excitation. An ultrafast pump pulse is absorbed near the
surface of the film, leading to a sudden temperature rise and subsequent stress profile (£ is the
typical distance over which the absorbed pump energy is deposited). This triggers the generation
of an acoustic pulse that propagates, with a sound velocity Cy, through the film thickness H and
reflects at the substrate interface. The dashed black line represent the propagation direction of
the strain wavefront, while the solid black lines show the evolving strain distribution over time.
Figure adapted from [14].

These theoretical concepts form the physical foundation for the experiments and analysis
presented in the following chapters. In particular, they are crucial for understanding the behavior
of confined acoustic phonons in freestanding nickel cavities and MIM (metal-insulator—metal)

structures, whose acoustic responses are analyzed through Fourier-transform techniques.

2.2 Structuring in opto-acosustic coupling

Micro and nanostructuring plays a pivotal role in tailoring opto-acoustic coupling, allowing for un-
precedented control over the generation, propagation, and detection of coherent acoustic phonons.
When ultrafast laser pulses interact with structured metals, the confinement and geometric mod-
ulation of the structure strongly affect both the spatial profile of the generated acoustic waves

and their spectral content.



2.2. STRUCTURING IN OPTO-ACOSUSTIC COUPLING 13

At the nanoscale, the absorption of femtosecond pump pulses in confined geometries—such as
thin films, suspended membranes, or multilayered structures leads to non-equilibrium electronic
heating and subsequent stress generation localized within tens of nanometers of depth. This gen-
erates a localized strain profile capable of launching GHz—THz broadband acoustic wavepackets
into the structure and surrounding media [15]. In particular, ultrafast photoacoustics in metallic
structures such as the ones discussed in this thesis, leverages geometric confinement to support
discrete acoustic eigenmodes. These structures act as optical-acoustic resonators, where the in-
terplay between structural thickness, acoustic impedance mismatch at interfaces, and reflection
conditions (total or partial reflection) determines the modal landscape and damping character-
istics.

The introduction of periodic or confined nanostructures [16], such as nano-disks, nano-cubes,
or phononic lattices—introduces additional coupling mechanisms through hybridization and col-
lective behavior. For instance, 2D phononic crystals made from aluminum nano-cubes on a
metallic substrate have shown to support guided collective modes at frequencies up to 8 GHz,
mimicking the acoustic phonon modes of atomic lattices [17]. Moreover, indirect opto-acoustic
transduction is enabled by photoexcitation of vibrational modes in individual nanoparticles,
such as gold nanorods or disks, which can then couple their motion to the surrounding substrate,
launching propagating bulk or surface acoustic waves [18]. These effects are particularly impor-
tant for high-frequency sensing, imaging, and signal processing applications, where control over

wave directivity, localization, and coupling is crucial.

In nickel structures, such as the cavities studied in this thesis, the geometry and bound-
ary conditions significantly alter the acoustic mode spectrum and lifetime. The removal of the
substrate in suspended geometries enhances the reflection at the metal/air interface, possibly re-
ducing acoustic damping and increasing the lifetime of phonon modes, factors directly verified in
Chapter 4 using Fourier analysis and multiphysics simulations. In metal-insulator-metal (MIM)
cavities, nanostructuring enables the coexistence of photonic and phononic modes within a con-
fined architecture, supporting multi-physical interactions such as photon—phonon coupling and
potential magneto-acoustic coupling when combined with ferromagnetic metals. These structures
not only enhance the generation of strain waves but also offer control over the detection sen-
sitivity via cavity-enhanced reflectivity changes, as outlined in multi-layer interface reflectivity

studies such as the one presented in Chapter 5.

Such capabilities make nanostructured systems highly promising for advanced GHz optome-
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chanical devices, non-destructive testing, surface acoustic wave filtering, and magneto-opto-

acoustic phenomena.

2.3 Towards multi-physics cavities

As briefly mentioned in the previous section, coupling of acoustic pulse with magnetic material
platforms offers interesting opportunities towards light-driven magnetization control. In general,
magneto-optics studies the interaction of light with magnetic systems, often leading to modifi-
cations in both the magnetic and optical properties of the medium. A classic example is the
Faraday rotation, where linearly polarized light experiences a rotation of its polarization plane
when transmitted through a ferromagnetic material [19]. This phenomenon arises because cir-
cularly polarized components with opposite helicity experience different refractive indices in a
magnetized medium. Similarly, the magneto-optical Kerr effect (MOKE) describes polarization
rotation for reflected light [20], widely used in ultrafast magneto-optical studies of thin films and

nanostructures.

Importantly, magneto-optics is not only about probing magnetization but also about control-
ling it. In a seminal study, Beaurepaire et al. showed that ultrashort laser pulses can transiently
alter the magnetic state of nickel, initiating the field of ultrafast magnetism [21]. These results
opened promising routes for developing optically driven memory and logic devices operating at
femtosecond timescales and offering potential breakthroughs in data processing speed and energy

efficiency.

From a fundamental perspective, magneto-optical dynamics involve a variety of physical
processes including electron—phonon coupling, incoherent heating, coherent spin-wave excitation,
and angular momentum transfer [22|, [14]. These mechanisms operate on overlapping timescales,
making it challenging but essential to disentangle them for technological advancement. However,
the major bottleneck remains the typically weak magnitude of magneto-optical signals, with Kerr
rotations often in the milliradian range. To overcome this, one strategy is to enhance light—-matter
interactions by integrating magnetic systems with plasmonic or dielectric nanostructures, which
increase local field intensities and introduce new coupling channels [23]. In this context, magneto-
acoustic cavities emerge as an exciting class of multi-physics platforms. The freestanding nickel
structures fabricated and analyzed in this thesis together with metal-insulator-metal (MIM)

architectures are promising candidates for strain-assisted magnetization control. Femtosecond
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laser pulses absorbed in the metal generate coherent acoustic phonons, which propagate through

the structure and modulate the magnetization via inverse magnetostriction.

Femtosecond
laser pulse Coherent interaction
between photons, Coupling
charges and spins G., with phonons
Demagnetization
e
Ferromagnetic
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Thermalization of
charges and spins

10 102 103
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Figure 2.2: Schematic representation of a sequence of mechanisms triggered in a ferromagnetic
material by a femtosecond laser pulse. The initial excitation leads to coherent interactions between
the laser field and the spin-polarized electron system, resulting in demagnetization. This coherent
step is followed by the thermalization of the charges and spins, which interact together with the
lattice through coupled baths described by three temperatures T,, Ts and T} and coupling constants
Ges, Gep and Gy (e: electrons, s: spins, l: lattice). Figure adapted from [24].

This ultrafast magneto-acoustic coupling enables mechanical strain to influence magnetic
anisotropy on a picosecond timescale, offering a novel route to control spin systems with high
temporal precision. It has been demonstrated that strain pulses can excite spin precession,
modulate domain configurations, or even assist magnetization reversal [24]. In Figure 2.2 a
sequence of various processes upon optical excitation of a ferromagnetic material is represented.
The incident femtosecond laser pulse initiates a coherent interaction with the spin and charge
systems, leading to an immediate demagnetization [21]. This is followed by a cascade of energy
redistribution events: first between electrons and spins, then, for longer delays, between these
subsystems and the lattice. These energy flows are described by a multi-temperature model,
where T, T, and T; represent the electronic, spin, and lattice temperatures, respectively, and
C., Cs, and (Cj their corresponding heat capacities. The couplings between these reservoirs,
denoted by G.s, Gei, and Gy, govern the relaxation dynamics [25], [26].

The suspended nature of the laser-delaminated nickel cavities, free from substrate damp-

ing, supports long-lived acoustic modes that are ideal for coupling with magnetic excitations.
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These hybrid effects are not only of fundamental interest but also pave the way for functional
devices, such as tunable spin oscillators [27], acoustic spin injectors, or GHz magneto-acoustic
memory elements [28]. The compactness, optical accessibility, and geometric tunability of these
nanocavities make them excellent candidates for next-generation integrated magneto-optic and
acousto-magnetic systems.

Thus, this thesis lays the groundwork for exploring multi-functional structural architectures
that leverage ultrafast opto-acoustic and magneto-optical interactions, bringing us closer to the

realization of integrated nanophotonic—spintronic platforms.



Ultrafast tools for investigating light-matter interactions

Understanding the dynamics that govern light-matter interactions on ultrafast timescales is cru-
cial to explore fundamental processes in condensed matter physics. Many electronic and phononic
dynamics in materials occur on femtosecond and picoseconds timescales. Therefore, there is a
need for experimental techniques capable of capturing these fast dynamics events. Ultrafast laser-
based methods have proved to be indispensable when controlling and tracking such dynamics.
Among these methods, pump-probe spectroscopy stands as a well-established technique. This
technique is based on two pulses, a pump pulse to excite the system and a delayed probe pulse
to monitor its relaxation dynamics. This technique enables time-resolved measurements of tran-
sient changes in optical reflectivity or transmission of different materials. A detailed discussion
of pump—probe spectroscopy is presented in Section 3.1.

However, enabling these capabilities relies on the generation and manipulation of ultra-
short light pulses. Nonlinear optical effects, such as second-harmonic generation (SHG), third-
harmonic generation (THG), and white-light generation (WLG), are essential for producing
ultrafast broadband sources used in spectroscopy (Section 3.2). For ultrafast spectroscopic ap-
plications where a broadband tunability is required the implementation of optical parametric

amplifiers (OPAs) is crucial.

3.1 Pump-probe spectroscopy

Ultrafast spectroscopy has evolved till become a distinct research field on its own, originating
from the development of chirped pulse amplification (CPA) by D. Strickland and G. Mourou
in 1985 [29]. This technique made it possible to amplify ultrashort laser pulses enabling the

generation of femtosecond, 1071% s, or even attosecond, 10718 s, pulses. Years later, in 2018, this

17
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discovery was awarded with the Nobel Prize in Physics.

In the early 1990s, the field rapidly gained interest till current days, with over 1500 yearly
publications citing "ultrafast spectroscopy" or "femtosecond spectroscopy" as keywords [30].
This academic interest probed the potential of ultrafast laser techniques across disciplines having
a strong impact on modern physics, chemistry, and biology [31].

The need for such tools arises from the inherent temporal limitations of human perception and
conventional electronics, constrained to milliseconds and nanoseconds time scales, respectively.
Human vision integrates visual stimuli over tens to hundreds of milliseconds [32], while electronics
are limited to nanosecond response time due to charge carrier mobility [33]. To explore in real-
time faster events, such as molecular vibrations [34] or electron dynamics [35], it is necessary
to employ light pulses that match with the phenomena period that we want to track, typically
in the femtosecond domain. These light pulses not only observe but can also initiate dynamic
processes in the a sample, enabling the tracking of ultrafast processes.

Historically, the first time-resolved optical experiment was attributed to Eadweard Muybridge
in 1878. Muybridge managed to capture different phases of a horse in motion during a race using
a set of cameras equipped with fast mechanical shutters. By the early 20" century, the evolution
of the camera allowed microsecond, 107° s, resolution, and by 1899, H. Abraham and T. Lemoine
introduced the first pump-probe experiment. Two light pulses were used, the "pump" to excite

the sample and a delayed "probe" to measure a time-dependent response [36].
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Figure 3.1: Characteristic timescales of elementary processes in condensed matter physics
probed by ultrafast pump-probe spectroscopy. This scheme highlights the wide temporal range
accessible with ultrafast laser techniques, spanning from attoseconds (10718 s) to nanoseconds
(1072 s). Ultrafast pump-probe spectroscopy enables the investigation of phenomena such as
electron—electron (e—e) scattering, electron—phonon (e—ph) coupling, molecular vibrations, lattice
phonons, and molecular rotations. Figure adapted from [37].
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For the following years, time-resolved spectroscopy resolution was limited by nanosecond,
1079 s, pulse duration. Broadband lasers in combination with nonlinear optics made it possible
to generate and measure ultrashort laser pulses with durations down to femtoseconds, 10~1°
s, [38]. This scientific breakthrough made it possible to exploit pump probe spectroscopy to
explore ultrafast phenomena, previously inaccessible, in condensed matter physics. As shown in
Figure 3.1, a broad spectrum of physical processes fall within the temporal resolution of ultrafast

pump-probe spectroscopy.

Ultrafast optical spectroscopy gathers all the experimental techniques that use sequences of
ultrashort light pulses, with duration ranging from attosecond, 10718 s, to picosecosecond, 1012

s, to investigate photoinduced processes in atoms, molecules, nanostructures or solids [39].

As discussed earlier, the development of this field is closely connected with ultrafast laser
technologies, since ultrashort laser pulses are required. For the purposes of this thesis, the
ultrashort pulses used were generated by a commercial Light Conversion ® CPA Ytterbium (Yb)
PHAROS laser system, centered around 1030 nm, with a pulse width of 220 fs and a pulse energy
of 200 um [40], [41]. These systems are known for their stability, efficiency and high average
power, making them ideal for solid-state pump-probe experiments. However, as just mentioned,
an intrinsic limitation is their fixed emission wavelength. By exploiting nonlinear optical effects
we can tune this frequency over a broad spectral range or shorten the time duration of the output

pulses. These optical effects and their implementations are discussed in detail in Section 3.2.

Having now established the role of ultrashort light pulses in enabling pump-probe spec-
troscopy, we can focus on how these pulses are used to study dynamic processes. In particular,
for this thesis, we target the ultrafast response different solids by measuring transient changes in
reflectivity or transmittivity. A pictorial representation of the pump-probe technique is shown in
Figure 3.2, panel (a). Complementary, to intuitively describe pump-probe spectroscopy, we can
model our sample as a two-level energy system, consisting of a ground state |0) and an excited
state |1) (see Figure 3.2, panel (b)). At equilibrium (7<0) the whole electron population is at
ground state, giving rise to the steady-state optical response of the sample. Upon arrival of the
pump beam (t=0), here considered to be resonant with the |0) — |1) transition, electrons are ex-
cited from the ground state to the excited state. Transient changes in the optical response of the
system can be monitored by the probe pulse, here considered for simplicity to be also resonant
with the |0) — |1) transition. In our toy model, a probe arriving at ¢ = 7 would experience a

reduction in absorption, due to the lower number of available electrons in the ground state after
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pump excitation. Moreover, stimulated emission from the excited state would also contribute to
the overall reduction of absorptivity (ground state bleaching). For longer time delays (¢t = 73)
the sample has almost fully relaxed back to equilibrium. By scanning the delay time between
the pump and probe pulses the temporal evolution can be reconstructed, yielding information

about the relaxation pathways.
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Figure 3.2: (a) Schematic representation of an energy degenerate pump-probe configuration.
A frequency modulated pump pulse excites the system while a probe pulse allows to track the
relaxation dynamics after a time 7. Both pulses are focused on the sample and the differential
transmittance (or reflectance) signal is measured by a photodetector. (b) Schematic modeling of
a pump-probe experiment on a two-level system. Upon arrival, the pump pulse creates an out of
equilibrium population in the state |1), affecting the transmittance of the probe beam at the energy
associated to the |0y — |1) transition. By stroscopically measuring the differential transmittance
at various time delays T, the relaxation dynamics can be studied. Figure adapted from [42].

