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Abstract

This thesis collects the results of my work as doctoral student of the Ph.D. School in
Physics, Astrophysics and Applied Physics at Universita degli Studi di Milano, that has
been carried out since October 2022 at the Istituto Officina dei Materiali of the Consiglio
Nazionale delle Ricerche (IOM-CNR) and within the framework of Nanoscale Foundries
and Fine Analysis (NFFA) facility.

My research activity has been devoted to the study of phonon dynamics in photoex-
cited quantum materials, employing time-resolved spontaneous Raman spectroscopy
(TRRS) as the primary experimental approach. Among ultrafast spectroscopies, TRRS
provides unique access to phonons and other low-energy excitations in systems impul-
sively driven into transient non-equilibrium states, allowing mode-specific monitoring
of their population dynamics. This makes TRRS particularly powerful for investigat-
ing electron-phonon and phonon-phonon couplings, as well as the evolution of crystal
symmetries after photoexcitation. Motivated by the broad span of applications of this
technique and by its complementarity with other ultrafast spectroscopies targeting elec-
tronic, lattice or spin degrees of freedom, a dedicated TRRS setup was developed at the
NFFA-SPRINT laboratory, hosted in the premises of the FERMI@Elettra facility (Elettra-
Sincrotrone Trieste).

This booklet thus summarizes my work for the commissioning and characteriza-
tion of the new setup, and presents the results from three case studies addressing the
properties of semiconductors, 2D chalcogenides and a strong correlated oxide. In a first
experiment, the phonon relaxation dynamics of silicon is investigated. The possibility
of tuning the phonon-phonon anharmonic interaction is explored by varying the exter-
nal temperature and the excitation density. Furthermore, the photodoping dynamics is
directly monitored via a Fano interference effect between electronic and phononic Ra-
man scattering. A second experiment, targeting bulk and single-layer MoS,, reveals
a photodoping-induced phonon frequency renormalization and a long-lived excitation
anisotropy in the phonon subsystem, dictated by mode symmetries and inaccessible un-
der equilibrium conditions. In a third experiment, TRRS is employed to monitor the evo-
lution of the lattice symmetry of magnetite and the phonon-specific energy flow while
triggering a photoinduced Verwey phase transition.
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Introduction

Understanding how the macroscopic properties of materials emerge from their micro-
scopic building blocks is probably the central goals of condensed matter physics. Since
the 1930s, the complexity of interactions between different degrees of freedom has been
encoded in the concept of quasiparticles, i.c electrons, holes, phonons, magnons, and
others, which provide the language through which we describe both the ground state
of a material and its excitations from it generated by external perturbations. The ener-
gies, lifetimes, momentum dispersions, and mutual interactions of quasiparticles gov-
ern a wide range of fundamental and technologically relevant properties, from charge
transport, thermal conductivity, and light absorption/emission, to emergent phenom-
ena such as magnetism, charge-ordering, superconductivity. Conventional equilibrium
spectroscopies provide invaluable access to these properties but remain fundamentally
limited to information about the interaction averaged over all scattering channels.

In contrast, time-resolved spectroscopies offer a direct view into how different de-
grees of freedom exchange energy and momentum. By impulsively driving a system
out of equilibrium and probing its subsequent relaxation back to a stable state, they en-
able the temporal separation of distinct interactions. This allows to address the interplay
between specific degrees of freedom, estimate the coupling strengths between specific
quasiparticles, and in some cases access metastable states that are not reachable from
thermodynamic equilibrium conditions. The rapid development of ultrashort pulsed
light sources has made these approaches possible. Femtosecond lasers, high-harmonic
generation sources, and free-electron lasers now cover a broad energy range from the
terahertz to the hard X-ray regime, enabling time-resolved extensions of nearly all major
spectroscopies.

Within this broad landscape, time-resolved spontaneous Raman spectroscopy (TRRS)
has proven itself to be a particularly powerful probe. Raman scattering is uniquely
suited to probe phonons and other low-energy bosonic excitations. In a pump-probe
implementation, TRRS provides simultaneous access to phonon populations, frequen-
cies, linewidths, as well as lattice symmetry properties, thus allowing to extract infor-
mation about electron—phonon and phonon—phonon couplings, as well as on structural
dynamics accompanying phase transitions. Its capability to offer a clear, mode-resolved
picture of lattice dynamics without requiring coherent phonon excitation, is particularly
valuable in light of the growing need for accurate interpretations of the results of time-
resolved experiments and the exploration of phononic approaches to controlling mate-
rial properties, both requiring to move beyond treating the lattice subsystem as a single
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X Thesis overview

thermal reservoir. Moreover, when integrated with time-resolved optical and electronic
spectroscopies that probe electronic degrees of freedom, TRRS can become a key element
of multi-messenger research in the time domain.

This is the general framework and motivation in which the present thesis is devel-
oped. In particular, the work presented here is devoted to the application of TRRS to
the study of phonon dynamics in photoexcited quantum materials, and has led to the
original experimental results reported here.

On the methodological side, the research included the commissioning of a new TRRS
end-station at the NFFA-SPRINT laboratory, designed to provide state-of-the-art access
to ultrafast lattice dynamics within a UHV-compatible environment. The setup was con-
ceived to ensure full interoperability with other sample-growth and spectroscopic meth-
ods available in the NFFA facility, thereby enabling a true multi-messenger approach in
which experimental campaigns employing multiple complementary techniques can be
conducted under reproducible environmental condition. The project is the result of a
joint effort by IOM-CNR, Universita degli Studi di Milano, Universita di Perugia, and
Sapienza Universita di Roma, and is intended to become part of the NFFA research in-
frastructure as a user facility.

Thesis Overview

The thesis is structured in three main parts.

Part I lays the groundwork for this thesis. It introduces the motivation for developing
a time-resolved spontaneous Raman spectroscopy (TRRS) setup and situates the present
experimental work within the broader context of time-resolved spectroscopic studies. It
also provides the theoretical and experimental background needed to understand the
performed measurements.

Chapter 1 motivates the study of phonon dynamics out of equilibrium. It first dis-
cusses the ways in which time-resolved spectroscopies allow to go beyond equilibrium
investigations, and then focuses on the specific advantages of TRRS, highlighting its dis-
tinctive features compared with other time-resolved phonon probes.

In Chapter 2 the theoretical foundations of spontaneous Raman scattering are pro-
vided, with a particular focus on the information about phonons that can be retrieved in
a typical Raman spectroscopy experiment.

Chapter 3 outlines the principles of TRRS, reviewing the physical insights that can be
obtained with this technique and providing examples of typical case studies present in
literature. It also discusses the effects of using a pulsed source, rather than a continuous-
wave one, as a probe.

Part I (Chapter 4) describes the experimental realization of TRRS at the NFFA-SPRINT
laboratory. The chapter details the design of the optical scheme and the sample environ-
ment, presents the characterization measurements carried out during the commissioning
of the setup, and concludes with perspectives for further developments.

Part III presents the results of three case studies.

Chapter 5 reports on silicon, chosen as a benchmark system to validate the TRRS
setup. The dynamics of the longitudinal optical phonon is investigated, exploring the
effect of different temperatures and fluences on the photoexcitation of long-lived carriers
(detected through a dynamical Fano interference effect) and anharmonic phonon-phonon
interactions.
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Chapter 6 focuses on MoS,, in both bulk and monolayer form. TRRS reveals a strong
effect of transient photodoping on the phonon frequencies, and fluence-dependent data
suggest the presence of different photodoping regimes. The chapter highlights the po-
tential of mode-specific mapping of phonon populations with TRRS, showing how it
can reveal specific electronic de-excitation pathways and the persistence of long-lived
nonthermal phonon states.

Lastly, Chapter 7 addresses magnetite, a paradigmatic strongly correlated oxide un-
dergoing a complex metal-insulator and structural phase transition (Verwey transition)
mediated by strong electron phonon coupling. In this case, TRRS demonstrates its ability
to simultaneously monitor the dynamics of lattice symmetry changes, phonon spectral
modifications, and the transient populations of phonons and low-energy modes, prov-
ing its potential in the investigations of photoinduced phase transitions.






Part 1

Background






CHAPTER 1

Probing phonons out of equilibrium

1.1 Why time-resolved spectroscopies?

Experimental condensed matter physics addresses the study of the macroscopic proper-
ties of materials and of the microscopic physical interactions from which they emerge.
This is crucial both for advancing our understanding of fundamental physics and for the
possibility of control and tailor material properties, with the ultimate aim of designing
systems with the desired electrical, elastic, thermal, magnetic (or other) functionalities.

In order to achieve this, it is necessary to characterize the electronic and structural
ground state of a material, and the low-energy excitations, which determine its response
to external stimuli. A wide range of spectroscopic techniques has been developed to this
aim, employing probes with different sensitivities to access specific degrees of freedom
of the material. Furthermore, by varying thermodynamic parameters such as tempera-
ture, pressure, or by doping, spectroscopic investigations allow to explore the stability
limits of the material ground state and map its proximity in the system energy landscape
to possible competing phases.

Figure 1.1: Schematic representation of a pump-probe experiment. A pump pulse (red) is used to
excite the sample out of equilibrium. A second probe pulse (blue) reaches a sample at a controlled
delay, allowing to measure the response of the material at a very precise instant. From [1].
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Figure 1.2: (a) Typical fundamental excitations in a complex solid material, plotted against the cor-
responding energy, timescale and resonant photon energy. (b) Scheme of the mutually interacting
degrees of freedom in a condensed matter system. Reproduced from [2].

It is, however, possible to go beyond this type of investigations by driving a material
out of its thermodynamic equilibrium state and then probing it while it is in a non-
equilibrium transient state. This approach not only provides access to properties of the
ground state that remain "hidden” at equilibrium, such as the strength of coupling be-
tween different degrees of freedom, but also allows to “test” the system stability, reveal-
ing transient or metastable phases, and ultimately providing hints to develop strategies
for the dynamical control of the material properties.

This progress has been made possible by the development of time-resolved spectro-
scopies, enabled by the availability of increasingly short pulsed, energy tunable light
sources. To capture the transient configurations the time resolution of the measure-
ment must be shorter than the relaxation time of the system towards equilibrium. This
timescale varies widely depending on the material and the process under investigation,
but for most of the dynamics of interest in condensed matter systems (electronic, charge,
lattice, spin dynamics) it is “ultrafast”, i.e. in the range of picoseconds and below, as
illustrated in Figure 1.2 [1, 3].

In most ultrafast time-resolved spectroscopies, this temporal resolution is achieved
through the pump—-probe method (Figure 1.1). In this approach, the system is first
brought to an excited state by a first ultrashort laser pulse (the pump), and then inter-
rogated by a second pulse (the probe) at controlled delays. By varying the optical path
length of one of the beams, this delay can be tuned with sub-femtosecond precision. The
result is a sequence of “snapshots” of the system while its state evolves as a consequence
of the energy deposited by the pump, allowing to investigate the photoexcited state and
map the relaxation back to a thermodynamic ground state.

Coherent pulsed table-top sources spanning the THz to Soft X-ray spectral range and
temporal resolution now approaching the 10717 — 10716 second scales [4-6], combined
with Free-Electron Lasers extending this coverage into the hard X-ray regime, have led to
the development of time-resolved counterparts of most equilibrium spectroscopies and
scattering methods and inspired novel approaches, giving rise to an exceptionally vast
landscape of ultrafast techniques. A complete overview of time-resolved (TR) techniques
is out of scope here; however, it is useful to outline the main ways in which pump-probe
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methods allow to go beyond equilibrium investigations and the underlying motivations,
in order to contextualize the studies presented in this thesis.

By carefully selecting the pump characteristics (energy, fluence, duration) and there-
fore the type of excitation created in the system, as well as the initial state of the material,
time-resolved experiments can indeed be tailored to address different goals.

Probing relaxation pathways and couplings between degrees of freedom

Figure 1.3: Excitation and deexcitation processes in a prototypical pump-probe experiment and
relative timescale. (a) A pump pulse prompts electrons from the ground state to higher-energy
levels. (b) Electrons thermalize to a high-temperature quasi-equilibrium distribution. (c) Electrons
relax towards the ground state via different processes, including energy transfer to lattice degrees
of freedom. In (b) and (c) probe pulses interrogating different degrees of freedom are shown.

A first class of pump-probe experiments is dedicated to achieve a better understand-
ing of the equilibrium properties of a material by perturbing it with a controlled excita-
tion source and monitoring the relaxation back to the initial ground state by a probe sen-
sitive to a well-defined quasiparticle. In fact, the properties of the quasiparticles through
which we describe the ground state and low-energy excitations of condensed matter sys-
tems (electrons, holes, phonons, magnons) are determined by their “dressing”, given by
interactions with all the other quasiparticles. In equilibrium measurements, such inter-
actions can only be inferred from the energy broadening of populated states, inversely
proportional to their average lifetime which results from all scattering channels com-
bined. In contrast, monitoring the dynamics of a given quasiparticle in a previously
photoexcited system, makes it possible to separate on the temporal scale different exci-
tation and decay processes. For sufficiently weak perturbations, which do not change
the system free-energy landscape, these processes are governed by the same interactions
that govern equilibrium properties. The pump-probe approach allows to resolve the
rate at which the energy exchange develops between different degrees of freedom (or
between different quasiparticles of the same type) develops; in this way, such method
enables to estimate of the specific coupling strengths among quasiparticles [4, 6, 7].

A clear example is provided by the studies of relaxation pathways in photodoped
semiconductors, which include two of the three experimental investigations presented
in this thesis. As schematically illustrated in Figure 1.3, the arrival of an optical pump
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excites electrons to higher-energy bands, resulting in an out-of-equilibrium electron dis-
tribution. Within the first tens to hundreds of femtoseconds, the electron population
thermalizes via electron-electron scattering to a high quasi-equilibrium temperature (i.e.
electrons obey an interal equilibrium statistics associated to an effective temperature
higher than that describing the thermodynamical behaviour of the other degrees of free-
dom in the system). This is followed by a cascade of relaxation processes that progres-
sively redistribute the excess of energy among the different degrees of freedom: cooling
of the electron population through electron-phonon scattering (occuring over hundreds
of femtoseconds to a few picoseconds), internal thermalization of the phonon subsys-
tem via phonon-phonon scattering (a few to tens of picoseconds), radiative and non-
radiative recombination of the excited carriers, and finally heat diffusion (nanoseconds
to microseconds). By selecting probes with suitable sensitivity and temporal resolution,
time-resolved spectroscopies are able to access the different stages of this relaxation and
disentangle the various pathways, for instance distinguishing between electronic decay
channels occurring on different timescales and producing distinct experimental signa-
tures.

Exploring quasi-equilibrium and hidden metastable phases

Figure 1.4: Nonthermal pathways triggered by laser excitation. The panels illustrate the system
state in a potential or free energy landscape as a function of a system coordinate, such as an elec-
tronic order parameter or a lattice displacement. (a) Weak excitations around the ground state
allow to probe low-energy modes and their mutual couplings. (b) A more intense or more ener-
getic laser pulse can drive the system in an alternative ground state B or to a metastable hidden
state C. (c) An even more intense excitation can modify the free-energy landscape itself, inducing
non-equilibrium critical behaviour. (d) A strong excitation can also drive the system into anhar-
monic regimes allowing to probe nonlinear effects and change effective couplings in the material.
Reproduced from [8].

At thermodynamic equilibrium, the stability of a material state is determined by the
permanence of the system at a minimum of the free-energy landscape, despite thermal
fluctuations. Equilibrium measurements therefore allow us to study the system in prox-
imity of this minimum, or, in the presence of phase transitions, to map the succession
of thermodynamic equilibrium states as the free-energy landscape evolves, leading to a
new minimum.

Time-resolved spectroscopies, by contrast, can test the limits of stability of a phase by
inducing perturbations that are stronger than thermal fluctuations and monitor the dy-
namics for the re-establishment of the initial state (Figure 1.4 (a)). Moreover, ultrashort
laser pulses can drive an out-of-equilibrium phase transition and force it along specific
dynamical pathways, by transiently changing the coupling between relevant degrees of
freedom (Figure 1.4 (d)). This approach is particularly powerful in strongly correlated
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materials, where the intricate interplay of electronic, spin, and structural degrees of free-
dom produces complex phase diagrams characterized by multiple competing ordered
states. Accessing transient non-equilibrium states makes it possible to identify which
orders are in competition as the transients may mimick actual phases (magnetic, super-
conducting, topological), and to determine which degree of freedom ultimately governs
the selection of the equilibrium ground state, a question that equilibrium measurements
alone cannot typically resolve.

Even more intriguingly, ultrafast experiments have revealed the possibility to drive
the system into hidden phases, i.e. to create novel quantum states located in regions
of the free energy landscape that cannot be reached by spontaneous fluctuations from
thermal equilibrium (Figure 1.4 (b, c)).

Such studies have been applied across a broad range of correlated materials, with
notable examples including charge-density-wave systems, metal-insulator transitions in
Mott materials such as VO, and manganites, superconductors, as well as other transition
metals oxides such as magnetite [1, 4, 7, 8].

Coherent control of transient states

One of the challenging attempts by ultrafast science is the non-thermal control and ma-
nipulation of quantum material properties through light. In this case, intense pulses are
tailored in energy, polarization, wavefront, to induce a specific coherent driving of the
system, forcing it along a selected trajectory in phase space, re-ranking competing or-
ders (suppressing some and enhancing others), or inducing ultrafast switching between
distinct ordered states [8, 9].

Remarkably, such selective excitation can produce effects against naive expectations.
For example, instead of destabilizing ordered phases by heating, energy deposited into
specific degrees of freedom can stabilize or even create long-range order. Fascinating
demonstrations include the light-induced enhancement of superconductivity [10] and
ferroelectricity [11], and the emergence of chirality in an initially non-chiral crystal [12].

We note that there is a natural logical progression between the three types of ultrafast
investigations: envisioning and achieving coherent control of a material state requires a
deep understanding of the coupling between the different degrees of freedom, their role
in stabilizing the equilibrium ground state, and the location of nearby states of interest
in the free energy landscape.

The studies presented in this thesis fall primarily into the first of the described cat-
egories (and, in the case of magnetite, extend partly into the second), investigating re-
laxation pathways in the phonon subsystem and expanding the knowledge about the
changes that can be induced by non-thermal perturbations, such as the generation of a
long-lived anisotropic phonon distribution in MoS,, or the photoinduced phase transi-
tion in magnetite.

1.2 Why time-resolved spontaneous Raman spectroscopy?

Because this thesis is devoted to the study of phonon dynamics in photoexcited quantum
materials, a focus is required on the motivation for investigating these specific degrees
of freedom and on the techniques available for this purpose, highlighting the particular
characteristics of the method employed here: time-resolved spontaneous Raman scatter-
ing (TRRS).
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First of all, phonons represent the fundamental collective excitations of the atomic
nuclei in a solid, and, as such, one of the basic building blocks of condensed matter. The
phonon interactions among different modes and with the electronic degrees of freedom,
govern a wide range of macroscopic properties, including elastic properties, thermal
conductivity, carrier mobility and electrical conductivity, thermal lattice expansion, and
band gap renormalization as a function of temperature. Phonons also play a crucial
role in determining the stability of a given lattice structure and in the emergence of long-
range ordered phases such as superconductivity (formation of Cooper-pairs) and charge-
density waves. In light of the discussion in the previous section, one clearly grasps
the interest in probing phonons with time-resolved spectroscopies. Such approaches
allow to determine excitation/relaxation pathways and to directly address the micro-
scopic couplings (electron-phonon, phonon-phonon, etc.) that regulate the interactions
mentioned above. A variety of ultrafast spectroscopies have been developed to inves-
tigate the out-of-equilibrium properties of phonons and their dynamics. Among these
are time-resolved (TR) reflectivity and transmission, four-wave mixing techniques such
as transient-grating spectroscopy (TG) and femtosecond stimulated Raman scattering
(FSRS), time-resolved X-ray diffraction (TR-XRD), ultrafast electron diffraction (UED)
and ultrafast electron diffuse scattering (UEDS), besides, naturally, TRRS.

A relevant distinction should be drawn here between techniques that probe coher-
ently excited phonons and those that probe incoherent phonons. TR-reflectivity and TR-
transmission, as well as TG, detect phonon excitations from the oscillatory modulation
they induce in time on the optical properties of the material [4, 13]. These techniques
thus require the excitation of coherent phonons, creating a net average displacement of
the ions at a given instant in time. While with some differences, FSRS is also based on
the coherent driving of Raman active-phonons [14]. By contrast, UED, UEDS, TR-XRD,
and TRRS are sensitive to the incoherent phonon excitation, i.e. randomly phased vibra-
tions that follow the lattice normal modes but do not produce a net atomic displacement
at any instant. These techniques thus exist as phonon probes also in their equilibrium
counterparts, in which they measure the spontaneous thermal populations of the modes.
When implemented in pump—probe schemes, they can monitor the time evolution of
phonon populations as they are modified by photoexcitation and by interactions with
other excited degrees of freedom.

Although both types of techniques provide information about the equilibrium and
out-of-equilibrium phonon frequencies, the relaxation processes they probe are intrin-
sically different. In the first case, the characteristic decay time of the probed phonon
mode reflects the loss of coherence of the collective excitation, while in the second case
it corresponds to the decay of the population of that specific phonon due to the transfer
of energy to other degrees of freedom.

While coherent phonon generation has many valuable applications, incoherent phonon
probes offer the significant advantage of not relying on specific coherent excitations in-
duced by the pump pulse to access lattice dynamics. This makes them versatile tools,
with no restriction on the type of pump to be used and thus applicable to a wide vari-
ety of excitation conditions. TRRS studies, in particular, have indeed been carried out
both with optical pumping, depositing energy into the electronic subsystem and prob-
ing phonons subsequently excited via electron-phonon coupling, as well as with mid-
infrared pumping, in which case optical phonons are generated by the decay of coher-
ently driven modes and can be used as a tool to monitor the system while controlling its
state with a selected excitation [13, 15].
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Figure 1.5: Schematic of frequency- and time-domain phonon spectroscopies. In Raman spec-
troscopy, both at equilibrium and in out-of-equilibrium conditions, the vibrational energy of
Raman-active modes is measured as an energy difference in the spectrum of the scattered ra-
diation. In time-domain spectroscopies, coherent phonon modes are observed as the temporal
oscillation of the optical signal as a function of the pump-probe delay and the frequency can be
retrieved from the period of oscillation. Adapted from [16].

In the specific case of TRRS, the versatility of the pump is combined with other ad-
vantages.

First, since the measurement is performed in the frequency domain, the temporal
dynamics induced by the pump is intrinsically separated from the spectral analysis
of the phonon modes. As shown in Figure 1.5, in techniques measuring in the time-
domain, such as time-resolved reflectivity/transmission and TG, the phonon mode fre-
quencies and linewidths are extracted from the measured oscillation profile in time
through Fourier analysis. Therefore, possible changes induced by the pump on the
phonon modes characteristics, such as a transient frequency shift, are superimposed to
the modulation that allows to extract the object of the measurement itself. Conversely,
in TRRS, phonon frequencies and linewidths are obtained directly in the frequency do-
main, thus intrinsically separated from the modulations induced by the pump, allowing
an accurate measurement of these quantities at each chosen delay from the pump.

A second advantage is that TRRS does not require a resonant condition between the
probe photon energy and the material electronic or vibrational modes. This allows the
use of sources in the optical range, very convenient from a technical point of view, and
brings significant experimental flexibility. In addition, compared to other incoherent
probes, TRRS benefits from being a low-energy-photon-based technique. Unlike UED or
UEDS, it does not suffer from the complications inherent to electron spectroscopies, and
unlike TR-XRD, it can be performed with compact tabletop setups rather than requiring
large-scale facilities.

Finally, it is worth noting that each of these spectroscopies is subject to specific selec-
tion rules, which define their sensitivity to phonons of different symmetry and wavevec-
tor. TRRS, as will be detailed in the following chapters, is limited to Raman-active exci-
tation with ¢ =~ 0, whereas for example UEDS can access phonons only away from the
Brillouin zone center [17, 18]. Thus, while TRRS is a powerful probe of phonon dynam-
ics, it is important to recognize that no single approach can provide time-resolved access
to the full phonon spectrum. A complete picture inevitably requires the complementary
use of multiple techniques.






CHAPTER 2

Fundamentals of Raman Spectroscopy

The Raman effect was first observed in 1928 by C.V. Raman and K.S. Krishnan, who
discovered that when light is scattered by matter, the “ordinary” diffused radiation, at
the same frequency as the incident beam, is accompanied by weaker radiation shifted
to a lower frequency [19]. Since the invention of laser, this effect has become the foun-
dation of Raman spectroscopy, an effective and widely used technique for investigating
condensed matter systems.

When a material is illuminated by electromagnetic radiation, incident photons may
undergo several different processes: they can be transmitted without interacting with
the material, absorbed, or scattered. Most scattered photons undergo elastic Rayleigh
scattering, in which their momentum is changed but their energy is conserved. Instead,
Raman-scattered photons undergo an inelastic scattering process, in which they either
gain energy from an active low-energy mode of the material (antiStokes process) or re-
duce it by creating a new excitation (Stokes process). The energy difference between
the incident and scattered photons is therefore equal to the energy of such mode. The
resulting spectrum of the scattered radiation thus consists of a central Rayleigh peak at
the laser frequency w, accompanied by two weaker sidebands at w + w,, correspond-
ing to the Stokes and antiStokes components, as schematically illustrated in Figure 2.1.
Because low-energy excitations are often associated to ionic degrees of freedom, Raman
spectroscopy of solid state materials is generally used to obtain direct information about
lattice symmetries and dynamics. Nonetheless, other degrees of freedom (e.g. electronic
or magnetic) can also generate Raman scattering channels, broadening the scope of the
technique.

Figure 2.1: Schematic representation of the scat-
tering spectrum of radiation from a material illu-
minated by a field at frequency w. Raman peaks
are shifted from the elastic (Rayleigh) peak by w,,
ie. the frequency of a low-energy excitation of
the material. The typical orders of magnitude of
the peaks intensities (not reported in the appro-
priate scale in the graph) are Irayicigh ~ 10731,
TRaman ~ 107 1I5.

11



12 2.1 Semiclassical model

This chapter provides a theoretical description of the Raman effect. A semiclassical
model is first presented to build physical intuition, followed by a full quantum treat-
ment. The discussion is based primarily on [20-22].

2.1 Semiclassical model

A first theoretical description of the Raman effect can be obtained within a semiclassical
framework. Although this approach does not account for all the observed properties
of Raman scattering, it is worth introducing because of its simplicity and its ability to
provide intuitive insights into Raman selection rules.

Let us consider first the interaction of a single diatomic molecule with electromag-
netic radiation, i.e. with an oscillating electric field of the form E = E cos(wt). Under
the action of E, a dipole moment p is induced in the system. If the field is not too strong,
the dipole moment is given within the framework of linear response theory and can be
expressed as:

u = aE = aEq cos(wt) (2.1)

where « is the polarizability of the molecule. The induced dipole moment thus oscil-
lates in time, acting in turn as a source of electromagnetic field. If we assume « as a
time independent quantity, the dipole will radiate at the same frequency w as the in-
coming radiation, giving rise to Rayleigh elastic scattering. However, the polarizability
can be tuned by the internal degrees of freedom of the system. If we consider the di-
atomic molecule to be vibrating with frequency w,, the consequent modulation of the
interatomic distance can lead to a variation in time of the polarizability, which can be
expanded in a Taylor series around the equilibrium distance Ry:

a(R) =ap + O

% (R—Ro) (22)

R=Ry

where ay = a(Ry). Representing the molecular vibration as an harmonic oscillator with
normal coordinate R — Ry = q, = ¢Ocos(wyt), the expression for the dipole moment
becomes:

© = agEq cos(wt) + an—a q°cos(wt)cos(w,t)
OR|p_g, 23)
E .
= aoEp cos(wot) + Eq Oa @2Jcos((w — wy )t) + cos((w + wy)t)]
2 OR|p_p,

where we can notice the appearance, along with the first term associated with Rayleigh
scattering, of new components of the emitted radiation at shifted frequencies with re-
spect to the exciting field (w + w,), corresponding to the Stokes and anti-Stokes compo-
nents of the Raman effect.

