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Abstract

The interactions between the correlated degrees of freedom in a system determine its structure
and function. The mechanisms driving these couplings can be investigated upon a controlled
perturbation of the environment, using time-resolved experiments to monitor over time the
systems’ evolution towards its original state. These methods employ an ultrashort laser pulse
to excite a material into an out-of-equilibrium state and a second pulse to probe its configura-
tion at a defined time delay. Multiple spectroscopic techniques can be combined together to
provide a comprehensive picture of the interacting forces acting at the microscopic level.

In this thesis, we exploited optical and X-ray pump-probe methods in a synergistic approach
to study the interplay of the electronic, spin and structural degrees of freedom in two class of
complex systems relevant for solar energy conversion applications: lead-halide perovskites
and transition metal oxides.

CsPbBrj; perovskites are promising optoelectronic materials characterized by a flexible ionic
inorganic network that strongly interacts with the charge carriers. Upon photoexcitation,
the lattice response leads to the polaronic distortions affecting the optical properties of the
system. In our study, we combined time-resolved X-ray absorption spectroscopy and accurate
simulations to quantify the structural deformations induced in the lattice through electron-
phonon coupling. Complementing our pump-probe results with temperature-dependent
X-ray absorption measurements, we disentangled the photodynamics of the system from
thermally-induced effects. Additionally, we clarified the thermal response of CsPbBr3 com-
paring temperature-dependent X-ray investigations with first principles computations. A
consistent atomic level picture is provided, in which the role of thermal fluctuation and
phonon anharmonicity are rationalized with the experimental evidence.

Spinel Co304 represents a model system for the investigation of the correlated electronic-spin-
nuclear degrees of freedom in transition metal oxides. By combining femtosecond broadband
reflectivity and ultrafast time-resolved X-ray emission spectroscopy, we monitored the ma-
terial’s photoresponse upon selective excitations of the ligand-to-metal and metal-to-metal
charge transfer optical transitions. In the former case, sub-picosecond spin and electronic
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Abstract

dynamics occurs together with a displacive excitation of coherent phonons, in the latter a
slower electronic relaxation is measured in presence of impulsively stimulated Raman scat-
tering phonons. We propose a possible explanation in terms of excitation-selective ultrafast
intersystem crossing. We also present the preparation of parallel time-resolved X-ray emission
and X-ray diffraction experiments, which will harness the structural- and spin-sensitivity
of these techniques to disentangle the interactions determining the photodynamics of the
system.

In the last part of the thesis, we show a preliminary study aiming at extending the temperature-
jump pump-probe method to the X-ray domain. In this experiment, a near-infrared pump
is used to vibrationally excite the water molecules of the solvent, which undergo ultrafast
relaxation causing a sudden increase of the temperature in the bulk of the solution. This
process triggers a thermal chemical reaction of the dissolved solutes, which is monitored in a
time-resolved fashion. We studied a multistep ligand substitution reaction of a hexacoordi-
nated Cobalt ion complex in chlorinated water solution, showing the great sensitivity of the
X-ray absorption technique to subtle structural changes. This work opens new perspectives
for the investigation of thermally-driven reactions with element-selective and site-specific
X-ray methods.

Keywords: ultrafast X-ray spectroscopy, temperature dependent X-ray spectroscopy, tempera-

ture dependent X-ray diffraction, ultrafast optical spectroscopy, temperature jump, polarons,
electron-phonon coupling, inorganic lead-halide perovskites, spinel cobalt oxide
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Sommario

Le interazioni tra i gradi di liberta interagenti all'interno di un sistema ne deteminano la
struttura ed il suo funzionamento. I meccanismi che causano questi accoppiamenti possono
essere studiati attraverso una controllata perturbazione dell’ambiente, utilizzando esperi-
menti risolti nel tempo per monitorare I'evoluzione temporale del sistema verso il suo stato
originario. Questi metodi impiegano un impulso laser ultrabreve per portare un materiale
in uno stato di non-equilibrio e un secondo impulso per sondarne la configurazione ad un
ritardo temporale definito con precisione. Per ottenere una descrizione microscopica com-
pleta delle forze interagenti nel sistema € possibile e auspicabile combinare diverse tecniche
spettroscopiche.