From an experimental perspective, there are some requirements to take into consideration to
successfully perform pump-probe measurements. Temporal and spatial precision are necessary
to probe ultrafast phenomena. Therefore, to ensure interaction, the pump and probe beams
must be spatially overlapped on the sample. Given that both beams exhibit Gaussian intensity
profiles and to ensure that the probe samples a uniformly excited region, the pump beam spot

size is usually kept significantly larger than the probe beam spot size.

In parallel, temporal overlap between pump and probe should be fulfilled, ensuring that both
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pulses arrive at the sample simultaneously. This temporal overlap is achieved by directing the
pump beam through a retroreflector mounted on a translation stage, allowing precise control

over the optical path length[43], [44].

In terms of excitation conditions, the pump fluence, i.e. the energy per unit area, is usually
set at least two orders of magnitude higher than that of the probe. This ensures that the pump

effectively initiates a measurable response, while the probe remains noninvasive.

Finally, to isolate the pump-induced signal from noise, modulation techniques are required.
The most common methods to do so is with a mechanical chopper or by using an electro-optic
modulator such as a Pockels cell. Both approaches periodically switch the pump beam on and
off, causing the probe to alternately interrogate the sample in its excited and unexcited states.
To extract this modulated signal, the output of the probe beam is fed into a photodetector
connected to a lock-in amplifier. The lock-in amplifier selectively amplifies only those signals
synchronized with the pump modulation frequency, filtering out broadband noise and improving

the signal-to-noise ratio.

3.2 Nonlinear optics

Nonlinear optics [45], [46] is the study of light-matter interactions in which the optical properties
of a material are modified by the incident light intensity. Unlike linear optics, where the material’s
response is independent of the light intensity, nonlinear optics emerge when the response of a
material system to an applied optical field depends in a nonlinear manner on the strength of
the optical field. In this case, the strong electromagnetic field is typically achievable by pulsed

lasers.

In linear regimes, the induced polarization ]3(t), which represents the dipole moment per unit
volume of a material, is directly proportional to the applied electric field E(t), described by the

relation:

—

P(t) = eoxVE(t), (3.1)

Here, ¢ is the vacuum permittivity and (1) is the linear susceptibility of the medium.

However, when the electric field intensity becomes sufficiently high, above approximately

108 W /cm?, this linear approximation does not longer apply. Instead, the polarization must be



22CHAPTER 3. ULTRAFAST TOOLS FOR INVESTIGATING LIGHT-MATTER INTERACTIONS
expressed as a power series in the electric field:
P(t) =0 [XVE(t) + xPE*(t) + XD E () + -- ] = PU(6) + PO(6) + PO (6) +--- (3.2)

Each higher-order term corresponds to a different class of nonlinear optical phenomena. The
second-order term, governed by x(@, gives rise to effects such as second-harmonic generation
(SHG), sum-frequency generation (SFG), and difference-frequency generation (DFG). These pro-
cesses can only occur in non-centrosymmetric media, where the material lacks inversion symme-
try. The third-order term, governed by y®, includes phenomena such as third-harmonic gener-
ation (THQG), self-phase modulation (SPM), and four-wave mixing (FWM). Unlike second-order

effects, these can occur in both centrosymmetric and non-centrosymmetric materials.

These nonlinear processes play a central role in ultrafast optics, particularly in generating

new frequencies, compressing pulses, or producing broadband continua.

3.2.1 Second harmonic (SHG) and third harmonic (THG) generation

Second harmonic generation is an example of second-order nonlinear optical process.It occurs

when a laser beam with an electric field expressed as
E(t) = Be ™! 4+ c.c. (3.3)

interacts with a nonlinear material that exhibits a non-zero second-order susceptibility X(z).

Starting from the second-order contribution to the nonlinear polarization:
PO(t) = eoxPE*(1) (3.4)
The resulting second-order nonlinear polarization for second harmonic can be written as:
PO (t) = 260X P EE* + eox P E2e™ 2! 4 c.c. (3.5)

Conceptually, SHG can be visualized as two photons of frequency w combining through a virtual
energy level to generate a single photon at frequency 2w. Importantly, SHG only occurs in non-
centrosymmetric media, as materials with inversion symmetry exhibit x2) = 0. Therefore, SHG

is not observed in liquids, gases or amorphous solids like glass. In practice, a commonly used
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nonlinear crystal for SHG is f-barium borate (BBO).

In addition to SHG, second-order processes also include sum-frequency generation (SFG) and
difference-frequency generation (DFG). These occur when the input electric field contains two

distinct frequency components:
E(t) = Bre ™1 4 Eye ™2 4 cc. (3.6)
Substituting into the second-order polarization (eq. 3.4) the nonlinear polarization is given by

P(Q) (t) — EOX(Z) [E%e_%wlt + Ege—QiWQt + 2E1E2e—i(w1+WQ)t

+ 2B Bye@1mw2t 4 e e ] + 2e0x P (EL B} + B2 E3) (3.7)

Each term corresponds to a different second-order nonlinear effect:

P(2w1) = eoxPE?  (SHG) (3.8)
P(2ws) = eoxPEZ  (SHG) (3.9)
P(wy + ws) = 2e0xP E1Ey  (SFQG) (3.10)
P(w) —wy) = 2e0x P E1E}  (DFG) (3.11)

These processes are illustrated in the energy-level diagram in Figure 3.3, where solid lines rep-

resent ground states and dashed lines correspond to virtual intermediate states.
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Figure 3.3: Energy level diagram illustrating second harmonic generation (SHG), sum frequency

generation (SFG) and difference frequency generation (DFG), all of which are second-order non-
linear optical processes.
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Moving to the third-order nonlinear processes, the polarization is governed by:

—

PO(t) = eox P E3 (1) (3.12)
Assuming the incident field contains three distinct frequency components:
E(t) = Eye™ ™! + Bye ™2t 4 Fye™st L cc. (3.13)

The cubic term ES(t) gives rise to a large number of frequency components—up to 44 in the
general case. A key process within this category is third harmonic generation (THG), where
three photons at frequency w combine to produce a photon at 3w. Unlike second-order effects,
THG is allowed in both centrosymmetric and non-centrosymmetric media, making it broadly
applicable to materials such as glass, silicon, and other isotropic dielectrics. The energy-level

representation of THG is shown in Figure 3.4.

Energy / 1
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Figure 3.4: Energy level diagram describing third harmonic generation (THG).

3.2.2 White light generation (WLG)

Another nonlinear process of significant relevance for this thesis is white light generation (WLG)
[2], [18]. In general, WLG refers to the creation of extremely broadband optical spectra, often
spanning from the visible to the near-infrared, by propagating an ultrashort, high-intensity pulse
through a centrosymmetric medium such as a sapphire or yttrium aluminum garnet (YAG). In
particular, YAG is commonly chosen for white light generation because it is well-suited to Yb-

based systems with longer pulses, operating at higher repetition rates and longer wavelengths, in
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contrast to Ti:Sa (titanium-sapphire) based systems [47], [48]. A reference spectrum generated
by propagation of a 1030 nm femtosecond pulse through a 4-mm-thick YAG crystal is shown in

Figure 3.5. This broadband output is commonly referred to as a supercontinuum.
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Figure 3.5: Broadband white light spectrum generated by focusing a 1030 nm femtosecond
pulse into a 4-mm-thick YAG crystal. The resulting supercontinuum spans from the visible
(blue area) to the near-infrared range approximately (yellow area). The gray area includes the
pump wavelength of 1030 nm. The shape and bandwidth of the spectrum depend strongly on

the input pulse energy, duration, and the nonlinear properties of the crystal. Figure taken from
[47].

The underlying physical mechanisms of WLG are complex and highly sensitive to the input
pulse parameters, such as energy and time duration, and to the nonlinear optical properties of the
material. Among the key contributing effects, the optical Kerr effect plays a central role. This
third-order nonlinear process induces a change in the refractive index of a material in response
to the intensity of the applied optical field. This is typically described by introducing a nonlinear

refractive index ng, such that the time dependent refractive index n(t) is written as:
n(t) = ng + nal(t) (3.14)

where ng is the steady-state value refractive index and () is the intensity the incident field. Due
to this time-dependent refractive index, a laser pulse experiences a phase shift proportional to
its instantaneous intensity value. In turn, this causes an instantaneous frequency shift, process
known as self-phase modulation (SPM):

dI(t)
dt

Aw(t) o< ng (3.15)
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leading to the creation of new spectral components. Together with SPM other nonlinear processes
such as self-focusing (focusing of the laser beam due to the optical Kerr effect) contribute to WLG
in bulk crystals.

A detailed discussion of these phenomena goes beyond the scope of this thesis and can be
found in [49]. The relevance of WLG in the context of this work is two-fold. First of all, WLG
spectra can be used as broadband probe pulses in the context of a pump-probe experiment.
Moreover, WLG is commonly employed to obtain a broadband seed beam for optical parametric

amplification, as discussed in the next Section 3.3.

3.3 Optical parametric amplification (OPA)

Optical parametric amplifiers (OPAs) [50],[51] are nonlinear optical devices based on second-
order effects that enable the generation and amplification of ultrashort pulses across a broad
and continuously tunable spectral range, typically covering the visible to mid-infrared (mid-IR)
regions [52]. As discussed by Manzoni et al. [53|, the OPA process transfers energy from a high-
frequency and high-intensity pump pulse to a lower-frequency and lower-intensity signal pulse,
resulting in the generation of an additional beam called the idler, while conserving both energy
and momentum.

One of the main limitations of commercially available femtosecond laser sources is their op-
eration at a fixed central wavelength with modest tunability. This presents a disadvantage,
particularly in pump—probe spectroscopy, where flexible spectral control over both pump and
probe beams is essential to resonantly excite or probe specific dynamics. Nonlinear optical tech-
niques, in particular optical parametric amplification, provide means to overcome this limitation
by generating widely tunable ultrashort pulses [54].

The principle of OPA relies on a second-order nonlinear interaction in a suitable crystal, such
as BBO. A pump photon with angular frequency w, interacts with a signal photon w, to generate

a third photon, the idler w;, under the condition of energy conservation:
Twop, = Iws + hw; (3.16)

This is accompanied by the momentum conservation (or phase-matching) condition:
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(3.17)
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where Ej are the wave vectors of the pump, signal, and idler beams. The process is effectively
a type of difference frequency generation (DFG), where a high-frequency pump photon transfers
its energy to lower-frequency signal and idler photons via virtual absorption and stimulated
emission.

A special case arises under the degeneracy condition, when signal and idler frequencies are
equal:

ws = Wi = Wy (3.18)

For efficient amplification, the phase-matching condition Ak = kj, — ks — k; = 0 must also be
satisfied. This is typically achieved by adjusting the orientation of the nonlinear crystal.

In summary, efficient parametric amplification relies on several factors including the non-
linear crystal [55], [56], crystal thickness, and phase-matching condition [53]. OPAs allows for
continuously tunable amplification over broad spectral ranges and can also support the gener-
ation of shorter pulses than the pump by amplifying broadband seed signals. This capability
makes OPAs ideal for applications that demand both spectral and temporal flexibility.

A schematic of the OPA interaction, showing energy and momentum conservation, is provided

in Figure 3.6.
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Figure 3.6: Principles of optical parametric amplification.(a) Scheme of the OPA process: an
intense pump beam with angular frequency w, amplifies a weak signal beam (w,) and creates an
idler beam (w; = wy, — ws, DFG) in the process. (b) photon energy balance in the OPA process.

3.3.1 Visible (VIS) and visible to near-infrared (VIS-NIR) OPAs

For the purpose of this thesis two OPAs, visible (VIS) and visible to near-infrared (VIS-NIR),
were used as pump sources to perform the transient reflection measurements later discussed in

Chapter 5. These OPAs were originally built by former students at the University of Konstanz
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and later realigned and optimized in Luxembourg by my colleague Thomas Deckert. In the
following, we describe the wavelength ranges covered by each system and provide a brief overview

of their corresponding experimental configurations.
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Figure 3.7: Sketch of the VIS NOPA covering the 500-700 nm spectral range. The fundamental
(1030 nm) is divided into pump and signal branches. The pump branch undergoes third harmonic
generation via two BBO crystals to produce 343 nm light. The signal branch generates a white-
light continuum in a YAG crystal. Both beams are spatially and temporally overlapped in a
BBO crystal for parametric amplification. Curved and chirped mirrors provide beam collimation
and dispersion compensation, respectively. Figure adapted from [57].

Starting with the visible NOPA (non-degenerate optical paramtetric amplifier), whose sketch
is shown in figure Figure 3.7 and generates a broadband covering ranges from 500 to 700 nm.
In detail, a Yb:KGW laser PHAROS, Light Conversion ® operating at 50 kHz repetition rate
provides 230 fs pulses at 1030 nm central wavelength (fundamental) with 100 pJ pulse energy.
A beam splitter divides the driving pulses into a pump and seed, or signal, branch in a 9:1
ratio, respectively. The intense reflection subsequently passes two nonlinear frequency conversion
steps for generating the TH (343 nm) pump pulses. Firstly, the fundamental is frequency-
doubled in a 2-mm-thick S-barium borate (BBO;) crystal cut at § = 24°. The resulting SH
(515 nm) is subsequently upconverted to the TH with the residual fundamental in a 2-mm-thick
BBOs crystal cut at § = 32°. Simultaneously, the signal branch, corresponding to the weaker
portion of the fundamental, is focused (L; f = 100 mm) into a 3-mm-thick YAG crystal for WL
generation. A variable attenuator (att.) and an iris allow to adjust the pumping power density
and numerical aperture, respectively, ensuring stability and avoiding multi-filamentation. A
short-pass filter (FESH) removes the residual fundamental from the seed to suppress unwanted

nonlinear interactions during amplification. Finally, the TH pump and WL seed pulses are



3.3. OPTICAL PARAMETRIC AMPLIFICATION (OPA) 29

individually focused into a nonlinear crystal (Ly f = 200 mm) to meet in space and time for
parametric amplification (BBOg3). The crystal is placed approximately 30 mm behind the pump
focus to harness self-focusing and limit the divergence of the pump beam. The amplified signal
is collimated by a curved mirror (CMz), and dielectric chirped mirrors (DCM; and DCM3) are

used for dispersion compensation.
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Figure 3.8: Sketch of the VIS-NIR NOPA covering the 700-900 nm spectral range. The funda-
mental (1030 nm) is divided in two branches, pump and signal. The pump branch is frequency-
doubled (515 nm) in a BBO crystal. The signal branch generates a white light continuum in
a YAG crystal. Both beams are focused into a BBO crystal for parametric amplification. The
amplified output is collimated and dispersion-compensated using curved and chirped dielectric
mirrors, respectively. Figure adapted from [47].