The model shown above can be easily extended to the case of a crystal. In this case,
including the wavevector dependence explicitly, the interaction with a sinusoidal field
E(r,t) = E(k,w) cos(k - r — wt) will induce in the material a polarization:
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P(r,t) = a(k,w)E(r, t)
— o (k, w)E(k, w) cos(wt) + %E(k,w)% Qq.0.) (2.4)

{cos[(k —q) -1 — (w—wy)t] +cos[(k+q) -1 — (w+wy)t]}

where Q(r,t) = Q(q,w,) cos(q - t — w,t) is now the lattice displacement associated to a
phonon mode and ap(k,w) = a(k, w)|g_,.

A simple semiclassical description thus allows to account for the Raman effect, satis-
fying both the conservation of energy and the conservation of momentum. Moreover, it
provides a first criterion for identifying Raman-active vibrational modes from the selec-

tion rule g—g # 0. In other words, unlike infrared absorption, Raman scattering does
0

not require a vibration to induce a permanent dipole moment; rather, the vibration must
modulate the polarizability.

Nevertheless, the semiclassical model fails to explain some key experimental obser-
vations, such as the systematic intensity difference between Stokes and antiStokes peaks
(Is > Iag), or resonance enhancements at specific excitation wavelengths. A rigorous
description of the Raman effect therefore requires a full quantum treatment.

2.2 Quantum description

From the quantum point of view, any scattering process can be schematized as follows:
an incident photon of energy fw is absorbed by the system bringing it to a virtual excited
state, and this is followed by the decay to a final steady state with the emission of a new
photon. The intermediate virtual state can be considered a quantum state with a lifetime
so short that it cannot be directly measured, and thus with such a large energy indeter-
mination to make a temporary violation of conservation of energy possible. As shown in
Figure 2.2, if the final state is equal to the initial state, the Rayleigh elastic process occurs.
However, the virtual state can also decay to an energy level different from the initial one,
giving rise to an inelastic scattering process. In the case of Raman scattering by vibra-
tional modes, the system decays to the initial electronic state but to vibrational level at
higher or lower energy by emitting a Stokes (wg = w — w,,) or antiStokes (was = w + w,)
photon, respectively. The antiStokes process clearly requires the initial state to be an
excited state of the system.

It is possible to derive the expression of quantum Raman cross section from per-
turbation theory, considering the radiation-matter interaction as a perturbation on the
non-interacting systems. We thus consider the Hamiltonian of the system to be

H= HO + Hint HO == Hmat + Hrad (25)

where the non-interacting Hamiltonian H, appropriately describes the system at ¢ —
+oo. The radiation-matter interaction term, obtained with the minimal coupling pre-
scription, can be expressed as:
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Figure 2.2: Schematic representation of elastic and inelastic scattering processes from a quan-
tum point of view.

H;ny =H, + H>

2
Hy, = _%ZA(U) P Hy = ‘ ZAQ(ri) 20

2mc?

Here A is the vector potential operator of the applied field:

2mhc? , S
Ar) =) Veon (ak,Aelkr + alt,ke_Zkr) €xcx 2.7)
P

where a] > @k, are the creation and annihilation operators of a photon with momentum
k and polarization A and € » is the corresponding polarization vector.

The scattering process then describes the transition from an initial |i) to a final state
|f), which, being eigenstates of the non-interacting system, can be expressed as a tensor
product of a photon eigenstate and an eigenstate of the material:

1) = [Tiex, O an[A)  |f) = 10kx, Lie )| B) (2.8)

where

Hpat|A) = E4lA) H,.:|B) = Ep|B)

, (2.9)
H,qa|licx, Ow ) = hw|lix, O ar) H;aa|0k 3, Lie,x) = hw'|Owexs Lie )

The transition probability from [i) to | f) per unit time is then given by Fermi golden
rule:

2
Wei = gl

(FITNi)P6(Ef — Ey) (2.10)

where the transition matrix (f|T|¢) is given by:

i DU Hineli)

(FITVE) = (I Himeli) + <f‘HiEi ~ E,

1#£i

(2.11)
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at different perturbation orders.

Since the vector potent1al 2.7 is linear in ax,\ and ak A7 its action on an eigenstate of
the system changes the state by only the creation/destruction of a single photon. Thus in
expression 2.11, the first-order terms in A describe one-photon emission and absorption
processes, and vanish in the present case. The transition matrix for scattering processes
is given by second-order terms in A:

(F1Hq|0) (1 Hy i)

(FITli) = (FIHli) + 52 g s (212)
l#1

For optical photons the dipole approximation ¢’** ~ 1 can be applied, and it can be
shown that the first term in equation 2.12 vanishes for A # B, i.e. for inelastic scattering
processes such as Raman scattering.

In the remaining term, only two photon states give a non-zero contribution to the
sum over all possible virtual intermediate states:

1) = 10,2, Ow 2) [ T) 1) = Lixs Liea) [ I) (2.13)

where |I) is a virtual energy level of the material. Thus the expression 2.12 reduces to:

Tour :Z (B](O01x, Lie, x| H1 O, x, O ar ) [ T) (I {Oxe,x, Ot v | H | i, x, Oxer /\/>|A>
Es+hw—Ef
1 (2.14)
<B|<0k x Lie v [Hia [ Lie s Tie ) D) (T (Lie s Liear [ Hi [ Ligx, O v )| A)
Ejs— Er — hw'

where the two terms arise from different possible time-orderings of the scattering pro-
cess. Inserting expression 2.6 it can be shown that the transition matrix simplifies to:

271’7?, /WKWK . ~
Troman = ————— €N R €K\ (215)
where we defined the Raman tensor:

~ KBIMIA HiAKlBI
R= 2.16
Z[EA+M—EI+EA—E1—M’] (2.16)

given in terms of the matrix elements of the dipole moment operator u = e, 1;.
Using the derived expression, the transition probability becomes:

(27)3h
2

Wy = ww'|éxo - R - o [20(Ef — E;) (2.17)

Finally, introducing the final density of states for the photons g(k’)dk” = (2 I k"2 dk'd
and the incident flux of photons ®;,,. = {; it is possible to write the scattering cross sec-

tion for a photon with wavevector between k” and k’ + dk”:
Wip()dk
‘I)inc

and the differential cross section:

do = = hekk®|éx o - R - & 0| ?0(EBy — B;)dk' dQ (2.18)
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do ww/S ) -
Tl = o ke B G0 ?8(h’ — (hw — AEBa)) (2.19)

where the conservation of energy, containing AEp4 = Ep — E4, was made explicit.

Notice here how Raman cross-section depends on the fourth power of the frequency
of the exciting radiation (w ~ w’), a strong dependence which suggests the use of high
frequency radiation for Raman spectroscopy experiments. However, given the second
order Raman process would be obscured by possible first-order processes such as ab-
sorption by resonant electronic transitions (typically in the UV range), Raman spec-
troscopy is most commonly performed in the visible-near infrared spectral region.

The expression of the Raman tensor also reveals the possibility of resonance enhance-
ment when the excitation wavelength is appropriately chosen. In fact, in equation 2.16,
the denominators tend to zero when Aw ~ fuw’ ~ Et — E4, leading to a divergence in R.
Although a proper treatment of this divergence is beyond the scope of this discussion,
under such conditions a large (but finite) enhancement of the Raman cross-section is ob-
tained. Physically, this condition is realized when the virtual intermediate state accessed
during the scattering process is close in energy to an excited eigenstate of the material.

2.3 Scattering by phonons and Stokes and antiStokes intensities

It should be noted that, in the treatment so far, no assumptions have been made regard-
ing the specific nature of the initial and final internal states of the material |A) and |B),
nor about the type of excitation responsible for the difference between them. The above
formulation thus includes the possibility of changing the system electronic, vibrational
or spin state, and indeed Raman scattering has been experimentally observed in associ-
ation with a variety of low energy excitations, including electronic transitions, phonons,
and magnons.

Yet, the case most commonly studied with Raman spectroscopy, as well as the main
topic of this thesis, is Raman scattering by phonon modes. In this case, the states of
the system should be described by an electronic and a lattice part, coupled through the
electron-lattice interaction described by the Hamiltonian Hgy,. The interaction with light
would then not alter the electronic state of the system, which would be the ground state
for both the initial and final configurations, but would rather modify the lattice part
through the creation or annihilation of phonons. For one-phonon creation, this can be
described by expressing the initial and final states as:

la;ny, + 1)(n, + 1;a|Hgr|0;n,)
A) =0;n,
|>‘W”+; Eo — Eq — hw,
2.20
(ny;b|Hpr|0;n, + 1) ( )

Eo + hw, — Ey

b;n,
B) = [0, + 1) + 3 1)
b

where 0 denotes the electronic ground states, a and b intermediate electronic states, and
n,, is the number of phonons with energy A, [23].

Combining these expressions with equation 2.16, another common form for the Ra-
man tensor, expressed in terms of the electron-lattice and electron-radiation interactions
(HgR), can be derived:
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Figure 2.3: Feynman diagrams for the six scattering processes that contribute to one-phonon
Stokes Raman scattering. Adapted from [22].

Z (ny, + 1;0|Hggla;n, + 1){(n, + 1;a|Hgr|b;n,) (n,; b|Hgr|0;n,) n

[hw — (B, — Eo)|[hw — hw, — (B, — Ey)] (2.21)

a,b

where Hgpr = Hi, since the direct coupling of photons with the lattice modes is negli-
gible, and Hg;, contains the creation and destruction operators of phonons b,, blT,. The
omitted terms correspond to all the possible time orderings of the processes, represented
by the Feynman diagrams in Figure 2.3, giving rise to the complete six-term expression
reported elsewhere [22].

Equation 2.21 highlights more clearly the role of the electron-phonon coupling in de-
termining the Raman scattering intensities. In fact Hgr, which we do not report explic-
itly, contains the deformation potential matrix, which describes the modulation of the
electronic potential induced by the lattice deformation [20]. This factor, just as the clas-
sical analogous 22 56+ depends on the symmetry of each vibrational mode, and ultimately

determines the symmetry of the Raman tensor R. Thus, once inserted in the bilinear
product with the photon polarization vectors (as shown in equation 2.19) it gives rise to
the Raman selection rules.

Finally, by inserting the explicit expression of Hg, into equation 2.21 and accounting
for the optical properties of the material (i.e. reflection, absorption and refraction effects),
the expression for the Stokes scattering rate at a specific wavelength can be derived [24]:

; [TsTLPngAQ:l |: nl,—i—l

= ko - R 1000 |? 2.22
s (ar + as)nrns 327r204wy] e a.o| (2.22)

and, extending the treatment to the case of the destruction of a phonon, for the antiStokes
scattering rate:
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RZAS _ TASTLPLw?qSAQ:| I: ny

o R b 2.23
(ar +aas)nrnas 327r204wl,} [ .| (2.23)

where 7p,ns,n45 are the indices of refraction at the laser (w), Stokes (ws = w — w,)
and antiStokes frequencies (was = w + w,), while ar,ag,aas are the corresponding
absorption coefficients, and T7,Ts,T4s the transmission coefficients. Pj, is the laser
power, AQ the collection solid angle. Defining a factor C' = % containing all
constants equal for both Stokes and antiStokes sides, the rates take the compact form:

Ts

Ry =C——"——wi(n, + 1)x*
S (OZL-FOés)T]SWS(n + )X
Tas

(ar + aas)nas

(2.24)

/ _ 3 2
Rys=C Was M X

where we defined 2 = |éx o - R - & o+ |? for brevity.

From this expression, it is clear that the difference in intensity between the Stokes
and antiStokes peaks is naturally explained within the quantum model. Being associ-
ated with the creation and annihilation of a phonon, respectively, the scattering rate for
the Stokes process contains the eigenvalue of the creation operator, n, + 1, while the an-
tiStokes process contains the eigenvalue of the annihilation operator, n,.. Assuming that
the optical constants do not vary significantly between the Stokes and antiStokes sides
(a reasonable approximation when w is far from resonances, given the small energy dif-
ference between the two peaks compared to electronic energy scales), the phonon popu-
lation can therefore be extracted from the antiStokes/Stokes intensity ratio as:

/ 3 3
w n w4+ w _ hwy
AS . ZAS v _ +wy e kBT (2 25)
R 3 1 - ’

S wg Ny + W — Wy

where, in the last term, the Bose-Einstein distribution for the phonon population, n, (T") =
1 Rlas

hwy R
ekFBT 1 S

, has been used, highlighting the pronounced temperature dependence of

While giving more details about the theory of Raman spectroscopy is beyond the
scope of this thesis, three additional remarks are worth mentioning:

¢ Raman linewidth. In the treatment presented so far, no broadening mechanisms
were considered, resulting in a Raman spectrum composed of discrete delta func-
tions. If a finite lifetime of phonons (primarily arising from anharmonic phonon-
phonon scattering) is taken into account, each Raman spectral feature associated
with a specific phonon excitation acquires a Lorentzian profile, with a linewidth
inversely proportional to the phonon lifetime [20].

* Momentum conservation. The explicit dependence on the phonon momentum ¢
was also omitted for simplicity, but the overall conservation of momentum requires
q = k’ — k. However, when visible light is employed, the photon momentum
(~ 10°cm™1) is negligible compared to the typical size of the first Brillouin zone
(~ 108¢m™1). This justifies the common approximation |q| ~ 0, i.e. that Raman
scattering probes vibrational modes at the I" point.
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* Higher-order Raman processes. The discussion in this section has been limited
to first-order Raman processes, involving the creation or annihilation of a single
phonon. However, by extending the expansion in equation 2.20, second- or higher
order Raman processes can be taken into account, in which two or more phonons
are excited /deexcited as a result of the interaction. In these cases, momentum con-
servation applies to the sum of phonon momenta: higher order processes allow to
relax the constraint |q| ~ 0 and access vibrational modes away from the Brillouin-
zone centre, including acoustic branches. This type of phenomena has typically a
much lower intensity than first-order processes, but can be enhanced under res-
onance conditions. Importantly, the scattering rate of higher-order processes de-
pends on the population of all modes involved, and the temperature dependence
of the antiStokes to Stokes ratio is modified accordingly. For instance, in the case
of the excitation of two identical phonons [25]:

As x ny

Ry ™ (o, + 17

_ 2hwy

= Tt (2.26)







CHAPTER 3

Time-Resolved Spontaneous Raman Spectroscopy

Applying the pump—probe scheme to spontaneous Raman spectroscopy enables to ac-
cess all the information contained in the Raman cross-section in a time-resolved manner.
The result is a particularly informative technique, given that, as detailed in the previ-
ous chapter, the Raman spectra provide data on the phonon frequencies, symmetries,
lifetimes, populations, and possibly also on the electronic population. In this chapter I
describe how the relevant information can be extracted from pump—probe Raman mea-
surements, and what insights it provides into the microscopic and macroscopic prop-
erties of the investigated system. The implications of performing Raman spectroscopy
with an ultrashort probe pulse are also discussed.

3.1 Raman spectroscopy on a pumped system

As discussed in Chapter 1, the key difference between spontaneous time-resolved Ra-
man spectroscopy (TRRS) and the other main optical techniques probing nonequilib-
rium phonon dynamics lies in the fact that, in TRRS, the probe triggers the same scat-
tering events as in equilibrium measurements [26]. The possibility to probe phonons,
indeed, does not rely on the creation of a coherent excitation. Thus, spontaneous TRRS
provides access to the transient state phonon properties of the examined system, while
it is captured in an out-of-equilibrium condition induced by the pump, e.g., in presence
of a photoexcited hot carrier or hot phonon temporary population [13].

In the pump—probe configuration, it is therefore possible to map the Raman signal
as a function of the delay from the system excitation, and follow the temporal evolu-
tion of the frequency, the linewidth, and the intensity of each peak independently. In
the following, I summarize the main information on the microscopic properties and the
macroscopic state of the system that can be extracted from TRRS measurements and
provide examples of relevant studies conducted on condensed matter systems.

Equivalent phonon temperature

The primary strength of TRRS is its capability to directly access the excitation and relax-
ation dynamics of phonons or, more generally, any measured Raman-active excitation.
Experimentally, the creation of an additional phonon population induced by the pump
is typically evidenced by a marked increase in the antiStokes peak intensity.

From equation 2.25, it is clear how the simultaneous measurement of the Stokes and
antiStokes sides of the Raman spectrum allows to extract the phonon population and the
temperature. At equilibrium, this approach is routinely used for thermometry applica-
tions, allowing to extract the local temperature of a sample. In TRRS, instead, it enables

21
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mapping the photoexcited phonon population, often expressed in terms of an effective
nonequilibrium phonon temperature, according to:

w+w,(t)\? Is(t) -
(W—Wu(t)> Tas(t) 1]

—1
T = fiwy () |, [ Is(t) <w + wy(t))3
kg Tas(t) w—wl,(t)
where the temporal dependence indicates that we are referring to the measured values
at each pump-probe delay, and the temperature is to be intended as an effective “local”
temperature in time.

In principle the dynamical modification of the phonon population can be estimated
comparing the intensity of a single side of the spectrum (typically the antiStokes, owing
to its stronger dependence on n,) at positive and negative delays. However, such an
approach may be affected by pump-induced variations in the Raman tensor or in the
optical constants, introducing additional temporal dependencies in equation 2.24. By
contrast, in the Stokes/antiStokes intensity ratio these effects are automatically cancelled
out, making it the more robust approach to the analysis of the transient state.

From the measured rise and decay dynamics, it is then possible to extract the char-
acteristic timescale for the phonon excitation (determined by electron—phonon or, for
modes weakly coupled with the electronic subsystem, phonon-phonon scattering) and
the lifetime of its population (determined by its anharmonic coupling to other phonons).
Remarkably, unlike spectroscopies measuring in the time-domain, TRRS allows these
quantities to be obtained independently for each measured phonon mode. This is par-
ticularly relevant. At equilibrium, the extracted phonon temperature is essentially the
same for all modes, since it reflects the lattice temperature (exception made for special
cases involving resonances or a strong variation of optical constants in the probed fre-
quency range, where 2.25 is not applicable). Out of equilibrium, however, the popula-
tion of a given phonon mode depends on the coupling strength of the specific branch
and wavevector with the degree of freedom where the pump energy is initially trans-
ferred (usually the electronic subsystem). As a result, the relaxation process proceeds
through nonequilibrium phonon distribution states that may persist for several ps be-
fore eventually thermalizing via phonon-phonon interactions. Having mode-resolved
access to phonon dynamics therefore enables the identification of energy relaxation path-
ways within the phonon subsystem, allowing to add a fine structure to the simplified
three-temperature models commonly used to reproduce the nonequilibrium dynamics
of materials, in which the lattice is described by the use of a single temperature.

n,(t) =

(3.1)

Mapping the phonon relaxation dynamics has been one of the central goals of TRRS
studies since the very first experiments in a condensed matter system (by von der Linde
et al. in 1980 [27] and Kash et al. in 1985 [28]), dedicated to monitor the nonequilib-
rium LO phonon population in GaAs generated by the energy relaxation of optically
created electron-hole pairs. More recently, the investigation of relaxation pathways in
graphite, achieved through the combined use of TRRS and TRARPES, has provided ex-
perimental evidence for the necessity of including phonon-phonon interactions in any
realistic description of hot-carrier relaxation [29]. This conclusion is further supported
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Figure 3.1: Examples of TRRS studies on phonon relaxation dynamics and excita-
tions/deexcitation pathways and photoinduced phase transitions. (a, top panel) AntiStokes Ra-
man spectrum for room temperature GaAs at 1 ps delay (continuous line) and negative delay
(dashed line). (a, other panels) Difference spectra at various delays. Adapted from [27]. (b) Com-
parison of the dynamics of electronic temperature (black, measured by TRARPES) and G-phonon
temperature (blue, measured by TRRS) in graphite and sketch of energy transfer during the hot
carrier relaxation. Adapted from [29]. (c) Detection of a photoinduced phase transition in anti-
mony from the maximum intensity of the new vibrational mode L2. TRRS spectra at pump-probe
delays of -10 ps, 1 ps and 20 ps are shown in blue, red and green, respectively. Adapted from [30].

by the measurements on MoS; presented in Chapter 6 of this thesis, where the compar-
ison of phonon temperatures across different modes, both optical and acoustic, reveals
pronounced and long-lived transient anisotropies in the phonon population across the
Brillouin Zone.

It should be noticed, however, that the identification of relaxation pathways is in-
trinsically limited to phonon modes that are measurable by Raman spectroscopy, typ-
ically zone-center optical modes allowed by the selection rules. Nevertheless, second-
order Raman processes may in some cases grant access to zone-edge modes or acoustic
phonons. A further limitation arises at low temperature, where the antiStokes intensity
can easily drop below the noise level of the detection system. In that case the noise level
imposes a threshold on the minimum measurable phonon population increase.

Phonon spectrum modifications

In addition to intensity variations, it is also possible to observe in TRRS spectra pump-
induced changes in the position and linewidth of the Raman peaks. Unlike phonon
population dynamics, such effects are not universally present in all pumped samples,
but when observed they can reveal distinctive phenomena and macroscopic modifica-
tions of the material. First, shifts and broadenings of the Raman peaks may indicate the
presence of time-dependent strain, for example due to the generation of a propagating
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strain pulse within the material [31].

Furthermore, since the phonon spectrum is inherently linked to the crystal symme-
try, Raman spectroscopy is sensitive to structural transient distortions or phase transi-
tions that induce symmetry modifications. Indeed, temperature-dependent equilibrium
Raman measurements are routinely employed to identify novel phases and determine
the corresponding transition temperatures. In the pump-probe configuration, TRRS can
thus reveal the presence of new optically induced phases through the appearance or dis-
appearance of phonon peaks and track the subsequent dynamics of recovery towards the
equilibrium state, or, conversely, highlight their possible metastable character. TRRS has
been thus used for example to uncover the possibility of inducing an ultrafast transition
in Peierls-distorted antimony to a structural phase inaccessible under thermal equilib-
rium conditions [30], and, in this thesis, it is employed to detect a photoinduced Verwey
transition in magnetite (see Chapter 7).

Moreover, the sensitivity of Raman spectroscopy to low-energy excitations besides
phonons allows TRRS to detect phase transitions other than structural ones: in cuprates,
the Raman peak associated with Cooper-pair breaking provides a marker of the super-
conducting phase, enabling the monitoring of its transient suppression under optical
pumping [32, 33].

In this context, a particular strength of TRRS lies in the possibility of directly compar-
ing the dynamics of the observed phase transition with that of the population of phonons
and/or other quasiparticles, extracted from the antiStokes/Stokes intensity ratio within
the same experiment. This capability is extremely relevant for the study of phase tran-
sitions involving multiple coupled degrees of freedom, which are extremely difficult to
disentangle in equilibrium conditions, but may exhibit distinct and separable dynamical
behaviours.

Resonant quench and electronic dynamics

While phonon population dynamics is encoded in the differential variation of the Stokes
and antiStokes Raman intensities, TRRS experiments may also reveal pump-induced
intensity variations that affect both sides in the same way. Typically, these variations
carry information about changes in the electronic properties of the system.

The component of the intensity independent of the phonon population, according to
equations 2.24, is given by:

Is(t) _ IAs(t)
(w=—w ()’ (wHw(t)’

where it was assumed that the optical constants do not vary significantly over the con-
sidered frequency range, and can therefore be summarized in the factor ¢’ = C %,
which is identical for the Stokes and antiStokes sides.

From this expression it is clear that any significant pump-induced variation of the
optical constants will manifest as a global modulation of the Raman signal intensity
through the factor C’(t). However, in cases where variations of the optical constants are
negligible, or can be independently determined through complementary measurements,
it becomes possible to isolate the temporal dynamics of x;, i.e. the bilinear product of the
Raman tensor with the photon polarization vectors.

= C'X*(t) (3.2)

This aspect is particularly interesting when Raman measurements are performed un-
der resonant probe conditions: in such case the dynamics of x? can provide direct in-
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sight into the photoexcited carrier dynamics. Indeed, under resonance, the virtual state
to which the probe excites the system in the first step of the Raman process coincides
with a real electronic state, leading to a strong enhancement of the Raman cross sec-
tion. In such conditions, the Raman tensor becomes directly proportional to the optical
transition probability from the ground state to the excited electronic state:

R « |(0|Hgg|a)? (3.3)

This transition probability is, in turn, inherently linked to the occupation of the electronic
states |0) of the excited state |a).

Thus, if the pump induces a substantial change in the occupation of the electronic
states |0) and |a), the corresponding modification of the optical transition probability
directly affects the Raman intensity. This effect has been experimentally observed, for
instance, in WS,, where an above-bandgap excitation produces a ground state bleach-
ing/excited state filling, thereby quenching the resonant condition of the probe and
leading to a transient decrease of the Raman signal [34]. Under these conditions, the
temporal evolution of x? mirrors the one of the electronic population, thereby enabling
to track the relaxation dynamics of the photoexcited electrons, holes or excitons.

3.2 Effects of a pulsed probe

In pump—probe experiments, the temporal resolution of the measurement is enabled by
the use of a pulsed probe. It is therefore natural to ask whether, and in what ways,
the use of a pulsed probe may influence the measurement, especially how it may differ
from standard Raman measurements performed under CW excitation. From a theo-
retical standpoint, it has been shown that in the zero-pump limit the non-equilibrium
Raman response reproduces the equilibrium one, with the only modification being the
additional broadening arising from the limited frequency resolution of a pulsed probe
(discussed shortly below) [26]. Experimentally, however, certain differences do appear
that are worth mentioning.

First, the use of a pulsed laser makes it more difficult to operate in a perturbative
regime of the probe, as well as to remain below the damage threshold of the material.
The Raman signal intensity scales with the average laser power, and given the intrinsi-
cally low scattering efficiency, the average laser power is often critical in the measure-
ments of spontaneous Raman scattering. Achieving the same average power of a CW
laser with a pulsed source, however, implies reaching significantly high peak powers.
This can lead both to damage effects (easily triggered by the peak maximum inten-
sity even when the average power remains below the nominal threshold), as well as
an increased perturbation of the system, such as the probe-induced modification of the
phonon population discussed in the next section. To mitigate these issues, TRRS is typi-
cally performed with high repetition-rate laser sources (hundreds of kHz, MHz), which
allow high average power while keeping the energy per pulse relatively low.

Two other effects of using the pulsed source, which can be clearly observed in the
data reported in this thesis, are illustrated in the following.
Time and frequency resolution trade-off

From the equations derived in the previous section, it follows directly that the spon-
taneous Raman scattering process reflects the spectral bandwidth of the exciting field.
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Figure 3.2: Experimentally accessible region in the time-frequency bandwidth plane. The blue
oval indicates the region of interest for investigations of the phonon dynamics.

Indeed, from the conservation of energy (§(fiw’ — (Aiw = AEg4)) in equation 2.19 for the
Stokes case), the scattered photon energy is simply rigidly shifted with respect to the in-
coming one. Consequently, any finite spectral broadening of the exciting laser is directly
transferred to a corresponding broadening of the Raman peak.

In standard equilibrium Raman experiments employing CW radiation, it is typically
possible to achieve a spectral resolution of ~ 1 cm~!. Under these conditions, the mea-
sured linewidths of the Raman peaks are dominated by the intrinsic phonon lifetime
broadening, typically ranging from sub-cm™! to a few cm™!.

However, as the probe duration shortens, its spectral width increases. For transform-
limited Gaussian pulses, the time-bandwidth product is given by Av-At &~ 14.7 cm ™! -ps,
where AP and At are the FWHM in the spectral and temporal domains, respectively.
This relation imposes a fundamental constraint on the time and frequency resolution
experimentally accessible by TRRS (and in general by spectroscopies based on sponta-
neous processes), as illustrated in figure 3.2. Since the characteristic timescale of phonon
dynamics is of the order of picoseconds, laser pulses of comparable duration are re-
quired to properly probe it, thus determining a typical employed laser bandwidth of
~ 15 cm ™. Thus, the frequency resolution in a TRRS experiment is generally limited by
the bandwidth of the probe pulses.

Measured phonon population

Although, as mentioned above, probing with ultrashort pulses formally yields the same
Raman cross section as a CW probe (apart from the expected increase in the peaks
linewidths), experiments sometimes reveal significant discrepancies between the phonon
temperatures extracted with CW and pulsed probes (see for example data on MoS, re-
ported in section 6.5 of Chapter 6). In particular, pulsed probing can lead to an overesti-
mation of the phonon population.