In questa tesi abbiamo sfruttato dei metodi pump-probe nell’ottica e nei raggi X con un ap-
proccio sinergico, al fine di studiare I'influenza reciproca dei gradi di liberta elettronici, di
spin e nucleari in due classi di materiali particolarmente complessi che trovano applicazioni
nell’ambito della conversione dell’energia solare: le perovskiti piombo-alogeno e gli ossidi di
metalli di transizione.

Le perovskiti CsPbBr3 sono dei promettenti materiali optoelettronici caratterizzati da una
struttura inorganica ionica molto flessibile, che interagisce fortemente con i portatori di carica.
A seguito di una fotoeccitazione, la risposta del reticolo porta a distorsioni polaroniche che
influenzano le proprieta ottiche del sistema. Nei nostri studi abbiamo associato spettroscopia
di assorbimento X risolta nel tempo con delle simulazioni molto accurate per quantificare
le deformazioni strutturali indotte nel reticolo attraverso effetti di accoppiamento elettrone-
fonone. Unendo i risultati dell'indagine pump-probe con misure di assobimento X in funzione
della temperatura siamo riusciti a distinguere gli effetti della fotodinamica del sistema da
quelli puramente termici. Inoltre, attraverso un confronto tra misure con i raggi X in funzione
della temperatura e calcoli teorici ab-initio abbiamo fatto chiarezza sulla natura della risposta
termica nel CsPbBrs. Ne risulta uno scenario microscopico coerente in cui si riescono a
spiegare il ruolo delle fluttuazioni termiche e dell’anarmonicita dei fononi sulle osservabili
sperimentali.



Sommario

11 Co304 con struttura a spinello costituisce un sistema modello per lo studio dei tre gradi
di liberta interagenti elettronici, di spin e nucleari all'interno della famiglia degli ossidi di
metalli di transizione. In questa indagine abbiamo seguito la risposta fotoindotta del sistema a
seguito di eccitazioni selettive delle transitioni di tipo trasferimento di carica ligando-metallo
e metallo-metallo con tecniche congiunte di riflettivita’ ultraveloce ad ampio spettro e spet-
troscopia di emissione X risolta nel tempo. Nel primo caso abbiamo osservato una rapida
dinamica elettronica e di spin al di sotto del picosecondo, accompagnata da oscillazioni
coerenti legate alla generazione di un fonone di tipo displacivo. Nel secondo caso abbiamo
misurato una risposta elettronica pit lenta in presenza di un fonone attivato per effetto Raman
impulsato. Per spiegare queste osservazioni abbiamo proposto la presenza di un processo di
intersystem crossing ultrarapido e selettivo rispetto al tipo di eccitazione elettronica. Abbiamo
inoltre riportato la preparazione di esperimenti di diffrazione a raggi X e assorbimento X
risolti nel tempo da condurre in simultanea per sfruttare al meglio la sensibilita’ strutturale e
di spin di queste tecniche, e per separare i contributi delle varie interazioni che guidano la
fotodinamica del sistema.

Nella parte finale della tesi, presentiamo uno studio preliminare volto ad estendere la tec-
nica pump-probe del salto di temperatura nel dominio dei raggi X. In questa tipologia di
esperimento si utilizza un impulso nel vicino infrarosso per eccitare vibrazionalmente delle
molecole d’acqua che costituiscono il solvente della soluzione sotto indagine. Queste ultime
seguono un processo di rilassamento ultraveloce che comporta un aumento improvviso della
temperatura della soluzione stessa. Tale processo stimola I'inizio di una reazione termica tra i
soluti disciolti in soluzione che viene seguita con tecniche risolte nel tempo. Nello specifico
abbiamo studiato una reazione di sostituzione multipla dei ligandi su complessi di cobalto
esacoordinati in una soluzione d’acqua clorurata, dimostrando che la tecnica di assobimento
X riesce a monitorare con precisione anche modeste variazioni strutturali. Nel suo insieme
questo lavoro getta le basi per futuri studi sulle reazioni termicamente indotte con metodi nei
raggi X che sondano selettivamente gli elementi ed i siti da investigare.

Parole chiave: spettroscopia a raggi-X ultraveloce, spettroscopia a raggi-X dipendente dalla
temperatura, diffrazione a raggi-X dipendente dalla temperatura, spettroscopia ottica ultra-
veloce, salto di temperatura, polaroni, accoppiamento elettrone-fonone, perovskiti piombo-
alogeno inorganiche, ossido di cobalto spinello
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Introduction

The understanding of a natural system entails the investigation of its function, which is in-
timately related to the temporal evolution of its structure. The driving force of an operating
system is the presence of an external perturbation, which triggers dynamical processes among
its correlated degrees of freedom, attempting to restore the thermodynamic equilibrium. As
such, the comprehension of the fundamental interactions that underlie the response of a
system to external stimuli represents an essential step towards realizing its control at the
microscopic level.