A schematic of the VIS-NIR NOPA is shown in Figure 3.8. This system shares the same
Yb:KGW laser as the visible OPA as both are mounted on the same optical table. A portion
of the laser fundamental, 1030 nm, is used for supercontinuum generation in a 2-mm-thick YAG
crystal. As the just described VIS OPA, a variable attenuator (att.) is used to tune the pulse
energy to achieve optimum conditions. The generated WL is collimated by a curved mirror
(CM;) and spectrally filtered with a short pass filter (FESH) to avoid amplification of residual
infrared light. The remaining portion of the pump beam is frequency doubled in a 2-mm-thick
BBO; crystal (f = 34°), yielding 515 nm pulses for pumping the OPA. A variable delay line
allows fine temporal synchronization between pump and seed. The pump beam is then focused
(Ly f = 200 mm) several centimeters before the nonlinear crystal used for amplification, a 1.5-
mm-thick BBOs crystal. Broadband amplification is achieved at the phase matching angle of

6 = 24°. The broadband amplified signal is collimated by a second curved mirror (CM3) and
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dispersion is compensated using dielectric chirped mirrors (DCM; and DCMs). The resulting
spectrum ranges from 700 to 900 nm, offering excellent tunability in the visible to near-infrared.

The spectra covered by both OPAs is represented in Figure 3.9 in violet the VIS NOPA
covering wavelengths from 500 to 700 nm and in green the NIR NOPA ranging from 700 to 900
nm.

Energy (eV)

2.48 2.25 2.07 1.91 1.77 1.65 1.55 1.46 1.38

é"]‘ViS‘N(')P'AIIIIIlllllllllIlllllllllllllllllllllll

1 [ INIR NOPA|

Spectral intensity
(arb. u.)
o
a

IIIIIIIIIIIIIIIIII

0 ol by b o v b b |
500 550 600 650 700 750 800 850 900
Wavelength

Figure 3.9: Ultra-broadband spectra intensity of VIS NOPA, in violet, and VIS-NIR NOPA,
in green. Figure adapted from [58|.

3.4 Custom-made experimental setup

To perform the ultrafast measurements presented in next Chapter 4, a custom-made pump probe
spectroscopy setup was developed. A schematic layout of the setup is shown in Figure 3.10.

From right to left, the system is based on a Yb:KGW laser (PHAROS, Light Conversion @),
that delivers 220 fs pulses at a central wavelength of 1030 nm, with an average power of 20 W
at a 100 kHz repetition rate. In this setup, 500 mW of the total power will be used. The initial
beam, s-polarized, is split by a dielectric beam splitter (BS), 70:30, into two arms conforming
the pump and probe lines.

The pump line is directed through a retroreflector mounted on stage, indicated as delay line,
to provide precise temporal overlap with the probe. The pump beam is obtained by frequency-
doubling the laser fundamental, 1030 nm, using a 2-mm-thick S-barium borate (BBO) crystal
(0= 34°), producing pulses at 515 nm. The corresponding second-harmonic spectrum is shown
in Figure 3.11, panel (a). The pump beam is modulated at half the laser repetition rate, 50 kHz,

using a Pockels cell (PC). This device rotates the polarization of every other pulse, enabling alter-



3.4. CUSTOM-MADE EXPERIMENTAL SETUP 31

BSwW27
/ Q30
Delay line 50N\
Light S ‘
source \ : I <> Al —CM
1 & wic @3
: i YAG
CCD Lf125 : ' - T
camera PBS BSW27 . ! / / Laser:
.. i. e # NS ; | Yb:KGW
50N T Lf75 2
FESH 950 —> 8
FELH 550 <> Objective g
T Att
i Pump @
Diode i _ line
Ni L, 70
sample // < 30
Att.: attenuator FELH: longpass filter P

PC: Pockels cell BS: beam splitter \ N
Probe

FESH: shortpass filter L:lens

line
WP: waveplate CM: curved mirror \ /

Figure 3.10: Schematic representation of the custom-built femtosecond pump—probe spectroscopy
setup used for time-resolved reflectivity measurements on solid-state samples. A Yb:KGW laser
(1030 nm, 220 fs, 100 kHz) provides the fundamental pulse, which is split into two arms: pump
and probe. The pump, in red, is frequency-doubled to 515 nm using a BBO crystal (SHG)
and modulated at 50 kHz with a Pockels cell (PC). It is then directed through a delay line for
temporal control before being focused onto the sample with a reflective objective. The probe beam,
in mustard, is converted into a white-light continuum (500-950 nm) using a YAG crystal (WLG),
collimated, and directed toward the sample. Both beams are spatially and temporally overlapped at
the sample, where the probe monitors the pump-induced changes. The reflected probe is recollected
by the same objective, separated via a polarizing beam splitter (PBS), and detected by a photodiode
for lock-in detection. A CCD camera enables beam alignment and imaging of the sample.
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nating excitation of the sample between excited and unexcited states. This modulation scheme
facilitates lock-in detection with high signal-to-noise discrimination, as described in Section 3.1.
The pump beam is then collimated and focused onto the sample surface using a reflective objec-
tive (NA = 0.4). This configuration was selected to ensure uniform excitation over the region

sampled by the probe, especially critical when targeting microstructures.
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Figure 3.11: (a) Normalized intensity of the SHG spectrum, pump. (b) Normalized intensity
of the WL spectrum, corresponding to the probe.

The probe beam is a white-light supercontinuum, generated by tightly focusing a small por-
tion of the 1030 nm fundamental beam into a 6-mm-thick Yttrium Aluminum Garnet (YAG)
crystal. This produces a broadband spectrum ranging from 500 to 950 nm, with an approximate
duration of 200 fs (see spectrum in Figure 3.11, panel (b). After generation, the white-light
beam is collimated and filtered. After SHG and WLG both pump a probe beams are collinear
till sample interaction. The probe beam is therefore focused onto the sample following the same
optical path as the pump beam. However, the focused spot size is significantly smaller than that
of the pump spot to ensure that it interrogates a homogeneously excited region. After reflection
from the sample, the probe beam is recollected and recollimated by the same objective. It is
then passed through a polarizing beamsplitter (PBS), which filters the orthogonally polarized
(p-polarized) pump. The reflected s-polarized probe is finally detected by a photodiode con-
nected to a lock-in amplifier. Details about each beam spot size as well as fluence values and

other measurement parameters are addressed in next Chapter, in Subsection 4.2.1.

The objective serves a second role. Apart from perpendicularly focusing both beams onto

the sample, it also serves imaging purposes. With the help of an external light source, a lamp,
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and a CCD camera one can verify at real time that the beams overlap positions is centered on

the region of interest.

In conclusion the setup enables sub-picosecond temporal resolution and broadband spectral

sensitivity.



34CHAPTER 3. ULTRAFAST TOOLS FOR INVESTIGATING LIGHT-MATTER INTERACTIONS



Low-damped acoustic modes in nickel cavities

In this chapter we investigate the experimental and numerical analysis of the opto-mechanical
response of nickel acoustic cavities, i.e. freestanding nanostructures, designed to support long-
lived acoustic resonances. These structures consist of suspended polycrystalline nickel thin films,
fabricated through controlled picosecond laser delamination [59] using focused pulses transmitted
through a SiOg substrate. The aim of these dome-shaped structures is to prove their efficiency
in enhancing material properties relevant to opto-acoustic applications.

In here we report the dynamics of coherent acoustic phonons optically excited by femtosecond
laser pulses and monitored via time-resolved reflectivity measurements. To assess the perfor-
mance of these freestanding structures, we compare their acoustic response to that of reference
samples, where the nickel film remains in direct contact with the substrate [60], [61].

By combining Fourier transform analysis of the pump-probe experimental data with numerical
simulations, we prove that for suspended nickel cavities high-frequency (> 10 GHz) longitudinal
acoustic pulses resonate inside the structure for longer time delays and present significantly
reduced damping compared to the reference, nickel film on SiOs.

These findings suggest that picosecond laser-induced delamination offers an efficient and
scalable fabrication route for the realization of micro-structured, low-loss acoustic resonators,

promising for opto-acoustic applications [62].

4.1 Freestanding polycrystalline nickel cavities

In mechanical and material engineering, the development of low-damping resonators is of critical
importance for a variety of emerging technologies, ranging from ultralow noise opto-mechanical

quantum technologies [63] to energy efficient magneto-acoustics in spintronic devices [64]. These

35
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demands have driven extensive research into acoustic wave engineering, with particular attention
to minimizing energy dissipation and enhancing wave propagation. One effective strategy involves
the elimination of the substrate [65], [66].

In this context, patterned cavities support a unique combination of multiple excitations such
as magnetic [66], optical [67], and acoustics [68], focusing our studies on the two last domains
(see Subsection 4.1.1). The fabrication of these structures was achieved using laser delamination,
a recently developed technique, where laser pulses are focused through a glass substrate to
selectively detach a thin nickel film from the substrate, achieving closed, dome-shaped cavities.
When properly controlled, this process enables on-demand patterning of suspended membranes
on areas down to the microscale, thereby enabling the development of opto-acoustic devices
that would require very complex and time-consuming processing by using more conventional
lithography techniques.

The opto-mechanical response of these cavities is studied upon ultrafast pump-probe spec-
troscopy, which enables both the excitation and time-resolved detection of coherent acoustic
dynamics. In this study, we focus on understanding the acoustic properties of freestanding Ni
film cavities proving, experimentally and numerically, that the suspended Ni membrane indeed
displays a lower damping than that of the unexposed film. These findings are detailed and

discussed in the following Section 4.2.

4.1.1 Foundations for opto-acoustic cavity engineering

In recent years, considerable research efforts have been devoted to the fabrication, characteri-
zation and theoretical modeling of metallic cavities that support optical, acoustic or magnetic
excitations. These structures serve as promising platforms towards next generation devices.
Among them, freestanding ferromagnetic cavities, particularly those based on nickel, are of no-
table interest due to their ability to support coherent mechanical oscillations while enabling
optical and magnetic coupling.

From a design and fabrication perspective, V. Temnov et al. introduced reliable methods
based on controlled thermomechanical spallation and delamination to achieve reproducible metal-
lic cavities [69],]69]. These techniques motivated the fabrication method employed to develop
the cavities presented in this study.

On the characterization side, J. Bigot and collaborators have extensively explored ultrafast

excitation and detection of acoustic and magnetic dynamics in nickel cavities using pump-probe



4.1. FREESTANDING POLYCRYSTALLINE NICKEL CAVITIES 37

spectroscopy excitation [61], [66]. In particular, their results demonstrated the possibility of mod-
ulating magnetization on ultrafast timescales via acoustic pulses generated through femtosecond
optical excitation. This magneto-acoustic coupling mechanism has been a strong motivator for
the work presented here.

Based on this foundation, Ghita et al. developed a semi-analytical model to determine the
amplitudes and lifetimes of perpendicular acoustic phonon resonances in freestanding nickel films
[60]. Their work provides theoretical support to previous ultrafast magneto-acoustic studies and
sets a reference line to our pump-probe analysis. While their study connects acoustic dynamics
and magnetic responses, our present investigation remains focused on mechanical aspects of the
cavity response.

Motivated by both these experimental and theoretical analysis, we focus here on the opti-
cal excitation and acoustic characterization of dome-shaped, freestanding nickel cavities. The
starting material is a 230 nm-thick polycrystalline nickel film, thermally evaporated onto a SiOg
substrate. The laser-induced delamination process results in localized detachment of the Ni
layer, forming this bubble-like cavities surrounded by regions of intact film. These structures
serve as symmetric (air/Ni/air) acoustic resonators, where the generated longitudinal acoustic
pulses reflect between the two Ni/air interfaces, resulting in multiple reflections before decaying.

In the following Subsection 4.1.2, we describe in detail the fabrication technique, including

the laser parameters, patterning conditions, and resulting cavity geometries.

4.1.2 Laser delamination fabrication

For several decades, ultrashort laser pulses have been employed as a powerful tool for the precise
and efficient fabrication of metallic micro- and nanostructures. Among the earliest and most
widely adopted methods is laser ablation, where high-intensity pulses are used to remove material
with minimal thermal damage to the surrounding [70]. However, the use of shorter laser pulses for
sample irradiation allows for a better material control compared to longer pulses, making them
ideal for nanostructuring. [71|. The origins of laser-induced spallation can be traced back to the
1970s, when nanosecond pulse lasers were first used to generate stress-induced delamination in
thick metallic films [72]. This process, which relies on shockwave-induced tensile stress at the
film—substrate interface, opened the door to non-contact mechanical manipulation of thin films.

In this work we focus on laser delamination, a non-destructive technique. Contrary to other

techniques such as ablation, it offers a more controlled fabrication procedure ensuring that the
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material is not damaged. In particular, a fs-laser pulse enables the separation of a thin film from
the substrate. This delamination procedure on ferromagnetic Ni films was first implemented by
V. Temnov et al. in 2020 [69]. With their approach, they managed to pattern periodic arrays
of closed cavities irradiating a 300 nm Ni film. This process allows for a fine tunability and a
high precision presenting in their work elongated cavities with periodicities ranging from 3 to
30 pum and heights up to 200 nm in the center. Figure 4.1 (a) shows a differential interference
microscopy image of an array of elongated cavities, each narrow line corresponds to a single
cavity. Using surface interferometry, a surface profile of several cavity cross sections is provided.
This analysis shows both the height and width of different cavities, proving a consistent and

reproducible fabrication procedure, see Figure 4.1 (b).

~~
=}
~
m
o
S

100

50

Surface displacement (nm)

Coordinate (um)

Figure 4.1: (a) Interference microscopy tow view image of a periodic array of elongated cavities
fabricated under fs-spallation. (b) Surface profile corresponding to different cross-sections of the
cavity array, marked in black, blue and read. Figure taken from [69].

Our sample was fabricated by V. Temnov et al. following a similar delamination technique at
the Institute Polytechnique de Paris. In our case, we start from a 230 nm nickel film evaporated
on top of a SiOy substrate. To fabricate the cavities, a commercial 30 ps pulsed laser was used,
EKSPLA, at 1064 nm and with a repetition rate of 10 kHz. The pulsed laser beam strikes the

substrate at a 45 degree angle, focused by a 20 cm lens. The sample is scanned by moving its
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position through the line focus at a constant speed of 1 mm/s. As a result, sequences of nearly
identical structures separated equidistantly by 100 pym are fabricated. As seen in Figure 4.2 panel
(a), which presents an overall view of the sample taken with scanning electron microscope (SEM),
several lines of structures were fabricated. Each line corresponds to a different delamination pulse
energy |uJ], therefore obtaining cavities of different dimensions. This pulse energy is tuned by a
motorized A-half waveplate and a polarizer. In order to obtain closed structures the used laser
fluence should be slightly below, a few percent, than the Ni ablation threshold (13.6 pJ). Figure
4.2, panel (b) shows two sketches corresponding to different structure lines: sketch 1 refers to
the structures in the second row, while sketch 2 corresponds to the structures in the eighth row.
As mentioned above, when the applied laser fluence exceeds the ablation threshold, the film is
damaged, resulting in well-defined holes, as illustrated in sketch 1. For this reason, the cavities
analyzed in this work were those in the eighth row where closed cavities are observed, as depicted

in sketch 2.