Time-Resolved Spontaneous Raman Spectroscopy 27

This effect can be interpreted as a “self-pumping” by the probe pulse itself, and it
thus becomes especially relevant when the probe photon energy lies above the bandgap
of the material. A simplified description of the underlying phenomenology is sketched
below and illustrated in Figure 3.3.

Figure 3.3: Schematic representation of a
possible effect of a pulsed probe on the
phonon population measurement. Blue,
black and red lines represent the Gaussian
temporal profile of the laser, the electronic
temperature and the phonon population,
respectively. An orange area evidences the
area of the overlap between n,,(t) and the
probe pulse, giving rise to the enhance-
ment in the measured population (see text).
The displayed intensities are arbitrary.

Let us consider a system probed with a laser pulse of the form I(¢) = Ipg(t). While
the probe impinges on the sample, the electronic temperature increases due to the frac-
tion of the intensity which is absorbed by the system, and subsequently decays by and
transferring energy into the phonon subsystem via electron-phonon coupling. Consid-

ering a Gaussian pulse g(t) = \/21—71_06_t2/ 20% and assuming an instantaneous rise of elec-
tronic temperature proportional to /(t) and an exponential relaxation characterized by
the total electron—phonon coupling constant ., the time dependence of the electronic

temperature increase AT, (t) results to have the functional form:

— t — Yepho 2
F(t) = Ae err? [erf (;;) + 1} 3.4
(t) oo (5.4)
where A is a constant collecting all time-independent quantities.

After the strong rise, the electronic relaxation leads to an increase of the phonon pop-
ulation n,s. For a phonon mode strongly coupled to the electrons, the temporal evo-
lution of n,;,(t) can be well approximated by the same functional form, delayed by a
characteristic time #2" and with ~,,, replaced by the phonon—phonon coupling constant
Vphph-

By measuring the phonon population with the same pump pulse, the obtained results
would be increased by an amount:

o0
e = [ nn(glt)de (3.5)
— 00

Thus, as illustrated in Figure 3.3, whenever there is a finite overlap between the probe
pulse and the probe-induced phonon population increase, the measurement can capture
an artificially enhanced phonon population compared to equilibrium. For a probe du-
ration of about 1 ps, this situation can easily arise for modes strongly coupled to the
electronic subsystem, where 5" is comparable to the electron relaxation time, typically
of the order of hundred femtoseconds. This effect is thus mode-dependent and may even
be exploited to distinguish, even in absence of a pump, phonons modes with stronger or



weaker coupling with the electrons.

It is important to notice that this probe-induced phonon population increase occurs
regardless of the presence of the pump and of the pump—probe delay. Thus, the effect of
the pump on the equivalent phonon temperature can still be extracted as the difference
between the values measured at positive and negative delays. However, this effects
signals that the measurement is being performed on a perturbed system, in presence of
an additional phonon population. To cleanly disentangle the pump-induced effects, it
is therefore necessary to operate with probe powers much lower than the pump power.
Finally, it should be noted that this effect depends on the energy per pulse. At fixed
fluence, it can thus be mitigated by employing a laser source with higher repetition rate.
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CHAPTER 4

A UHV-compatible, time-resolved spontaneous Raman
spectrometer for multi-messenger ultrafast studies

In my thesis work I completed the setup and commissioning of a new end-station for
time-resolved (TR) optical and Raman spectroscopy of the NFFA-SPRINT laboratory,
part of the NFFA facility at IOM-CNR in Trieste in collaboration with Elettra and FERMI.
The project of the end-station is a joint effort of IOM-CNR, Universita di Milano, Uni-
versita di Perugia, and Sapienza Universita di Roma based on the NFFA-SPRINT laser
sources aimed at the research on phonon dynamics in quantum materials, and, subse-
quently, to integrate the NFFA research infrastructure as a user facility.

The scientific results discussed in this thesis were obtained and refined during three
years of measurements that served also to improve and partially redesign the setup ac-
quisition system. This chapter is therefore dedicated to presenting the setup, along with
the characterizations and tests of its functionalities carried out during its commissioning.

Figure 4.1: Picture of the TRRS setup.
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The integration of spectroscopic methods sensitive to multiple degrees of freedom
(electrons, phonons, spin-polarization) has proven to be essential to reach a consistent
description of physical systems at equilibrium [35-37]. Extending this approach to time-
domain, the integration of complementary time-resolved (TR) spectroscopic methods,
holds the promise to deliver a complete description of dynamic processes in condensed
matter [29]. In this context, the interoperability of different experimental setups is a
prerequisite for exploiting multi-messenger science in quantum matter physics.

Full interoperability with the broader NFFA infrastructure (including sample growth,
electron and optical spectroscopy, and both time-resolved and time integrated methods)
was thus at the basis of the design of the time-resolved Raman spectroscopy (TRRS)
setup. To meet this goal, the setup was designed as a ultra-high vacuum (UHV) cham-
ber with a cryogenic manipulator and sample transfer stage where a UHV “suitcase”
enables the exchange of freshly grown samples (e.g. in the NFFA-PLD facility), their
transfer to other end-stations as the SPRINT-HHG beamline for TR-ARPES and TR-Spin
Polarimetry [38], or their extraction to atmospheric conditions for in-air optical experi-
ments (photoluminescence lifetime [39], and transient grating spectroscopy and magne-
tometry [40, 41]).

Moreover, with the same rationale, the setup was designed with future versatility in
mind, foreseeing future extentions of its capabilities to other time-resolved optical spec-
troscopies, such as transient reflectivity at variable angles, and three-pulses techniques
such as femtosecond-stimulated Raman scattering.

4.1 Optical scheme and characterizations

Figure 4.2: Optical scheme of the TRRS setup. In the final part of the optical path the two laser
beams are vertically superimposed. Optical elements are labelled as follows. M: mirror; BS: beam
splitter; BE: beam expander; SHG: BBO crystal for second harmonic generation; CW: continuous
wave laser sources.
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The TRRS setup is powered by the shared laser source that serves all experimental
stations of the NFFA-SPRINT laboratory. It comprises two Yb:KGW-based laser amplifi-
cators (PHAROS, Light Conversion) with a common oscillator, each one emitting pulses
with time duration of 290 fs at 1026 nm, variable repetition rate from single shot to 1
MHz, pulse energy of 400 pJ (at 50 kHz) and average power up to 20 W. The lasers can
seed a high-harmonic generation (HHG) source dedicated to TRPES experiments, which
allows access to the XUV range, and two different optical parametric amplifiers (OPA),
covering the UV-visible (A = 210 — 2600 nm) and the visible-IR (A = 640 — 2550 nm)
wavelength ranges. A pulse compressor at the output of the latter allows to reach a
pulse duration between 30 and 50 fs. More details on the Pharos, and on the HHG and
OPA sources are reported elsewhere [38, 42].

While in principle all available sources (except the HHG) could be exploited for TRRS
experiments, in the current configuration the pump pulse is typically provided by the
UV-visible OPA, which allows for a broad tunability of the photon energy. The probe
is usually the second harmonic (SH) of the laser fundamental emission (1026 nm), gen-
erated through a nonlinear BBO crystal and spectrally purified using a dichroic mirror.
When required, the role of pump and probe can be exchanged. The OPA operates at
fixed repetition rate, which is currently set at 200 kHz. In a preliminary configuration,
employed for part of the measurements reported in this thesis, the OPA required to be
seeded at a 50 kHz repetition rate.

The optical scheme of the TRRS setup is shown in Figure 4.2. The pump and probe
laser pulses enter the Raman setup passing through two 4f pulse shapers, enabling the
fine tuning of the pulse duration-spectral bandwidth. The rationale, design, and char-
acterization of the pulse shapers are discussed in details later in this section (see Figure
??). The relative delay between the pulses is tuned through the use of a motorized de-
lay line, equipped with a corner cube reflector, which allows to choose the delays in the
range from -1 ns to +1 ns for each pump-probe pulse configuration. The two pulses are
emitted with vertical polarization from the laser sources; for the SH, the generation pro-
cess rotates the polarization to horizontal, which is restored to vertical by a half-wave
plate after the corresponding pulse-shaper. Vertical polarization is maintained for most
of the optical path to maximize mirror efficiency. Additional control over the pump
and probe polarization is available through the use of achromatic half- and quarter-
waveplates (Thorlabs Inc.), while the pulse fluences are adjusted by neutral filters with
variable optical density. In the final part of the optical path (top in 4.2 (b)), the pump and
probe beams are aligned on parallel axes, vertically superimposed and spaced by 6 mm,
and then focused on the same spot on the sample surface by an off-axis parabolic mirror.
Throughout the optical path, the OPA output is kept on a propagating axis parallel to the
optical table (and coincident with the optical axes of optical elements), which defines the
optical scattering plane. The focusing and signal collection geometries are detailed in the
following (Figure 4.5). To enable the full in situ sample characterization by conventional
Raman spectroscopy (see e.g. Figure 4.4 (b)), two continuous-wave (CW) lasers at 532
nm and 785 nm are also available; they can be aligned on the pump and probe optical
paths using removable mirrors.

The inelastically scattered signal is collected by a microscope objective and delivered
to a single pass Czerny-Turner spectrometer (Triax model, Horiba scientific). The spec-
trometer features a 320 mm focal length and is equipped with three diffraction gratings
with 300, 600 and 1800 lines/mm (Horiba ruled plane gratings 510-03, 510-12, 510-19)
providing a final spectral resolution between 20 and 3 cm~!. A back-illuminated, deep-
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depleted CCD (SynapsePlus Horiba) with multiple stage thermoelectric and liquid cool-
ing system collects the signal, ensuring low noise and high sensitivity. The signal is
acquired and elaborated in real time by the spectrometer company proprietary software.

Pulse shaping

Using a pulsed laser as a source in a TRRS experiment requires a fine tuning of the
pulse duration-spectral bandwidth. Indeed, since the detected signal arises from a spon-
taneous scattering process, the spectral resolution is limited by the bandwidth of the
probe pulse, which is in turn intrinsically linked to the overall time resolution of the
experiment. The Fourier-transform limit AtAw ~ 15 ps - cm ™! implies that a time reso-
lution in the ps scale is needed for appreciating a 15 cm ™! phonon lineshape.

In our setup, as mentioned above, that is enabled by two 4f pulse shapers on the
pump and probe optical paths. The design and working principle of a 4f pulse shaper is
sketched in Figure 4.3 (a). The incoming beam is dispersed by a diffraction grating and
each chromatic component is focused by a cylindrical lens on a plane where a suitable
optical mask designs the desired pulse spectral shape. A second cylindrical lens is used
to re-collimate the beam, and a second diffraction grating, mirroring the first one, recom-
poses the shaped beam. Our experimental realization of the 4f pulse shaper is shown in
the picture in Figure 4.3 (b). In our case, a tuning of the spectral bandwidth and of its
central wavelength is needed: to this aim, a slit mounted on a lateral micrometric dis-
placement is sufficient.

The effect of pulse shaping on the bandwidth and duration of an OPA pulse at 633 nm
is shown in Figure 4.4 (a). The laser shape dependence on the micrometric slit opening,
measured through the Raman spectrometer after suitable attenuation, is shown in the
inset. The pulse duration, measured by a commercial autocorrelator (APE pulseCheck)
placed at the output of the pulse shaper, is displayed as a function of the achieved laser
bandwidth. We can see that, as expected from the source characteristics, the pulses gen-
erated by the OPA are not transform-limited and we estimated from a fit AtAw ~ 27
ps - cm~!. This value showed minimal variation across different slit openings, and even
for pulses bypassing the pulse shaper entirely, indicating that the pulse shaper does not
significantly affect the time-bandwidth product in our setup. In all the reported experi-
ments the OPA pulse duration is therefore estimated from the measured laser linewidth
using the time-bandwidth product extracted from the fit. The data from the pulse shaper
characterization also show how it is possible to remove part of the tails in the laser spec-
trum without affecting the temporal resolution. This is particularly useful, as often those
tails are outside the spectral window of attenuation of standard notch/edge filters and
lead to strong scattering overcoming the Raman signal.

In Figure 4.4 (b), we show the Raman spectra of an ethanol sample in the CH stretch-
ing region [43] as a function of the pulse shaper slit opening. We observe that, when
the pulse shaper slit is opened to 30 um (45 cm~! spectral width), the three peaks in the
sample spectrum appear almost completely merged into a single feature; thus a narrow
slit opening, and consequently a longer pulse duration, is required to properly resolve
the three features. The spectral shape measured with the pulsed laser at 20 zm (30 cm ™!
spectral width), or lower slit opening, indeed resembles the spectrum obtained by CW
laser excitation, approaching the intrinsic lineshape of the bands.

The optimization of the pulse shaper width is a crucial step in every TRRS experi-
ment. For the probe beam, the trade-off between spectral and temporal resolution de-
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Figure 4.3: Design of the 4f pulse shapers. (a) Sketch of a 4f pulse shaper and its working princi-
ple. (b) Picture of our experimental realization. An arrow indicate the beam propagation direction.
(M: Mirror; G: Grating; L: Lens)
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Figure 4.4: Effect of pulse shaping on pulse duration and TRRS spectral resolution. (a) Mea-
sured pulse duration as a function of the pulse bandwidth for the 633 nm emission of the OPA;
inset: corresponding measured pulse spectra and slit opening values. The intensity of the 15
cm ™ '-wide pulse was too low for it to be measured by the autocorrelator. A dashed line marks the
result of the fitting with a law At = C'/A? (b) Raman spectra of ethanol in the high frequency CH
stretching region at varying pulse bandwidth (Aezc = 633 nm) compared to the spectrum acquired
under CW excitation (Aeze = 785 nm).

pends strongly on the system under investigation. When multiple closely spaced modes
are present, such as in ethanol, a narrower bandwidth becomes essential to resolve the
individual peaks and disentangle the different modes behaviour under photoexcitation.
Conversely, if an isolated phonon is probed, achieving a good spectral resolution may be
less important, and a broader slit can be chosen to maximize temporal resolution. Even
on the pump side, the pulse shaper parameters can play a significant role, since pulses
of different duration but equal fluence may drive different excitation processes.

The pulse shaper is therefore a crucial element of the TRRS setup, strongly affecting
the overall quality of the measurements. Inevitably, a significant fraction of the laser
intensity is lost when narrowing the laser spectrum: in ideal conditions, the Gaussian
spectral profile of the laser implies that reducing the bandwidth from 120 cm™! to 15
cm ™! reduces the transmitted power to only about 12.5% of its initial value. In practice,
the overall efficiency is further lowered by the non-ideal performance of the gratings
and by alignment constraints. Because of both its inherently low efficiency and its opti-
cal working principles, the proper alignment of the pulse shaper optical elements is par-
ticularly critical. Even small misalignments can indeed lead to an inaccurate cut by the
micrometric slit, reducing the laser intensity without effectively narrowing its spectral
profile, or can alter the recomposed beam divergence and introduce significant optical
aberrations in the focused spots. To mitigate these issues, several improvements were
implemented during the commissioning of the setup. Beam expanders were inserted be-
fore the pulse shapers to enlarge the illuminated area on the gratings and on the cylindri-
cal lenses, thereby increasing efficiency and reducing sensitivity to small misalignments.
The five optical elements of the pulse shaper were mounted on a translation rail (see
Figure 4.3 (b)), ensuring stable collinearity and facilitating alignment procedures. The
gratings themselves were mounted on rotating stages, allowing a straightforward align-
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ment of the pulse shaper on the zero-order diffracted beam. Altogether, these measures
significantly improved the long-term stability of the setup and its ease of operation.

Beyond controlling the bandwidth, the pulse shaper also enables fine tuning of the
laser central frequency within its original spectral profile. This capability is particularly
useful when probing Raman modes close to the frequency cutoffs of the notch or edge
filters. Moreover, although the tunability is limited by the efficiency of the available
commercial gratings, the operating wavelength of the pulse shaper can be conveniently
adjusted simply by rotating the gratings, which is especially useful when using the tun-
able OPA source.

Excitation and collection geometry

Figure 4.5: Scheme of the excitation geometry (a) and the collection geometry from the side (b)
and top (c) view. (L: lens, M: mirror, SH: second harmonics).

In Figure 4.5, we show the sample excitation and signal collection geometry. To main-
tain it in a vacuum environment (see section 4.2), the sample is inside a UHV chamber
whose lower part is constituted by a cylindrical pyrex glass allowing for pan-optical ac-
cess. A 45° off-axis parabolic mirror (50.8 mm focal length) provides both the focusing
and the spatial overlap of the pump and probe beams on the sample surface. The output
of the OPA (red in Figures 4.2 and 4.5) is focused while remaining aligned parallel to the
optical table, while the SH of the PHAROS laser (green in Figures 4.2 and 4.5), aligned
on a parallel to the OPA output and 6 mm below, crosses the horizontal direction in
the focus. When used as a probe, the incidence of the SH at a finite angle with respect
to the optical scattering plane helps to spatially separate the elastic scattering from the
collection optics axis. The exclusive use of reflective optics for the focusing and spa-
tial overlap of the beams ensures achromaticity across the entire spectral range available
from the lasers sources.

In order to minimize astigmatic aberrations, the focus of the parabolic mirror (i.e.
the nominal position where the two beams are both focused and overlapped) is aligned
on the rotational center of the pyrex cylinder. This is achieved by first determining the
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Figure 4.6: Determination of the rotational center of the pyrex glass. (a) Picture and (b) scheme
of the excitation and collection optics in the configuration with additional alignment mirrors (M).
Red lines show the laser optical path in the alignment configuration, crossing itself in the rotational
center of the pyrex cylinder. R1-R4 represent alignment references based on the setup geometry;
R4 is the spectrometer entrance slit. The parabolic mirror (PM) and the excitation direction are
shown in light colours.

cylinder center at the height of the OPA optical path using additional alignment mir-
rors, as shown in Figure 4.6. These mirrors are aligned on references on the optical
table defining two axis according to the setup geometry, and allow the beam to intersect
with itself precisely at the rotation axis. By monitoring the scattering using the available
imaging system (described below), the edge of a transparent reference sample can be po-
sitioned at the beam intersection point. Finally, the alignment mirrors are removed and
the parabolic mirror is finely adjusted to ensure that both beams are precisely focused
and overlapped at this location.

The translational movements of the manipulator (see section 4.2) then allow the sam-
ple to be positioned in the focal point. A 10x long working distance objective (Mitutoyo
Plan Apochromat Objective, 0.28 NA, 34 mm WD), aligned along a radius of the pyrex
glass cylinder, collimates the scattered radiation, which is then focalized on the entrance
slit of the spectrometer. The focusing lens is properly matched to the spectrometer nu-
merical aperture, ensuring optimal light collection efficieny and spectral resolution. Un-
like in conventional backscattering geometries, the non-coaxial design, with different
optics for sample excitation and signal collection, allows for an independent regulation
of the incident fluence and the collection numerical aperture. Two filter holders after the
microscope objective host interchangeable notch/edge filters to remove the elastically
scattered component of both the pump and probe beams. The optical imaging of the
sample is enabled by a removable mirror which can be inserted after the microscope ob-
jective, focusing the scattered radiation on a CCD camera when the sample is illuminated
by an external source. The collection and imaging optics are mounted on micrometric
movements allowing for a precise alignment of the objective and thus signal optimiza-
tion.

The CCD field of view was calibrated using a TEM grid with a known pitch as a ref-
erence. As shown in Figure 4.7 (a), intensity profiles were extracted from the captured
images, and the measured pixel spacing between the peaks corresponding to the grid
lines was compared to the known grid spacing in micrometers. This calibration also al-
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Figure 4.7: (a) Spatial calibration of the imaging CCD on a TEM grid. Top and right panels shown
the intensity profiles along the red and blue lines reported in the image. The spacing between the
peaks was used for calibration. The image being at focus only in the central parts depends on
the measurement angle between the sample surface and the collection optics axis. (b) Laser spot
size measurement shown for the SH of the Pharos. Top and right panels shown the integrated
intensity between the red and blue lines reported in the image. Continuous lines show the result
of fitting with Gaussian profiles, from which the reported 1/e? values are obtained.

lows the measurement of the laser spot size on the sample (essential for calculating the
laser fluence) from the properly imaged diffusive scattering, as shown in Figure 4.7 (b).
Gaussian fits of the integrated intensity profiles have thus shown that the described ge-
ometry produces laser spots diameters of 25-30 pm (1/e?). Such estimate is corroborated
by the measurement of laser traces left on photosensitive sample surfaces. It should be
noted that the spot size can undergo small variations depending on the specific align-
ment of the lasers on the optical path; therefore, it is good practice to measure it at the
beginning of any measurement campaign, either directly on the sample or, if the diffu-
sive scattering is too weak, on the sample holder.

It is worth noting that even small misalignments before the parabolic mirror can
move the focal positions of the two beams, potentially resulting in the loss of the spatial
overlap. Since these variations are generally small and do not move the foci significantly
away from the rotational center of the pyrex cylinder, it is not necessary to realign the
parabolic mirror at the beginning of every measurement session. Instead, the following
procedure is adopted: first the best focusing condition (i.e. minimal spot size) is found
adjusting the sample distance from the parabolic mirror with the manipulator, then the
spatial overlap of the two beams is optimized by fine tuning two independent steering
mirrors.

This procedure, as well as the proper positioning of the sample at the focal point,
becomes more challenging when measurements are performed in vacuum inside the
pyrex cylinder. Optical aberrations caused by the curvature of the glass indeed distort
both the sample image and the diffuse scattering pattern generated by the laser beams.
However, the correct positioning of the sample at the point of minimum spot size can still
be verified by monitoring the Raman scattering signal and finding the distance between
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Figure 4.8: Comparison of TRRS measurements on silicon with and without the pyrex glass.
The antiStokes and Stokes sides of the Raman spectra of Si (measured with 513 nm probe and 633
nm pump pulses) are shown before the pump-probe coincidence time and at ¢ = +5 ps. Black
and red continuous lines mark the spectra obtained without the pyrex glass. Blue and yellow lines
mark the spectra obtained with the pyrex glass: spectra as acquired are shown as dashed lines,
while continuous lines show the same spectra rescaled by a factor 2.15. At both delays the latter
are in good correspondence with the spectra obtained without the glass.

the sample and the parabolic mirror that maximizes it. The spatial overlap with the
pump beam can then be checked by measuring the magnitude of the pump-induced
effect on a reference sample with a known behaviour (e.g., silicon).

The comparison between TRRS measurements on a reference sample carried out with
and without the pyrex cylinder also allowed us to verify that the achieved spot size is
not significantly affected by the presence of the glass. Figure 4.8 illustrates this compar-
ison for pump—probe measurements on silicon. Although the absolute signal measured
from the sample is reduced when the pyrex cylinder is present, the relative effect of the
pump remains unchanged. This demonstrates that the sample is excited with compara-
ble fluence in both cases, indicating that the beam spot sizes do not undergo significant
variations and the reduction of the overall signal can be attributed primarily to a lower
collection efficiency.

4.2 Sample environment

The sample environment is a key originality of the present setup, offering fine control
over spatial alignment, temperature, the preservation of sample cleanliness and stability,
and the possibility of exchanging samples in UHV with other spectrometers and sample
growth systems. The sample is mounted on the cold finger of a cryostat (see below) at-
tached to a motorized UHV manipulator (PMM 12, VAB Vakuum-Anlagenbau GmbH)
providing four degrees of freedom: three orthogonal linear translations (X, Y, Z) with a
minimum step size of 1 um, and a full 360° rotation about the manipulator axis (verti-
cal). This enables precise spatial alignment of the sample relative to the excitation and
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Figure 4.9: CAD model of the UHV chamber
and manipulator. On the right side, the UHV
suitcase is shown attached in the transfer posi-
tion.

collection optics, as well as the control over the laser incidence angle, critical for appli-
cations such as polarization-dependent Raman measurements. The manipulator can be
operated via either joystick or software, with a coarse manual control (10 ym step size)
also available for linear translations.

The sample holder is hosted by a UHV chamber, with a pumping system which al-
lows to reach a pressure of 10~® mbar. The chamber is fully bakeable, if actual UHV
pressure (107'% mbar) is needed. A UHV-compatible transfer system (Ferrovac UHV
suitcase) enables the introduction and removal of samples without breaking vacuum
conditions. A CAD model of the chamber and manipulator is shown in Figure 4.9.
While Raman spectroscopy can be performed under ambient conditions, the presence of
a vacuum environment significantly broadens the experimental capabilities of the cur-
rent setup. Operating under vacuum: (i) ensures minimal sample contamination during
measurements, thereby enabling the investigation of air-sensitive materials and systems
whose properties are strongly influenced by surface conditions; and (ii) allows, together
with the integrated cryostat, measurements at cryogenic temperatures, essential for most
studies involving phase transitions and strongly correlated materials. Moreover, the
UHYV conditions, combined with the UHV transfer system, ensure full compatibility with
the electronic spectroscopy setups available in the SPRINT laboratory and in other labo-
ratory of the NFFA facility (e.g. the APE beamlines of the Elettra Synchrotron, MIMAG
laboratory at University of Milano). This integration enables a true multi-messenger ap-
proach, allowing experimental campaigns to be conducted under reproducible environ-
mental conditions, from sample growth to measurements using multiple complemen-
tary techniques.

Vibration issues

The UHV chamber is suspended on an aluminium H-shaped bridge, mechanically iso-
lated from the optical table. During commissioning, we observed that this geometry
leads to a transmission of random mechanical vibrations of the bridge and to the manip-
ulator and the cold finger of the cryostat, on which the sample is mounted.

The vibration spectrum of the system, measured using a ceramic shear accelerometer
(Piezotronics, model 393B12) at the laboratory floor, on the optical table, and on top of
the UHV chamber, is reported in Figure 4.10 (a). The data show that the spectrum mea-
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Figure 4.10: Characterization of mechanical vibrations and adopted solutions. (a) Vibrational
spectrum measured at the base of the optical table (black), on the optical table (blue) and on top of
the UHV chamber (red). A dashed line marks the lower measurement limit. (b) Project and real-
ization of the polymer damper positioned on the metal rod of the cryostat, providing mechanical
contact with the UHV chamber. (c) Additional damper for mechanical stabilization when measur-
ing at cryogenic conditions close to the nitrogen boiling point.

sured on top of the chamber is structured around 100 Hz with peaks approaching 1 yim
rms, differently to the one of the floor (at the sensitivity limit of the instrument) and of
the optical table. Owing to the length of the cryostat rod (over 70 cm), these chamber
vibrations can easily result in oscillations exceeding 10 ym at the sample position, as
visually estimated from the imaging (direct accelerometer measurements at the sample
position are not possible due to the physical dimension of the instrument). The inde-
pendent vibrations of the sample and the collection optics, mounted on the optical table,
degrade the quality of the collected signal.

Because the primary source of vibrations (likely the coupling of the H-bridge surface
to turbulence from the laboratory cooling air flow) could not be eliminated, stabilization
was achieved by implementing a local damper close to the sample position. As shown
in Figure 4.10 (b), the damper, 3D-printed in ABS polymer, creates a contact between the
cryostat rod and the walls of the vacuum chamber, effectively reducing oscillations to a
level no longer detectable in the imaging.

Cryostat system

The system includes a UHV compatible continuous flow cryostat system (Lake Shore
Cryotronics ST-400), capable of operating with both liquid nitrogen and liquid helium.
Thermal contact between the sample holder and the cold finger of the cryostat is en-
sured by two clamping screws. Temperature monitoring and control is achieved via two
DT-470 silicon diode sensors: one located inside the cryostat and the other mounted
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in vacuum on the cold finger, on the backside of the sample. The second sensor pro-
vides the actual temperature on the sample via a properly calibrated correction factor.
The locations of the two sensors, as well as the positioning of an additional sensor en-
abling the measurement of the correction factor, are shown in the picture of the cryostat
cold finger in Figure 4.11 (a). The sensors are connected to a Lakeshore 336 tempera-
ture controller, enabling continuous monitoring and data logging as well as Proportional
Integral-Derivative temperature control with a precision of 0.1 K. Temperature control
and stabilization is achieved by the use of a resistive heater positioned inside the cryo-
stat, which also allows to carry out measurements above room temperature (up to 500 K
nominal heating power, tested up to 350 K).