The optimization and manipulation of the properties of a material upon optical excitation is
at the heart of the technological development of semiconductor-based devices in the fields
of photoelectrochemistry, photodetection and solar energy conversion. The actual imple-
mentation of a device requires an in-depth knowledge of the coupled degrees of freedom
that ultimately lead to the generation, relaxation, and recombination of the charge carriers
by absorption of light. To date, traditional covalent semiconductors such as silicon represent
the standard reference not only for electronic chips but also for sensing and photovoltaic
applications, thanks to the intense effort in understanding their fundamental physics and
to the corresponding technological development. In the field of energy-conversion systems,
emerging alternatives to these materials, which require expensive preparation and purification
methods, are lead-halide perovskites and transition metal oxides.

These two families are characterized by a remarkable complexity due to a rich chemical com-
position and to a nature of their chemical bonds, which is intermediate between covalent and
ionic. The latter implies the presence of strong electron-phonon coupling, which significantly
influences the materials’ photodynamics. In lead-halide crystals, the lattice flexibility of the
inorganic framework and the pronounced anharmonicity of the soft lead-halide bonds makes
the perovskite structural response upon external perturbations of primary importance. In
the case of transition metal oxides, the co-presence of ionic bonds and localized d-orbitals
on metallic centres generates two different electronic gaps. These insulators are defined as
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charge-transfer or Mott-Hubbard whether the smallest gap corresponds to a charge transfer
excitation between anions and metals, or a d-d electronic transition localized on the metallic
centres.

For these complex systems, a comprehensive description of their photophysics calls for com-
bined investigations of the correlated electronic, spin and structural responses. In this frame-
work, synergistic approaches should combine techniques sensitive to electronic and collective
excitations of the material, with element-selective methods to investigate local structural
distortions and electronic and spin changes on specific sites. Spectroscopic techniques rep-
resent valuable investigation tools, relying on the quantum interaction between light and
matter. In the steady-state implementation, they provide microscopic scale information on
the time-averaged properties of a material. However, the study of dynamical phenomena
requires accessing the time evolution of the spectroscopic observables, disentangling along
the time dimension degenerate processes acting on different time scales. A powerful strat-
egy to access the ultrafast dynamics of semiconductor materials consists in the so-called
pump-probe method, in which an ultrashort laser pulse brings the system out-of-equilibrium
and a second pulse monitors, at a controlled time delay, its relaxation towards the original
equilibrium. When implemented in a broadband fashion, time-resolved spectroscopies allow
to probe competing nondegenerate processes that act simultaneously in the material.

In this thesis, tabletop time-resolved optical spectroscopy and large scale facilities X-ray stud-
ies are combined to get a better understanding of the fundamental interactions in two complex
semiconductors that are respectively promising for optoelectronic and photoelectrochemical
applications: CsPbBr3 perovskites and spinel Co3Oj.

In CsPbBrj; perovskites, the light-induced generation of photocarriers determines significant
crystal distortions related to polaron formation on ultrafast time scales. On the other hand,
the thermal activation of the lattice vibrations causes a modulation of their optoelectronic
properties. Combining temperature-dependent X-ray techniques, such as X-ray diffraction
and X-ray absorption spectroscopy, with time-resolved X-ray absorption spectroscopy, we
mapped the lattice dynamics of CsPbBr3 nanocrystals upon thermal and light perturbation,
bringing a deeper understanding of the perovskite’s response upon external stimuli. Co30y is
a transition metal oxide with a spinel structure, in which the lattice stoichiometry dictates the
presence of two different oxidation states for the Cobalt ions (Co?" and Co®"), respectively in
tetrahedral and octahedral configurations. These local symmetries imply two different crystal
field splittings for the Cobalt sites and different electronic occupations and spin states. This
configuration produces a rich optical spectrum which reflects the complexity of the correlated
degrees of freedom of the system, determining the presence of Mott and charge-transfer gaps
close in energy. We employed femtosecond broadband visible spectroscopy and time-resolved
X-ray emission spectroscopy to inspect the electronic, spin and nuclear responses of Co304
thin films upon different pump wavelengths, observing that the relaxation pathways are
strongly dependent on the specific electronic transition.