A zoom into one of the cavities located in that row is shown in Figure 4.3. To better appreciate
its shape it is circled in white. The lateral dimensions are as well indicated in the figure, having
a total length of approximately 20 pym and width of 9.4 um. It is worth mentioning that the
rectangular structure placed on top of the cavity corresponds to a platinum layer only used to
perform a focused ion beam (FIB) to later image with SEM the vertical profile of the cavity. This
Pt layer is deposited by ion-beam induced deposition and acts as protection for the structure

and prevents the cavity from damage during FIB cutting.

Figure 4.4 shows the transversal profile of nickel on top of the substrate before any processing,
panel (a), hereafter referred to as the "film", and the transversal profile of the free-standing nickel,
referred to as the "cavity", in panel (b). Both insets show a zoom image into the crystal structure,
allowing to observe the appearance of large crystal grains after the delamination procedure in
the cavity case. This could potentially affect the opto-acoustic signal in the cavity compared
to the film. A deeper insight into the propagating acoustics is discussed in the analysis Section
4.2. These cross-section SEM images were obtained at CIC nanoGUNE using a Helios NanoLab
450S (ThermoFisher) at an accelerating voltage of 2-5 kV and a beam current of 50-100 pA.
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Figure 4.2: (a) SEM image of the entire nickel sample, showing nine rows of structures fabri-
cated by laser delamination with decreasing fluence values, as indicated by the vertical rectangle on
the right. (b) Corresponding sketches of selected structure lines highlighted in panel (a). Sketch

1 corresponds to the region in rectangle 1, where the laser fluence above the ablation threshold

produced well-defined holes in the film. Rectangle 2 encloses the closed-cavity structures charac-
terized in this work.
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Figure 4.3: Top-view SEM image of a single nickel cavity, circled in white. The vertical and
longitudinal marks indicate the lateral dimensions. The rectangle on top is a Pt layer deposited
to perform FIB.
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Figure 4.4: SEM image of cross-section cuts of both film, (a), and cavity, (b). The insets show
a magnified image of these transversal cuts where a different crystal structure is observed. This

figure is reproduced from reference [73], licensed under a Creative Commons Attribution (CC
BY) license.
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4.2 Experimental and numerical analysis

In this section, we present a comprehensive investigation of the opto-acoustic dynamics in free-
standing nickel cavities fabricated upon laser delamination, combining experimental measure-
ments supported by computational methods. Time-resolved pump-probe spectroscopy is em-
ployed to measure the transient reflectance variations resulting from laser excitation, enabling
the detection of coherent acoustic dynamics (Subsection 4.2.1). To analyze the vibrational modes
contributing to the acoustic wavepacket, Fourier transform analysis (FFT) was applied to the
measured temporal signals. These results were complemented by finite element multiphysics
simulations, which provide insight into the eigenmode structure, damping behavior, and energy
confinement within the cavity compared to reference nickel film on a substrate (Subsection 4.2.2).
The combined experimental and numerical approach allows us to assess the mechanical quality

of the fabricated structures.

4.2.1 Time-resolved reflectivity measurements

To experimentally excite, pump, and track, probe, the opto-acoustic dynamics of the bare film
and cavity, we have used the custom-made pump-probe scheme discussed on Section 3.4. Both
pump and probe are focused on the sample, either the nickel film or a single cavity, with the help
of the reflective objective included in the experimental setup (see Figure 4.5 (a)). In this way,
it can be confirmed that we are probing the desired area. To verify the specific dimensions of
both of our beams, we have retrieved the beam profile at the sample position of the pump (left)
and the probe (right), shown in Figure 4.5 (b). The lateral dimensions indicate a spot size of
approximately 20 pm for the pump and 5 pm for the probe beam. Having such small spot sizes
is necessary to isolate the opto-acoutic response of just a single cavity, whose dimensions have

already been described in Figure 4.3.

From a descriptive point of view, once the pump hits the sample at the air-nickel interface, it
causes a thermally induced expansion generating a time-dependent strain that travels back and
forth along the nickel film/cavity, depending on the structure that has been pumped. The second
laser pulse, the probe, studies the propagation and the subsequent reflections of this acoustic

pulse along each structure till decay. This is sketched in Figure 4.6. The pump-induced change
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Figure 4.5: (a)Top view image of a cavity, circled in white, taken with the reflective objective
included in the experimental setup. This image proves we are probing the center of the structure,
the focused probe beam is also indicated in the image. (b) Beam profile image of pump (left) and
probe (right) at the sample position. The lateral dimensions of each focused beam are indicated

in white.
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in transient reflectivity is defined as:

AR _ B~ Ry

= 7 (4.1)

where R; denotes the reflectance after excitation at a certain pump-probe time delay and Rg the

system steady-state reflectance.
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Figure 4.6: Sketch of the differential reflectance change (AR/R) of a nickel thin film. The
opto-acoustic response dynamics is tracked as function of pump-probe time delay (AT ). At t=0,
the pump pulse thermally excites the nickel as result, an acoustic pulse is generated and and
propagates throughout the nickel (t=t1). The acoustic pulse is reflected at the sample interface
and comes back where the change of reflectance is detected, after each round trip, by the probe
beam (t=tz).

More specifically, as pump beam we use the SHG (515 nm), of the laser fundamental (1030
nm), modulated at half repetition rate, 50 kHz. As probe, we use a WLSC which provides a
broadband pulse from 500 up to 950 nm, modulated at 100 kHz. The results presented here were
performed with a pump fluence of 5 mJ/cm?. This value was set after a fluence-dependent pump-
probe measurement was performed in a single cavity, under the same conditions, until saturation.
These fluent-dependent measurements are presented in Figure 4.7. For fluence values higher than
the saturation limit, some damage could be observed on the surface of the cavity.

In Figure 4.8 (a) we show the transient reflectance measurements performed for a cavity,
in red, and film, in blue, measured under identical excitation conditions. In both cases, the

acoustic mode traveling back and forth along the nickel result in equidistantly separated echoes.
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Figure 4.7: Fluence-dependent pump-probe measurement performed on a single nickel cavity.
Saturation limit is reached for a fluence value close to 5 m.J/em?.

These echoes are the result of the pump thermal excitation of the first 30-50 nm of material (the
penetration depth of the pump pulse, 515 nm, is shorter than the nickel thickness). This local
thermal excitation triggers longitudinal acoustic waves that will travel along each of the structures
until decay. More precisely, once the longitudinal acoustic wave is generated on the surface, it
will reach the lower boundary, Ni/air (cavity) or Ni/SiOz (film), where it will be reflected back
to the first boundary, Ni/air, where the probe pulse detects the acoustic strain effect on the
transient optical response. Therefore, the periodicity of these echoes is directly related to the
material thickness and the sound velocity in nickel. For given thickness of 230 nm, in both cavity
and film structures, and a sound velocity of longitudinal acoustic waves of 6.04 nm/ps |74] we get
a periodicity of 76 ps. Looking again at Figure 4.8 (a), this number matches in the case of the
film however, a slight delay of a few picoseconds, around 3, is observed in the cavity case. This
means a shorter round trip, our first guess is that this delay can arise from a thinning of the nickel
during the cavity fabrication process although this is difficult to verify considering it goes below
the resolution of the performed SEM measurements. Additionally, and as previously observed
and discussed in Figure 4.4, the formation of large crystal structures after the cavity fabrication
could induce a slight change in the sound velocity for the cavity case [75]. In order to isolate
the acoustic echos of both structures, we have filtered out the exponential decay contribution
mainly attributed to electron-electron and electron-phonon scattering. As indicated, the film is

fitted with an exponential of third order, and the cavity with an exponential of second order.
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Furthermore, a second baseline removal fitting was performed accounting for possible artifacts
induced by the long scanning delay line. More specifically, a polynomial correction was applied to
completely isolate the acoustic response in this way. This is represented in Figure 4.8 (b), where
for better data visualization the curve corresponding to the nickel cavity has been displaced, the
zero level is indicated by a purple dashed line. Each echo was individually fitted with a decaying
sinusoidal, and the resulting fits were superposed to serve as a guide to the eye. The overall fitted
curve is shown in the figure as a continuous line. For a time delay of 480 ps, up to six acoustic
echoes are observed in the cavity whereas five for the film case, suggesting a weaker damping of
the acoustic pulse in the cavity than in the film. We have performed a Fourier analysis of the
experimental data of both structures to further compare and understand the differences between

the acoustic response propagation and damping. This analysis is described in next Subsection

4.2.2.
1 0.2
a b
( ) 1 ° Film ——3" order exponential fit ( )
0sh Cavity 2" order exponential fit| |
m ! m 0.1
c c
Zos| :
g £ o
Xo4f x
v v
4 ol <01
' ——Fit
= = Zero
0 ‘ ‘ ‘ ‘ 02 ‘ ‘ : ‘
0 100 200 300 400 0 100 200 300 400
Time delay (ps) Time delay(ps)

Figure 4.8: (a) Ezperimental transient reflectance measurement of the film, in blue, and cavity,
in red, plotted using circled markers. The baseline exponential fit is plotted as a continuous in blue
and red, respectively for film and cavity. (b) Transient reflectance measurements after baseline
remowval for isolation of the opto-acoustic response. Again, the experimental data is plotted using
circled markers and the fit, a superposition of decaying sinusoidal (following a similar procedure
to the one used in Eq. 14 [60]), with a solid color line.

Following the same measurement parameters and performing the same data analysis, we
measured the transient reflectance of four more different cavities placed in the same line of
structures as the one just described. These measurements are plotted in Figure 4.9. For reference,
the red curve represents the same cavity as before. For visualization purposes, each pump-probe
trace has been displaced one above the other with enough separation to independently visualize

the response of each structure.
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Figure 4.9: Ezxperimental transient reflectance of five identically fabricated cavities. As refer-
ence, the "Cavity 4" curve corresponds to the same cavity of previous figures.

Although the fabrication process demonstrated a high degree of reproducibility in terms
of cavity geometry and dimension, by looking at the experimental data, several differences in
the transient reflectance response from cavity to cavity are observed. These differences are likely
linked to local changes in the crystal structure at the nickel-substrate interface introduced during
laser delamination, as previously noted in the analysis of Figure 4.4. Such variations can result
in subtle shifts in the acoustic damping, mode lifetimes, or signal amplitude in the pump—probe
measurements; see Appendix B for a more detailed discussion. Thus, more optimization studies
are needed to control the microstructure and roughness of the produced membranes to allow
for a good reproducibility of the structures. This remains a future suggestion for next studies
therefore, to ensure a clear and consistent interpretation of the data, the present study focuses

on the opto-acoustic analysis of a single representative cavity.

4.2.2 Analysis of the acoustic eigenmodes

To complement the experimental measurements and further compare the opto-acoustic response
of cavity and film configurations, we performed a Fast Fourier Transform (FFT) of the transient
reflectivity curves. The resulting spectra are shown in Figure 4.10, with the cavity and film data
represented in red and blue, respectively. In both cases, a series of well-defined peaks is observed,
each corresponding to the acoustic eigenmodes contributing to the coherent acoustic wavepacket
propagating in the structures. In the case of the cavity, panel (a), up to five distinct peaks are
identified, while for the film, panel b, six peaks are distinguished. Notably, the cavity response

is dominated by lower frequency modes, indicating stronger confinement and reduced damping
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relative to the film-on-substrate configuration.
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Figure 4.10: Modulus of the Fourier transform of the experimental pump-probe reflectivity for
the freestanding nickel cavity (a) and the nickel film on substrate (b). Asterisks indicate the
expected eigenfrequencies of longitudinal acoustic modes, calculated using a sound wvelocity of
6.04 nm/ps and assuming a perfectly homogeneous nickel layer with a thickness of 230 nm. The
continuous lines are the results from the numerical multiphysics simulations calculated with FEM.

To identify and interpret these spectral features, an opto-thermo-mechanical multi-physics
model, solved with Finite Elements Method (FEM) implemented in COMSOL Multiphysics® has
been developed by Marco Gandolfi [76]. In order to do so, the cavity is treated as a homogeneous
nickel layer of thickness h with free external faces. Under this approximation, the eigenfrequencies
satisfy the following relation [77]:

fn:%n, n=1,2.3,... (4.2)

where v; is the longitudinal sound velocity. The film was modeled as a nickel layer deposited
on top of a semi-infinite SiO9 substrate. In this configuration, mechanical energy is partially
transmitted into the substrate, resulting in complex eigenfrequencies f , whose imaginary part
represent the acoustic damping. Since the acoustic impedance of Ni, (Zn; = 5.37 kg m™ s7!),
is higher that of the SiOs, (Zsio, = 1.31 kg m™ s71| the real part of the eigenfrequencies obeys
Equation 4.2 as well [78]. The estimated eigenfrequencies for both models are highlighted as green
asterisks in Figure 4.10. Their strong agreement with the experimentally observed peaks confirms
that the measured modes correspond to confined longitudinal acoustic waves propagating in both
the freestanding cavity and the film.

Considering the same parameters as in the experiment, pump wavelength and fluence, the
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model also enabled the extraction of the electronic and phononic temperature dynamics within
the nickel. Due to the limited optical penetration depth of the pump pulse, less than 30 nm
in nickel, energy deposition is highly localized. Immediately after pump photoexcitation, the
electronic temperature rapidly rises, reaching values up to 800 K in the irradiated region. Sub-
sequently, energy is transferred from the electrons to the lattice (phonon) system, causing the
phononic temperature to increase, reaching approximately 150 K within the first 2 ps after exci-
tation (see Figure 4.12). After this time, this localized heating results in the thermal expansion
of the Ni top region, triggering the generation of a coherent acoustic pulse that propagates
through the structure till the bottom Ni interface where it will be back reflected. In the film
configuration, the acoustic wave reaches the Ni/SiOq interface, where it is partially reflected due
to the mismatch in acoustic impedance. In contrast, for the freestanding cavity, the pulse re-
flects off the Ni/air boundary, leading to near-total reflection. Following reflection, the acoustic
wave propagates back towards the top interface, where it reenters the optically sensitive region
(<30 nm), enabling detection by the probe pulse as a transient change in reflectivity. This is

schematically represented in Figure 4.11.
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film cavity

reflected
strain pulse

<+— Air bubble
SiO2

Figure 4.11: Sketch of the excitation of an acoustic pulse in the pristine film/delaminated
cavity after interaction with the pump pulse (green). The pump-induced localized heating (red)
generates thermoelastic stress, launching acoustic phonons which propagate through the film
or across the cavity interface. The sketch illustrates the subsequent acoustic reflection, mode
confinement, and damping due to energy leakage or scattering at boundaries. This figure is
adapted from reference [73], licensed under a Creative Commons Attribution (CC BY) license.