As part of the commissioning of the TRRS setup, the cryostat operation was tested
under liquid nitrogen flow. The system can stably reach temperatures as low as 77 K.
However, we observed that operating too closely the nitrogen boiling point introduces
random mechanical vibrations on the manipulator, due to the rapid expansion of ni-
trogen in the cryostat heat exchanger. Similarly to the vibrations originating from the
suspension bridge of the chamber, these fluctuations propagate to the sample position,
producing wide oscillations (10-20 um) that change the measurement position and de-
grade the quality of the collected signal. To mitigate this issue, a second local damper
was added and fixed to the cryostat head (see Figure 4.10 (c)), stabilizing the position
of the cryostat cold finger by providing contact with the pyrex glass. With this solution,
stable measurement conditions are typically achievable for temperatures above ~ 80
K. In the temperature range near this limit, the mechanical and thermal stability of the
cryostat can be further improved by pumping the nitrogen after its passage through
the cryostat, thereby reducing pressure fluctuations and ensuring a steadier flow. Fur-
ther progress can be made in the development of solutions to suppress the mechanical
vibrations. For example, a systematic study of the optimal damper shapes and materi-
als, with a focus on the stiffness at low temperatures, could improve the performances.
Moreover, a more advanced solution based on the measurement of the sample position
with interferometric techniques and the implementation of an active position feedback
via software is under study.

The performance of the cryostat was first benchmarked on a silicon sample, confirm-
ing the reliability of the system. Figure 4.11 (b) reports the antiStokes and Stokes regions
of the Raman spectrum of Si, measured at different temperatures under CW excitation.
Spectra are normalized to the Stokes peak area. The characteristic effects of decreasing
temperature, namely the blue-shift of the phonon frequency and the reduction of the an-
tiStokes intensity, are clearly observed. The antiStokes/Stokes intensity ratio extracted
from the spectra is shown in panel (c) as a function of the measured sample temperature,
exhibiting a good agreement with the expected behaviour of the phonon population ac-
cording to Bose-Einstein distribution (Ij.“—ss ~e %) and providing an independent val-
idation of the temperature calibration. This is particularly important in the context of
Raman experiments employing a pulsed probe laser, where the equivalent temperature
of a specific phonon mode can deviate significantly from equilibrium values obtained
with a CW source. In these cases, thus, the observed discrepancies can be attributed to
non-equilibrium effects induced by the pulsed excitation, rather than to temperature cal-
ibration errors or excessive sample heating. We note that the availability of CW sources
enables direct comparison between pump—probe and equilibrium measurements, allow-
ing such effects to be promptly identified in each experiment.
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Figure 4.11: Calibration and test of the cryostat system. (a) Picture of the cryostat cold finger dur-
ing the temperature sensor calibration. The two sensors available for temperature monitoring are
indicated as T sensor 1 and 2. An additional sensor is mounted on a sample holder, allowing for the
calibration of T sensor 2. (b) Results of test measurements on silicon at different temperatures with
a 532 nm CW probe. The intensities of the spectra are normalized to the Stokes peak area. Con-
tinuous lines mark the results of fittings with Voigt line profiles. (c) Measured antiStokes /Stokes
intensity ratio as a function of the measured sample temperature (on calibrated sensor 2). A con-
tinuous red line marks the expected behaviour according to Bose-Einstein distribution function.

By contrast, the operation of the cryostat with liquid helium flow has not yet been
tested in the TRRS chamber. Nonetheless, the cryostat itself was previously operated
with liquid helium in a dedicated test chamber, demonstrating the capability of reaching
temperatures as low as 10 K at the sample stage. Some differences in thermal load in
the actual measurement chamber may however affect the cryostat performance and the
minimum achievable temperature; these aspects will be assessed in future planned tests.



4.3 Perspective developments

While the present TR Raman spectroscopy setup enables a detailed investigation of ultra-
fast vibrational dynamics, further developments are planned, aiming to extend its tun-
ability and to allow the integration of additional optical spectroscopy techniques within
the same experimental framework. Planned developments will focus on implementing
a rotating collection optics module, as enabled by the cylindrical geometry of the pyrex
glass allowing for optical access. The microscope objective, filters and imaging optics
will be mounted on a rotating platform attached to a ball bearing on the lower flange of
the UHV chamber, as shown in Figure 4.12. With the spectrometer fiber-coupled to the
collection optics, this design will allow for continuous variation of the collection angle.

This is a disruptive upgrade with respect to the original design where the full spec-
trometer is sitting on a glass plate and could rotate on pressurized gas bearings in or-
der to explore the pan-optical degree of freedom. The overall stability of alignment is
nevertheless critical when moving relevant masses in the current design and the fiber
collection solution with limited rotating mass appears definitely preferable.

Figure 4.12: Project of the setup con-
figuration for measurement at vari-
able collection angle. The collection
optics module are mounted on a plat-
form attached to a ball bearing on the
lower flange of the UHV chamber, en-
abling their rotation around the sam-
ple, as indicated.

By removing the constraint of a fixed angle between excitation and detection di-
rections, this upgraded setup will further enhance the possibility of exploring the Ra-
man scattering cross section rules varying independently light polarization direction, as
well as incidence and scattering angle (determining the transferred momentum). More
importantly, this development will also enable angle-resolved TR reflectivity measure-
ments to be performed within the same apparatus. The combination of collection optics
rotation and manipulator rotation will allow for continuous adjustment of the incidence
angle from nearly normal (limited only by the lateral dimensions of the parabolic mirror
and the microscope objective) to grazing. The present setup is particularly well suited
for this extension, owing to (i) the wide tunability of the OPA sources from the UV to
IR range and (ii) the vacuum sample environment, preserving surface cleanliness. The
latter feature, in particular, will ensure the accuracy and reproducibility of reflectivity
measurements, highly sensitive to surface contamination. Such enhancement will sig-
nificantly broaden the capabilities of the setup, enabling simultaneous investigation of
electronic and lattice dynamics with improved geometrical flexibility.
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CHAPTER 5

Anharmonic interaction and dynamical Fano resonance in
Silicon

This chapter is dedicated to the presentation of the results of a TRRS investigation car-
ried out on silicon, a structurally simple, prototypical semiconductor system that served
as the first case study of our newly developed experimental setup. Focusing on the lon-
gitudinal optical phonon, we show that TRRS is not only able to track the after pump
time evolution of its population, but also to reveal the photoinduced changes of the elec-
tronic states as reflected in the phonon lineshape. Moreover, by changing the optical
pump fluence and the sample temperature, we highlight the influence of the excitation
density on the anharmonic relaxation governing non-equilibrium phonon dynamics.

5.1 Overview

Silicon is one of the most extensively studied materials and plays a central role in semi-
conductor technology. Despite its widespread interest, only few studies are available on
Si out-of-equilibrium phonon dynamics and even fewer employing TRRS. The Si opti-
cal and electronic properties are determined by its indirect bandgap of 1.12 eV, corre-
sponding to transitions from the valence band maximum (VBM) located at the I' point
of the Brillouin Zone (BZ) to the conduction band minimum (CBM) at the X point, as
shown in Figure 5.1 (a). The direct bandgap is instead of much higher energy (3.4 eV).
The phonon spectrum of Si reflects the symmetry of its diamond lattice, resulting in a
particularly simple phonon band structure (see Figure 5.1 (c)). First-order Raman scat-
tering produces a single prominent peak at 520 cm™*, corresponding to the excitation of
zone-centre optical phonons, while weaker features arise from second-order processes
involving phonons at other points of the Brillouin zone. Since the optical mode at I" is
triply degenerate, depending on the scattering geometry the peak can be associated with
the longitudinal optical (LO) phonon or with each one of the two transverse optical (TO)
phonons [22].

One of the main goals of the research on semiconductive materials is the ultimate
understanding and the possibility to tailor the electric and optical properties of the ma-
terials. It goes without saying, that achieving this requires a thorough understanding
of the electrons/holes de-excitation pathways, which in turn depend strongly on the
coupling with the phonon subsystem, the primary reservoir with which the free carriers
exchange energy. In this sense, semiconductors are a primary and immediate class of
materials to be studied by TRRS, which allows direct tracking of phonon populations
following photoexcitation and, in many cases, indirect insight into carrier dynamics via
fine analysis of the phonon spectra.

49
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Figure 5.1: Structural and electronic properties of Si. (a) Calculated electronic band structure
along the high symmetry directions. The indirect band gap is highlighted. The heavy-holes (HH)
and light-holes (LH) valence bands are marked near the I' point. (b) First BZ for the Si lattice,
displaying the high-symmetry points position in reciprocal space. (c) Calculated phononic band
structure along the high symmetry directions. Experimental data points are displayed on top of
the calculated bands. Plots are adapted from [22].

Silicon, in particular, offers a paradigmatic case for such studies: its simple phonon
band structure makes it ideal to explore lattice dynamics and phonon-phonon relaxation
processes, and its electronic properties give rise to a density of excited carriers with
lifetime of the order of ns, therefore essentially constant at the ps timescale, allowing the
interplay between the electronic and phononic subsystems to be conveniently studied
by TRRS.

For these reasons, and given the availability of a previous TRRS study by Zhu et
al. [44], we selected silicon as the first test case for the newly developed setup, with
the dual goal of reproducing the known observations and extending the investigation
to different fluences and temperatures. Indeed, measuring the combined influence of
fluence and temperature provides valuable information to understand non-equilibrium
dynamics and the underlying microscopic mechanisms governing it.

5.2 [Experimental

In order to investigate the effects of a transient photodoping on Si and their dependence
on the external temperature and on the exciting fluence, four TRRS experiments were
conducted in similar conditions. Pump pulses of 633 nm central wavelength were used
to excite above bandgap an intrinsic (100) oriented Si wafer. Two pump fluences were
explored: FY,, =~ = 49 mJ/cm?and Ff =~ = 9.8 mJ/cm? (to which I will refer in the
following as “low fluence” and "high fluence” respectively), corresponding to a pho-
toexcited carrier density of n;, = 8-10'® ecm ™2 and ny = 1.6-10'° cm ™3 for the two cases.
The carrier density values were estimated from the optical absorption coefficients re-
ported in literature [45]. A small difference in the pump pulse duration was also present
between the two sets of measurements, with the low fluence data being obtained with
a 0.6 ps pump duration and the high fluence ones with 0.3 ps. The Raman signal was
probed with 513 nm pulses of 15 cm ™! bandwidth (FWHM) and 1 ps duration, yielding
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an overall temporal resolution of 1.2 and 1.1 ps for the low and high fluence datasets
respectively. The probe laser was polarized along the (001) direction and the scattered
radiation was collected with no polarization selection. The probe fluence used in the two
cases was the same, namely Fj,,ope = 1.6 mJ/cm?. The experiment was carried out both
at room temperature and at cryogenic temperature of ~ 85 K (precisely at 83 K for the
low fluence dataset and 87 K for the high fluence one).

Figure 5.2: Photoinduced evolution of the Raman spectrum of Si for (a) antiStokes and (b) Stokes
scattering, at room temperature in the high fluence regime (nz = 1.6-10'?). A negative (black data,
At = —4 ps) and a positive pump probe delay (red data, At = +2 ps) are shown in the top panels.
Bottom panels show difference spectra obtained subtracting the average of spectra collected at
negative pump-probe delays (¢ < —1.5 ps) from the spectra recorded at positive delays.

Stokes and antiStokes spectra measured at two different pump-probe delays are dis-
played in Figure 5.2 (top panels), showing the peak corresponding to the zone-centre
optical phonon at 520.7 cm™'. Given the excitation geometry, with most of the trans-
ferred momentum along the (100) direction (see Figure 4.5 in Chapter 4), the peak is
associated mainly with the LO phonon. The reported data are obtained at room temper-
ature in the high fluence regime. Bottom panels of the same figure show the difference
spectra obtained subtracting the average of spectra collected at negative pump-probe
delays (between —5 and —1.5 ps) from the spectra recorded at positive delays. From the
reported data, the main pump-induced variations of the Raman signal appear to be: a
transient increase in the antiStokes scattering intensity, followed by a decrease for ¢t 2> 3
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ps, a long-lived decrease of the Stokes intensity, and a modification of the phonon profile
towards a broader and asymmetric lineshape. As detailed in the following, the first ef-
fect is associated with the creation of an additional phonon population, while the others
are a direct consequence of changes in the electronic state occupancies.

5.3 Dynamical Fano interference

Figure 5.3: Photoinduced Fano interference on Si. (a) Stokes spectra at 87 K for two different
pump-probe delays. Continuous lines mark the results of the fitting with a Fano lineshape. (b), (c)
Fitted inverse Fano parameter ¢~ ' (see text) as a function of the pump probe delay for the high-
fluence (b) and low-fluence (c) datasets, at room temperature and ~ 85 K. Continuous lines mark
the results of the fitting with a step function.

The asymmetry of the LO Raman peak at positive pump-probe delays is illustrated
more clearly in Figure 5.3 (a), in which we compare Stokes spectra acquired at -4 ps and
+6 ps under high pump fluence and low temperature conditions. It is evident a reduction
of the maximum intensity of the peak accompanied by an increase of spectral weight in
its high-frequency tail.

An asymmetric lineshape of the LO phonon peak in the Raman spectrum of Si has
long been reported in literature, associated to measurements on heavily p-doped sam-
ples. Such observation is ascribed to a Fano interference phenomenon, which occurs
whenever there is a resonance between the energy of a discrete state (such as a phonon)
and a continuum of states (such as electronic excitations, here creating a background in
the Raman spectrum) [46]. This effect has been reported in a wide variety of spectro-
scopic investigations of atomic and condensed matter systems [47]. In detail, when such
a resonance occurs, the peak corresponding to the discrete state acquires an asymmetric
profile described by the Fano function:
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(¢ +¢)?
1+ €2

I= (5.1)
where ¢ is the so-called Fano parameter, controlling the asymmetry and inversely pro-
portional to the spectral density of the continuum, and € = 2(w — w,,)/I" with w, the
discrete state frequency (the phonon frequency in the present case) and I its linewidth.
The latter, besides the bare phonon part, acquires an additional contribution from the
Fano interference, proportional to the spectral density of the electronic continuum.

In the case of the LO phonon in heavily p-doped silicon, the Fano interference arises
from the presence of a continuum of allowed electronic transitions between valence
bands. Indeed at the I' point of the BZ, corresponding to the VBM, silicon exhibits sev-
eral bands close in energy: an upper light-hole band and two lower heavy-hole bands
(see Figure 5.1). When a sulfficiently high hole density is induced (p > 2 - 10'® cm™3),
more than one valence band becomes partially depopulated, allowing electrons to be
excited from the two lower valence bands into the empty states of the upper one. The
energies of this continuum of Raman-allowed transitions overlap with the phonon fre-
quency, giving rise to the interference phenomenon [48, 49].

In the present experiment, performed on an intrinsic sample and employing a 513
nm probe wavelength, the Fano interference is expected to be very weak [49, 50]. How-
ever, in this case, the hole density is generated by the above-bandgap pump pulse, and
the Fano resonance is therefore induced transiently in the system, as previously demon-
strated by Kato et al. [51] using time-resolved reflectivity, and by Zhu et al. [44] in a
TRRS experiment similar to ours.

All spectra from the four datasets were fitted using a phonon lineshape given by the
Fano function, convolved with a Gaussian function to account for the spectral resolution
(fixed to the FWHM of the measured probe laser line). Stokes and anti-Stokes sides were
fitted simultaneously. The results of the fit are shown along with the spectra in Figure 5.3
(a). The fit allowed to extract the characteristic parameters ¢ and I', as well as the areas
of the Stokes and antiStokes peaks. The inverse of the Fano parameter ¢, is reported
in Figure 5.3 as a function of the pump-probe delay for the high-fluence (panel (b)) and
low-fluence data (panel (c)). The data show how at negative delays the measured spectra
are well reproduced by lineshapes with ¢! ~ 0.01. While nonzero values of ¢~ signal
the presence of a slight asymmetry before the pump arrival, such small value could arise
from ambient noise or different scattering from the sample. This is confirmed by the fact
that the spectra at negative delays can be well reproduced also by fitting with Lorentzian
lineshapes (the limit of equation 5.1 for ¢ — oo, i.e. ¢~! — 0). Thus, the Fano interference
is negligible at negative delays and small differences between ¢~* values obtained from
the different datasets are not considered physically relevant.

After the pump arrival, ¢~ undergoes a step-like increase in all datasets, correspond-
ing to an increased asymmetry, which is a consequence of the dynamical enhancement
of the Fano interference. With our temporal resolution, such increase is nearly istanta-
neous, and the temporal trends can be properly reproduced by a step function:

) = a2y, 00t —to) + qrsy, (5.2)

f(t) was convolved with a Gaussian function providing the appropriate temporal res-
olution. The ¢;3, , values extracted from the fit are reported in Table 5.1. Since ¢~ is
directly proportional to the spectral density of the electronic continuum, we can inter-
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Figure 5.4: Dependence of the inverse
Fano parameter on the photoexcited hole
density. Black squares mark the ¢~' values
obtained by Zhu et al. [44] at room tem-
perature in different excitation conditions,
and a red line shows the result of a linear
fit. The data corresponding to our mea-
surements are shown as coloured dots with
the same colour association used through-
out the chapter. The points at high fluence
are almost superimposed.

pret its temporal dependence as that of the photoexcited hole population [44]. Thus, the
zero-delay time measured with the BBO crystal was corrected adjusting to zero the ¢
extracted from the fit of the ¢~ trends.

The observed dynamics reveals the formation of a long-lived hole population, which
remains essentially constant over the investigated timescale owing to the indirect band
gap of silicon. At high fluence, regardless of the temperature, ¢~! reaches after pump-
ing a maximum value of ~ 0.053, which, according to the calibration reported by Zhu
et al. [44], corresponds to a hole density of n = 1.8 - 10! cm™3, in excellent agree-
ment with the estimation for our experimental conditions. When pumping with a lower
fluence, however, a discrepancy emerges between the values obtained at the two tem-
peratures. As shown in Figure 5.4, which compares our data with that of Zhu et al.,
the value of ¢;3.,, obtained at room temperature agrees well with the density estimated
at low fluence, whereas the corresponding value at low temperature is smaller than
expected. This difference could arise from the fact that at a lower pump fluence the
temperature-dependence of the dynamics observed in the system becomes more appar-
ent, since part of pump-induced modifications mirror changes that can also be induced
thermally. However, we warn that this effect may also result simply from an overesti-
mation of the fluence in this particular dataset. Indeed since the fluence measurement
depends critically on the spatial overlap and spot sizes of the pump and probe beams, it
is generally prone to experimental uncertainty. This is especially true in the configura-
tion used for low temperature measurements, with the sample hosted inside the pyrex
glass of the UHV chamber. In the acquisition of the dataset, the pump—probe overlap
or the spot size on the sample may not have been optimized correctly according to the
procedure described in Chapter 4.1, leading to a lower effective pump fluence on the
probed sample.

Apart from the absolute values reached, the hole dynamics does not exhibit any sig-
nificant temperature dependence within the probed timescales. This observation further
supports the electronic origin of the asymmetry. Indeed, given the carrier lifetime in sili-
con is of the order of nanoseconds [52], no temperature effect altering the excitation and
recombination processes is expected to be measurable on a ps timescale.

An analogous trend to that observed for the Fano parameter is also found in the tem-
poral evolution of the phonon linewidths, reported in Figure 5.5. At negative pump—-probe
delays, the linewidths extracted from the datasets measured at the same temperature
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Figure 5.5: Temporal dependence of the linewidth parameter I'. (a) I" values extracted from the
peak fit. (b) Variation of I at positive delays, normalized on the pump fluence. In both panels the
four dataset are plot in the same color code used in Figures 5.3 and 5.4. Continuous lines mark the
results of fitting with a step funcion. A dashed red line in panel (b) marks the evolution of ¢~* for
the high-fluence room-temperature dataset, rescaled on the y axis to fit into the plot.

have comparable values; lower I" values are observed at lower temperatures, consistent
with the typical temperature dependence of phonon peak widths in static Raman mea-
surements [53]. Upon photoexcitation, the linewidth undergoes a pronounced step-like
increase, which was fitted using the same functional form as in equation 5.2. The ex-
tracted parameters I';;,, ATy, and t{ are summarized in Table 5.1.

As previously discussed, the width of the Fano lineshape comprises two contribu-
tions: a phononic term and a term proportional to the hole density. While both com-
ponents could vary upon photoexcitation, a variation of the phononic component is ex-
pected to follow the increase in the phonon population, and thus to display a dynamics
similar to that observed in the phonon temperature trends discussed in section 5.4. Thus,
the fact that the broadening exhibits a clear step-like profile, closely mirroring that of ¢!
(see dashed line in Figure 5.5 (b)), indicates that the pump-induced change is dominated
by the electronic contribution.

The negligible modification of the phononic term is also evident from Figure 5.5 (b),
where the variation AT', normalized to the exciting fluence, are shown. At high fluence
the relative increase AT is indeed identical at both measured temperatures, with the dif-
ference in I'ts.+,, matching the one in I'; <, ascribed solely to the phononic part. The nor-
malized data also show that, as was the case for ¢!, in the low-fluence low-temperature
dataset the pump-induced effects are proportionally weaker. In this case, contrary to
what observed for the inverse Fano parameter, a mismatch is also visible between the
normalized linewidth variations extracted from the low-fluence room-temperature dataset
and from the high-fluence data. Given the nearly perfect match obtained for ¢! and that
both quantities should be representative of the dynamics of the photoinduced hole pop-
ulation, the origin of this discrepancy remains unclear. Determining whether this obser-
vation reflects a genuine physical difference, indicative of distinct fluence dependencies
of ¢~ ! and AT, would require performing additional measurements over a broader range
of pump fluences.



56 5.4 Tuning anharmonic interactions by temperature

Gintg | Decto (cm™0) [ ATy, (em™) | £ (ps)
Low FRoom T | 0.028 1.8 2.0 0.4
Low FLow T 0.018 0.9 0.9 0.2
High F Room T | 0.052 1.7 3.2 0.2
High FLowT 0.053 0.6 3.2 0.4

Table 5.1: Relevant parameters extracted from the fitting of the temporal trends of ¢! and T’
-1
with a step function. ¢, values are calculated with respect to t{

5.4 Tuning anharmonic interactions by temperature

Figure 5.6: Temperature of the LO phonon peak as a function of the pump-probe delay for (a)
the high-fluence and (b) the low-fluence datasets. (c) Phonon temperature variations normalized
on the pump exciting fluence. Continuous lines in all panels display the results of the time trends
fittings.

The measurement of both sides of the Raman spectrum, and their fitting with the
Fano function, allowed to retrieve the integrated intensities of the Stokes and antiStokes
Raman peaks Ig, 145 and thus the equivalent temperature 7' of the LO phonon as a
(wptwy)®  np+l (WL"FUJV)

function of the delay (from U ;‘S R e or o " € k;Tu as illustrated
in Chapter 3). T is plotted in Figure 5.6 (a) and (b) for the high-fluence and low-fluence
datasets respectively.

We note that the measurement, at negative pump-probe delays, of phonon temper-
ature values exceeding the temperature sensor reading more than 50 K is not to be as-
cribed to an actual increased temperature on the sample. Indeed, measurements per-
formed with a continuous-wave source in analogous cooling conditions yielded antiS-
tokes/Stokes intensity ratios in excellent agreement with Bose-Einsten statistics (see Fig-
ure 4.11 in Chapter 4). The observed discrepancies are therefore attributed to the effects
of using a pulsed probe source, as discussed in Section 3.2.

As visible from the figure, in all datasets T" has a prompt rise after the pump arrival,
followed by a rapid decrease towards a plateau slightly higher than the initial value. In
order to extract the relevant parameters from the observed dynamics, the temperature
trends were fitted with an exponentially decaying function

F(t) = Tocy, + O(t —to) (Ae= 0/ T L Ty, ) (5.3)

which was convolved with a Gaussian function to account for the proper temporal res-
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olution. The relevant parameters extracted from the fit of the four datasets are reported
in Table 5.2, where AT,,,,, by subtracting the temperature value obtained at negative
delays to the maximum of the fit.

Tict, K) [ ATmae (K) [ 7 (ps) [ 1§ (ps)
Low FRoom T 337 39 1.8 0.6
Low FLow T 161 57 8.6 0.3
High F Room T 341 68 1.9 0.2
High F Low T 190 112 2.9 0.6

Table 5.2: Relevant parameters and decay constants extracted from the fitting of the temporal
trends of the phonon temperature with function 5.3 (see text). t3 values are calculated with

-1
respect to t§ .

The results of the fits reveal that, across all datasets, the phonon population rises with
a delay of a few hundred femtoseconds after the photoinduced holes creation, before de-
caying with a picosecond timescale. This behaviour is consistent with the characteristic
dynamics expected for the transient creation of optical phonons via electron-phonon
coupling and their subsequent decay via phonon—phonon anharmonic interactions. The
delay between hole creation and the onset of the phonon population increase shows no
clear dependence on fluence or temperature; given the limited number of sampled de-
lay points in our measurements, the small differences observed across datasets are not
considered physically meaningful. By contrast, the decay time constant 7 exhibits a clear
dependence on both fluence and temperature. At room temperature, the obtained 7 val-
ues are essentially identical for the two excitation fluences, with 7 = 1.8 psand 7 = 1.9 ps
for the low- and high-fluence datasets, respectively. These values are in excellent agree-
ment with the 1.7 ps timescale reported by Zhu et al. [44] for an excited carrier density of
1.8-10'% cm~3, comparable with the one achieved in our high-fluence regime. It is worth
noting that Zhu et al. report a smaller increase in phonon temperature at comparable
carrier densities; this is reasonably explained by their use of a longer pump wavelength
(740 nm), which provides carriers with less excess energy relative to the CBM/VBM to
dissipate via the creation of zone-centre phonons, and possibly by their lower temporal
resolution, which would tend to smear the apparent maximum phonon temperature.

When the lattice temperature is reduced to ~ 85 K, the relaxation dynamics become
noticeably slower at both fluences. This is an evidence of the reduction of the phonon-
phonon anharmonic interactions, which is expected at lower temperatures due to a
smaller equilibrium population of all lattice modes [54]. In this low temperature regime,
7 also acquires a pronounced fluence dependence, being estimated at 2.9 ps for the high-
fluence data compared with 8.6 ps for the low-fluence one. This difference is even more
apparent in the temporal dependence of the normalized temperature variations shown
in Figure 5.6 (c). Such behaviour can be ascribed to the variation of phonon-phonon
interactions too: at high fluence, the pump generates a larger initial optical phonon pop-
ulation, enhancing the phonon-phonon scattering probability at short delays and thus
shortening the relaxation time compared with a not (or slightly) perturbed system.

In addition to the differences in the relaxation times, the data in Figure 5.6 clearly re-
veal that the pump-induced increase in phonon temperature depends strongly on the ini-
tial lattice temperature. At both excitation fluences, the phonon temperature rise is sub-
stantially larger at low sample temperature, with maximum variations of AT};,q, = 112
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K at 87 K compared to 68 K at room temperature for high fluence, and 57 K at 83 K
versus 39 K at room temperature for low fluence. This pronounced temperature depen-
dence is particularly evident in the normalized trends shown in panel (c), where the
room temperature curves are quite similar and remain well below the low temperature
ones which, despite having clearly different decay rates, reach similar maxima.

We note that this effect cannot be attributed to electronic modification of the system:
given that the bandgap of silicon increases at lower temperatures, leading to a reduction
in the excess energy of the excited carriers relative to the CBM/VBM, this would result
in the decrease of the photoexcited phonon population in the low temperature data [55],
opposite to what observed. On the other hand, the reduction in phonon—-phonon an-
harmonic scattering at ~ 85 K may underlie also the larger AT,,,, observed. Indeed,
the resulting extended relaxation time, produces a bottleneck effect that allows optical
phonons to accumulate. From this perspective, the similarity of the maximum phonon
temperatures reached at low and high fluence for the ~ 85 K data is somewhat unex-
pected, given the much longer relaxation time in the low-fluence case. However, this
dataset shows evidence, based on the ¢~ and T parameters, of a lower effective pho-
toexcited carrier density, suggesting that the actual excitation fluence was below the
nominal value. An even higher AT,,,, would therefore be reasonably expected if the
effective carrier density matched that of the low-fluence room-temperature dataset.

A similar bottleneck effect in the electronic system could also account for the fact
that, at room temperature, the relative phonon temperature rise seems proportionally
larger at low fluence. When optical phonons are heavily populated, indeed, the electron
cooling rate can be reduced due to an increased probability of phonon reabsorption,
effectively saturating the optical phonon population [56].