Finally, in this thesis we show a first attempt at extending pump-probe X-ray spectroscopic
techniques to the investigation of non-light-driven chemical reactions. Specifically, we present
a proof-of-principles experiment that combines the temperature-jump method with a X-ray
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absorption spectroscopy probe at the Co K-edge to follow the time evolution of a ligand sub-
stitution reaction in water solution. This represents an unexplored field for studying thermal
phenomena in a time-resolved fashion at synchrotrons and Free-electron lasers. The element-
selectivity and structural-, electronic- and spin-sensitivity of X-ray spectroscopic techniques
would bring an unprecedented level of detail on the mechanisms of non-light-driven pro-
cesses in water solution, which represent the large majority in Nature.

The thesis structure brings the reader through the scientific projects on CsPbBrz nanocrystals,
Co304 thin films and Cobalt complexes in water solution. The description of the experimental
methods, which represent challenging but established state-of-the-art techniques, is directly
provided in the chapters where they were exploited.

Chapter 1 focuses on the light-induced response of ligand-stabilized CsPbBr; nanocrystals
in toluene solution. The photodriven electronic and nuclear changes in the picosecond and
nanosecond regime were mapped with time-resolved X-ray absorption spectroscopy at the Br
K- and Pb L3-edges. We quantified with atomic-level precision the photoinduced structural
changes caused by the polaron formation, thanks to refined ab-initio simulations accurately
reproducing the experiment. Combining time-resolved investigations with temperature-
dependent X-ray absorption spectroscopy studies, we ruled out dominant photothermal
effects as the primary source of the structural distortions. The photodynamics of the system
shows a simultaneous decay of the transient signals around the Br and Pb sites, which occurs
without intermediate states. We interpreted the results in terms of charge carrier recombi-
nation, which unlocks the structural distortion of the lattice caused by the electron-phonon
coupling between the photocarriers and the polar lattice, clarifying the perovskite response
under light-induced out-of-equilibrium conditions.

Chapter 2 provides a comprehensive molecular scale description of the thermal dynamics
of CsPbBr; dry nanocrystals across its phase diagram. We performed parallel temperature-
dependent powder diffraction and X-ray absorption spectroscopy steady-state measurements
at the Br K-edge, monitoring the long- and short-range responses of the lead-halide lattice.
The direct comparison of the experiments with ab-initio MD simulations shows for the first
time that the CsPbBr3 X-ray diffraction pattern changes upon temperature rise are related
to dynamical disorder rather than to a symmetry increase of the crystal. This observation
is confirmed with the X-ray absorption spectroscopy local structural characterization of the
nanocrystals, which locally deviates both from an orthorhombic and a cubic symmetry. The
structural changes predicted by the theory across the phase transitions are rationalized in
terms of temperature-dependent phonon anharmonicity effects, offering a unified picture
of the lead-halide lattice thermal response, which was still missing. The results discussed in
Chapters 1 and 2 provide insights on the mechanisms underlying light and thermal activation
of CsPbBrs3, offering different strategies to control its vibrational degrees of freedom with
external stimuli.

In Chapter 3 we studied the photophysics of spinel Co30, thin films. A femtosecond broad-
band reflectivity set-up in the visible was implemented and transient measurements were
performed pumping the system at 400 nm and 800 nm, respectively exciting the ligand-to-
metal charge transfer and the metal-to-metal charge transfer transitions. We observe strongly
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different pathways in the ultrafast incoherent electronic dynamics and in the associated co-
herent nuclear lattice response, suggesting that optical control of the Co304 charge carrier
relaxation can be implemented upon selective above-band gap excitations. Additionally, we
present preparation and preliminary results of a combined X-ray emission spectroscopy and
time-resolved X-ray diffraction measurement campaign on Co3z 0,4 performed at the European
X-ray free electron laser. Upon 400 nm excitation, the element-selectivity and spin-sensitivity
of X-ray emission spectroscopy was exploited to track the spin state of the Cobalt centres
during the electronic relaxation process of the system.