The FFT of the longitudinal displacement, calculated using finite element method (FEM)
simulations, is overlaid as a black solid line in Figure 4.10, panels (a) and (b), for the cavity
and film, respectively. These simulations show good qualitative agreement with the experimental

Fourier spectra, reproducing the main spectral features observed in both configurations. However,
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small discrepancies are observed between the experimentally extracted eigenfrequencies and the
simulated results. These differences are likely due to the idealized assumptions made in the
simulations, which consider a perfectly homogeneous polycrystalline nickel film. In reality, as
noted earlier, the cavity presents significant crystalline irregularities introduced during the laser
fabrication process, leading to local variations in sound velocity. Grain boundaries, defects, and
micro-structural inhomogeneities affect both the propagation and reflection of acoustic waves.
These imperfections, which are not included in the model, contribute to a lower effective sound

velocity, consistent with findings in recent studies [79].
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Figure 4.12: Simulated temporal evolution of the electronic (red) and phononic (blue) tempera-
tures calculated at 10 nm below the top air/Ni interface after pump excitation. The black dashed
line, included for reference, shows the temporal profile of the laser pulse.

To better understand the relative contributions of individual eigenmodes to the acoustic
pulse envelope propagating in both the cavity and film configurations, we performed a Fourier
analysis of isolated acoustic echoes. Specifically, we manually selected the first five echoes in each
time-domain signal by defining time windows centered around the minimum of each echo then,
computed the FFT of each selected region independently. This approach allowed us to extract
information about the temporal evolution of each eigenmode, how its amplitude and damping
change over successive round-trips. The resulting FFT spectra were normalized to the sum of
all selected echo FFTs to enable direct comparison across time. The corresponding spectra are
shown in Figure 4.13 (a) for the cavity and in Figure 4.14 (a) for the film. For reference, the FFT
of the entire experimental time trace is overlaid in both plots as continuous lines in red and blue,
respectively. From this global spectrum, we selected specific frequencies (shown as vertical lines),

five for the cavity and six for the film, corresponding to the prominent acoustic modes. These
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frequencies serve as markers to extract the relative amplitude of each mode across the individual
echo FFTs. The extracted amplitude values for each mode were then plotted as a function of time
in panels (b) of Figure 4.13 and Figure 4.14, cavity and film respectively. A single-exponential
decay function was fitted to each data series, from which we obtained the mode-specific damping
constants (represented in panels (c)) and initial amplitudes (represented in panels (d)), along
with their associated error bars extracted from the fit residuals. This analysis quantifies the
attenuation dynamics of each mode and provides a clear spectral signature of the differences in

energy dissipation between the two configurations.
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Figure 4.13: (a) Fourier transform (FFT) of the full experimental time-domain reflectivity
(Figure 4.10(a)), overlaid with the FFTs of the first five isolated acoustic echoes from the cavity.
(b) Amplitudes of the selected FFT peaks at specific eigenfrequencies, plotted as a function of
time delay. The continuous lines represent exponential fits to the amplitude decay. (c) Extracted
damping constants for each eigenmode based on the exponential fit. (d) Corresponding initial
amplitudes of each mode, obtained from the same fit.

Clear differences emerge when comparing the Fourier analysis of the cavity and film struc-
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tures. The most evident contrast is the significantly weaker damping observed in the cavity case,
consistent with the greater number of acoustic echoes visible in the time-domain pump—probe
trace (see again Figure 4.10). This behavior is likely due to the higher internal reflectivity of the
acoustic wavepacket at the Ni/air interface, which effectively confines the energy within the free-
standing membrane and minimizes leakage. The cavity response is dominated by low-frequency
modes, as shown in Figure 4.13 (a), while the film’s acoustic response shows a stronger presence of
higher-order eigenmodes (Figure 4.14 (a)). This is consistent with the narrower temporal profile
of the strain pulse in the film, where higher-frequency components result in a more compressed
acoustic wavepacket. In contrast, the broader temporal profile in the cavity suggests stronger
low-frequency content and longer pulse durations. Regarding mode amplitudes, the film exhibits
generally higher initial amplitudes than the cavity. One possible explanation is again related to
the crystallinity of the nickel film post fabrication. The formation of larger crystal grains dur-
ing the laser delamination process in the cavity may introduce surface roughness and structural
inhomogeneities, which in turn could cause temporal jitter or pulse broadening upon reflection
at the cavity interfaces. This effect would reduce the coherence and amplitude of the confined
acoustic modes. Similar observations have been reported in previous studies, where broadening
of picosecond acoustic pulses was linked to increased surface roughness [80]. These imperfections
likely contribute to faster attenuation of high-frequency components, reinforcing the dominance
of low order modes in the cavity configuration. In Appendix A we show an alternative analysis
approach. There, instead of analyzing the individual echoes as done here, we decompose the
pump-probe traces into a series of damped acoustic oscillators. This provides an alternative way
to extract the damping, amplitude and frequency values for the various eigenmodes of the film
and cavity. Remarkably, the results we obtain following this second approach agree well with

the analysis reported here, providing a further validation of our findings.

4.3 Conclusions

In this work, we performed an ultrafast pump—probe spectroscopy study of coherent acoustic
phonons excited by femtosecond laser pulses and confined within freestanding nickel cavities
fabricated via laser delamination. By comparing these structures to reference nickel thin films
on SiOg substrates of identical thickness (230 nm), and combining Fourier transform analysis

with finite element numerical simulations, we demonstrated that the freestanding cavities exhibit
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Figure 4.14: (a) Fourier transform (FFT) of the full experimental time-domain reflectivity
(Figure 4.10(b)), overlaid with the FFTs of the first five isolated acoustic echoes from the film.
(b) Amplitudes of the selected FFT peaks at specific eigenfrequencies, plotted as a function of
time delay. The continuous lines represent exponential fits to the amplitude decay. (c) Extracted
damping constants for each eigenmode based on the exponential fit. (d) Corresponding initial
amplitudes of each mode, obtained from the same fit.
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markedly reduced acoustic damping and more persistent phonon confinement. This difference is
attributed to the nearly total internal reflection of the acoustic wavepacket at the Ni/air interface
in the cavity, in contrast to the energy leakage into the substrate observed in the supported film.

Although further work is needed to optimize the crystallinity and surface roughness of the
cavity that influence high-frequency damping, the current results show that laser delamination
offers a simple, scalable, and mask-free alternative for fabricating high-performance nano-acoustic
resonators. These freestanding metal cavities are not only relevant for fundamental studies of
picosecond acoustics, but may also serve as a viable platform for GHz-range RF filters, often
referred to as thin-film bulk acoustic resonators (FBARs) [81], already used in mobile communi-
cation devices, but with simplified fabrication.

Finally, the fact that these cavities are composed of a ferromagnetic material (nickel) opens ex-
citing opportunities for exploring multi-physics coupling phenomena, such as magneto-acoustics,
magneto-photonics, and ultrafast magnetization dynamics. The combination of magnetic func-
tionality and opto-acoustic performance makes these structures a promising playground for future

studies in hybrid nanoscale devices [82].



Opto-acoustics in resonantly pumped MIM cavities

In last Chapter 4 we have reported on the enhancement of opto-acoustic properties of thin nickel
films obtained via ps-laser delamination. As already discussed, optimized propagation of acoustic
waves in a ferromagnetic material like nickel might lead to control of magnetization dynamics
on ultrafast timescales via the magnetostrictive effect. In fact, low-damping of acoustic modes
is a necessary condition to achieve efficient transfer between phononic and magnonic resonances.
In this context, an interesting approach is to separate the material platform where the acoustic
and magnetic resonances are excited, for example stacking a ferromagnetic layer on top of a non-
magnetic resonator with optimized opto-acoustic performance. Such approach would have two
main advantages. First of all, it would allow to separately optimize the acoustic and magnetic
degrees of freedom on different systems. Moreover, in such design the laser-driven excitation of
the acoustic pulse would take place on a non-magnetic material, reducing spurious thermal effects
on the induced magnetization dynamics. In this context, the investigation of resonators based on
epsilon-near-zero materials (systems where the real part of the dielectric function is nearly zero at
specific wavelengths), represent a promising candidate to achieve efficient excitation of acoustic
modes. Epsilon-near-zero (ENZ) conditions occur naturally in certain materials like transparent
conductive oxides [83]. However, these systems offer limited tunability of the spectral position
of the ENZ mode. To overcome this, metal-insulator-metal (MIM) nanocavities have recently
drawn significant attention. In fact, these metamaterials host epsilon-near-zero modes that can
be tuned at will by modifying the thickness of the different layers [84] [85] . Because of the
resonant light-matter coupling taking place at the ENZ modes of MIM cavities, we expect that
efficient excitation of acoustic modes can be achieved in these structures. To assess this, in

this chapter we use pump-probe transient reflectivity spectroscopy to investigate the interplay
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between the ENZ and acoustic modes in MIM cavities consisting in silver (Ag) - insulator (Al,O3)

- silver multilayers.

The analysis of these cavities is similar to the one performed in Chapter 4. There we used an
intense optical pump pulse to excite an acoustic wave in a nickel cavity. The acoustic pulse was
then monitored through transient changes in the reflectivity of the sample, using a weak probe
beam with variable delay. Finally, we performed a Fourier analysis to gain insight about the
propagation of each acoustic mode sustained by the cavity. Compared to previous chapter, where
the pump excitation was non-resonant with the nickel cavities, here we design our pump pulse
to be resonant with one of the ENZ resonances of our MIM system, exploiting the wavelength
tunability of the optical parametric amplifiers discussed in Chapter 2. This allows us to enhance
the opto-acoustic response of these systems, offering a promising physical platform for future

combination of opto-acoustic resonators and magneto-optical materials.

5.1 Epsilon-near-zero (ENZ) cavities

Over the years natural epsilon-near-zero mode materials have found wide applications in several
fields such as ultrafast amplitude or polarization switching, third harmonic generation (THG)
and the realization of strongly coupled systems. Recently, artificially fabricated ENZ, such as the
nanocavities described here, have shown a particular interest for presenting more than one ENZ
frequency, the possibility of exciting these modes either with both transverse magnetic (TM)
or transverse electric (TE) polarized light, and their easy tunability of their spectral region by

changing the thickness of the dielectric material.

Our MIM cavity can be defined as an engineered multilayered metamaterial that supports
ENZ modes. This metamaterial is conformed by a glass substrate, 130 nm of silver (Ag) on top,
435 nm of aluminum oxide (AlpO3) and 30 nm of silver as upper layer. This stack configuration
has been designed based on previous results by Kuttruff et al. [67] where the ultrafast reflectance
modulation of a similar material stack was studied. It is important to note that by modifying
the insulator thickness one can control the resonance spectral position; a thinner insulator will
blue-shift the resonance, whereas a thicker one will red-shift it. Not only does modifying the
geometry affect the final cavity performance, but the choice of metal also plays a significant role.
Silver, in our case, offers low optical losses in the visible and near-IR spectral ranges but has

the disadvantage that it oxidizes over time. Having considered these tunable parameters, the
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fabrication process was performed through electron beam evaporation in the case of the metal
(Ag). This is a widely used physical evaporation technique commonly employed for depositing
metal thin films allowing a precise control of the material thickness. For the deposition of the
insulator material, the technique used was sputtering. After fabrication, each layer thickness was
measured using a quartz microbalance, verifying that the fabricated sample matches the design.
The sample presented and here characterized was fabricated by Garoli et al. at the Istituto
Ttaliano di Tecnologia. To verify the expected resonances positions after sample fabrication, a
reflectance measurement at normal incidence was performed and the results are plotted in Figure
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Figure 5.1: Ezxperimental steady-state reflectance of the MIM cavity at normal incidence, plotted
wn black. The vertical dashed lines indicate the different Fabry-Perot modes supported by the
cavity.

The reflectance spectrum reveals up to four sharp absorption dips corresponding to the dif-
ferent optical modes supported by the cavity. The first dip around 400 nm corresponds to the
natural ENZ mode of Silver, also known as a Ferrell-Berreman mode [84]. In particular, we are
interested in studying the ones in the visible and near-IR region, therefore the 2" and 3"%d order
Fabry-Perot modes, centered at 792 and 534 nm, respectively. Both of these resonances exhibit

strong photon absorption, up to 80%, being the at 792 nm the one with larger width.

5.2 Experimental analysis

To understand the complex interplay among the optical resonances, the differential reflectance
variation and the photoinduced acoustic response in the MIM cavity, a series of ultrafast pump-

probe spectroscopy measurements were performed. These experiments targeted the visible and
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VIS-NIR optical resonances supported by the cavity and are discussed in this section. Partic-
ular attention is given to the pump polarization and spectral selectivity. By tuning the pump
wavelength and carefully controlling the incident polarization, using both s- and p-polarized con-
figurations, we selectively excited different resonant modes and probed their ultrafast reflectance
dynamics. These results are presented in Subsection 5.2.1.

To further interrogate the dynamics beyond the initial electronic response, long time-delay
scans up to 400 ps were performed together with a Fast Fourier Transform (FFT) analysis,

presented in Subsection 5.2.2, to extract the dominant acoustic frequencies.

5.2.1 Time-resolved reflectivity measurements

In addition to the steady-state reflectance characterization discussed in previous Section 5.1,
time-resolved pump-probe spectroscopy was performed on the already presented MIM cavity to
investigate its ultrafast optical and opto-acoustic responses. Therefore, we provide insights into
both short dynamics (on the order of few picoseconds) and longer relaxation processes (hundreds
of picoseconds), providing a deeper understanding of the light-matter interactions supported by
the cavity. Our analysis focuses only on the dynamics of the modes in the visible and near-
infrared regions, corresponding to the third and second order Fabry-Perot modes.

The pump-probe spectroscopy setup used to carry out the measurements below presented is
conformed by a visible or VIS-NIR OPA as pump, depending on the targeted resonance, and a
WL supercontinuum as probe. Specifically, to excite the resonance located around 534 nm, we
will use the visible OPA while for the one located around 792 nm, we will use the VIS-NIR OPA.
Specific details about the setup have already been presented in Section 3.3.1. However, there
are several points that one must take into consideration before performing the measurements.
Unlike in Chapter 4 where the spot size was crucial for correctly probing our cavity due to
its micrometric lateral dimensions, here we do not have such limitation. We therefore relax
the focusing conditions on both pump and probe beams, minimizing the risk of damaging the
sample. Specifically, the pump spot size is on the order of 65 ym and the probe is around 50
pm. However, the incident beam angle plays an important role for these measurements, since the
optical response of the MIM cavity is angle dependent. As previously introduced in the above
Section 5.1, the spectral position of each resonance shifts depending on the angle of incidence.
Therefore, it was necessary to design a method to verify that we are indeed pumping the desired

wavelength regions. From the steady-state reflectance measurement, we obtained information
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about the spectral positions of each resonance at normal incidence. Based on these results,
the sample was mounted in a rotation stage which can be manually tuned. The probe beam
reflected from the sample is coupled into the spectrograph, capturing the resonances positions
for the selected angle. An overlap of this data, for a small angle of incidence, and the white-light
spectrum is represented in Figure 5.2 (a). Once we know the resonance spectral positions we can
tune any the of OPAs by slightly changing the phase matching angle. For instance, the pump

spectrum used to excite the first observed resonance is plotted in Figure 5.2 (b).
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Figure 5.2: (a) Normalized intensity of the WL spectrum, shown as a blue shaded area. Overlaid
is the normalized reflected probe light from the sample (black solid line), where two resonances
can be appreciated. The vertical line indicates the first resonance and therefore, the wavelength

around which the OPA should be tuned. (b) Spectrum of the visible OPA, tuned to excite the first
resonance.