Although far from exhaustive, these results demonstrates that even in a seemingly
simple material such as silicon, the dependence of the phonon excitation and relaxation
times on temperature and fluence is far from trivial. It highlights the need for systematic
investigations that could give new insights into the different coupling mechanisms at
play and their tunability through ultrafast optical excitation.

5.5 Scattering strength dependence

Figure 5.7: Temporal dependence of the Raman scattering strength of the LO phonon peak for
(a) the high-fluence and (b) the low-fluence datasets. Data are normalized on the average value of
the scattering strength at negative delays (¢ < —1.5 ps).
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Finally, we address the reduction of the Raman signal observed on both the Stokes
side and, at long delays, on the anti-Stokes side, as clearly visible in the difference spectra
of Figure 5.2. From the expressions for the Stokes and antiStokes intensities discussed in
Chapter 2, it follows that by measuring both sides of the Raman spectrum it is possible
to extract, in addition to the phonon temperature, the Raman scattering strength of a
specific phonon mode according to:

Is I4s

Cx? ~ —
XN =) (wn Fw)?

(5.4)

where yx is the bilinear product of the Raman tensor with the electric field polarization
vectors for incident and scattered radiation, and C' is a factor containing the incident
intensity and the optical constants.

The values of C'x? extracted from the four different datasets are shown in Figure 5.7
as a function of the pump-probe delay. Since the absolute scattering intensity depends
on the sample and on the specific alignment conditions, the data are normalized to the
average value of C'x? at negative delays (¢ < —1.5 ps). A clear reduction of the scatter-
ing strength, by about 5%, is observed only for the high-fluence datasets, whereas no
significative variation is measured at low fluence. At high fluence, the temporal evolu-
tion shows a clear difference between the two temperatures: at room temperature, the
decrease is almost step-like, reaching a nearly constant value at ¢ > 0, while at low tem-
perature a pronounced drop appears only near the pump-probe overlap and partially
recovers to about half of its initial value at longer delays.

A reduction in scattering strength under high-fluence, room-temperature conditions
was also reported by Zhu et al. [44], who observed an even larger decrease. They relate
this observation to the increase of the hole population, explaining it by the quenching
of the resonant conditions of the Raman process. Indeed, the use of an above-bandgap
probe energy, as in the present case, allows for an enhancement of the Raman cross sec-
tion proportional to the number of real electronic transitions that can be excited with the
specific probe energy chosen. The photoexcitation of a carrier density by the pump can
then result in a ground state bleaching/excited state filling effect for these transitions
and lead to a reduction of the Raman scattering strength. While this explanation is plau-
sible and consistent with their data, it would lead us to expect a visible reduction of C'x>
also in our low-fluence datasets, where the trends of ¢~! and I' described in section 5.3
indicate the presence of a significant photoexcited hole population. Moreover, it would
predict a temporal profile of C'x? mirroring that of the hole population (i.e. step-like),
which is clearly not the case for the high-fluence low-temperature dataset.

Moreover, although the probe energy lies above the Si bandgap and is close to an in-
direct transition between the VBM at I" and the CBM at L points in the BZ, the resulting
enhancement of the Raman cross-section does not appear to be particularly significant
[57]. The stronger effect seen by Zhu et al., and its close correlation with ¢~1, ', and the
excited hole population dynamics, may partly arise from a different calculation of the
peak areas. While here we extracted them from the lineshape fitting with the Fano func-
tion, their calculation uses the integrated area over a ~ 60 cm ™! spectral range centered
around the peak maximum. By excluding part of the peak tails, this approach could lead
to interpret as a reduction of the area the redistribution of some spectral weight to higher
frequencies by the Fano effect, thereby amplifying the apparent decrease when the peak
becomes asymmetric.

While a reduction of the Raman scattering intensity is indeed observed in some of the
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measured datasets, a satisfactory explanation that accounts for its dependence on both
temperature and fluence still appears to be lacking.



CHAPTER 6

Transient photodoping and phonon dynamics in bulk and
monolayer MoS,

In the previous chapter, presenting the investigation on silicon, we focused on the dy-
namics of a single phonon peak and the information that can be retrieved from the
photoinduced evolution of its lineshape and intensity. We now turn our attention to
more complex semiconducting materials of lower symmetry and dimensionality, proto-
type of the currently defined “quantum materials”: the transition metal dichalcogenide
MoS;. In this case a richer phonon density of states hosting optical modes with dif-
ferent symmetries allows for new phenomena to emerge. In particular, we show how
photoexcitation in such systems can drive imbalances in the phonon mode occupancies
and the renormalization of their frequencies that cannot be thermally induced. These
imbalances not only provide insights into electronic relaxation pathways and the mode-
specific electron-phonon coupling, but may lead to envision new ways to optically ma-
nipulate the material properties via the selective excitation of specific vibrational modes
[58]. Furthermore, comparing samples of different thicknesses, we explore how changes
in the electronic structure influence the ultrafast dynamics of carrier relaxation and the
strength and character of the electron—-phonon coupling.
Part of the results presented in this chapter have been published in [59].

6.1 Overview

Since the first mechanical exfoliation of graphene, in 2004, a considerable research in-
terest has been attracted by quasi-two-dimensional layered materials, offering a vast
playground for fundamental science studies while paving the way for realising flexi-
ble and miniaturised (opto)electronic devices. Among these materials, Transition Metal
Dichalcogenides (TMDs) have emerged as particularly attractive owing to their semi-
conductive nature, strong light-matter interactions in the near infrared and visible range,
and the presence of tightly bounded excitons, giving rise to potential novel applications
[60, 61].

TMDs have a general formula MX;,, where M denotes a transition metal (such as Mo
or W) and X is a chalcogen element (S, Se, Te). In their bulk form, TMDs are composed of
stacked layers formed by covalently bound atoms, held together by weak Van der Waals
interactions, as shown in Figure 6.1 (a). Each individual layer consists of a hexagonally
packed plane of metal atoms sandwiched between two planes of chalcogen atoms. This
layered configuration allows for easy mechanical or chemical exfoliation of bulk crystals
to monolayer (1L) thickness, or for direct growth of atomically thin sheets. The specific
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Figure 6.1: Structural and electronic properties of a 2H-MoS; crystal. (a) Crystal structure as
seen from different lattice directions. In the view along the c direction (top) only one layer is
represented. The crystal unit cell is highlighted in light blue. The structure was designed using
VESTA [63]. (b) Calculated electronic band structure along the high symmetry directions for the
bulk and 1L systems. The band gap is highlighted and a red arrow signals the corresponding
electronic transitions. Adapted from [64]. (c) Calculated phononic dispersion along the high sym-
metry directions for the bulk and 1L systems. For the bulk sample, experimental data points are
displayed on top of the calculated bands. Adapted from [62].

stacking of the layers determines the overall crystal symmetry, which is hexagonal in the
most common polytype (2H).

Our work focused on MoS,, a prototypical member of the TMD class, whose main
electronic and phononic properties are summarized in Figure 6.1 (b) and (c). As vis-
ible from panel (b), reporting the calculated electronic band structure projected along
the high symmetry directions, MoS; is characterized by an indirect bandgap in the bulk
and a direct bandgap in the isolated single layer form. Indeed, the bulk has an indirect
bandgap of ~ 1.2 eV corresponding to transitions from the I' to the ¥ points of the Bril-
louin Zone (BZ), while the 1L has a ~ 1.8 eV direct bandgap at the K point of the BZ. In
the bulk, the local conduction band minimum (CBM)/valence band maximum (VBM)
at the K point gives however rise to the lowest optical transition at ~ 1.93 eV [60]. The
phononic degrees of freedom are instead less affected by the variation of the dimension-
ality: as shown from the calculated band structure in Figure 6.1 (c), the main differences
between bulk and 1L consist in the disappearance of low energy optical modes (inter-
layer shear C and breathing LB) in the latter and in small variations in the other modes
energy [62]. In particular, the energy difference between the A;,/A} and Ej},/E’ modes
is progressively reduced from its ~ 25 cm ™! bulk value in thinner samples, up to ~ 18
cm~! in the 1L; the measurement of this difference by Raman spectroscopy, as well as
the C and LB modes, is routinely used in Raman studies to determine the thickness of
few layer TMD samples.

A significant body of studies is available on semiconducting transition metal dichalco-
genides, and in particular on MoS,. So far, time-resolved experiments on MoS, have
mainly focused on electron dynamics, demonstrating the photoinduced renormalization



Transient photodoping and phonon dynamics in bulk and monolayer MoS, 63

of exciton and bandgap energies. The crucial role of the coupling with the phonon sub-
system in determining the hot carrier relaxation dynamics has emerged from transient
absorption measurements [65, 66]. However, the phonon dynamics remains largely un-
explored, with indirect information obtained by studying the time-dependence of the ex-
citon energy [67] and few recent ultrafast electron diffraction studies exploring electron-
phonon coupling anisotropies at the BZ edges [68, 69].

This strongly motivates a TRRS investigation, providing direct access to the inco-
herent phonon relaxation, as well as electron-phonon coupling dynamics with mode
specificity [34].

6.2 Experimental

In the following I report on a comprehensive TRRS study carried out on bulk and 1L
MoS;, aimed at monitoring the Raman spectrum after nearly resonant photoexcitation
at the K point of the BZ.

Figure 6.2 shows the structure of the investigated systems: bulk MoS,, where no
substrate effects are expected; 1L MoS,/ITO, i.e. single-layer MoS; on an indium tin
oxide substrate, which is thermally insulating and electrically conductive; 1L MoS,/Au,
i.e. single-layer MoS; on a gold substrate, which is both thermally and electrically con-
ductive. The measured bulk and 1L samples MoS, crystals were purchased from 2D
Semiconductors Inc. (Scottsdale, AZ). For the 1L case, the epitaxially grown samples,
transferred on flat gold and ITO substrates, were measured without further pretreat-
ment. For the bulk, the measured sample was obtained by exfoliating a ~ 10 pm-thick
flake (lateral size of some hundreds of ym) onto a diamond window. Diamond was
selected as substrate because of flatness and because of the high thermal conductivity,
minimizing sample damaging and enabling repeated measurements on the same spot.

The samples were characterized by measuring the equilibrium Raman signal under
continuous wave (CW) excitation at 532 nm. The obtained spectra are reported in Figure
6.2 (a), (b), (c) for the bulk, the 1L MoS,/ITO, and the 1L MoS,/Au respectively. As
visible from the figure, the Raman spectrum of MoS; in the considered frequency range
comprises two main phonon modes: one is of symmetry Ej, in the bulk (measured at
7 =383 cm~!) and F’ in the 1L (measured at 7 = 384 cm~! on Au), herein indicated as
E mode; one is of symmetry A, in the bulk (7 = 407 ecm~ 1) and A} in the 1L (7 = 404
cm ™! on Au), herein termed A mode [62]. A redshift of about 1 cm ™" is observed on ITO
as compared to Au, and ascribed to substrate effects, i.e. strain or intrinsic doping [70-
73]. The spectrum also includes a two-phonon feature at about 450 cm™~!, whose main
component is ascribed to the combined excitation of two longitudinal acoustic modes
(2LA) [74].

The pump-probe results summarized here were obtained through a series of exper-
iments carried out over two years, all employing A = 633 nm (~ 1.96 V) pump pulses
and A = 513 nm (~ 2.41 eV) probe pulses. The pump energy is resonant with the system
optical bandgap, providing photoexcitation at the K point of the BZ.

In the first set of experiments, all three of the above-mentioned systems were investi-
gated in a high photodoping regime, employing pump fluences just below the assessed
damaging threshold. In details, the used laser fluences were: 15 mJ/cm? and 2.4 mJ /cm?
for the pump and probe respectively on the bulk sample, 4.5 mJ/cm? and 1.4 mJ/cm? on
the 1L/ITO sample, 2.3 mJ/cm? and 0.9 mJ/cm? on the 1L/Au sample. In the last case,
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Figure 6.2: antiStokes and Stokes Raman spectra collected with CW excitation (A = 532 nm). of
(a) bulk MoS,, (b) 1L M0S,/ITO and (c) 1L MoS,/ Au. antiStokes spectra (left side) are multiplied
by a factor 6.5 to enable the comparison with the Stokes spectra (right side). Peak assignment
to the E-symmetry, A-symmetry and 2L A phonon modes is shown for the bulk, together with
normal displacements of the two optical modes (represented only for one layer).

due to the high reflectivity of the Au substrate at the pump wavelength, the effective
fluence on the 1L sample is given by almost twice the impinging fluence, leading to a
similar value for the pump to the one employed for the 1L/ITO. These pump fluences
result in excited carrier densities of 10! cm~2 in the 1L samples and 102! cm ™3 in the
bulk. We note that the latter value corresponds to an areal density of carriers of 10
cm~? for each layer, consistent with the 1L samples. The estimated charge density pro-
duced by optical pumping are calculated based on the optical properties of MoS, and,
in the case of the 1L samples, of the substrates, as detailed in Appendix A.1 [75, 76].
Since the high-fluence measurements were performed just below the damage threshold,
in this case each pump-probe acquisition was immediately followed by a reference spec-
trum taken without the pump. This procedure ensured that any pump-induced changes
could be distinguished from potential sample degradation, which was carefully moni-
tored throughout the experiment.

After we accomplished the upgrade of the OPA from 50 kHz to 200 kHz, the new
working conditions enabled us to access a lower fluence regime without loosing the sta-
tistical value of the measurements. Under these new conditions, we acquired additional
datasets on the bulk sample at 5 mJ/cm? and 10 mJ/cm? pump fluences (and ~ 0.5
mJ/cm? and ~ 1 mJ/cm? probe fluence).

In all measurements, Stokes and anti-Stokes signals were acquired simultaneously
and we monitored the evolution of the A,F and 2L A phonon peaks. In order to resolve
the A and E phonons, separated by about 20 cm™!, the probe pulse duration was set
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with the pulse shaper to At = 1 ps, granting a spectral resolution of A7 = 15 cm™~!. The
pump pulse duration was set to At = 0.6 ps in the first high-fluence experiments, and
to At = 0.3 ps in the low-fluence measurements. This affected only slightly the overall
temporal resolution, largely governed by the probe pulse duration, which was obtained
from the pump-probe cross correlation as At = 1.2 ps in the first case, and At = 1.1 psin
the latter case. These small variations are accounted in the data analysis by setting the
proper resolution in the fitting functions.

6.3 Photodoping-induced phonon renormalization in bulk and 1L

TRRS spectra in the high-fluence regime in the pump-probe delay interval -3 — 500 ps are
presented in Figures 6.3, 6.4 and 6.5 for the three investigated systems. The structure of
the figures is the same, with data relative to bulk, 1L MoS,/ITO and 1L MoS,/Au sam-
ples, respectively. In panels (a), data for both Stokes and antiStokes signals are shown
as an intensity map. In order to highlight the pump-induced spectral modifications, in
panels (c) we show the difference spectra, obtained by subtracting the response in ab-
sence of the pump to each pump-probe trace. Spectra and differences at selected delays
are presented in panels (b) and (d).

Figure 6.3: Time-resolved Raman
scattering spectra and differences
for bulk MoS:; in the high fluence
regime. (a) Intensity map of the
spectra (after a linear background
subtraction and a 5-points smooth-
ing) versus pump-probe delay. A
and E phonons are clearly visible
on both the Stokes (right) and an-
tiStokes (left) sides. Dashed lines
mark the selected spectra presented,
with their multipeak fitting, in panel
(b). (c) Intensity map of the relative
difference between the spectra ob-
tained with and without the pump.
Intensity differences are normalized
to the maximum intensity in panel
(a). (d) Selected difference spectra
(same delays as in (b)).

In all three systems, the pump excitation induces a phonon mode softening along
with a peak broadening within the first ps interval. This is particularly evident on
bulk and 1L MoS,/ITO from Figures 6.3 (a,b) and 6.4 (a,b). While both frequencies and
linewidths relax towards their pre-pump values at longer delay times, significant differ-
ences between the bulk and 1L systems emerge. Indeed, panels (c) and (d) of the three
figures show that the relaxation dynamics in the 1L samples is completed within the
probed delay window, since only a negligible difference signal is detectable after ~ 100
ps. By contrast, in the bulk sample, pump-induced effects persist over the whole 500 ps
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Figure 6.4: Time-resolved Raman
scattering spectra and differences
for 1L MoS,/ITO in the high flu-
ence regime. (a) Intensity map
of the spectra (after a linear back-
ground subtraction and a 5-points
smoothing) versus pump-probe de-
lay. A and E phonons are clearly
visible on both the Stokes (right)
and antiStokes (left) sides. Dashed
lines mark the selected spectra pre-
sented, with their multipeak fitting,
in panel (b). (c) Intensity map of the
relative difference between the spec-
tra obtained with and without the
pump. Intensity differences are nor-
malized to the maximum intensity
in panel (a). (d) Selected difference
spectra (same delays as in (b)).

Figure 6.5: Time-resolved Raman
scattering spectra and differences
for 1L MoS;/Au in the high fluence
regime. (a) Intensity map of the
spectra (after a linear background
subtraction and a 5-points smooth-
ing) versus pump-probe delay. A
and E phonons are clearly visible
on both the Stokes (right) and an-
tiStokes (left) sides. Dashed lines
mark the selected spectra presented,
with their multipeak fitting, in panel
(b). (c) Intensity map of the relative
difference between the spectra ob-
tained with and without the pump.
Intensity differences are normalized
to the maximum intensity in panel
(a). (d) Selected difference spectra
(same delays as in (b)).
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window, with still clearly red-shifted peak positions. Another difference resides in the
pump-induced variations of the Raman signal intensity. It can be noticed that photoexci-
tation in the 1L determines an overall enhancement of the signal, appearing as a positive
trace (red area) in Figures 6.4 and 6.5 (c); in the bulk, instead, the signal is reduced, as
particularly evident on the Stokes side (blue area in Figure 6.3 (c), accompanied by a red
area arising due to peak frequency shift). We believe this observation to be related to the
partially resonant nature of Raman scattering in the present conditions, discussed in Ap-
pendix A.3. On the other hand, for both bulk and 1L samples, the antiStokes-to-Stokes
intensity ratios show qualitatively similar dynamical changes although developing over
rather different timescales.

To enable a quantitative analysis of the data, we performed a standard fitting of the
spectra. A multiple peak deconvolution was carried out as follows: the background was
fitted with two different lines for the Stokes and antiStokes sides and subtracted; the
probe laser line was acquired and fitted with a Gaussian function to determine spectral
resolution; the A and F phonon peaks were fitted with Voigt profiles (i.e. the convolution
of a Lorentzian and a Gaussian) with the Gaussian FWHM fixed at the measured spectral
resolution, while the two-phonon peak at 450 cm ™! was fitted with a single, broad Gaus-
sian function. For each peak, Stokes and antiStokes sides were fitted simultaneously,
with the same parameters describing the distance from the laser line and the FWHM.
The fit results on selected spectra are presented along with the data in panels (b) of the
three figures. Having measured an additional spectrum without the pump after each
pump-probe measurement, we were able to partially correct the possible effect of laser
intensity fluctuations in the parameters extracted from the multipeak fitting. All param-
eters related to the high-fluence measurements presented in the following are indeed
obtained subtracting the values extracted from unpumped spectra to the corresponding
quantities derived from the pump-probe spectra, then summing back the average value
of all unpumped spectra.

In the following we focus, as main objects of our investigation, on the time depen-
dence of the frequencies 7, and effective temperatures 7T;, for both the A and F lattice
modes.

As thoroughly described in Chapter 3, the equivalent phononic temperature of each
mode was obtained as:

7o ey 1 6.1)

kB I hw;+hw, 3
in (IASS (hwithwu>
where in the present case Is and ¢ are the integrated intensity of the peaks obtained
from the data fitting. We note that we have neglected here the possible effect of a wave-
length dependence of the sample optical constants. This is discussed in Appendix A.2,

where it is shown that, even if this dependence could affect the temperature values ex-
tracted for the bulk sample, it would not have any effect on the measured dynamics.

In order to extract the characteristic time constants of the observed dynamics, the
data were fitted with the function

) = ab(t —to)(emtt0)/m 4 ge=(t=to)/m2)y 4k (6.2)

which was used for all the time dependent quantities. It is characterised by a step rise
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centred at ¢y and a biexponential decay with time constants 7; and 72, with 71 < 2. ain-
dicates the amplitude of the faster time trend (negative for the phonon frequencies), J is
the relative weight of the slower time trend. k., indicates the equilibrium value of the fit-
ted quantity. Function 6.2 was convoluted with a Gaussian accounting for the temporal
resolution (see Section 6.2). The time constants extracted from the data fit are reported in
Table 6.1. As routinely done in pump-probe experiments, the zero-delay time measured
with the BBO crystal was corrected adjusting to zero the fastest dynamics observed in
the temporal scan, which coincides with the frequency shift in MoS, bulk and in the 1L
MoS;/Au (measured in the same alignment conditions as the 1L MoS, /ITO).

7 %) Ty Tg
to | 1 P to | 1 P to | 1 ) to | 7 | ™1 )
Bulk 0 2.5 | > 500 0 20 | >500 | 0.6 | 5.4 | >500| 0.6 | 55| 35| >500
ILonITO | 0.2 | 1.0 31 0.2 1] 2.3 28 04| 5.3 81 - - - -
1L on Au 0 - 17 0 - 40 0.5 | 2.0 10 - - - -

Table 6.1: Time constants extracted from the fitting of the temporal trends on bulk and 1L MoS,
in the high fluence regime. Time delays are expressed in ps. The to values are obtained as a shared
fitting parameter for the two phonon modes, both for the frequencies and the temperatures.

In Figure 6.6, we show the evolution of the measured A mode frequencies 74(t) and
effective temperatures T4 (¢) for all the three samples as a function of pump-probe delay.
Solid lines are the best fit curve obtained from Equation 6.2. The behaviour already
visible from the intensity maps in Figures 6.3, 6.4 and 6.5 is clearly appreciated here:
a prompt redshift of the phonon modes occurs right after the pump arrival, followed
by a slow and sample-dependent relaxation dynamics. In all systems, we also observe
a marked increase of the phononic temperature after photoexcitation: that reflects the
expected rise in phonon population due the dissipation of the excess electron energy via
electron-phonon coupling.

In Figure 6.6 (a) the bulk sample shows a nearly instantaneous drop (tgA ~ 0 ps)
of 74(t), reaching the maximum softening of Ar}"** ~ —7 cm™! (extracted from the fit
with function 6.2). That is followed by a fast recovery dynamics (7{* ~ 2 ps) and a
consequent very slow one, exceeding the accessible delay window (75 >> 500 ps). The
phonon softening A#,4(t) is accompanied by an increase of the phonon temperature,
AT, (t), with AT** ~ 490 K. The subsequent relaxation dynamics is well reproduced
with a fast decay time constant 7/ * ~ 5 ps and a longer one 75 * > 500 ps as occurred for
the frequency shift. Remarkably, the rise of T)4(t) is delayed of 3 * ~ 0.6 ps with respect
to the phonon frequency shift. This observation occurs in all three samples (insets of
Figure 6.6) and plays a relevant role in rationalizing the origin of the phonon softening.

Although the softening of phonon frequencies can be due to lattice thermal expan-
sion [53, 77-81], in the present case phonon softening occurs before the increase of T4,
i.e. before the energy transfer from electron to phonon bath. That suggests the observed
phonon redshift in the early time range to be primarily electronic in origin. Phonon fre-
quency renormalization has been indeed observed in gated samples of MoS, and other
TMDs [82-84], where it has been associated to the effect of the electron-phonon screening
induced by carrier injection [84, 85]. A similar, even stronger effect was predicted theo-
retically to occur following photodoping, leading to a large, expected, phonon softening
in ultrafast non-equilibrium measurements [86]. Girotto et al. estimated an expected
frequency shift in the order of 10 cm™! upon an initial excited carrier density of 10
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Figure 6.6: Temporal evolution of the A
phonon frequency and equivalent tem-
perature for (a) bulk, (b) 1L on ITO
and (c) 1L on Au samples. The varia-
tion of the phonon peak positions, from
multipeak fitting, are displayed as blue
dots, and the variation of the tempera-
tures extracted from Equation 6.1 as red
dots. Continuous lines show the best
fit curves. A dashed vertical line marks
to = 0 ps. In the insets, we compare the
fitting curves of frequency shift and tem-
perature at short times, normalised to the
maximum value, evidencing a clear de-
lay between the rise of the two quantities.
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cm ™2 for 1L MoS,. Such values are compatible with the present experimental conditions
(see Section 6.2). We thus ascribe the prompt frequency shift in the early ps range to
the enhanced screening induced by the resonant pump-driven transient doping of the
system at the valleys. Moreover, we can expect the redistribution of both electron and
hole excited carrier densities to be responsible for the short time relaxation dynamics.
The fast decay can be most likely associated to non-radiative processes [87], rather than
radiative recombination, typically occurring on a longer timescale [88-91].

6.4 Substrate effects on renormalization dynamics

Figure 6.7: Effects of the substrate, ITO (blue) or Au (yellow), on the frequency shifts on 1L
MoS:; for (a) A out-of-plane mode and (b) E in-plane mode. Continuous lines display the best fit
curves. Bottom panels: differences between fitting curves on ITO and Au, rigidly shifted to a null
difference at negative delays (thus, excluding pump-independent differences). At short delays,
the difference is evident in both modes, whereas at long time delays a mismatch remains only for
the E mode.

Within this context, further insights can be retrieved from the comparison between
the bulk system and 1L samples on substrates. The behaviour observed for 1L MoS, /ITO
appears rather similar to the bulk in the early ps range, showing actually the same fre-
quency shift and phonon temperature (A% ~ —8 cm™!, AT}** ~ 480 K) and a
slightly smaller fast decay time after photoexcitation (7{* = 1.0 ps), possibly reflecting
the higher electrical conductivity of ITO compared with MoS; itself. As to the slower
delay constants 7, 1L MoS, /ITO shows a striking difference with the bulk sample, since
both 74(t) and T'4(¢) undergo a complete relaxation in the order of tens of ps (see Table
6.1). The time-dependent phonon response in 1L MoS, / Au shows further differences to
be connected with a prominent role of the substrate. Even in this case, similarly to the
sample on ITO, the relaxation dynamics is fully completed within 500 ps, for both 74 (¢)
and T4 (t). However, the frequency shift here is much smaller than in the 1L MoS, /ITO
case and, more importantly, the relaxation dynamics does not show the fast decay com-
ponent. This is particularly evident from Figure 6.7 (a), where the A mode frequency
shifts, A4(t), of the two 1L samples are compared. A strong influence of the substrate
on 1L systems is not unexpected [62, 70, 71, 92]. The work function of Au is greater



Transient photodoping and phonon dynamics in bulk and monolayer MoS, 71

than that of MoS; implying that the band alignment of the MoS,-Au interface favours
electron transfer from MoS; to Au. Hence, the substrate provides a very efficient dissi-
pation channel (sink) for the excited carriers on timescales of about 10-100 fs [93-95]. We
argue that this quenches the photodoping-induced phonon renormalization faster than
our temporal resolution. At longer time delays, as shown in Figure 6.7 (a), the A (t)
trend for 1L MoS,/ Au is basically superimposed to that of 1L MoS,/ITO, suggesting the
slower relaxation dynamics being little affected by the substrate. This is quantitatively
verified by the similar values of 75,* obtained by fitting on both samples.

Data and best fit curves on the time evolution of the £ mode frequency renormal-
ization A for the two 1L samples are also compared in Figure 6.7 (b). It is apparent
that, in this strong photodoping regime, the renormalization of the £ mode takes place
to the same extent and with the same time dependence as that of the A mode. This is
the case also for the bulk sample (see Figure 6.15), for which, however, a more detailed
discussion on the fluence dependence of the renormalization of the two modes has been
developed and presented in Section 6.7. The temporal evolution of the £ mode fre-
quency shifts confirms the observations made on the bulk, not completing the relaxation
towards equilibrium in the studied time delay windows, and that on the 1L MoS,/Au,
lacking the first fast decay component. This results in comparable values of 7 and 75"
estimated for each sample (see Table 6.1).