In Chapter 4 we report the results of a proof-of-principles temperature-jump/X-ray absorption
spectroscopy probe experiment at the Co K-edge on Cobalt ions in chlorinated water solution.
The 1064 nm pump excites the overtone of the water solvent vibrational levels, which dissipate
their energy on ultrafast time scales inducing a temperature change of the irradiated bulk
solution. The sudden temperature change launches a multistep substitution chemical reaction
of water molecules with the chlorinated ions dissolved in solution. Fingerprints of the reac-
tion intermediates are identified, paving the way for the extension of the temperature-jump
method with structural-sensitive and element-selective probes.

Finally, the conclusions of this thesis are drawn, presenting the perspectives that these studies
open for the investigated systems and for the X-ray research field.
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1.1 Abstract

The development of next generation perovskite-based optoelectronic devices relies critically
on the understanding of the interaction between charge carriers and the polar lattice in out-of-
equilibrium conditions. While it has become increasingly evident for CsPbBr3 perovskites that
the Pb-Br framework flexibility plays a key role in their light-activated functionality, the corre-
sponding local structural rearrangement has not yet been unambiguously identified. In this
work, we demonstrate that the photoinduced lattice changes in the system are due to a specific
polaronic distortion, associated with the activation of a longitudinal optical phonon mode
at 18 meV by electron-phonon coupling, and we quantify the associated structural changes
with atomic-level precision. Key to this achievement is the combination of time-resolved and
temperature-dependent studies at Br K-edge and Pb L3-edge X-ray absorption with refined
ab-initio simulations, which fully account for the screened core-hole final state effects on the
X-ray absorption spectra. From the temporal kinetics, we show that carrier recombination
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reversibly unlocks the structural deformation at both Br and Pb sites. The comparison with
the temperature-dependent XAS results rules out thermal effects as the primary source of
distortion of the Pb-Br bonding motif during photoexcitation. Our work provides a compre-
hensive description of the CsPbBr; perovskites photophysics, offering novel insights on the
light-induced response of the system and its exceptional optoelectronic properties.

1.2 Introduction

Lead halide perovskites are rapidly emerging as excellent candidates for optoelectronic ap-
plications, such as photovoltaics, light-emitting diodes [8], lasers [9], photodetectors [10],
polariton devices [11] and quantum light sources [12], thanks to their outstanding perfor-
mances and low fabrication costs [13]. These materials are characterized by facile processing
routes, leading to defect-tolerant systems with widely tuneable band gaps, high photolumi-
nescence (PL) quantum yields and narrow emission lines. Their potential stems from their
extraordinarily long carrier lifetimes and diffusion lengths [14; 15], which are in apparent
contrast with previously reported low charge mobility [16] and lattice dynamical disorder [17].
The APbX;3 perovskite structure comprises a Pb-X (X=CI", Br", I') inorganic framework made of
flexible corner-sharing octahedra, with Pb?* cations surrounded by six halide anions, charac-
terized by low-frequency phonons and a pronounced anharmonicity [18-20]. The A* cations,
either inorganic (Cs*) or organic (methylammonium, MA*, or formamidinium, FA*), fill the
voids between PbXg octahedra. Distinct orthorhombic, tetragonal and cubic phases were
identified in these systems, with phase transition temperatures varying with the cation compo-
sition [21-24]. In CsPbBr3 nanocrystals (NCs), the phase diagram is characterized by a room

4
temperature orthorhombic Pnma crystalline group, with a transition to a tetragonal P—bm
m

group between 50 °C and 59 °C, and a higher temperature transition to a cubic Pm3m group
between 108 °C and 117 °C [21].

Recent temperature-dependent studies showed competitive mechanisms underlying the ther-
mal response in lead halide perovskites. Pair distribution function (PDF) analysis from X-ray
powder diffraction in organic perovskites at room temperature showed significant internal
local distortions of the PbXg octahedra [25]. The degree of these distortions was shown to
increase with the temperature in MAPDbBr3 [26]. In CsPbX3 NCs, structural defectiveness was
revealed and ascribed to twin boundaries, whose density increases with temperature and leads
to an apparent higher-symmetry structure that does, however, not correspond to the Pm3m
cubic phase [19]. High energy resolution inelastic X-ray scattering and PDF studies on MAPbI3
pointed to the presence of thermally-active anharmonic soft modes at 350 K [18], and local
polar fluctuations among different non-cubic structures were confirmed in a low-frequency
Raman study on MAPbBr3 and CsPbBrj3 perovskites [27].