Having considered these measurement restrictions, we can move to the ultrafast pump-probe
spectroscopy results. Following the above Figure 5.2, the first resonance is excited using the
s-polarized, visible OPA, centered around 540 nm, with a fluence of 0.5 mJ/cm?. For probing,
we are using the p-polarized, WL supercontinuum (500-900 nm). The probe light covers both
resonances, facilitating in this way the detection of possible spectral shifts or resonance broaden-
ing induced by the pump beam. The experimental transient reflectance corresponding to the fast
dynamics is plotted in Figure 5.3 (a) and in Figure 5.4 (a) the transient reflectance of a longer
delay time scan is represented. Additional scenarios, such as different polarization configurations

and the case in which the second resonance is pumped, are also considered in this chapter.

Focusing first on Figure 5.3, where the ultrafast time dynamics from 0 to 8 ps is captured.

In panel (a), the red color indicates a transient increase of the reflectance, while the blue regions
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Figure 5.3: Time-resolved differential reflectance (AR/R) of the MIM cavity under s-polarized
pump excitation of the first resonance and p-polarized broadband probe. The left panel (a)
shows a 2D map of 8 ps delay time across all probe wavelengths. The dashed lines indicate
horizontal cuts at specific time delays of 0.2 ps, and 4 ps, plotted in panel (b) in violet and
yellow, respectively.

correspond to either increased absorption or photobleaching. The main feature we observe is an
overall increase (red regions) of the reflectance around the second resonance. Also, we observe
an intense negative (blue) AR/R response lasting the first 2 ps around 540 nm. To gain better
insight about the dynamical response of the sample at the two resonant frequencies, we extract
two cuts at 0.2 ps and 4 ps, shown in Figure5.3 (b). The short delay cut at 0.2 ps (violet
curve) features two positive-negative derivative lineshape centered around 540 nm and 800 nm.
Considering the highly asymmetric absorption lineshapes shown in Figure 5.1, we can interpret
these results by speculating that, for time delays below 1 ps, pumping the first ENZ mode results
in a redshift of both resonances. This is in qualitative agreement with the findings reported in
[67], where the few-ps response of a similar MIM structure was investigated and proposed to
implement an all-optical switch. In that case, finite-element methods simulations matching the
experimental data allowed to attribute the redshift to a local increase of the sample permittivity.
In this picture, the effect of the pump pulse is to optically excite electrons in the metallic layer of
the MIM cavity. After thermalization due to electron-electron and electron-phonon scattering,
a hot thermal distribution of electrons is established. This results in an overall increase of the
dielectric function and finally to a spectral shift of the ENZ conditions. While in [67] only the
response associated to the low-energy mode of the cavity could be investigated, here we are able

to resolve the dynamics of both ENZ resonances. For longer time delays (see cut at 4 ps, orange
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curve), we observe an overall increase of the reflectance around both ENZ modes. This suggests
that, after the initial redshift, the ENZ absorption peaks (see Figure 5.1) are transiently reduced.
As expected, among 600 and 750 nm no relevant activity is observed at any specific time delay,
since there are no strong resonances present in that range, being the reflectance modulations

strongly localized around the two studied resonances.

In Figure 5.4 we investigate how the initial fast electronic dynamics later couples to the
acoustic modes of the MIM structure. This is achieved performing a long time delay scan up to
400 ps. The parameters and pump (s-polarized) probe (p-polarized) configuration are identical
to those used in previous measurements. In panel (a), a 2D map of the experimental data is
shown along with two zoom insets centered on each resonance of interest for a time delay of
200 ps. Similarly to what we observed and analyzed in the previous Chapter 4, we observe the
appearance of an optically pump-induced acoustic response. To better visualize these acoustics,
panel (b) shows two transversal cuts centered around the wavelengths showing a higher acoustic
modulation. At 528 nm, in green, and at 784 nm, in red. Remarkably, the acoustic response is

only visible when resonantly probing around the two ENZ modes.

Focusing on Figure 5.4 panel (b), we clearly observe, for each selected wavelength, the appear-
ance of different acoustic components correlated to faster and slower modulations. A detailed
Fourier transform analysis addressing the different dominant frequencies for each case is discussed

in the following Subsection 5.2.2.

These types of cavities usually exhibit strong polarization dependent coupling, interacting
differently with s- or p-polarized light depending on the resonance, specially at non-normal
incidence. To investigate the polarization dependence of the resonances in the visible and near-
IR ranges, a set of measurements was performed in which the incident pump polarization was
changed from s-polarized to p-polarized light. Following this approach, we provide an insight
into the different modes symmetry and their coupling efficiency. To rotate the polarization we
used a half-waveplate. To account for potential changes in the beam pointing vectors due to the
polarization rotation, we performed a fine re-alignment to verify that pump and probe are still

overlapping both in time and space. The probe polarization was kept fixed as p-polarized.

To compare these results with those just presented, the used pump fluence was kept at 0.5
mJ/em? with the same angle of incidence. Measurements were carried out for both fast (8 ps)
and slow (400 ps) dynamics. These experimental results are shown in Figure 5.5 and Figure 5.6,

respectively.
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Figure 5.4: Time-resolved differential reflectance (AR/R) of the MIM cavity for a time delay
of 400 ps, pumping (s-pol.) the first resonance and broadband probing (p-pol). (a) 2D map of
the differential reflectance as function of wavelength and time delay, on the left. On the right,
two zoom insets of the black dashed regions centered around the two resonances for delay up to
200 ps. (b) Transversal cuts at 528 nm, in green, and 784 nm, in red, extracted from the full 400
ps delay time. For visualization purposes, one plot is displayed with an offset above the other.
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Figure 5.5: Time-resolved differential reflectance (AR/R) of the MIM cavity under p-polarized
pump excitation of the first resonance and p-polarized broadband probe. The left panel (a)
shows a 2D map of 8 ps delay time across all probe wavelengths. The black dashed lines indicate
horizontal cuts at specific time delays of 0.2 ps, and 4 ps, plotted in panel (b) in violet and yellow,
respectively.

Looking at the results presented in Figure 5.5 panel (a), we observe that for the first picosec-
ond the differential reflectance is predominantly negative around 540 nm, which differs from the
behavior seen in Figure 5.3 panel (a). However, around 800 nm for short time delays and around
both resonances for longer time delays, see cut at 4 ps plotted in panel (b), the dynamics appear
quite comparable when pumping cross-polarized (Figure 5.3) and same polarized light (Figure

5.5).

To conclude with the polarization dependence analysis, we also tracked the long dynamics
using this polarization configuration. Since the dynamics observed in this time frame are mainly
acoustic, phonon driven, no significant differences are expected when compared to the cross-

polarized pump measurement. The results of this measurement are presented in Figure 5.6.

As expected, from Figure 5.6 panel (b), we observe allmost identical traces to the ones
presented in 5.4 panel (b) for both transversal cuts, at 528 and 784 nm. Following the same

acoustic dynamics at the same time delays.

These polarization-dependent measurements could be further complemented by angle-resolved
spectroscopic ellipsometry, which provides both amplitude and phase information of the reflected
(or transmitted) light as a function of the angle of incidence. With this technique, one can re-
trieve information about the effective refractive index of the MIM cavity as a whole, quantifying

its absorption and dispersion. Due to time and equipment constraints, this remains a suggestion
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for a future characterization.

All pump-probe data presented so far was obtained tuning the pump beam around the first
ENZ resonance. To explore the selective excitation of the second resonance around 792 nm, we
performed additional pump-probe spectroscopy measurements using the VIS-NIR OPA, tuned
around 800 nm, as pump. To maintain consistency with previous measurements, the pump beam
was s-polarized while the probe beam remained p-polarized. This configuration enables a direct
comparison with the previous set of measurements where the first resonance, in the visible range,
was excited. For an accurate comparison, we kept comparable fluence values for both pump and
probe beams. Analogously to the case presented before, we investigated both fast and slow
dynamics by acquiring pump-probe traces over 8 ps and 400 ps respectively. The results of the
fast scan are presented in Figure 5.7 (a). To help guiding the discussion we proceed like above
and plot two cuts at 0.2 ps and 4 ps in panel 5.7 (b). The differential reflectance around the first
ENZ mode features a clear positive-negative derivative trend, again hinting towards a redshift of
the resonance frequency. On the other hand, the response around the second ENZ mode appears
to be surprisingly structured for the first 0.5 ps. For time delays above 1 ps the differential
reflectance signal shows a general increase around the two ENZ frequencies, analogously to what

we observed when pumping the first resonance.
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Figure 5.7: Time-resolved differential reflectance (AR/R) of the MIM cavity under s-polarized
pump excitation of the second resonance and p-polarized broadband probe. The left panel (a)
shows a 2D map of 8 ps delay time across all probe wavelengths. The black dashed lines indicate
horizontal cuts at specific time delays of 0.2 ps, and 4 ps, plotted in panel (b) in violet and yellow,
respectively.

The long delay times dynamics are represented in Figure 5.8. Analogously to the case dis-
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cussed above, the long scan shows a periodic modulation of the pump-probe trace, indicating

the excitation of acoustic eigenmodes within the cavity.
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Figure 5.8: Time-resolved differential reflectance (AR/R) of the MIM cavity for a time delay
of 400 ps, pumping (s-pol.) the second resonance and broadband probing (p-pol). (a) 2D map
of the differential reflectance as function of wavelength and time delay, on the left. On the right,
two zoom insets of the black dashed regions centered around the two resonances for delay up to
200 ps. (b) Transversal cuts at 528 nm, in green, and 784 nm, in red, extracted from the full 400
ps delay time. For visualization purposes, one plot is displayed with an offset above the other.

In order to present a complete analysis, it was intended to perform pump-probe measurements
exciting as well the second resonance using both pump and probe beams with p-polarization.
This configuration would have allowed for a more complete assessment of the resonances’ polariza-
tion dependence. However, due to time constraints, this remains to be completed. Additionally,
fluence-dependent measurements are planned to determine the MIM cavity saturation thresh-
old for resonance excitation. Finally and to conclude, additional pump-probe measurements

could be added pumping this time off-resonant wavelength to verify that the reflectance signal
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enhancement is indeed resonance dependent.

5.2.2 Fourier analysis

In the previous Subsection 5.2.1 we mainly discussed the initial fast dynamics taking place in the
MIM cavity. We have observed that resonant excitation of the cavity induced a transient shift
and/or bleaching of both ENZ absorption peaks, due to localized heating in the cavity region.
Contrarily to previous works|[67], here we also investigate the subsequent dynamics. In Chapter
3 we investigated the slow acoustic dynamics induced by off-resonant excitation of nickel-based
nanoresonators. With the help of finite-elements simulations, we showed that localized heating
in the topmost layers of nickel resulted in the generation of an acoustic wave propagating in the
cavity. As already mentioned when discussing Figures 5.4 5.6 and 5.8, we observe a similar effect
when performing long delay scan on the MIM structure. The acoustic dynamics in nickel featured
several eigenmodes propagating simultaneously and resulted in the complex pump-probe traces
of Figure 4.8. On the other hand, the acoustic dynamics in the MIM cavity seems to be initially
dominated by a specific eigenmode. Only after the first 100 ps, when this high-frequency mode
is sufficiently attenuated, we can observe the effect of slower and weaker modes on the transient
reflectivity trace. To quantitatively analyze the coherent acoustic dynamics in the MIM cavity,
we performed a Fourier transform analysis of the time-domain reflectivity signal of the first
presented case scenario, in which the first resonance was excited using an s-polarized beam (see
Figure 5.4). Here, we analyze the acoustics corresponding to a wavelength cut at 528 nm over
a 400 ps delay window. This corresponds to the case where the first resonance is selected for
both pumping and probing. By performing a Fourier analysis on the acoustic response we can
extract the dominant frequency components of the different oscillations observed in the pump-
probe reflection trace. To guide our discussion, the sketch presented in Figure 5.9 illustrates
the generation and dynamics of the acoustic response within the MIM cavity structure. Upon
pump resonant excitation and subsequent carrier thermalization into a hot-electron population,
an acoustic wave is generated at the top Ag layer. This acoustic wave propagates until the
Ag/AlyOs3 interface, where is partly reflected and partly transmitted. The acoustic wave that
remains confined within the top Ag layer (blue acoustic pulse in sketch 5.9) is responsible to the
high frequency oscillations we observed in the pump-probe trace for the first 100 ps. Repeating
the same argument, the reflected light from each interface, represented in different colors, is

tracked by the probe at the surface. The multiple reflections from each interface (blue for the
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Ag/Aly03, green for AlsO3/Ag and magenta for the Ag/Sample interface) ultimately shape the

overall acoustic response of the MIM cavity.

Pump
Probe
30nm I

435 nm

130 nm

Figure 5.9: Schematic representation of the ultrafast pump-probe reflectance measurement on
the MIM cavity focusing on the acoustic response generation. Upon pump excitation, an acoustic
wave is generated that propagates along the whole structure, represented in black. This acoustic
wave travels throughout the structure and is reflected at each material interface undergoing partial
transmission. Sketched in different colors, blue, green and pink, depending at which interface is
reflected. The back reflected light is detected by the probe at Ag/air interface. The thickness of
each Ag and AlpOgz layers are indicated of the left.

In Figure 5.10 we present a Fourier-space analysis of the acoustic response of the MIM cavity
under under resonant pumping and probing around the first ENZ resonance. The resulting FF'T
frequency spectrum of the overall acoustic signal, both presented in Figure 5.10, shows the pres-
ence of different GHz-range acoustic modes which can be associated with standing longitudinal
acoustic waves. In panel (a), the experimental time-resolved differential reflectance is plotted
(black curve), revealing pronounced oscillations which arise from the pump-induced heating of
the top silver layer. To isolate each acoustic contribution, three time windows were selected based
on the different time-scale of the observed acoustic oscillations. The first ranging from 0 to 100
ps, in blue, the second from 0 to 200 ps, in green, and the third from 0 to 400 ps, in magenta. To
resolve the spectral content of these acoustic oscillations and identify the contributing modes, a
Fourier transform analysis was applied to the time-domain signal of the entire experimental data
after smoothing, represented in panel (b). Also, we performed a short-time Fourier analysis of
each time window selected in panel (a) and plotted in panel (c). By segmenting the response

over increasing delay windows, we isolate and track the temporal evolution of different frequency
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components. This approach enables the identification of acoustic modes associated with spe-
cific layer thicknesses and interface reflections, and highlights the role of material damping and

interference over extended timescales.