The comparison of E mode frequency shifts for the two 1L samples evidences how-
ever a further difference between the two substrates. On Au, the £ mode shift is ba-
sically the same as the A mode in terms of both amplitude and temporal dependence.
In 1L MoS,/ITO, instead, the F mode shifts more than the A and does not return to
equilibrium within 500 ps (Figure 6.7 (b)). This asymptotic offset in the time decay of
ADp is estimated by fitting as —1.9 cm~!. We interpret the observation as a marker of
strain. Indeed, lattice expansion of the substrate due to pump-induced heating can gen-
erate a tensile strain on 1L MoS, which, acting along the in-plane directions, affects the
E phonon frequency much more than the A [96-98]. This effect is more pronounced on
ITO because of its thermal conductivity (5 W/mK), much lower than that of gold (317
W/mK) and of MoS; itself (35 W/mK) [77, 99]. Remarkably, only in the 1L on ITO, the
frequency shift appears delayed with respect to time zero (see insets of Figure 6.6), as
caused by a substrate-induced strain component in the observed shift.

6.5 Mode-dependent electron-phonon coupling

We now concentrate on the temperature dynamics of the A and F modes, as obtained
from the antiStokes-to-Stokes intensity ratio. Out-of-equilibrium studies are often inter-
preted in the framework of two-temperature models, considering two different temper-
atures for the weakly-coupled electronic and lattice subsystems in a transient configu-
ration [100]. However, this picture has proven to be unsatisfactory in several materials
[101-103]. This emerges clearly also from our present data. The temperatures extracted
from equation 6.1 for the A and E phonons in the three samples are shown in Figure
6.8. The behaviour of the two modes appears dramatically different, regardless of the
specific sample. The A mode temperatures are much higher than ambient temperature
even at negative time delays and have a prompt and marked increase of ~ 300 — 400
K after the pump arrival. On the other hand, the temperatures of the &/ mode are only
slightly higher than room temperature (~ 290 K) at ¢ < 0, and display a slow and smooth
increase of only ~ 100 — 150 K at positive delays.
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Figure 6.8: Phonon temperatures for the two phonon modes in bulk (a), 1L on ITO (b), 1L on
Au (c) MoS; estimated from the ratio between antiStokes and Stokes intensities from data fitting.
Continuous lines display the results of the time trends fittings.

Figure 6.9: Temperature variations in bulk (a), 1L on ITO (b), 1L on Au (c¢) MoS;. Red (pur-
ple) points represent the difference between the A (E) phonon temperatures obtained from the
antiStokes-to-Stokes intensity ratio (equation 6.1) of spectra acquired with and without the pump.

The observation of a difference between the modes before time zero is remarkable
per se. It is known from literature that electronic resonances can alter the antiStokes-
to-Stokes intensity ratio, rendering equation 6.1 inapplicable. Some of these apparent
temperature anomalies seem to arise from the different relative position of the antiS-
tokes and Stokes transitions with respect to an electronic resonance, i.e. a peak of the
joint density of states; that was also observed in MoTe, [104]. Another possible reason
for a failure of the simple hypothesis of equation 6.1 might arise from symmetry-related
differences in the resonant Raman cross sections for the two phonon modes [105]. In both
these cases, the anomalies should be observed also in the equilibrium Raman spectra, ac-
quired with the same probe wavelength. The spectral shape measured with a standard
532 nm CW probe (see Figure 6.2 in Section 6.2) is however fully compatible with room
temperature conditions and the extracted temperature appears on the contrary slightly
enhanced (< 40 K) for the F mode, as already observed in similar experimental condi-
tions [106]. The difference in the mode temperatures appears only using a pulsed laser
source, implying it is a non-equilibrium effect: we argue that the observation is a signa-
ture of a stronger coupling of the A phonons with the electronic degrees of freedom, as
discussed in Chapter 3.

Given the probe wavelength is weakly resonant with the electronic transitions in
MoS; (both bulk and 1L), the relaxation of the small electron population excited by the
probe itself creates an excess population of optical phonons within the probe duration.
That is expected to contribute to the measured antiStokes intensity resulting in an in-
creased effective local temperature in time. Electron-phonon coupling can thus be re-
sponsible for the imbalance in the initial (¢ < 0) population of A and E phonons. Since
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the enhancement of the base temperature of the A phonons is independent on the pump,
this effect does not impair the interpretation of the pump-induced increase in phonon
population and its relaxation dynamics, which are encoded in the observed variation
AT with respect to the measurement without the pump, reported in Figure 6.9.

The time evolution of AT (t) confirms that the A mode is more strongly coupled with
the electron reservoir than the £ mode, representing a prevalent electron-phonon scat-
tering channel. Indeed, the increase in the E temperature is slower and we found that

t—t
a smooth rise, modelled with an extra term (1 —e TO) in the fitting function 6.2, pro-

vides a better fit to the data than a step-like increase. The result of the fitting for the bulk,
with 7. ~ 5.5 ps, is shown on the data in Figure 6.8 (a). The electron de-excitations via
creation of E phonons thus result to occur at a lower rate than de-excitations involving
A phonons and possibly £ phonons are created at a later stage via anharmonic phonon-
phonon relaxation. In the 1L samples, the low intensity of the E antiStokes peak and the
overlap with the A peak result in a lower accuracy of the fitted intensity and antiStokes-
to-Stokes ratio. Thus, no fitting was performed on the T temporal trends, which in any
case clearly follow, at short delays, the behaviour described for the bulk (see Figures 6.8
(b) and (c)).

By looking at the time trends of AT4, ATg (Figure 6.9), we can see how the pop-
ulation of the two modes becomes equal only at ¢ 2 20 ps in all samples. This value
can thus be taken as an estimate of the time after which a single temperature can ad-
equately describe the entire phonon bath (or at least the optical phonons). It is evi-
dent that, at smaller delays, describing the phonon dynamics with less than two tem-
peratures is not possible. Indeed, the A and E modes exhibit a “hot phonon” and a
“cold phonon” behaviour, respectively, which necessarily derive from a very different
symmetry-dependent coupling with the electrons [102, 103]. Theoretical works reported
in the literature have suggested that the out-of-plane atomic displacement, induced by
the A phonons, modulates significantly the electronic band dispersion [107], and par-
ticularly the conduction band minima at the K point of the BZ. The in-plane distortion
induced by E phonons is expected to have a minor effect on the electronic states [84].

Overall, the presented data represent an evidence of the creation of a non-thermal
phonon distribution, which by definition cannot be observed under equilibrium condi-
tions, surviving at least up to 20 ps. A timescale of tens of ps for the thermalization of
the phonon subsystem is consistent with the findings of Caruso [108] and Britt et. al [68]
which, however, describe the inhomogeneous excitation of the phonons across the BZ
without appreciating a substantial difference between the A and E atI'.

6.6 Relaxation dynamics

Based on the considerations above, we attempt to rationalize the consequent steps in the
system relaxation dynamics, involving both electronic and phononic degrees of freedom.

We interpret the phonon renormalization at short delays as a signature of the tran-
sient, pump-driven photoexcited electron population. After ultrafast internal thermal-
ization of the electrons to a pump-dependent temperature T,, the carrier relaxation pro-
ceeds, determining the observed short time dynamics in the phonon frequencies. At the
early ps scale, we can expect the carrier density to be depleted mainly via non-radiative
processes (e.g. Auger, scattering by defects, charge transfer to the substrate in 1L sam-
ples, etc.), whereas electron-phonon scattering provides a dissipation channel decreasing
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Figure 6.10: Sketch of the evolution
of the internal temperature of the var-
ious subsystems interacting in the re-
laxation dynamics of: (a) bulk MoS;; (b)
1L MoS; on substrate. The pump tem-
poral profile is displayed as the shad-
owed grey area. The time dependent
temperature variations of the electrons,
A and E symmetry phonons, and the
phonon bath are displayed in solid lines
with colours according to the legend.

the effective electron temperature T;. This goes along with an increase of the population
of selected phonon modes, coupled to the photoinduced electron and hole charge pock-
ets. In TRRS spectra, the dynamics of frequency shift and effective phonon temperature
provide two independent useful channels for tracing these different physical processes,
i.e. charge redistribution and energy transfer. In both, the influence of the substrate on
the 1L samples is evident. Concerning the carrier depletion (and associated frequency
shift), we observe stronger deviations from the bulk behaviour for more efficient MoS,-
substrate charge transfer [93-95]. It is safe to assume that the transient phonon popula-
tions produced by electron relaxation do not contribute to any substantial modifications
to the phonon spectrum at this timescale. Indeed, as expected from literature [68, 108,
109] and clearly observed in our measurements, at time delays shorter than 20 ps the
phonon distribution is highly non-thermal, with a marked difference in the population
of different modes. Selectively populating some of the phonon modes does not inher-
ently alter the equilibrium positions of the ions in the same way as thermodynamically
increasing the temperature does, thus leaving the bond strength and phonon frequencies
unperturbed.

As shown in the previous section, the electron-phonon driven increase in the effective
lattice temperatures is highly mode-selective. We here introduce a multi-temperature
model to describe the overall system relaxation dynamics, noting that reproducing the
observed phenomenology requires the use of at least 3 different temperatures for the
phonon subsystem. The model, developed by E. Cappelluti following [102], is detailed
in the Appendix A.4. The result of its application to the bulk sample of this experiment
is sketched in Figure 6.10 (a). At the pump arrival, its energy is deposited in the electron
subsystem, as visible from the increase in the electron temperature T¢;. As the electron
relaxation proceeds, with a ps delay with respect to the rise of T;, the strongly coupled A
phonon mode is first populated, then the equivalent temperature of the £ mode grows,
to reach a maximum at a few ps delay. The thermalization of the two modes with the
phonon bath (i.e. all other phonon modes) occurs within 20 ps. In the model, the electron-
phonon coupling strengths and the modes specific heats are selected to closely follow the
observed dynamics, in terms of kinetics and observed temperature variations. The ex-
perimental trends are properly reproduced by setting an electron-phonon coupling of
the A phonon 10 times greater than the one of the &/ phonon. Overall, if an indepen-
dent experimental assessment of the photoexcited electron temperature was present, the
model would allow a direct measurement, based on TRRS data, of the mode-dependent
electron-phonon coupling strength.
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At longer timescales, thermal and charge diffusion outside the scattering volume
could be at work. In that case, the restoring of the initial charge/temperature condi-
tions would be expected. Our findings suggest, however, that such diffusion processes
are only weakly operative in the bulk system. Indeed, in the experiment conducted on
the bulk, both the phonon frequencies and the phonon temperatures display a plateau
behaviour for ¢ > 20 ps, with a residual frequency shift Ai greater than 2 cm™! and an
excess of 55 K in the phononic temperature of both modes at t = 500 ps. Given this excess
temperature does not explain the measured phonon shift [77-81] (see Figure 6.11 (a)), we
conclude a finite transient doping is still present in bulk compounds at ¢ = 500 ps. That
can be ascribed to long-lived excitons or trapped states [110]. Overall, the pump-driven
excess energy is not fully dissipated, thus resulting in asymptotic temperatures exceed-
ing the starting values for all the system degrees of freedom, as depicted in the right
panel of Figure 6.10 (a).

Figure 6.11: Comparison between measured phonon frequency shifts and values expected if
the measured dynamical AT was reached under equilibrium conditions, for (a) bulk, (b) 1L
on ITO and (c) 1L on Au samples. Blue dots mark the phonon peaks positions extracted from
the multipeak fitting, while orange squares are calculated from the temperature data using dw/dT
values obtained from [78].

In both 1L samples, the short timescale evolution of the phonon temperatures is sim-
ilar to the bulk case. Here as well, at ¢ > 20 ps, lattice thermalization has occurred.
The timescale is compatible with the (indirect) measurements of Chi et al. [67]. Interest-
ingly, by calculating the phonon softening A expected if the measured transient AT was
reached under equilibrium conditions (reported in Figure 6.11 (b) and (c)) one finds that
for ¢ > 20 ps the thermal contribution can fully explain the observed frequency shifts:
contrary to what is observed in the bulk, electronic effects on the phonon spectrum in
the 1L appear negligible after a few tens of ps. This implies that the electronic relaxation
processes in 1L samples promptly damp the photodoping below the threshold needed to
appreciate its effect on the phonon spectrum. Beside the possible charge transfer to the
substrate, carrier de-excitation is indeed expected to be faster in 1L samples, where the
direct bandgap allows for radiative recombination, than in the bulk, where it is entirely
phonon-mediated and thus less efficient. In addition, a crystal surface typically contains
a higher concentration of defects than the bulk, leading to a possible increase in defect-
mediated non-radiative recombination in 1L samples [111]. The difference between the
1L on ITO and Au resides is in the efficiency of electron population depletion and ther-
mal dissipation by the substrate, both higher in Au: coherently, in the 1L/Au sample,
both the 7/ and 7, * result smaller as compared to the 1L on ITO. Instead, one can
expect a similar phonon de-excitation pathway in the 1L/ITO and bulk samples, given
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they are both governed by the in-plane heat diffusion inside MoS, (ITO has a very poor
thermal conductivity). The fact that the long timescale relaxation in the phonon popula-
tion on ITO differs from that of bulk MoS, further corroborates our interpretation on the
role of the residual transient doping in keeping the bulk sample out of equilibrium. The
loss of the pump-driven photoinduced charge/energy due to all these combined effects
in 1L samples on substrates can be also considered in the multi-temperature model, as
discussed in Appendix A.4. The qualitative theoretical behaviour is displayed in Figure
6.10 (b), showing the complete relaxation of the 1L system, in substantial agreement with
the experimental scenario.

6.7 Fluence dependence and nonlinear phonon renormalization

Measurements performed at reduced excitation (pump) fluence allow us to explore the
behaviour of bulk MoS, in weaker doping regimes. This is particularly relevant in
TMDs, where the presence of a multivalley electronic band structure and of strongly
bound excitons give rise to distinct phenomenology depending on the excited carrier
density. In particular, populating more than one valley has been shown to impact the
validity of the adiabatic approximation and alter the phonon energies [84, 85], while
exceeding the so-called Mott density leads to a transition from an excitonic regime to
one characterized by unbound carriers (electron-hole plasma/liquid) [112-114]. These
transitions can significantly modify both the carrier-induced screening and the electron-
phonon coupling, that we probe via TRRS by monitoring the time evolution of phonon
temperatures and frequency renormalizations.

Figure 6.12 shows the TRRS spectra (a) and the difference spectra (b) as a function
of the pump-probe delay measured at the lowest excitation fluence of 5 mJ/ cm?, corre-
sponding to an excited carrier density of ~ 7.3 - 102 cm 3. For comparison, the excited
carrier density were estimated to be ~ 1.5 - 10%! and ~ 2.2 - 10?! ¢cm™3 for the datasets
obtained with 10 and 15 mJ/cm? pump fluences, respectively (the detailed calculation is
provided in Appendix A.1). The probed delay range spans from -3 to 100 ps. The differ-
ence spectra were obtained in this case by subtracting the average response at negative
delays (between -3 and -1.5 ps).

As expected, the pump-induced effects observed in Figure 6.12 are less pronounced
than those seen at higher fluence in Figure 6.3. Nevertheless, the main qualitative fea-
tures remain consistent: the pump induces a softening and broadening of the phonon
peaks, an increase in the antiStokes intensity and a decrease in the Stokes intensity.
These effects are notably long-lived, as evidenced by the absence of a complete return
to equilibrium within the 100 ps time window of our measurements. One difference can
however be noted: the softening of the &/ mode near the pump-probe coincidence time
is significantly less visible in this case. This is evidenced, in the difference maps in panel
(c), by the lack of a marked red (positive) region to the left of the Stokes equilibrium
position of the £ mode, indicating a weaker shift of the peak.

To analyze these spectra and the spectra obtained with 10 mJ/cm? pump fluence, we
applied the same multiple peak deconvolution procedure described in Section 6.3 for
high-fluence data. Repeating the same analysis, we extracted the phonon temperatures
and peak shifts as a function of the pump-probe delay, and fitted the resulting dynamics
using the model function 6.2. The extracted time constants for all three fluence values
are reported in Table 6.2.
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Figure 6.12: Time-resolved Raman
scattering spectra and differences
for bulk MoS, with 5 mJ/cm?
pump fluence. (a) Intensity map
of the spectra (after a linear back-
ground subtraction and a 5-points
smoothing) versus pump-probe de-
lay. A and E phonons are clearly
visible on both the Stokes (right)
and antiStokes (left) sides. Dashed
lines mark the selected spectra pre-
sented, with their multipeak fitting,
in panel (b). (c) Intensity map of
the relative intensity variation of the
spectra after the pump arrival, ob-
tained subtracting to the spectra the
average response at negative delays.
Intensity differences are normalized
to the maximum intensity in panel
(a). (d) Selected difference spectra
(same delays as in (b)).
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Table 6.2: Time constants extracted from the fitting of the temporal trends on bulk MoS; for
different exciting fluences. Time delays are expressed in ps. The ¢, values are obtained as a shared
fitting parameter for the two phonon modes, both for the frequencies and the temperatures.

Figure 6.13 shows the phonon frequency shifts for both the A and E modes at each
pump fluence. As expected, the magnitude of the shifts decreases with decreasing flu-
ence. However, beyond this general trend, a striking qualitative difference between flu-
ence regimes also emerges. At high fluence, both phonon modes display nearly identical
renormalization amplitudes (A0™** ~ 5 cm™!) and similar characteristic decay times
(see Table 6.2). In contrast, at lower fluences, the A mode exhibits a significantly larger
shift than the £ mode. Moreover, the £ mode appears to lack the fast decay component
entirely, instead displaying a step-like temporal evolution. This behaviour was obtained
in the fitting as the limit of function (6.2) when § = 0, thus the second decay component
is lacking, and 7, — oo. The contrasting behaviour of the two phonon modes becomes
even more evident when the frequency shifts are normalized to the value of the excita-
tion fluence, as shown in Figure 6.14. For the A mode, the normalized trends are super-
imposed almost perfectly, indicating a linear dependence of the renormalization on the
pump fluence. Conversely, the E mode shows a clear deviation from linearity at all time
delays, most notably exhibiting a strong enhancement of the maximum frequency shift
at the highest fluence.

The observation in the high fluence regime of the same phonon softening dynam-
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Figure 6.13: Temporal evolution of the phonon frequency shifts as a function of the pump
fluence for the (a) A and (b) E modes. Continuous lines display the results of the time trends
fittings.

Figure 6.14: Temporal evolution of the phonon frequency shifts normalized on the pump flu-
ence for the (a) A and (b) E modes. Continuous lines display the results of the time trends fittings.

ics for the A and E mode is actually rather unexpected, given their different electron-
phonon coupling strengths. This result is also at odds with the available literature: equi-
librium measurements on electrostatically doped samples show a much larger redshift
for the A phonon compared to the £ phonon [82, 84], and theoretical calculations like-
wise predict a stronger effect of transient photodoping on the A phonon frequencies
[86]. However, the described behaviour of the frequency shifts points to the presence
of a threshold in the fluence, beyond which the £ mode seems greatly affected by the
presence of a photoexcited carrier density .

We now turn to the effect of different fluences on the two phonon modes temper-
atures dynamics, reported in Figure 6.15. Figure 6.16 shows the phonon temperature
variation AT normalized on the value of the excitation fluence. These data clearly show
that the enhanced dynamical population of the A mode, along with the presence of a
nonthermal phonon distribution, is maintained at all fluence levels. Moreover, the ther-
malization timescale of the two modes, determined by the decay constant 7; * appears
largely unaffected by the initial photoexcited carrier density. Small differences can how-
ever be noted: for both modes, the normalized phonon temperature variations show a
small decrease when increasing the fluence, and the delay between the frequency renor-
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Figure 6.15: Temporal evolution of the phonon temperatures as a function of the pump fluence
for the (a) A and (b) £ modes. Continuous lines display the results of the time trends fittings.

Figure 6.16: Temporal evolution of the variation of phonon temperatures normalized on the
pump fluence for the (a) A and (b) £ modes. Continuous lines display the results of the time
trends fittings.

malization and the rise of the phonon temperatures displays a slight reduction (see Table
6.2). Moreover, the slow rise of T is not evident in the low fluence data.

Based on literature values, the excitation fluences used in this study place the system
well above the estimated Mott density (~ 10'3 cm™2 for a MoS; 1L [112-114]), within a
free-carrier regime. In this regime, an increase of the fluence, and consequently of the
photoexcited free carrier density, is generally expected to enhance the screening, result-
ing in a reduction of the electron-phonon coupling strength. As reported by Pan et al.
[69], this screening is predicted to be particularly effective for long-wavelength phonons
close to the I point, leading to a reduced population of these modes and a slower excita-
tion dynamics. This is consistent with our observations on the phonon temperatures: T4
(and, to a minor extent, Tz) increases sub-linearly with fluence, and the population of the
two modes is increasingly delayed at higher fluences. The difference in electron-phonon
coupling strengths due to the specific symmetry of the two phonon modes, with mode
A being a “hot phonon” and mode E being a “cold phonon”, seems instead preserved
regardless of fluence.

On the other hand, the frequency shift of the £ mode exhibits a much more pro-
nounced dependence on fluence, showing a super-linear response to increasing excita-
tion power, and possibly indicating the crossing of a threshold at the highest fluence.
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This is also supported by the evolution of the 2L A mode, which, at the highest fluence,
shows a qualitatively different temporal profile compared to the lower fluence condi-
tions (see Figure 6.17 (a) in the next Section). These findings suggest the presence of
distinct phonon renormalization mechanisms that emerge in different doping regimes.

As discussed above, discontinuities in the system response with increasing carrier
density may arise from either (i) surpassing the Mott density, beyond which excitons
dissociate into free carriers, or (ii) the population of different valleys in the BZ, leading
to an abrupt change in the Fermi surface, i.e. a so-called Lifshitz transition. Although the
estimated Mott densities place it below all the fluence values used here, the fact that this
transition is still poorly explored in bulk systems and under non-equilibrium conditions
prevents us from fully ruling out the first scenario. However, if a transition from exciton
to free carrier regimes does occur, it would be expected to enhance screening efficiency
and thereby suppress the degree of phonon renormalization. Nonetheless, resonant Ra-
man scattering measurements have shown that excitons couple to the phonon modes in a
highly symmetry-dependent manner, with mode A coupling predominantly to A and B
excitons, and mode E being sensitive to the C exciton, in which the electrons have both
Mo d,» and S p,, p, (in-plane) orbital character [74]. In this context, a transition from
an excitonic to a free-carrier regime could relax symmetry constraints on the coupling,
potentially leading to more similar dynamics of the two phonon modes.

Even considering all the explored fluences as lying outside the excitonic regime, the
stronger coupling of the EX mode with electronic orbitals with in-plane components could
underlie the observed differences. Indeed the strong electron-phonon coupling of the A
mode is thought to be rooted in the specific band modulation induced by the A phonon
near the conduction band minima. Carrier injection into regions of the conduction band
far from these minima, as expected for strong photodoping, may enhance the carrier-
induced renormalization of the £ phonon and reduce the contrast between the two
modes.

How this reconciles with the lack of a significant increase of T, signalling that the
creation of E-symmetry phonons remains a marginal channel for electronic de-excitation,
remains an open question. To deepen our understanding of the phenomenon and ex-
plore its generality, we plan on extending our study to other TMDs, such as WS,. Given
its analogous structure but different valley energy separations and exciton binding ener-
gies, WS, may provide critical insight into the interplay between symmetry, band struc-
ture, and phonon dynamics, helping to reach a comprehensive interpretation of the cur-
rent observations.

Moreover, a direct characterization of the photoexcited electron population at differ-
ent fluences (for instance through time-resolved reflectivity or time- and angle-resolved
photoemission measurements) would be desirable, as it could directly identify the tran-
sition between distinct photodoping regime.

6.8 Strongly coupled longitudinal acoustic phonons

As a final point, we now discuss the response of the Raman peak observed at ~ 450
cm ™! to the system photoexcitation. As mentioned in Section 6.2, this peak arises from
second-order Raman processes involving the simultaneous creation/annihilation of two
phonons. Its broad linewidth, larger than the experimental resolution, is justified by
the presence of multiple spectral components, as revealed by resonant Raman measure-
ments [62]. The assignment of these components is nontrivial, due to the large overlap



Transient photodoping and phonon dynamics in bulk and monolayer MoS, 81

of the peaks and the dependence of their relative intensities on the probe photon energy.
The dominant contribution is generally attributed to the creation of two longitudinal
acoustic (2L A) phonons with wavevectors either ¢ = =K or ¢ = £M. Since the two are
nearly degenerate in energy, distinguishing between them is challenging. Although res-
onant Raman measurements at different energies suggest a predominance of the 2LA(K)
component with a 513 nm probe, this assignment may not hold under out-of-equilibrium
conditions [74].

As discussed in Chapter 2, second-order Raman processes provide access to phonons
with wavevectors far from the centre of the BZ, including acoustic modes. This is par-
ticularly relevant in MoS, and TMDs, where acoustic phonons, and especially the LA
mode at the K, M, or () points, are believed to mediate inter-valley scattering processes
[74, 86, 115]. Furthermore, electron scattering experiments [69] suggest that electronic
relaxation in these materials proceeds primarily via the creation of acoustic phonons in
the early stages, with optical phonons being populated at later times. This contrasts
with the canonical picture in which optical phonons are more strongly coupled to elec-
tronic excitations and acoustic phonons are generated subsequently via phonon-phonon
scattering.

Figure 6.17: Temporal evolution of (a) the phonon frequency shift and (b) the variation phonon
temperature of the L A mode. Data are normalized on the pump fluence. Continuous lines display
the results of the time trends fittings. Dashed red lines mark the result obtained from the fit of the
temporal evolution of the same quantities for the A mode with 15 mJ/cm? fluence.

To investigate this behaviour, we extracted from the multipeak fitting of our data
both the frequency renormalization and the effective phonon temperature of the two-
phonon peak. The latter was obtained with a modification of Equation 6.1 appropriate
for second-order Raman processes involving two identical phonons (see Chapter 2). The
obtained values, normalized on the pump fluences, are reported in Figure 6.17 along
with the result of the corresponding fit with function 6.2. In the trends obtained from the
high-fluence dataset, some points are clearly outliers (originating from a low intensity of
the antiStokes peak compared with the background) and were excluded from the fitting.
The time constants extracted from the fitting are reported in Table 6.3.

From the trends reported in 6.17 (a), it is evident that the 2L A phonon peak under-
goes at positive delays a strong frequency renormalization, almost twice as large as that
observed for the two optical modes at the highest pump fluence. The pronounced re-
sponse of the acoustic mode to photoexcitation is further confirmed by the temperature



82 6.8 Strongly coupled longitudinal acoustic phonons
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Table 6.3: Time constants extracted from the fitting of the temporal trends on the 2L A peak for
different exciting fluences. Time delays are expressed in ps.

trends in panel (b): at positive delays the LA phonon population has a remarkable in-
crease, again nearly double that of the A mode. Notably, as for the A mode, the absolute
values T of the temperature extracted at negative delays and in absence of the pump
are significantly higher than room temperature, in the range 500 — 700 K (data shown
in Appendix A.5). Altogether, these observations indicate a strong coupling of the elec-
trons with the LA modes, overcoming the one with zone-centre optical modes. This is
consistent with the predictions of Caruso [108] and Girotto et al. [86], which foresee
a strong photoinduced population of zone-edge LA phonon and the renormalization of
their frequencies of several tens of cm™ Lin 1L MoS,. At the highest fluence, the LA mode
appears to be populated faster than the £ mode, but with a slight delay with respect to
the A mode. This seems at odds with the results of Pan et al. [69], arguing that optical
phonons in I' are populated with a delay of several ps with respect to the zone-edge
acoustic modes, but their electron diffuse scattering measurement are little sensitive to
the phonon modes inducing out-of-plane modulations (like the A mode) [68]. Thus the
electronic de-excitation pathways are likely not determined just by the phonons momen-
tum or their symmetry, but rather by a complex combination of the two properties.