The peculiar lattice flexibility of lead halide perovskites also critically underpins their photody-
namics. Time-resolved optical studies were conducted to understand key aspects of the early
dynamics of the system [28-30]. Several works suggested the presence of polarons, i.e. charge
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carriers dressed by lattice distortions, in order to explain the time-resolved optical signals
[20; 31-34] and transport properties [35]. The polaron formation was shown to generally occur
through the Frohlich mechanism [36], which corresponds to a Coulomb interaction between
the charge carriers and the macroscopic electric field created by the activation of longitudinal
optical (LO) phonons [37; 38].

Although the polaron hypothesis was frequently inferred to rationalize experimental obser-
vations in both organic and inorganic perovskites, the quantification of the associated local
structural rearrangement is still missing. In hybrid organic-inorganic lead-halide perovskites,
local distortions around the Pb [39] and Br [40] sites were separately reported in time-resolved
X-ray absorption spectroscopy (TR-XAS) studies and ascribed to polaron formation, but an
unambiguous identification of the associated structural fingerprint was not provided. Ultrafast
electron diffraction on a MAPDbI; thin film showed evidence of local rotational disorder of
the Pbls octahedra arising from optical excitation, as a consequence of hot carrier-phonon
coupling [41]. Only recently, was the presence of a dynamically expanding polaronic strain
structurally identified in MAPbBr3 single crystal with time-resolved diffusive X-ray scattering
[42]. In all-inorganic lead halide perovskites the picture is still unclear. In a previous TR-XAS
study of photoexcited CsPbBrs and CsPb(BrCl)3 NCs at the Br K-, Pb L3-, and Cs Ly-edges [43]
carried out at a synchrotron, it was suggested that hole polarons form within the time resolu-
tion of the experiment (<100 ps), around Br centres, with the halide ion turning into a neutral
halogen, while electrons would be delocalized in the conduction band (CB). Additionally, the
Cs sites did not show any response to photoexcitation. In a more recent time-resolved X-ray
diffraction study (TR-XRD) at similar fluences, namely between 2.5 mJ/cm? and 12 mJ/cm?,
the lattice response upon photoexcitation was interpreted in terms of transient amorphization
from a crystalline structure [2]. In both studies, however, the local structural distortion was
invoked to rationalize experimental data in a qualitative way, rather than a quantitative one. A
recent angle-resolved photoelectron spectroscopy (ARPES) study demonstrated an increase of
the hole effective mass in CsPbBrj3 single crystals caused by electron-phonon coupling, and
identified a specific LO phonon at 18 meV as the most coupled mode with the charge carriers
[44].

In this work we demonstrate that, in CsPbBrs NCs, the 18 meV LO phonon mode is underpin-
ning the structural distortion induced upon photoexcitation and we quantify the polaronic
nuclear displacements with atomic precision. Specifically, we conducted a TR-XAS study at the
Br K- and Pb Ls3- absorption edges and we found that photoexcitation indeed induces polaron
formation around Br centres, which also determines the response of Pb centres. We performed
band structure calculations in which - to our knowledge for the first time in TR-XAS studies -
the possible structural distortions are a-priori selected on a physical basis, fully accounting
for core-hole final state effects on the XAS spectra. By comparing these accurate simulations
to our experimental results, we identify the local PbXg octahedra bond distortions that con-
tribute to the polaronic photoresponse. Additionally, we clarify the fundamental difference
underlying optical and thermal activation in CsPbBr3 NCs: our temperature-dependent XAS
experiments result in quantitatively different spectral modifications compared to the optical
activation, thereby excluding heat as the primary source of distortion of the Pb-Br bonding
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motif upon photoexcitation.

1.3 Methods

Br K-edge and Pb L3-edge spectra have been recorded in the pre-edge and the XANES (X-ray
absorption near edge structure) regions upon light or thermal activation of CsPbBrs NCs. The
pre-edge region contains bound-bound core-to-valence transitions and is therefore sensitive
to the density of unoccupied valence orbitals. The XANES includes the region just above the
ionization limit (i.e. the edge). It is characterised by single and multiple scattering events of the
photoelectron and, hence, it contains information about the bond distances and angles to the
nearest-neighbour atoms around the probed site [45; 46]. In its time-resolved implementation,
the photoinduced changes of the TR-XAS spectrum reflect transient structural and electronic
modifications at the probed sites and in their local environment [47].