The analysis reveals how different modes dominate the acoustic response of the MIM structure
over different timescales. To better isolate the individual modes considered here, for each time
window we smooth the experimental data to eliminate spurious spectral components. The top
row of panel 5.10 (c¢) shows the frequency analysis of the first 100 ps, where we can observe a
clear oscillation with a period of roughly 20 ps. This acoustic component is responsible for the
peak arising around 50 GHz. In the FFT spectrum of this first window we also observe spurious
features around 10 GHz, which we attribute to the finite size of the sampling window considered
here. Considering that the speed of sound for longitudinal waves in silver is roughly 3 ps/nm
[86], we expect that an acoustic mode trapped within the topmost 30 nm layer of Ag in the MIM
structure should result in frequency oscillations around 60 GHz. This value is in reasonable
agreement with the observed mode at 50 GHz, especially considering experimental uncertainties
in the exact thickness of the top Ag layer. In the second row we consider the intermediate
dynamics, consisting of time delays up to 200 ps (green curve). To filter out the effect of the
fastest oscillations analyzed in the top panel, we smooth the experimental data until the high-
frequency oscillations are no longer visible. The smoothed data shows a signal oscillating with a
period of roughly 100 ps. The FFT of the smoothed signal indeed shows a peak around 10 GHz.
To understand the origin of this acoustic component we can try to estimate what would be the
frequency associated to a mode trapped within the first two layers of the MIM structure (green
pulse in Figure 5.9). Considering that the nominal thickness of the Al,O3 layer in our sample is
435 nm and assuming for the longitudinal speed of acoustic waves a value of 10.5 nm/ps [87], we
can expect that a roundtrip within the top Silver and insulating layers of the structure should
take 99 ps for a longitudinal wave. This value is in remarkable agreement with the 10 GHz peak
we observed. Finally, in the bottom panel we isolate the slowest acoustic dynamics (violet curve),
which shows a main peak around 5 GHz. Repeating the argument above, we can estimate that a
longitudinal wave excited at the top Silver layer across the whole MIM structure (magenta pulse
in figure 5.9) should take around 170 ps. This would correspond to a slow acoustic response at

6 GHz, in very good agreement with our observations.
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Figure 5.10: (a) Time resolved reflectance signal at 528 nm over 400 ps time delay. The raw
experimental data in shown in black, while a smoothed trace used for the Fourier analysis is shown
in red. The acoustic response in segmented into three temporal windows, 0-100 ps (blue), 0-200 ps
(green) and 0-400 ps (magenta), to isolate and analyze the different acoustic contributions over
time. (b) FFT of the smoothed AR/R signal, revealing multiple frequency components. Colored
markers indicate the dominant frequencies corresponding to each segmented time window in (a)
and (c). (c) Left panels: acoustic signal segments corresponding to the time windows defined in
(a). Right panels: FFT amplitude spectra for each segment, showing how specific acoustic modes
evolve over time.
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5.3 Conclusions

In this work, we have presented a comprehensive study of ultrafast pump-probe reflectance mea-
surements on a metal-insulator-metal (MIM) cavity, exploring its optical and acoustic responses
across a range of experimental configurations. By tuning the pump wavelength to selectively
excite resonances and performing polarization-dependent measurements, we demonstrated the
cavity’s resonant and polarization sensitive behavior. A summary of the observed dynamics
corresponding to each configuration is presented in the following table.

The long delay time measurements, up to 400 ps, enabled us to capture the full temporal
evolution of coherent acoustic phonons generated upon pump optical excitation. Fourier analy-
sis of the time-domain data revealed a rich spectrum of acoustic frequencies, corresponding to
multiple reflections and mode interferences within the layered cavity structure. These results not
only confirm the generation and propagation of high-frequency acoustic modes but also provide
insight into the interplay between optical resonances and lattice dynamics.

To support these measurements, complementary characterization techniques such as angle-
resolved ellipsometry were suggested to support these measurements in the future, providing
insight into the complex refractive index and dispersion characteristics of the multilayered system.

As a future perspective and in relation to the results presented in Chapter 4, the MIM acoustic
response findings could be coupled with ferromagnetic resonances in thin nickel films creating a
hybrid opto-acoustic cavity. By integrating a Ni layer onto the cavity, where strong acoustic strain
fields are present, and tuning its ferromagnetic resonance frequency via an external magnetic
field, it would be possible to explore magneto-acoustic coupling phenomena. This could pave the
way for the development of hybrid photonic-magnetoacoustic devices capable of controlling spin
dynamics with ultrafast acoustic pulses. Such integration represents a promising perfective for

future studies in ultrafast magneto-optics and spintronics applications.
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Sequencing amino-acids for protein identification

In parallel to the opto-acoustic studies presented in Chapters 4 and 5 additional optical char-
acterization work was carried out as part of a multidisciplinary research project focused on the
development of a next-generation protein sequencing [88] platform based on ultrafast Raman
spectroscopy. This work is part of an European Union funding programme, HORIZON 2020,
which brings together different universities, academic institutions and companies across multiple
fields. The overall goal of this project, named prolD, is the readout of amino-acid sequences
along a protein chain using a combination of ultrafast Ramam spectroscopy [89], nano-optics
[90], [91] and advanced data analysis [92].

To achieve this, the project integrates several disciplines: ultrafast optical excitation of sin-
gle amnino-acids as they translocate through a plasmonic nanopore [93]; time-resolved Raman
spectroscopy in combination with high sensitive devices, in particular SPAD (Single Photon
Avalanche Diode) arrays [94]; both classical and quantum computational modeling [95] to inves-
tigate the nanopore-protein interaction. Finally, to discriminate amino-acid sequences from the
collected Raman spectra: bioinformatic approaches relaying on machine learning [96].

These tasks were led by specific experts in the fields. Within this collaborative framework,
my contribution was centered on the optical characterization of a custom-designed diffractive
component aimed at reducing spectral complexity and enhancing detection speed. The optical
element, referred to as Segmented Refractive Optical Element (SROE) [97], was developed to
overcome the limitations of conventional Raman spectroscopy, which typically relies on high-
resolution diffraction gratings capable of resolving thousands of spectral points but at the cost of
slow acquisition times. In contrast, the SROE was engineered to isolate only the most relevant
Raman bands required for amino-acid discrimination therefore, improving the optical readout

process.

73
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The idea is the following, supposing we want to read a sequence of only two amino-acods
(AAs), we chose two Raman spectral bands for each aminoacid based on their vibrational finger-
prints. The light scattered out of the nanopre is first spectrally dispersed by a prism and then,
with a patterned chromium mask on top of the SROE, filtered to select each specific spectral
band associated with each amino acid. These selected bands are then routed to target SPAD
pixels by a chirped phase pattern on the back surface of the optical element.

In the following Section 6.1, we present detailed information regarding the design and fabri-
cation of the SROE (Subsection 6.1.1), with particular emphasis on its optical characterization

and performance validation (Subsection 6.1.2), to which I contributed most directly.

6.1 Diffractive micro optical component for Raman detection

One of the milestones of ProlD is protein identification by reading a sequence of a limited number
of AAs (2-4): this achievement is fundamental to prove the concept of Raman sequencing and to
contribute to mitigate risks. Such identification requires a limited number of Raman peaks to be
observed. For instance, to identify 4 different AAs one may need at least 4 specific Raman peaks
(1 per AA). Likely, one may need even more, preferably 2 or more peaks per AA. To record only
a limited number of Raman peaks, it is not necessary to employ a camera capable of recording
hundreds of spectral points. This is a crucial consideration, as a camera that combines high
spectral resolution (~100 points) with extreme temporal resolution (~100 ns) does not yet exist.
To address this limitation, ProlD conceived an approach based on monitoring a limited number
of spectral points (or, equivalently, Raman peaks) [98].

In general terms, this approach relies on refractive optical elements, which are optical compo-
nents that shape or manipulate light through refraction. A conventional refractive element, such
as a lens or prism, bends light by varying its optical path length according to the geometry and
refractive index of the material, thereby controlling the propagation, focusing, or intensity distri-
bution of a beam. Building on this concept, segmented refractive optical elements (SROEs) are
composed of multiple discrete refractive segments. Each segment contributes to a local refractive
effect, and the segments together approximate complex wavefront transformations or generate a
tailored intensity /phase profile. The segments may be flat, curved, or otherwise locally shaped,
with different orientations or thicknesses, allowing precise control over the transmitted light while

simplifying fabrication compared to a single continuous freeform surface.
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In what follows, we present the design, fabrication, and optical characterization of the final

SROE prototype, which will be employed for Raman detection in the ProlD approach.

6.1.1 Segmented Refractive Optical Element (SROE): design and fabrication

The final version of this optical element was carried out by Bikash Kumar Bhandari at the
European Bioinformatics Institute (EBI) who was in charge of the design, in collaboration with
Jannis Weinacker at the Karlsruhe Institute of Technology (KIT) whose contribution focused
on the fabrication [97]. Over the course of the three-year project, the SROE evolved through
multiple designs to face emerging challenges and incorporate new ideas. Here, we present the
most recent and optimized SROE version, which was adapted to meet the final requirements to
achieve amino acid sequence reading.

The final SROE design consists of four independent focusing regions and has a total dimension
of 3500 pm x 420 pm, printed on a 2 inch wafer. These four spectral regions were optimized
to maximize the information required to identify the amino acid under investigation. After
quantifying the information received for different configurations of four spectral regions, two
SROE variants were fabricated, optimized for an average of 50 and 100 detected photons emitted
by Serine [99]. Both designs cover wavenumbers ranging from 497 cm™! to 1628 cm™!, being
the main difference on the spectral region covered by each focusing area. The light in between
the selected spectral regions will be refracted along the y-axis, avoiding detection and reducing
spectral cross-talk. The SROE is designed with a working distance of 15 mm, ensuring proper
focusing onto the entrance of an optical fiber, one per focusing region.

The technique used to fabricate the sample is a commercially available 3D laser nanoprinter
by Nanoscribe®, called QuantumX [100] using two-photon grayscale lithography [101] which is
suitable for the fabrication of micro-optical components with optical-grade surface quality and
high surface precision, on the order of 100 nm [102|. Even though this fabrication process
already delivers high quality optical surfaces, further improvement can be achieved through
an iterative precompensation routine. This process involves comparing the measured surface
topography obtained using a confocal microscope with the original design to identify systematic
deviations introduced during the 3D printing stage. Regions where the printed structure is
consistently too high or too low can be identified, and the height difference between the designed
and fabricated surfaces is used to generate a precompensated design. By incorporating these

corrections iteratively, the printed structure approximates to the targeted design.
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In this study, six different SROE variants were fabricated and analyzed. Two sets were tested:
one optimized for an average of 100 detected photons, and another for 50 photons, the latter
being the most likely candidate for implementation in the final experimental setup. Each set
includes three levels of precompensation: no precompensation, one iteration, and two iterations
of precompensation. Figure 6.1 presents the surface height maps of each variant along with
the corresponding histograms of the topographical error. A clear narrowing of the histogram
peaks is observed as the number of precompensation steps increases, indicating a progressive

improvement in surface fidelity and reproducibility of the optical design.
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Figure 6.1: Difference maps showing the deviation between the printed SROE topographies
and the original design, along with their corresponding height histograms. The left column corre-
sponds to SROEs optimized for 100 detected photons, while the right column corresponds to those
optimized for 50 photon. In panels (a) and (b) no precompensation was performed which leads
to larger difference values and a broader histograms. Ppanels (c¢) and (d) correspond to one step
of precompensation, while panels (e) and (f) show two steps of precompensation. The histograms
become narrower after already one step of precompensation. Figure taken from [103].

6.1.2 Optical characterization

In this subsection, we describe the experimental setup used for the optical characterization of
all the fabricated versions, above mentioned, of the SROE, including an analysis of the light

spectrum for each spectral region. This characterization allows us to verify that each SROE
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effectively focuses the originally designed spectral regions onto the desired spots.

It is important to recall that in the final ultrafast Raman setup, the spectra of the amino
acids will be spectrally dispersed by a diffraction grating. Therefore, the role of the SROE will be
to guide and focus selected spectral components onto optical fibers connected to a detector. To
simulate the final experimental conditions under which the SROE will operate, a custom-made
setup was developed, a sketch is represented in Figure 6.2. The setup, described from right to
left, begins with the generation of a white light supercontiniuum (WLG). The resulting spectrum
ranges from 500 nm to 950 nm, closely matching the spectrum shown in Figure 3.11 (b). After
the white light generation, the light beam is cleaned up and collimated using two lenses with a
focal length of 50 mm. The beam is diffracted by a near-IR, 300 grooves/mm, optical grating,
followed by a curved mirror with a focal length of 150 mm which focus the light onto the SROE’s
back plane. The SROE is placed at the focal plane of this mirror, ensuring that the incoming,

spectrally dispersed, light hits the SROE perpendicularly.

Grating
g =300 mm™

Lens Lens
f=50 mm f=50 mm

Spectrometer

Curved mirror
f=150 mm

Fiber stack

Figure 6.2: Sketch of the custom-made setup used for the optical characterization. From right
to left, the supercontiniuum white light (WLG) is collimated with two lenses of the same focal
length, f = 50 mm, before hitting the diffractive grating (300 mm~1). The spectrally separated
light is then focused with a curved mirror, f = 150 mm, onto the SROE. The SROFE focuses the
spectral region onto four optical fibers connected to a spectrometer. Figure adapted from [104].

To demonstrate that the SROE works as designed, it is necessary to verify that it covers the
correct spectral regions and efficiently couples the light into each fiber channel. As first step,
a commercial camera is placed in the image plane of the SROE to image the four foci spots
generated by the SROE, each corresponding to a different spectral region. Figure 6.3 presents
the collected foci from all the fabricated SROE variants. The images on the left side correspond
to the design optimized for an average of 100 detected photons, while those on the right side
correspond to the variant optimized for 50 photons, both based on the Raman response of Serine.

For each fabrication, we tested different levels of precompensation, introduced during the design
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process. Panels (a) and (b) show results for uncompensated designs; panels (c¢) and (d) with
one step of precompensation; and panels (e) and (f) with two steps of precompensation. All the

intensity values have been normalized to the highest pixel intensity to facilitate the comparison.
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Figure 6.3: Camera images of all the fabricated SROE versions, taken in the optical setup.
Panels on the left column are the samples corresponding to 100 photons and on the right, 50
photons. Panels (a) and (b) show the results for the uncompensated samples. Panels (c¢) and
(d) the samples with one step of precompensation and (e) and (f) two steps of precompensation.
Figure taken from [103].

No clear difference is observed in the performance of the SROE samples depending on the
number of precompensation steps.

Following the analysis, the camera was replaced by a 16-fiber stack, although only four (one
for each spectral region), were actively used. The core diameter of each fiber is 440 um and a
center to center spacing of 500 pum, for which the SROE was designed. Each focal spot from the
SROE was coupled into a separate fiber in parallel. Notably, no realignment was necessary when
switching between fibers.