The temporal evolution of the two-phonon peak also reveals further differences be-
tween excitation fluence regimes. As shown by the overlap of the trends in Figure 6.17
(b), the LA phonon temperature displays a linear increase with the fluence. However,
similarly to the A and E phonons, its rise is progressively delayed from t¢,. For the
two optical phonons, such behaviour can be explained by an enhanced carrier screen-
ing, which, however, should be less effective for zone-edge modes [69]. The frequency
renormalization displays instead a more complex behaviour. Its onset is progressively
delayed from ¢y (defined from the A and E mode frequency shifts), and at the highest
fluence it exhibits a clear non-monotonic evolution with pump-probe delay, displaying
and initial hardening of the peak followed by softening after ~ 1 ps. It should be noted
that, given the composite nature of the 2L A peak, this non-monotonicity could arise
from changes in the relative spectral weights of different components, rather than from
a proper shift of their phonon energies. While the magnitude of the peak softening scales
linearly with the fluence, the overall trend of the frequency shift suggests the existence
of a fluence threshold above which photodoping induces a qualitatively different renor-
malization behaviour. Combined with the results presented in the previous section, this
points to the presence of different screening and/or electron-phonon coupling regimes
accessible at different excitation fluences, definitively worth of further investigations.



CHAPTER 7

Phonon dynamics across the Verwey transition in
magnetite

This chapter presents the experimental investigation carried out on magnetite, a strongly
correlated material whose physics is dominated by the complex interplay between struc-
tural, electronic, and magnetic degrees of freedom, giving rise to the metal-insulator and
structural Verwey transition. By combining temperature-dependent and pump-probe
Raman measurements in the low-temperature phase, we are able to detect a photoin-
duced lattice-symmetry change mimicking the Verwey transition. The ability of TRRS to
simultaneously probe different degrees of freedom allows to reveal a dynamical decou-
pling between structural distortions, phonon spectral anomalies, and the excitation of
different phononic and electronic modes. These results provide new insight into phonon
dynamic processes associated with the Verwey transition.

7.1 Overview

Magnetite (Fe3Oy4) is the oldest known magnetic material, and yet, despite decades of re-
search, it continues to stand out as a remarkably complex and puzzling condensed mat-
ter system. Like many strongly correlated oxides, its ground state is shaped by the intri-
cate interplay between electronic and lattice degrees of freedom, making even seemingly
basic questions - such as whether magnetite should be classified as a semiconductor or
a semimetal at room temperature, or what mechanism governs its transport properties -
difficult to answer [116-118]. Consequently, magnetite has been the subject of extensive
experimental and theoretical investigations, and still attracts continuous attention from
both a fundamental and an applied perspective.

The most striking manifestation of the competition between electronic correlations
and electron—phonon interactions is the so-called Verwey transition. Below a critical
temperature of about 120 K, magnetite undergoes a discontinuous change of both the
electronic and ionic ordering, which gives rise to a metal-to-insulator transition (MIT)
marked by a two order of magnitude increase in the resistivity, and, contextually, a struc-
tural distortion that lowers the crystal symmetry from cubic to monoclinic (as shown in
Figure 7.1 (a)) [117, 118, 121]. Despite being one of the most studied phase transition in
transition metal oxides, the microscopic mechanism underlying its critical dynamics, as
well as the nature of the charge and lattice ordering in the two phases are still investi-
gated by researchers. Significant progress has been achieved in the past two decades,
allowing to associate the onset of the low-temperature phase with the creation of a cou-
pled charge-lattice long-range ordering, stabilized in a complex arrangement of three-
site polarons, known as trimerons (see Figure 7.1 (b)) [122]. Furthermore, in very recent

83



84 7.1 Overview

Figure 7.1: Magnetite structural and electronic properties across the Verwey transition. (a) Re-
sistance measurement on magnetite, displaying the characteristic sharp increase corresponding to
the Verwey transition at 7y ~ 123 K, associated with a change in the lattice symmetry. Adapted
from [119]. (b) The three-site polaronic unit (trimeron - right side) and its disposition inside of the
unit cell (left side), constituting the charge ordering in the low-temperature monoclinic phase. Blue
(grey) sites represent Fe?t (Fe®*') atoms, green sites O atoms. Adapted from [120]. (c) Schematic
process of a Verwey transition photoinduced by 1.55 eV photons as observed by pump-probe UED
measurements. Adapted from [119].

years, it has been shown that even the high-temperature phase displays charge ordering
in the form of unconventional electronic nematicity [119].

Many insights were made possible largely thanks to time-resolved experiments, ad-
dressing a photoinduced, non-equilibrium version of the Verwey phase transition (see
Figure 7.1 (c)). Ultrafast studies have investigated the dynamics of the photoinduced
transition, decoupling on a temporal scale the breakdown of the charge ordering from
the modification of the lattice symmetry and the macroscopic MIT [123, 124]. More-
over, they allowed to attribute the stabilization of two ordered phases and the bridging
between them through the Verwey transition to the strong electron-phonon coupling
with specific low-frequency modes (above all the X3 transverse-optical mode) [119, 125].
Lastly, it was recently revealed the possibility of either suppressing or reinforcing the
monoclinic distortion depending on the photoexcitation energy, thus granting access to
hidden metastable phases [126].

There is thus a clear motivation to investigate phonon populations and their dynam-
ical evolution across the Verwey transition. So far, this has been explored only indirectly,
with ultrafast electron and x-ray diffraction studies tracking lattice distortions associated
with specific modes. Time-resolved Raman spectroscopy instead offers a more direct
probe of these dynamics.
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Raman spectrum of magnetite across the Verwey transition

Figure 7.2: Raman spectroscopy study of magnetite. (a) Raman spectra as a function of temper-
ature for 2.4 eV excitation. Red (Green) arrows indicate magnetite (hematite) phonon modes in
the monoclinic phase. Black color denotes the spectrum at the Verwey transition (occurring here
at a seemingly lower temperature due to laser heating). (b) Pictorial representation of the normal
vibrations induced in the primitive cell of magnetite by the four Raman-active modes clearly visi-
ble in the spectra. (c) Pictorial representation of the different contributions to the Raman response
function of magnetite from phonons, magnons and electrons. All panels are adapted from [127]
and [128].

The Raman spectrum of magnetite as a function of temperature, measured by Borroni
et al. [127] with a 2.4 eV CW probe, is reported in Figure 7.2 (a). At room temperature
four main peaks are visible, which, according to the assignment of Shebanova and La-
zor [129] correspond to the Ty, (~ 193 cm™"), E, (~ 306 cm™"), T3, (~ 540 cm™'), Ay,
(~ 670 cm™') phonon modes, associated with the normal vibrations of the unit cell illus-
trated in Figure 7.2 (b). A fifth Raman-active phonon of 75, symmetry is expected from
calculations, but it has not been unambiguously identified experimentally.

Upon the cooling of the sample, the Raman spectrum undergoes significant modifi-
cations beyond the typical hardening of the phonon frequencies and narrowing of their
linewidths. Indeed, the monoclinic distortion leads to a four-fold increase in the di-
mension of the unit cell and a corresponding folding of the Brillouin zone (BZ), which
results in a quadruplication of the normal modes of vibration. The resulting phonon
spectrum is thus of remarkable complexity [130]. New modes appear at 125, 160, 470,
and 628 cm~! and in the 300-400 cm ™! frequency range. Among these, the features at 160
and 470 cm~! display a temperature dependence resembling a partial phonon softening
when approaching the Verwey transition from a lower temperature, as well as lineshape
anomalies, suggesting a particularly strong coupling to the electronic degrees of free-
dom. While the former is attributed to the folding to the BZ center of a phonon of A,
symmetry, the latter remains unassigned to a specific mode or symmetry [127].

The Verwey transition has therefore a clear manifestation in the Raman response. Be-
sides the new modes, the temperature dependence of the frequency and linewidth of the
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A14 phonon, present in both phases, also show anomalies at the transition temperature
[127,131, 132].

Beyond the phonon features, the spectral lineshape is also influenced by additional
contributions. In particular, a background arising from diffusive electronic excitations
and a broad mode centered between 300 and 500 cm—!, attributed to either electronic or
magnonic origins [133], significantly shape the overall Raman response, as schematically
illustrated in Figure 7.2 (c). Both contibutions depend on the temperature and display
significant variations at the Verwey transition [127].

7.2 Temperature dependent measurements

7.2.1 Experimental

A 1pm-thick magnetite film oriented along the (001) crystallographic direction was grown
by pulsed laser deposition on a MgO substrate at the APE-NFFA laboratory [134]. The
thickness was chosen to guarantee bulk-like behavior (thinner films can display a broad-
ened or no structural transition [135]) and to ensure sufficient Raman signal, given the
relatively large penetration depth of optical radiation inside the sample (~ 0.5 pm).

The Raman spectrum as a function of temperature was measured using the continuous-
wave (CW) 532 nm laser with an average power of 2.5 mW. The CW source was pre-
ferred to the pulsed ones for equilibrium measurements because of its narrower linewidth
and the possibility to employ higher average power (thus achieving a higher signal-to-
noise ratio) without risking damaging the sample. Temperature control was provided
by the cryogenic system described in Chapter 4.

Because of the need for realignment of manipulator upon changing temperature, and
since these measurements were performed before the implementation of stability im-
provements for the operation with the cryostat, the absolute intensities of the spectra
collected at different temperatures are not directly comparable. All spectra were there-
fore normalized to their integrated intensity over the full measured spectral range prior
to the analysis. Finally, the employed notch filter limited the accessible spectral window
to Raman shifts above 340 cm™.

7.2.2 Results and marker of the Verwey transition

The results of temperature-dependent measurements are summarized in Figure 7.3. The
Raman spectra, shown in the top part of panel (a), exhibit a behavior consistent with
the one reported by Borroni et al. [127], namely a frequency shift and narrowing of
the phonons present in the cubic phase (733, and A,,), together with the appearance of
additional peaks at T ~ 120 K. As highlighted in the bottom part of panel (a), which
displays the difference spectra with respect to the one obtained at 80 K, this evolution
is accompanied by a pronounced modification of the background below 550 cm™. This
reflects both an reduction and a redistribution of the spectral weight in the electronic
background and of the broad electronic or magnonic feature indicated in green in Figure
7.2 (c).

Among the new phonon modes emerging at low temperature, the 470 cm™ peak
(identified by Borroni et al. as exhibiting critical behaviour) was the most intense and
was therefore selected as a marker of the structural phase transition. The limited acces-
sible low-frequency spectral range, however, complicates the subtraction of the under-
lying electronic/magnonic background, whose strongly temperature-dependent shape
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Figure 7.3: Temperature-dependent Raman measurements on magnetite with a 532 nm (2.33 eV)
CW laser. (a) Raman spectra as a function of temperature, vertically shifted for clarity. Spectra are
shown after a 7-point smoothing and the normalization on the integrated intensity of the whole
spectrum. Red arrows indicate phonon modes appearing in the monoclinic phase. Bottom panel:
difference between the spectra and the spectrum at 80 K. (b) Raman spectra as a function of tem-
perature in the frequency range around the mode at 470 cm ™" (shown as a blue rectangle in panel
(a)). Pink and grey area mark the region integrated to extract a marker of the Verwey phase transi-
tion (see text). (c) Temperature trend of the marker of the phase transition extracted from the ratio
of the two integrated areas. The value 1 of the marker corresponds to the Verwey transition, found
at a temperature of ~ 115 K (marked by a red line).

and intensity make this step critical for a reliable peak fit. This aspect is even more rele-
vant in the pump-probe data presented in the next section, due to lower signal-to-noise
ratio. To circumvent this issue, the marker of the phase transition was thus defined as
the ratio between the integrated spectral weight of the 470 cm™ mode (435-490 cm™)
and that of the immediately adjacent background (495-525 cm™), as illustrated in Figure
7.3 (b). The integrated areas were normalized to the width of the corresponding spectral
range.

The temperature trend of the extracted marker is reported in Figure 7.3 (c). Given
that the disappearance of the peak corresponds to %:;_1 ~ 1, the marker allows us
to identify the Verwey transition temperature between 110 and 120 K. We therefore
consider Ty = 115 + 5 K, in agreement with the values reported in literature [117, 118,
127].

The reliability of the identification of the Verwey transition is further supported by
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Figure 7.4: Temperature dependence of the (a) frequency and (b) linewidth of the A;, mode.
The results of the measurements presented in this thesis are shown as red dots. Violet and green
symbols mark the results of Borroni et al. [127], obtained with 3.1 eV and 2.4 eV excitation respec-
tively. A vertical dashed line denotes the Verwey temperature Ty.

the temperature dependence of the frequency and linewidth of the A;, phonon, ex-
tracted from a Voigtian fit of the spectra. As shown in Figure 7.4, the results are in good
agreement with those reported by Borroni et al. [127], displaying the same anomalies (i.e.
changes in the trend slope) at the same transition temperature 7y. Sample-dependent
variations of a few cm ™" in the phonon frequencies are commonly reported across dif-
ferent magnetite studies, which accounts for the ~ 4 cm™! offset observed between the
two datasets.

7.3 Time-resolved measurements

7.3.1 Experimental

To investigate the dynamical evolution of the phonon degrees of freedom across the ob-
served Verwey transition, we performed a pump—probe Raman experiment on the same
magnetite sample, maintained at a temperature of ~ 83 K, well within the monoclinic
phase. The system was brought out of equilibrium by 633 nm pump pulses (At = 0.3
ps) and probed by 513 nm pulses (At = 1 ps, yielding an overall temporal resolution of
1.1 ps from the pump—probe cross-correlation). The employed fluences were F' = 5.6
mJ/cm? and F = 1.9 mJ/cm? for the pump and probe respectively.

Two datasets were collected on consecutive days: the first (herein termed dataset 1)
tracking the dynamics up to 50 ps, and the second (dataset 2) focusing on the near-zero-
delay region [4 ps, +6 ps] with finer temporal steps.

During the measurements, small temperature drifts (3—4 K) were observed but they
did not seem to significantly affect either the Raman spectrum of the sample or its pump-
induced response. This and other effects of instabilities of the experimental conditions
were controlled and minimized by repeating short acquisitions that were later summed
during analysis, and by recording a negative-delay reference spectrum every 4-5 acqui-
sitions.
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7.3.2 Result overview

The results of the TRRS experiment are shown in Figure 7.5 for the dataset 1. The top
panels present the antiStokes and Stokes spectra (panels (a) e (c), respectively) at three
selected pump-probe delays, while the bottom panels display the difference spectra rel-
ative to the average spectrum acquired at negative delays (i.e. prior to the pump arrival).

Figure 7.5: Time-resolved Raman scattering measurements on magnetite at 83 K. (a) antiStokes
and (c) Stokes spectra at selected pump-probe delays after a 7-points smoothing. (b,d) Differences
of the spectra with the average response at negative delays (At = tpump — tprove < —1 ps), dis-
played as an intensity map.

On the Stokes side, the Raman spectrum obtained with a 513 nm probe has essentially
the same structure as that measured with the 532 nm CW laser, displaying only a slight
broadening due to the larger spectral width of the pulsed excitation. On the antiStokes
side, the A, phonon is clearly visible, as is the £y mode, which only on this side of the
spectrum lies within the accessible spectral region due to the asymmetric notch filtering.
We can notice that the antiStokes peaks are already present at negative delays, even
though, based on the Stokes intensity and detailed balance at 83 K, they should lie below
the background noise level. Indeed, as shown in Appendix B.1, they are not observed
with the 532 nm CW probe at the same temperature. As discussed in Chapter 3, this
effect arises from the use of a pulsed probe and signals that the system is measured
in presence of a small additional phonon population created by the probe itself. This,
together with the broader spectral width and the lower average power, could underlie
the slightly reduced visibility of the peaks of the monoclinic phase (shown in the inset
of panel (c)) with respect to the CW measurements.

The spectra in panel (a) and the difference map in panel (b) clearly show that the an-
tiStokes side exhibits a pronounced enhancement of the intensity after photoexcitation,
consistent with a pump-induced increase of the population of the observed modes. The
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Ay peak is strongly enhanced immediately after the pump-probe coincidence time, be-
fore relaxing towards a positive plateau within a few picoseconds. The low-wavenumber
region also shows a marked intensity increase that persists throughout the observed time
window with no visible reduction, as does the £, peak, leading to a stronger differential
signal at ~ 310 cm™'. The latter contribution appear to rise with slight delay compared
to the others.

On the Stokes side, more complex pump-induced spectral modifications are evident.
Both the A, and T3, modes undergo a redshift and broadening. In the 350-520 cm™!
range (inset of panel (c)), both a modification of the background, flattening and increas-
ing especially around 500 cm™!, and a reduction in the intensity of monoclinic-phase
peaks can be observed. In particular for the mode at ~ 470 cm™*, this results in an
almost constant intensity against an increased background, as visible from the white
band between red regions in the difference map. These changes are in close correspon-
dence with those observed across the thermally driven Verwey transition. In addition,
the Stokes spectra display a small pump-induced enhancement of the high-wavenumber
background (7 > 750 cm™1).

None of the observed spectral modifications on either the antiStokes or Stokes side
returns fully to equilibrium within the 50 ps time window explored in our experiment.

7.4 Photoinduced phase transition

Figure 7.6: Marker of the photoinduced phase transition. (a) Raman spectra at selected pump-
probe delays, enlarged in the frequency range around the mode at 470 cm™!. Pink and grey areas
mark the regions integrated to extract a marker of the Verwey phase transition (see text). (b)
Temporal trend of the marker of the phase transition extracted from the ratio of the two integrated
areas. Two types of symbols mark the results obtained from the two independent datasets. A grey
region indicates the error at each point, obtained from the standard deviation of the marker across
repeated acquisition of the spectrum at -3.6 ps. The result of the fit with a step function is shown
as a red line.

To quantitatively analyse the dynamics of the photoinduced phase transition, a marker
of the phase transition was extracted from the pump-probe data in the same way as was
done for the temperature-dependent measurements, namely from the ratio between the
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integrated spectral weight around the 470 cm™! mode (425-480 cm ') and that of the
adjacent background (485-515 cm™1!), each normalized to the width of the integration
window. The values obtained from the two datasets are reported in Figure 7.6 (b) as a
function of pump—probe delay.

As shown in Figure 7.6 (b), the marker exhibits a pronounced step-like decrease after
photoexcitation, with no indication of recovery towards the initial value within the mea-
sured time window, signalling a strong photoinduced quench of the monoclinic phase.
The results obtained from the two datasets are fully consistent within the experimen-
tal error (estimated from the standard deviation of repeated acquisitions of the refer-
ence spectrum at —-3.6 ps) and the trend is well captured by a fit with a step function
(A0(t —to) + ¢), convoluted with a Gaussian accounting for the temporal resolution. The
fit was performed on the combined datasets.

From the fit, we extract a marker value at negative delays of 1.23, consistent with the
temperature-dependent measurements, and a value of 1.05 at positive delays. The fit
also yields the onset time for the transition at of tJ7 = 0.55 & 0.05 ps. Since the zero-
delay time, as routinely done in pump-probe experiments, was adjusted on the fastest
response to the pump pulse observed in the system (in this case the increase in inten-
sity of some modes in the antiStokes spectrum, as discussed in Section 7.6), this result
highlights a delay between the initial photoexcitation and the quench of the monoclinic
phase.

We notice that the marker remains above 1 at positive pump-probe delays, which
would suggest a residual presence of the critical phonon mode and therefore an incom-
plete phase transition. However, the temporal profile points to the rapid establishment
of a metastable phase, a scenario consistent with a complete phase transition. This aspect
will be further discussed in Section 7.7.

7.5 Evolution of the A;; mode

To map the photoinduced evolution of the 4;, mode, which, as mentioned above, ex-
hibits a clear broadening and a shift towards lower energies, the peak was fitted with
a Lorentzian lineshape convoluted with a Gaussian with FWHM = 15 cm™!, corre-
sponding to the spectral width of the pulsed probe. The fit was performed only on
the spectral region above 635 cm™, as shown in Figure 7.7 (a). Indeed, while a global fit
of the entire spectrum as a function of pump-probe delay would in principle be more
desirable, it would require a modelling the delay-dependent electronic/magnonic back-
ground, which is difficult to achieve reliably without access to wavenumbers below 350
cm™ [127]. Given the much higher intensity of the A;, peak relative to the other modes
and the absence of spectral features at higher energies, restricting the fit to this limited
spectral window is not expected to significantly affect the results.

The obtained variations of the A;, phonon energy and linewidth are reported in Fig-
ure 7.7 (b) and (c) as a function of the pump-probe delay. The plotted values repre-
sent the difference between the fitted parameters and their average at negative delays
(At < —1 ps). The values extracted from the two datasets are perfectly consistent, show-
ing a redshift of approximately 2 cm™ and a linewidth broadening of about 4 cm™ af-
ter photoexcitation, without any recovery towards the initial values within the 50 ps
time window. Both variations are comparable in magnitude to those observed in the
temperature-dependent data between 80-90 K and 110-120 K, i.e. close to the Verwey
transition (Figure 7.4).
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Figure 7.7: Temporal evolution of the A;; phonon mode. (a) Example of the fit performed on the
A1 peak of the Stokes spectrum. The result of the fit with a Lorentzian lineshape convolved with
a Gaussian accounting for the probe spectral width is shown as a red line superimposed to the
data. The fit was performed on the spectral region above 635 cm™. (b,c) Temporal evolution of the
frequency shift and linewidth broadening. Two types of symbols mark the results obtained from
the two independent datasets. Shadowed regions indicate the error at each point. The results of
the fit of the trends with step functions are shown as solid lines. In the inset, the fitting results are
compared (in absolute value and normalised to the maximum), evidencing a clear delay between
the rise of the two quantities.

Interestingly, the onset of these spectral changes is not simultaneous. A fit of the
two trends with a step function analogous to the one described in the previous section
allows to retrieve onset times of t3'” = 0.82 & 0.04 ps for the energy shift and 5! =
0.52 & 0.04 ps for the broadening, revealing a delay of about 300 fs between the two
processes (see inset of Figure 7.7 (b)). Further insights into the origin of this delay can be
obtained by comparing these onset times with those of the other pump-induced spectral
modifications, as discussed in Section 7.7.

Lastly, it can be noticed that at long delays the experimental points seem to trend
away from the flat plateau assumed by the step-function model. This suggests the pres-
ence of a slow, residual evolution of both the redshift and the broadening.

7.6 Phonon populations dynamics

In order to extract the temporal evolution of the phonon populations, the antiStokes
spectra were fitted using three Lorentzian peaks (convolved, as done for the A;, Stokes
peak, with a Gaussian of fixed width providing the probe spectral resolution), corre-
sponding to the A,, and E, phonons, and to the broad feature observed at wavenumbers
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Figure 7.8: Temporal trends of the phonon population. (a) Example of the fit performed on the
antiStokes spectra. The three components corresponding to the A;, and E, phonon modes and
to the ”B” mode (electronic/magnonic excitations) are shown with black, red and blu solid lines
respectively. (b) Temporal dependence of the variation of the phonon population extracted from
the antiStokes intensities (see text), plotted in the same color code as panel (a). Shadowed regions
indicate the error at each point. (c) Equivalent phonon temperature of the A, mode extracted
from the antiStokes/Stokes intensity ratio. In (b) and (c) only results obtained from dataset 1 are
shown.

below 450 cm™?, hereafter referred to as the ” B” mode.

Given the low signal-to-noise ratio of the antiStokes measurements, several con-
straints were imposed during the fitting procedure. Specifically, the frequency and linewidth
of the A, mode at each pump-probe delay were fixed to the values obtained from the
corresponding Stokes spectrum. The central frequency of the broad B mode was kept at
a fixed distance of 385 cm™ from the A;, peak, while the frequency separation between
the A, and I, peaks, as well as the linewidth of the I/, were left as free fitting param-
eters but constrained to remain constant across all delays. Under these conditions, the
peak areas were left as the only delay-dependent free fitting parameters.

As shown for the other case studies, the phonon population at a given pump-probe
delay can be retrieved from the antiStokes/Stokes intensity ratio Ifss(g) (see equation 3.1
in Chapter 3). In the present case, however, this method can only be applied to the A4;,
mode, since both the E; mode and B modes lie outside the accessible spectral range on
the Stokes side of the spectrum. Nevertheless, from equation 2.24 the relative variation of
the phonon population at positive delays can be directly determined from the antiStokes

spectrum alone, according to:

Las(t) _ CXCOnt)  nt) 7.1)
Taso Clxéno ng ’

where the label 0 marks quantities obtained at negative delays and the second equality
is valid provided that the factors C’ (containing all the optical constants appearing in the
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Raman cross section) and x? (the bilinear product of the Raman tensor and the polariza-
tion vectors) do not display a strong dependence on the pump-probe delay. The latter
assumption was verified for the A;; mode, by comparing the values of 21 obtained
from equation 7.1 with those obtained from the standard formula involving both Stokes
and antiStokes intensities (equation 3.1), as shown in Appendix B.2. Since C” and ? are
only weakly dependent on the frequency, the result can be extended to the E, and B
modes as well.

The n(t)/ng values obtained from the fitted areas of the three modes are presented in
Figure 7.8 as a function of pump-probe delay. For clarity, only the results from dataset
1 are shown. The data reveal distinct behaviours of the three modes: the population of
the A;4, and B modes exhibit a prompt and nearly simultaneous rise immediately after
photoexcitation, whereas the £, phonon population increases only after a certain delay.
Moreover, the two phonon modes display qualitatively different temporal evolution of
the population, with the one of the A;, mode rising sharply and then decaying expo-
nentially towards a plateau, and the one of the £, mode undergoing an almost step-like
increase with little to no subsequent decay. The population variations obtained from
dataset 2 follow the same dynamics, with only minor differences in the values, and are
reported in Appendix B.2. To quantify these observations, the temporal traces were fitted
with the function:

ft) = a0t —to)(e” T L ) + fo (7.2)

where ¢, represents the onset of the variation, 7 a characteristic decay time, C' the rel-
ative weight of a long-delay plateau and f; the value at negative delays (left as a free
parameter, but converging to unity within error for all fitted trends). In the limit 7 — oo,
f(t) reduces to a step function. f(t) was convolved with a Gaussian to account for the
finite temporal resolution.

A global fit of the trends from the two datasets was performed, with shared ¢y and
7 for each mode. The resulting time constants are reported in Table 7.1. Since the pop-
ulation of the B mode displays the fastest response to the pump among all the spectral
changes observed in the experiment, the zero-delay time was set to the onset of its in-
crease.

to (ps) 7 (ps)
Aqg 0.21£0.05 | 1.2+£0.2
E, 0.97+£0.14 | 122+ 80
B mode 0 &+ 0.06 -

Table 7.1: Characteristic time constants extracted from the fit of the phonon population dy-
namics. ¢y values are given with respect to the onset of the B mode population variation, which
displays the fastest response to the pump observed in the experiment.

The fit reveals a slight delay between the rise of the B mode and that of the 4;, mode,
and a delay of 1 ps for the £, mode.

Considering that the B mode is generally assigned to an electronic or magnonic ex-
citation, the observed temporal trends suggest the following picture: the system first
responds to photoexcitation through the electronic subsystem, as reflected in the rise of
the B mode population. Shortly after, hot phonons strongly coupled to the electronic
degrees of freedom are populated (such as the 4;, mode), which subsequently decay
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via anharmonic phonon—-phonon interactions, redistributing the energy to other, more
weakly coupled phonon modes. The E, phonon appears to belong to the latter category,
consistent with the fact that its population rises with a delay matching the characteristic
time of the fast decay of the A;, phonon population towards its plateau.

Finally, from the A;, population it was possible to estimate the equivalent phonon
temperature using equation 3.1. The extracted trend, shown in Figure 7.8 (c), follows the
same dynamics as n(t)/ng, with a sharp increase immediately after photoexcitation, fol-
lowed by a rapid relaxation to a plateau at ~ 25 K above the initial value, which persists
for more than 50 ps. Since after several tens of picoseconds it is reasonable to assume that
phonons across the BZ have thermalized through anharmonic interactions, this plateau
value can be taken as representative of the overall lattice temperature increase.

7.7 Overall dynamics

Figure 7.9: Temporal ordering of the pump-induced spectral changes in the Raman spectrum.
Data points mark the onset times ¢ extracted from the temporal fit of the variation of the different
quantities indicated on the left side of the plot. A dashed line marks the zero-delay time, set on
the fastest observed response.