The emerging light from each fiber was directly coupled and analyzed by a spectrometer to
verify that the spectral content matched the designed windows. Figure 6.4 presents the measured
spectra of the six different SROE versions, i.e. for 100 (left columns) and 50 (right columns)
detected photons across the 3 different steps of precompensations (uncompensated, one-step, and

two-step). In each plot, the background colored boxes indicate the designed spectral ranges that
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each detector is supposed to measure and, in the foreground in a darker shade, are the measured
spectral profiles.

Overall, a good agreement is observed between the expected and measured spectra, both in
terms of central wavelength and bandwidth. Some minor deviations are observed, such as the
yellow spectral curve in Figure 3.11 (c), which appears to be wider than the targeted spectral
interval. One possible explanation is the limited resolution of the imagining system, being not
possible to focus such small spots.

From these measurments, we can conclude that all the fabricated SROEs work accordingly
to the design configuration by focusing the designed spectral regions into the equidistant fibers.
Indeed, there is no obvious improvement due to the precompensation, indicating that the design

of the NIR-SROE is robust towards minor fabrication deviations.

6.2 Conclusions

In this chapter, we presented the optical characterization of a custom Segmented Refractive
Optical Element (SROE), developed as part of a multidisciplinary project focused on ultrafast
Raman for protein sequencing. The SROE is designed to route selected Raman spectral bands,
associated with specific amino acids, onto individual detectors, optical fibers, enabling rapid and
targeted spectral readout with minimal photon counts.

Our experimental validation included both camera imaging of the focused spots combined
with spectral measurements. These tests confirmed that the fabricated SROEs reliably focus the
intended spectral regions onto the correct spatial positions. The measured spectral responses
match the design specifications across multiple device versions and photon count conditions.
Moreover, no significant performance differences were observed across varying levels of precom-
pensation, indicating robustness in what fabrication process regards.

This optical characterization confirms that the SROE design performs as intended and repre-
sents a crucial step toward integrating compact, efficient spectral filtering into the final detection

system for protein sequencing.
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Figure 6.4: Measured spectra of each lens obtained from the coupling with the fiber, overlaid the
designed spectral windows represented with rectangular boxes. Plots on the left columns correspond
to 100 photons and on the right to 50. First row shows the results without precompensation, the
second one step of precompensation and the third two steps of precompensation. This figure is
reproduced from [103], licensed under a Creative Commons Attribution (CC BY) license.



Concluding remarks

This thesis has explored the interaction of ultrashort light pulses with nanoscale structured
materials, focusing on the generation, detection, and control of coherent acoustic phonons in
multifunctional platforms. Through a combination of experimental ultrafast spectroscopy, based
on custom-built optical setups, and theoretical modeling, we have addressed how light can excite,

manipulate, and reveal dynamics within matter on the femtosecond to nanosecond timescale.

We began with Chapter 2 with a conceptual overview of ultrafast opto-acoustics and its rele-
vance in condensed matter physics and nanotechnology. By reviewing the principles of coherent
acoustic phonon generation, based on the Two-Temperature Model and the interplay between
electronic and lattice subsystems, we established a foundation for understanding how stress and
strain pulses can be launched with femtosecond lasers. This chapter introduced how nanos-
tructuring, such as suspended geometries or layered heterostructures, modifies the opto-acoustic
response and opens new pathways for coupling acoustic waves to magnetic, electronic, or photonic

degrees of freedom.

In Chapter 3 we described the ultrafast tools and nonlinear processes that support the ex-
perimental techniques used in this thesis. This included a detailed discussion of pump-probe
spectroscopy and the custom setup designed and implemented for our measurements. Second-
and third-order nonlinear phenomena, specifically second harmonic generation (SHG), third har-
monic generation (THG), and white light Generation (WLG), were introduced as tools for pulse
conversion and spectral extension. Additionally, the design and function of two home-built op-
tical parametric amplifiers (OPAs), covering the visible and visible-near-infrared regions, were

presented.

Chapter 4 presented the central experimental findings of the thesis: the fabrication and char-
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acterization of freestanding nickel cavities via picosecond laser delamination. These cavities,
compared to reference nickel films, exhibited markedly lower acoustic damping, higher quality
factors, and longer-lived resonances. Time-resolved pump-probe spectroscopy, Fourier analy-
sis, and numerical multiphysics simulations demonstrated the existence of confined longitudinal
acoustic modes. An appendix further developed a Lorentzian fitting analysis to extract damping
trends, showing potential Rayleigh-type loss mechanisms. The findings position nickel cavities
as promising platforms for resonant acoustic and magneto-acoustic applications.

In Chapter 5, we shifted focus to metal-insulator-metal (MIM) cavities supporting epsilon-
near-zero (ENZ) photonic modes. Pump-probe measurements revealed rapid acoustic modula-
tions associated with field compression and confined phonon resonances. These structures, while
optically different from nickel cavities, exhibit similarly rich opto-acoustic dynamics. Their re-
sponse is highly sensitive to dielectric layer thickness and field distribution, making them promis-
ing for ultrafast modulation and sensing, exploiting the high light-matter coupling ensured by
the ENZ modes.

As part of a broader collaborative effort, in Chapter 6 we described the design and opti-
cal characterization of a Segmented Refractive Optical Element (SROE), intended for ultrafast
Raman spectroscopy of amino acids. Using a white-light beam and emulating the final system
geometry, we demonstrated spectral filtering and potentially pixel-selective detection of Raman
bands. This project highlights the role of custom micro-optics in data-driven spectroscopy, show-
ing the potential for fast, selective, protein identification systems.

The work presented here illustrates how nanostructured geometries not only enhance opto-
acoustic responses but also enable multiphysics coupling mechanisms involving strain, heat, mag-

netism, and photonics. Looking forward, several promising research directions arise:

e Magneto-acoustics: The high-Q acoustic modes in freestanding nickel cavities provide a
promising basis for strain-assisted control of ferromagnetic dynamics, potentially enabling

GHz spintronic applications.

e Hybrid photonic platforms: The integration of ENZ photonic cavities with magnetic
or opto-mechanical material platforms may yield reconfigurable nanodevices responsive to

light, strain, and electromagnetic fields.

e Bio-integrated optics: The segmented optical elements developed here can be adapted

for broader biosensing contexts, where fast spectral selection and real-time readout are
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critical.

e Advanced nanofabrication: Techniques such as ps-laser delamination and multi-photon
printing are effective for producing microscale cavities and should be further explored for

scalable, maskless device fabrication.

This thesis thus contributes to the foundational understanding of light—matter interactions in
nanoscale platforms and proposes novel tools and approaches for future studies in opto-acoustics,

nonlinear optics, and hybrid multi-physics systems.
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Supplementary data: Acoustic modes in nickel cavities

In this appendix, we present a complementary analysis of the propagating acoustic response in
the nickel cavity and film structures. This study was primarily conducted by Andrea Rossetti
and is based on the experimental pump-probe data discussed in Chapter 4. Starting from the
baseline-corrected transient reflectivity data (see Figure 4.8, panel (b)), we propose a different
fitting approach to quantitatively compare the opto-acoustic performance of the freestanding
cavity versus the supported film. Following the methodology introduced by Ghita et al. [60],
the differential reflectance curves are decomposed into a superposition of damped harmonic
oscillators, each corresponding to an acoustic eigenmode of the system. Specifically, the time-

resolved differential reflectance signal is fitted with the expression:

N
Af;@) _ ; Ape " cos(wnt + ¢n) (A-1)

where A,, w, and ¢, are the amplitude, decay rate, angular frequency, and phase of the nt"
acoustic mode, respectively, and N is the number of modes considered (five for the cavity and
seven for the film). The corresponding fits are overlaid on the experimental data in Figure A.1

panels (a) and (b), showing good agreement in the time domain.

Given the high number of free fit parameters, a reliable initial guess for the fit is needed. We
achieve this by first fitting the Fourier Transform (FFT) of the experimental data with a sum
of Lorentzian functions. The good agreement between experimental data-points and fit curves
in both the time-domain and frequency-domain supports the validity of the harmonic oscillator

model for describing the acoustic response (see Figure A.1, panels (c), (d)).

Figure A.2, panel (a), shows the extracted decay rates 7, as a function of the acoustic
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Figure A.1: (a) Isolated experimental acoustic response for cavity (dots) after the baseline is
subtracted. The solid lines show the best fit curve for the pump-probe trace, obtained using as
model a superposition of damped harmonic oscillators. (b) same as panel (a), for the film. (c)
Fast Fourier transform (FFT) of the experimental (dots) and fitted (solid line) pump-probe traces
for the cavity (¢) and film (d).
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frequency f, = wy, /2w, along with error bars from the fitting procedure. As suggested by Ghita
et al. [60], a quadratic dependence (y oc w?) typically indicates phonon-phonon scattering as the
dominant damping mechanism, which is indeed observed for the film configuration. In contrast,
for the cavity configuration, the decay rates are better described by a power law of the form
v = a+bw¢, yielding an exponent ¢ ~ 4. This faster-than-quadratic scaling suggests that damping
in the cavity is likely dominated by Rayleigh-scattering, which follows a v o w* dependence [105],
[106]. Figure A.2, panel (b), shows the quality factor Q,, = wy/(27,) extracted for each acoustic
eigenmode. Notably, the cavity exhibits systematically higher quality factors than the film.
Most cavity modes display @, > 15, underscoring the enhanced acoustic performance enabled
by the freestanding geometry. Neglecting the fundamental mode, which is likely affected by grain
boundaries and surface roughness effects. The quality factors estimated for the cavity surpass

the typical quality factor Q¢ =~ 12 reported for magnon resonances in nickel [60].

30 " " " " 35 .
(a) ¢ cavity (b) d cavity
25 | $ film ) 30| & film

0 20 40 60 80 100 0 20 40 60 80 100
Frequency (GHz) Frequency (GHz)

Figure A.2: (a) Damping as a function of frequency obtained from the fit of the pump-probe
data for the film (blue circles) and cavity (red circles). A power law fit y = a + bx® is shown as
a solid line as guide to the eye for both cases. (b) Q-factor associated to different eigenmodes
for cavity and film. The solid lines are obtained from the fits of panel (a) and shown as guide to
the eye. The black dashed line indicates the magnon Q-factor in nickel Qg ~ 12 as discussed in

[60].

These findings position the suspended cavity as a promising opto-acoustic platform, particu-
larly for multi-physics applications such as magneto-acoustic coupling. The enhanced Q-factors
achieved via ps-laser delamination [59] represent an important advance toward dynamic control
of magnetization through laser-driven strain, potentially enabling coherent coupling between

longitudinal acoustic phonons and transverse magnetic modes [107].
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Time domain analysis on different cavities

In this appendix a complementary analysis of the acoustic response of different cavities is pre-
sented, following the time-domain analysis introduced in Appendix A. As shown in Subsection
4.1.2, and in particular in Figure 4.2, each line contains structures fabricated under the same
conditions. This raises relevant questions about fabrication reproducibility and, consequently,

the opto-acoustic performance of the resulting cavities.

In Figure B.1, panel (a), the pump-probe transient reflectivity of an additional film spot
("pristine film 1", also discussed throughout this thesis) is presented together with four new
cavity structures located on the same line as "delaminated cavity 1", the reference structure
analyzed in Chapter 4, all measured under identical excitation conditions. While the curves
measured on different spots of the pristine film are practically identical (see the two top rows),
we observe a different response between delaminated cavities, plausibly due to variations in
the corrugation profile of the bottom interface. In general, the delaminated cavities show a
smaller attenuation of the acoustic pulse between successive roundtrips. In panel (b), the Fourier
transform of the experimental transient reflectance is shown. Each series of peaks corresponds
to the different eigenmodes contributing to the overall acoustic wave-packet propagating along

the two different configurations.

Disentangling the dynamics of individual eigenmodes provides valuable insight into the ex-
perimental observations. To this end, we performed a short-time Fourier transform (STFT) of
all measured pump-probe traces, with the resulting spectrograms shown in Figure B.2. For the
film, panels (a) and (b), the fundamental eigenmode is only weakly excited and disappears after
the first round trip, while the second eigenmode is also comparatively faint. In contrast, modes

n = 3,4,5 dominate the response but still undergo strong attenuation, with amplitudes reduced
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Figure B.1: (a) Experimental transient reflectivity measurements (dots) and fit (solid line) for
two spots on the pristine nickel film and five different delaminated cavities. (b) Fast-Fourier-
transform of the curves in (a). This figure is reproduced from reference [73], licensed under a
Creative Commons Attribution (CC BY) license.

by more than 50% after each round trip. In the cavities (panels (c) to (g)) however, the first two
eigenmodes are efficiently excited and exhibit considerably longer lifetimes than in the pristine
film. Notably, in two cavities (3 and 4), the n = 2 mode at 26 GHz dominates the response and
propagates nearly unperturbed over the investigated time window. Consistent with our previous
discussion, the spectrograms also reveal that the acoustic wave packet in the delaminated cavities

lacks high-frequency components above 60 GHz.

To conclude this analysis, Figure B.3, panel (a) summarizes the extracted decay rates =,
as a function of the frequency f, for the considered eigenmodes. For the film, the decay rates
follow an approximately quadratic dependence, with a power-law fit yielding an exponent of
c ~ 1.5. In contrast, the delaminated cavities exhibit a much steeper scaling, with ¢ ~ 4.6 +0.8.

These results are in good agreement with the discussion presented in Subsection 4.2.2 and further
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Figure B.2: Spectrograms of acoustic eigenmode propagation for the pristine film (a), (b) and
for the delaminated cavities (c)—(g), obtained from the pump-probe traces in Figure B.1 using
a short-time Fourier transform algorithm. This figure is reproduced from reference [73], licensed
under a Creative Commons Attribution (CC BY) license.
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complemented in Appendix A. Panel (b) shows the corresponding quality factors, @, = w,/(27,),
associated with the various eigenmodes. The dashed black line indicates the typical quality
factor of magnon resonances in nickel, Q¢ =~ 12 [69]. The necessary condition, @, > Qg, for the
efficient excitation of magnetization dynamics by acoustic pulses is fulfilled by the second and
third eigenmodes in all cavities. This demonstrates that delaminated cavities can indeed sustain
acoustic pulses suitable for controlling magnetization dynamics [107] up to 60 GHz, although a

decrease in the quality factor is observed beyond this frequency.
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Figure B.3: (a) Decay rates as a function of frequency extracted from the pump—probe data.
Solid lines represent power-law fits (y = a + bx®) and serve as a guide to the eye. (b) Quality
factors associated with the different eigenmodes. Solid lines are derived from the fits in panel (a),
while the black dashed line marks the typical Q-factor of magnon resonances in nickel, Qg ~ 12
[69]. This figure is reproduced from reference [73], licensed under a Creative Commons Attribution
(CC BY) license.

In conclusion, this analysis reinforces the discussion in Chapter 4, demonstrating that de-
laminated cavities represent a promising platform for ultrafast modulation of acoustic waves at

frequencies below 60 GHz.
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