The observation of several distinct, pump-induced spectral changes in the Raman
response allows us to compare their respective dynamics and link them to different mi-
croscopic processes occurring in the system. In particular, a comparison of the onset
of the modifications reveals a clear temporal decoupling: effects that appear simultane-
ously in temperature-dependent measurements occur at different times following pho-
toexcitation. Figure 7.9 collects the onset times ¢, extracted from the fitted dynamics of
the different analysed spectral features. In addition to those discussed in the previous
sections, it is here included also the dynamics of the high-wavenumber background (ob-
tained from the integration of the Stokes spectrum), ascribed in the literature to diffusive
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electronic scattering [127]. Its temporal dependence, showing a prompt rise and a sub-
sequent decay with 7°%9 = 7.5 & 3.3 ps, is reported in Appendix B.3. It can be seen how
this background rises almost concurrently with the population of the B mode, the other
feature associated with electronic degrees or freedom.

The temporal ordering of the observed responses indicates a cascade of processes
following photoexcitation, consistent with the following picture. The electrons respond
almost instantaneously to photoexcitation, followed by the strongly coupled A;, phonon
mode, which is populated following the energy transfer from the electrons within few
hundreds of femtoseconds (at the lower limit of the delays measurable with our tem-
poral resolution). The structural phase transition occurs at a later stage, at a delay of
more than 500 fs. This is consistent with ultrafast diffraction experiments reported in lit-
erature, which show that when inducing a photoinduced Verwey transition, the charge
ordering is destroyed within ~ 300 fs from the pump, while structural distortions are
detected only later, at ~ 700 fs delay for those associated with Xs3-symmetry phonon
modes, and after several picoseconds for the As-symmetry ones [123-125]. We note
that while BZ folding brings these modes to the zone centre, making them potentially
detectable by Raman spectroscopy, their energies below 15 meV (120 cm™') put them
outside the accesible spectral region in the present experiment [128, 136].

Interestingly, our data indicate that specific optical phonons, such as the A;,, can
be populated before the coherent structural distortions characterizing the phase transi-
tion are fully established. This suggests the possible presence of an intermediate step
in which the incoherent population of strongly coupled phonons mediate the transfer
of energy from the electronic subsystem to the modes associated with the structural or-
der parameter. Indeed, while the A;, mode is not directly associated with the Fe atoms
involved in the ordered state below T, its strong coupling with the Verwey-induced dis-
tortion is testified by the anomalies in its frequency and linewidth in both temperature-
dependent and time-resolved data [133]. On the other hand, the delayed rise of the £,
population argues against a primary role for this mode in the structural change. We
note that the lack of a definite assignment for the critical mode at 470 cm™! prevents
us to link it to a specific distortion associated with the phase transition. Nevertheless,
the timescale of its quench is comparable to (or slightly faster than) the fastest lattice
response observed by diffraction, supporting the conclusion that the increase of the A,
mode population precedes the onset of all coherent lattice distortions.

Figure 7.9 also shows that the changes in the linewidth and frequency of the A,
mode are in temporal correspondence with the structural phase transition and with the
rise of the F; phonon population, respectively. In previous temperature-dependent Ra-
man studies, both variations have been linked to modifications of the charge distribution
[127, 137]. In the present pump-probe experiment, however, they appear to correlate
with changes in lattice rather than in electronic degrees of freedom. Specifically, the
linewidth broadening seems sensitive to early lattice reorganization, possibly reflecting
an increase in structural disorder (e.g. different domain nucleation) or the activation
of additional phonon-phonon or electron-phonon decay channels. By contrast, the fre-
quency renormalization is possibly due to a change in the effective force constants that
develops only after a greater extent of the thermalization of the different phonon modes
in the lattice.

As a final remark, we note that, as discussed in Section 7.4, the marker of the phase
transition remains slightly above 1 at positive delays, which could suggest an incomplete
phase transition. This would be supported by the fact that, at long delays, the lattice tem-
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perature increase is about 25 K, corresponding to a final temperature of roughly 110 K,
just below the estimated 7y;. However, two considerations argue against this interpreta-
tion. First, the employed pump fluence falls within the high-fluence regime reported in
the literature, where the electronic phase transition is expected to be induced instanta-
neously and lead to the complete reorganization of the lattice [123, 124]. The detection
of an incomplete phase transition would thus contrast with the results of available stud-
ies in similar excitation conditions. Second, previous works indicate that an incomplete
phase transition leads to a re-establishment of the original electronic order, reduced only
at a small degree by the heating effect of the pump following the equilibration of hot
phonon modes [123]. In contrast, several observables in our experiment (the phase tran-
sition marker, the A, phonon linewidth and frequency, the B-mode population) show
no recovery towards the initial values, but rather a slow trend further away from them,
continuing beyond 50 ps. This behaviour points to a continuing progression of the phase
transition, consistent with the dynamics reported by Truc et al. [126].

7.8 Open questions and perspectives

Overall, ultrafast spectroscopies and TRRS have shown their capabilities in separating
on a temporal level different microscopic processes occurring at the Verwey transition.
However given the complex interplay between lattice, spin, and electronic degrees of
freedom, several open questions remain, providing fertile ground for future investiga-
tion.

First, the origin of the marker value remaining above 1 in pump-probe data is not
fully understood. This could be simply due to the different probe wavelengths used in
temperature-dependent and time-resolved measurements, which may induce small vari-
ations in the integrated intensities used to define the marker. Measurements by Borroni
etal. [127] indeed show that the intensity of the B mode and its temperature dependence
differ when using 2.4 eV and 3.1 eV probe energies; while less likely due to the smaller
energy separation, a similar variation could occur between 513 nm and 532 nm (i.e. 2.4
eV and 2.33 eV) probes. To clarify this, temperature-dependent measurements using the
513nm probe are planned.

Another possible explanation arises from the observation that the 470 cm ™! mode can
be detected up to 5-10 K above the electronic transition temperature due to so-called pre-
cursor effects [127]. This would imply that the transition temperature Ty, corresponding
to the disappearance of the 470 cm ™! peak, could be overestimated of some K. This sce-
nario will be easily verified obtaining an independent estimate of the Verwey transition
temperature by resistivity measurements.

Finally, the comparable penetration depths of pump and probe photons may result in
Raman signals excited from less-excited regions, where a lower effective pump fluence
could result in only a partial transition. Studying the transition at longer delays and at
varying fluence may help clarify this aspect.

Additional open questions regards:

* The long-time behaviour of the B-mode population. Indeed, literature links this
mode to electronic or spin excitations across the electronic or spin-density gaps
[127,133], which close during the transition from the monoclinic to the cubic phase.
After the initial rise in its population, the B-mode would thus be expected to



quench due to the transition; however, no reduction of the population is observed,
and the intensity continues to increase.

The microscopic origin of the different temporal response of the linewidth and the
frequency of the A, phonon, which appear to be sensitive to different aspects of
the structural phase transition.

The relaxation dynamics of the photoinduced phase toward equilibrium, which is
not addressed here since the observed spectral variations appear almost metastable
within the measured time window. Given that spectra acquired at negative delays
are equal to those obtained without the pump pulse, the photoinduced changes
fully recover within the 5 ps time window between two sets of pulses. Investi-
gating the phonon and structural relaxation dynamics would thus likely require
probing delays of the order of several hundreds of picoseconds or nanoseconds.

The response of the electronic degrees of freedom to photoexcitation, which has
so far been investigated only in terms of charge-ordering (via ultrafast diffraction)
and degree of metallicity (via time-resolved reflectivity). Time-resolved photoe-
mission could provide direct access to the excited electrons, distinguishing in-
creases in metallicity due to photoexcited carriers from a proper MIT associated
with a gap closure, and linking lattice modifications to specific electronic transi-
tions, as hypothesized by Truc et al. [126].



Conclusions

In this thesis, I presented the commissioning and characterization of a novel time-resolved
Raman scattering (TRRS) setup developed at the NFFA-SPRINT laboratory, and its ap-
plication to the study of phonon dynamics in photoexcited quantum materials. Three
systems were addressed: a prototypical bulk semiconductor (silicon), a bulk and single-
layer transition metal dichalcogenide (MoS;), and a strongly correlated oxide (mag-
netite). These case studies exemplify the span of physical insights on nonequilibrium
states enabled by ultrafast spectroscopies, and in particular highlight the unique infor-
mation that TRRS can provide on vibrational and electronic degrees of freedom.

In silicon, chosen as a benchmark system to test the capabilities of the setup, TRRS
enabled the monitoring of the excitation/deexcitation of the longitudinal optical phonon
population as a function of temperature, revealing the low-temperature suppression of
anharmonic phonon-phonon interactions. A long-lived hole population, whose dynam-
ics appeared largely insensitive to the sample temperature, is detected through its char-
acteristic Fano interference effect induced on the LO phonon. Furthermore, fluence-
dependent measurements suggested the influence of phonon bottleneck effects on the
carrier relaxation dynamics.

On MoS; bulk and single-layer samples, our study provided the first direct obser-
vation of a transient renormalization of phonon energies occurring on a timescale faster
than phonon population growth, thus attributed to photodoping-induced effects. Flu-
ence dependent data indicated distinct photodoping regimes, in which the renormal-
ization of the frequency of weakly coupled phonon modes can be either enhanced or
suppressed. Mode-resolved phonon population measurements revealed the formation
of long-lived non-thermal phonon distributions, persisting for tens of picoseconds, both
between zone-centre optical modes of different symmetry and between phonons located
at different points of the Brillouin zone. A key difference between bulk and monolayer
samples was identified in their relaxation dynamics at long delays, with the one of the
bulk significantly influenced by a residual carrier population surviving for hundreds of
picoseconds.

In magnetite, TRRS enabled the observation of a photoinduced version of the Verwey
transition and the temporal separation of spectral modifications which occur simultane-
ously when the transition is achieved thermodynamically, via a pathway of equilibrium
states. The measurements revealed that electronic modes and strongly coupled phonons
are excited prior to the lattice distortion, and that different phonon spectral anomalies
(linewidth broadening and frequency shifts) emerge at different delays from the excita-
tion, possibly reflecting steps of the structural phase transition affecting distinct lattice
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degrees of freedom. Although further experimental and theoretical work is required for
a complete interpretation, the present results strongly motivate future efforts in inves-
tigating the energy transfer pathways among different degrees of freedom across pho-
toinduced transitions in magnetite.

Looking ahead, several promising directions emerge from this work. Even in a bench-
mark system like silicon, systematic TRRS studies as a function of temperature and ex-
citation fluence could yield new insights into microscopic phonon excitation and de-
excitation mechanisms, bottleneck effects, and tunable phonon—-phonon coupling regimes.
In MoS; and related transition metal dichalcogenides, currently at the forefront of two-
dimensional semiconductor research, TRRS combined with complementary ultrafast probes
could enable a detailed mapping of electronic relaxation pathways and energy transfer
processes across different degrees of freedom. The ability to track mode-specific phonon
properties further opens possibilities to explore how substrates, thickness, or suitably
engineered heterostructures can modulate phonon dynamics. From the study on mag-
netite, TRRS emerged as a tool to disentangle coupled degrees of freedom in a complex
phase transition, suggesting further studies at varying pump conditions and initial ther-
modynamic states aimed to uncover the landscape of photoinduced transient phases,
both in magnetite and in other correlated oxides.

More broadly, this thesis, together with other recent experimental studies, demon-
strates the versatility of TRRS as a tool for investigating photoinduced states, with sensi-
tivity extending beyond phonons to other low-energy bosonic excitations. Owing to the
minimal constraints on pump photon energies, TRRS studies on the above-mentioned
and others quantum materials can be readily extended to explore how the excitation of
different electronic transitions affect phonon dynamics, or to directly probe phonon—-phonon
couplings by resonantly driving specific vibrational modes. These capabilities establish
TRRS as a powerful and flexible technique, well suited to contribute to the renewed
interest in phononics and its use for ultrafast control of the properties of quantum mate-
rials.
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APPENDIX A

Supplementary material on MoS,

A.1 Computation of fluences and carriers

We report here the computation of the fluences and the excited carrier densities for the
experiment on MoS, described in Chapter 6.

First of all, when employing a pulsed laser and working in the pump-probe scheme,
the relevant quantity determining the degree of the system excitation is the energy per
pulse E,, rather than the average power P. The former can be easily retrieved from P,
which is typically measured experimentally, as:

Pw)

Ey(7) = RR(Hz)

(C1)
where RR is the laser repetition rate.

For a gaussian beam, the fluence F, i.e. the energy density impinging on the sample
per unit surface, can then be obtained from the ratio between E, and the beam area A:

F (‘]2> _y. ) (C.2)

cm A(em?)

Here A was obtained considering as the beam radius the parameter 1/¢?, that, in an ideal
case, delineates an area containing approximately 86.5% of the total power. The factor
2 on the right side of the equation accounts for the fact that for a Gaussian laser beam
the power density at the centre of the spot is twice what expected from a circular top-hat
shaped beam of diameter equal to 1/e? [138].

While the excited carrier densities can be calculated either from F or E,, (i.e. including
or not the factor 2), in the following we use the former. Indeed, the probe laser intensity
has a Gaussian distribution as well, and thus the majority of the Raman signal is excited
from the central part of the beam, with higher peak power density.

The density of photons travelling through the material, can then be calculated as:

; F
noy=—=—1-R C3
ph Eph ( ) ( )

where I, is the energy of a single photon (here of wavelength A = 633 nm) and R is the
sample reflectivity. Then, for above-bandgap pumping, the excited carrier density n. is
equal to the absorbed photon density n%}*.

In the case of a thick bulk sample, photons are absorbed over a scattering volume,
and n. can be obtained as:
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104 A.2 Correction to temperatures and relative considerations

ni” - 0.63
__ abs ph
fe = pn = T
where § = 1/« is the penetration depth of the radiation inside the material and the factor
0.63 takes into account its definition as the length scale over which the intensity of the
radiation is reduced to a fraction 1/e of its initial value. Note that here we are making
the approximation of considering a uniform excitation of the sample inside the scattering
volume.

(C4)

On the other hand, in the case of a thin sample, such as a 1L of MoS,, the carrier
density is determined by:

Nne = n;ff A n;)"h -y (C.5)

where vy = e~ %" is the fraction of the intensity absorbed by a sample of thickness A,.
If a substrate is present, this equation should be modified taking into account the
reflection of the beam from the substrate, leading to a second passage inside the material:
Ne = n;zs ~ n”}LL : (1 + Rsub) Y (C6)
where R, is the substrate reflectivity.

In the experiments on the bulk described in the main text, considering a reflectivity
R = 0.59 (at a ~ 45° incidence angle) and a penetration depth 6 = 55 nm [75], the
resulting carrier densities are found to be:

* n.~ 2.2-10%! cm~3 for the dataset with F = 15 mJ/cm?,
* n.~ 1.5-10%! cm~3 for the dataset with F = 10 mJ/cm?,
* n,~ 7.3-10% cm~3 for the dataset with F = 5 mJ/cm?.

In the single layer case, considering R, ~ 0.96 for gold and R, ~ 0.1 for ITO [45,
76]),and R ~ 0.56, v = e~ - 0.015 for a 1L of MoS, [45, 75], we obtain:

* n.~ 1.0-10" cm~2 for the 1L/ITO, using a fluence F' = 4.5 mJ/cm?,
* n.~9.5-10'3 cm~? for the 1L/Au, using a fluence F' = 2.3 mJ/cm?.

In the last case, due to the high reflectivity of the Au substrate at the pump wavelength,
the effective fluence on the 1L sample is given by almost twice the impinging fluence,
leading to a similar value of n. to the one employed for the 1L/ITO. We note that these
carrier density values are consistent with the one obtained on the bulk at the highest
fluence value, since, given the MoS, layer thickness of 0.7 nm, a carrier volume density
of 10*! em ™3 corresponds to a carrier density of 7 - 10'® cm ™2 within each layer.

A.2 Correction to temperatures and relative considerations

We discuss here possible effects of the sample optical absorption on the temperature ex-
tracted from the antiStokes/Stokes intensity ratio. The optical constants of MoS, display
indeed a non-flat dependence on the wavelength in the region explored in the present
experiment (around the 513 nm probe). More specifically, the absorption is more effi-
cient in the antiStokes region than in the Stokes region (k goes from 1.7 at 2.46 eV to 1.3
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Figure A.1: Corrected phonon temper-
atures for the two phonon modes in
bulk MoS;. Red and purple dots dis-
play the trends for the A and E modes
reported in Figure 6.8 in Chapter 6.
Brown and pink squares mark the val-
ues obtained after the correction based
on the absorption coefficients. Con-
tinuous lines display the results of the
time trend fitting.

at 2.36 eV [45, 75]). This could result in an underestimation of the phonon temperature
in the bulk sample. In the monolayer samples, instead, this is not expected to produce
any relevant effects, given the very small thickness of the probed region.

Considering the absorption of the Raman scattered photons at different depths inside
the sample, the measured antiStokes/Stokes intensity ratio should be corrected by a
factor:

+oo +
fO e~ (artas)z gy _arp+aas

fo+oc e—(artaas)zdy  ap+ag

—1.16 (C.7)

where ar,ag,a4s are the absorption coefficients at the laser, Stokes and antiStokes
wavelengths respectively and the numerical value was obtained based on data in [45,
75].

The effect of the correction is displayed in Figure A.1, where we compare the ex-
tracted temperature trends with and without the correction. The characteristic time con-
stant extracted from the fit of the corrected temperatures are reported in Table S1. It is
worth to note that, while the correction introduces a difference in the absolute values
of the temperature, it does not affect the assessed system dynamics. Based on this con-
sideration and given the uncertainty in the experimental determination of the optical
functions, the present correction was not applied to the data presented in the main text.

Ta Tr
to 0.6 0.6
sl 5.0 3.5
79 | > 500 | > 500
T, - 5.3

Table A.1: Time constants from the fit of the corrected temperature trends. Fitting function and
parameters as in the main text. Time delays are expressed in ps. The to values are obtained as a
shared fitting parameter for the two phonon modes.
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A.3 Resonance Raman effects

We comment here on the reduction of the Raman signal observed only in the bulk sample
after photoexcitation.

An increase in the phonon population leads to an enhancement of the Raman inten-
sities on both the Stokes and antiStokes sides. In the following we will show that while
in the 1L the temperature dependence reasonably explains the measured intensity trend,
this is clearly not the case in the bulk, where a significant intensity reduction is appre-
ciated, with an overall non-monotonic behaviour versus time. We can conclude that
the observed signal reduction in the bulk sample originates from the part of the Raman
cross section related to electronic resonance, rather than from the phonon population
factor. A similar effect has indeed been observed in semiconductor samples measured
by TRRS when the probe energy matches an electronic transition of the system, leading
to a resonant enhancement of the Raman cross section. In pump-probe TRRS, depopu-
lating (populating) the VB (CB) via photoexcitation can reduce the probability of Raman
transitions from the ground electronic state and thus dynamically quench the resonance
[34, 44]. In our case, the 2.4 eV probe energy is greater than the MoS; band gap and
can induce electronic transitions. Both in 1L and in bulk, however, the probe energy
does not match a peak in the joint density of states and is thus considered only weakly
resonant with the system. Therefore, it is difficult to adopt the same straightforward
interpretation as for resonant experiments conducted on Si and WS, [34, 44].

More in details, as reported in Chapter 2, the intensity of the Stokes and antiStokes
Raman signals associated to a specific phonon mode can be written respectively as:

Is=F-(ng+1)-(hw —hw,)®  ITag=F -ng-(hw + hw,)® (C.8)

where fwv;, lw, are the laser and phonon energies respectively, n s is the Bose-Einstein
distribution describing the phonon population, and F' contains all factors common to the
Stokes and antiStokes processes. Since the Raman process is electron-mediated, £ con-
tains the coupling of the impinging photons with the electrons and can be thus strongly
modified by the presence of resonances or changes in the electronic state of the system
[53]. As described in the main text, our data show a clear decrease of the Stokes peaks
intensities after photoexcitation in the bulk sample. This is not observed in the 1L sam-
ples, where we observe an opposite behaviour. When retrieving the phonon population
from the antiStokes/Stokes intensity ratio, the trend obtained is qualitatively the same
for all samples. This points towards the factor F' in being the origin of the signal reduc-
tion in the bulk, as its variation affects the Stokes and antiStokes processes in the same
way, with no effect on the calculated phonon population.

We can quantify the variation of F' in the following way. From the data obtained
without the pump we extract the F' value at equilibrium as

eq €q
P = e IS eq\3 = e IAS eq\3 (C9)
(ng +1) - (hwy — hap®)”  nf - (hwr + hwy?)

We then use it to calculate the expected Is(t) and I45(¢) values, if np and w, were
the only pump-dependent parts of the Raman cross section:

Is(t) = F(np(t) + 1)-(hw — haw, (t))° Las(t) = Fnp(t)-(hw, + hw,(t))* (C.10)
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Figure A.2: Photoinduced intensity variation of the A phonon in the (a) bulk, (b) 1L on ITO
samples. Filled blue (red) dots mark the measured area of the Stokes (antiStokes) peaks extracted
from the multipeak fitting. Empty light blue (orange) squares mark the corresponding values
expected considering the change of the Raman cross section due to np and w, (see text).

where np(t) and w, (t) where obtained from the multipeak fitting of the pump-probe
spectra. The trends calculated for the A phonons are shown along with the actually
measured ones (I57(t),I5F (t)) in Figure A.2 (a) and (b). We can see how in the bulk
for ~ 1 ps the measured intensities increase following the expected trends, then show a
sudden drop both in the Stokes and antiStokes sides. On the other hand, in the 1L/ITO
the two trends are in much better correspondence.

It is clear how, in the bulk system, the factor F has a strong dependence on the pump-
probe delay. By writing F' = F°? - C(t), we obtain the varying component as:

I (t)

) o 1720
= Fea . (TLB (t) + 1) . (hwl — hwl,(t))3 C (t)

Fea -np(t) - (hw + hw, (1))
(C11)
The result for C*(t) is displayed in Figure A.3. An analogous trend is followed by
C45(t), with larger experimental errors due to the smaller antiStokes intensities. From
the plot, it is evident how the minimum of C*(¢) is delayed with respect to the pump-
probe overlap and the phonon frequency shift, which is associated to the photoinduced
transient doping of the system.

C5(t)

As mentioned above, a photoinduced reduction of the intensity has been observed in
semiconductors when the Raman process is resonant with an electronic transition which
is quenched by the pump. While our 515 nm probe is not usually considered to be in
resonant conditions, its energy is above the MoS, band gap. Moreover, it is on the low
energy tail of the so-called C exciton, a peak at 2.6 eV in the JDOS associated with the
nested section of the electronic bands between the @) and I points of the BZ. In the bulk,
the  and I points are the minimum of the conduction band and the maximum of the
valence band respectively, thus the BZ positions where the photoexcited carriers relax
after few tens of fs. However, since the variation of C(¢) seems to happen on a timescale
much longer than electronic relaxations, it is difficult to directly link the two phenomena,
and the different behaviour of the Raman intensity of the bulk and 1L samples remains
puzzling.
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Figure A.3: Comparison between the
variation of C(t) (green) and the fre-
quency shift (purple) of the A phonon
in the bulk sample.

A4 Multi-temperature model for hot phonon real-time dynamics

Here we provide details on the model which mimics the time dependence of the effective
phonon temperatures for the modes A;, and E», in bulk MoS; estimated by the ratio of
the Stokes-antiStokes peaks. We consider an electron system coupled with three lattice
baths: the v = A, and v = Fy; modes at the zone center, and the v=ph bath that ac-
counts of all the other phonon modes in the whole BZ. The temperature of each electron
and lattice subsystem T, T}, is ruled by the energy transfer between the different degrees
of freedom described by the set of equations:

oT.

Ce(Te) 57 = S(t) - Z,,:G”(Te ~T,), (C.12)
0,2 G (T - T+ S o (T, ~ T (C.13)
v ot — LUvide v Qy Ly v')s .

v

Here S(t) described the energy absorbed by the electronic degrees of freedom due to
the pumping process with a typical Gaussian profile, C..(T) = 77" and C,, are heat ca-
pacities of the electronic and lattice degrees of freedom, and G, are the electron-phonon
relaxation rates governed by the electron-phonon coupling. The parameters «, . ac-
count for anharmonic coupling.

In Figure 6.10 (a) in the main text, we show the time evolution of T, Ta,,, Te,,, Cph
with a choice of parameters that mimic the experimental observed behavior for bulk
MoS;. In particular we set: G4,, /CO = 12ps™!, Gg,, /CO = 1.2 ps™!, Gpp/CO = 42 ps™?,
Ca,, = Cp,, = 6C7, and Cyp,/C? = 510, where C? = C.(300K). In order to reduce the
number of free fitting parameters, we neglect here the anharmonic terms «, .

Note that in such modelling, with no dissipative channels, the total energy absorbed
from the pumping process is completely stored in the electron+lattice system, and the
electron-phonon coupling leads to a final internal thermalization among the different de-
gree of freedom towards a final state with higher energy than before pumping. In order
to model dissipative and/or charge transfer processes from the sample to the substrate
in single-layer MoS, compounds, we evaluate the energy of each subsystem, E.;(t),
Ey,,(t), Eg,,(t), Epn(t), and we add in Eq. C.12 a dissipation term for the excess en-
ergy in the electronic system —AFE.(t)/Tdgiss, where —AE,(t) = E¢(t) — Ea(t = —00).
The resulting time dynamics of the different effective temperatures is shown in Figure
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6.10 (b), representative of single-layer MoS; on a substrate. We find a qualitative agree-
ment with the experimental behaviour with a microscopical dissipation rate 74,55 ~ 0.5
ps. Note that such fast parameter is not directly reflected in a short-time decay of the
effective temperature. The fast dynamics might in fact be compensated by backflow en-
ergy transfer from the lattice mode “ph”, carrying the dominant heat capacity of the total
system. The resulting effective exponential decay of T, (t) is thus much longer (abous 50
ps for 74iss ~ 0.5 ps), due to the balance between these two processes.

A.5 Additional data on the longitudinal acoustic mode

Figure A.4: Temporal evolution of (a) the phonon frequency shift and (b) the variation phonon
temperature of the LA mode. Continuous lines display the results of the time trends fittings






APPENDIX B

Supplementary material on magnetite

B.1 Additional temperature-dependent measurements

Figure B.1: Temperature-dependent Raman measurements on magnetite with a 532 nm (2.33 eV)
CW laser. The data were acquired with the 600 rows/mm grating, providing lower spectral reso-
lution but enabling the simultaneous acquisition of the Stokes and antiStokes sides. No magnetite
peak on the antiStokes side is visible for measurements below 150 K. Raman spectra are vertically
shifted for clarity.
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B.2 Population dynamics from antiStokes intensities

Figure B.2 provides the comparison between the values of the variation of the population
”(t) of the A;, mode obtained from the antiStokes/Stokes intensity ratio and from the
antiStokes ratio alone. It can be seen how the two methods give results in very good
agreement, signalling a negligible dependence of the C'x? factor on the pump-probe
delay (see main text). This supports the solidity of the analysis on the F, and B modes,
where the measurements of the Stokes intensity is not possible.

Figure B.2: Comparison of popula-
tion dynamics calculations for the Aiq
mode. The values obtained from the an-
tiStokes/Stokes intensity ratio are shown
as black and blue symbols for dataset 1
and dataset 2 respectively. Values obtained
from the antiStokes ratio alone are shown
as red and green symbols.

Figure B.3: Population dynamics ex-
tracted from dataset 2. The dynamics of
the three modes display the same trends
described in the main text for dataset 1.



Figure B.4: Comparison between the population dynamics extracted from the two datasets at
short delays. Light dots and dark symbols mark the values extracted from dataset 1 and 2 respec-
tively, for (a) A1y and (b) £, phonon modes and (c) the broad B mode ascribed to electronic or
magnonic scattering. The data from the two dataset display some differences in numerical values
but consistent dynamics.

B.3 Additional temporal trends

Figure B.5 displays the temporal evolution of the intensity of the continuum background
in the high energy region. The displayed values are obtained as the normalized variation
of the integrated intensity of the Stokes Raman spectrum between 1000 and 1300 cm ™,
namely %;A”, where A represents the average value of the integrated area at negative
delays. The data from both datasets are in perfect agreement and were fitted with the

function 7.2 described in the main text, allowing to retrieve a value of the onset time
99 = 0.06 + 0.09 ps and of the decay time 759 = 7.5 + 3.3 ps.

Figure B.5: Normalized intensity varia-
tions of the high energy background of
the Stokes spectra. Light dots and dark
symbols mark the results obtained from
dataset 1 and 2, respectively. A solid line
mark the result of the fit.
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