The TR-XAS experiments were conducted at the 7ID-D beamline at the Advanced Photon
Source (APS) of the Argonne National Laboratory [48; 49]. A schematic representation of this
experiment is shown in Figure 1.1. The sample consisted of long-chain zwitterion-capped
CsPbBr3 perovskite NCs with cuboidal shape (side length 10+2 nm) and high PL quantum
yields [50]. Above band-gap photoexcitation was performed using a Duetto laser at a photon
energy of 3.49 eV (i.e. 1.1 eV above the direct band gap excitation), a repetition rate of 1.304
MHz, 10 ps pulse duration and with a fluence of 8.8 mJ/cm?, in the linear response regime. The
photoinduced changes in the sample were probed at the Br K-edge (13.45-13.57 keV) and Pb
Ls-edge (13.00-13.14 keV), with ~80 ps time resolution. Comparative temperature-dependent
Br K-edge and Pb Ls-edge static XAS was conducted at the SuperXAS beamline of the Swiss
Light Source (SLS). The experiments were performed on dry CsPbBrs NCs enclosed in a ther-
mostated cell holder. The thermal response of the system was monitored in the temperature
range between 25 °C and 140 °C, where effects ascribed to either an increase in the NCs local
structural disorder [19], or the occurrence of orthorhombic-tetragonal-cubic phase transitions
[21; 24] had previously been reported. Moreover, we acquired for each temperature step XRD
patterns at 12.9 keV, below both absorption edges, to track longer-range structural changes
and to assess the overall quality of the sample.

We performed accurate first-principles calculations using the Quantum ESPRESSO distribu-
tion [51; 52], based on density functional theory (DFT) and plane-wave and pseudopotentials
technique. The Perdew-Burke-Ernzerhof functional [53] was used to describe electronic
exchange-correlation effects. The electron-ion interaction was modelled using ultrasoft pseu-
dopotentials from the PS-library [54]. The projected density of states (p-DOS) was computed
across the band gap. XANES Br K-edge spectra were simulated with the XSpectra code [55; 56]
of Quantum ESPRESSO, explicitly accounting for the screened core-hole effect in separate
supercell calculations for each non-equivalent Br atom, and calculating the average Br K-edge
spectra. XANES Pb L3-edge calculations were not carried out due to the limitations in the
explicit inclusion of a screened core-hole in describing holes with non-zero orbital momentum
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Figure 1.1: Ultrafast element-selective probing of optically-induced polaronic distortions in CsPbBr3
perovskite NCs. Schematic layout of the experiment. TR-XAS was conducted on long-chain zwitterion-
capped CsPbBr3 NCs dispersed in toluene solution with a concentration of 5.8 mg/ml and flowed
through a flat jet. The laser pump (355 nm) and the X-ray probe, Br K-edge (13.450-13.570 keV) and Pb
L3-edge (13.000-13.140 keV), were in almost collinear geometry.

[57], as in the case of the Pb 2ps,» orbital. Details about all experimental methods, the data
acquisition scheme, and the computational methods and DOS calculations, are described in
the Supplementary information section 1.7.

1.4 Results

1.4.1 Time-resolved X-ray absorption spectroscopy

The steady-state Br K-edge and Pb Ls-edge spectra, normalized to the last data point of the
post-edge region, are shown in Figures 1.2a and 1.2b (black solid line). Our calculations of
the p-DOS show that the top of the valence band (VB) is composed of Br 4p orbitals, with
a non-negligible proportion of Pb 6s orbitals and a minor contribution of Pb 6p orbitals,
while the CB is largely dominated by the Pb 6p orbitals (see Figure 1.10 in the supplementary
information section 1.7.8).

The photoinduced changes are reflected in the transient spectra, defined as the difference of
the excited minus un-excited XAS spectra, and shown for UV pump/X-ray probe time delays
of 100 ps (red), 10.1 ns (yellow) and 163.5 ns (grey). The Br transient spectra (Fig. 1.2a) were
scaled by the inverse of the absolute area underlying the curves, i.e. x155 (100 ps), x363 (10.1
ns), x976 (163.5 ns). The same scaling factors were used for the Pb transients (Fig. 1.2b, details
in the supplementary information section 1.7.2.1. Notably, even though the amplitude of the
TR-XAS decays over time, the profiles of both Br and Pb transient spectra remain unchanged.
The Br K-edge transients show prominent peaks at the pre-edge (13.4675 keV), main-edge
(13.472 keV) and post-edge (13.4765 keV) regions. The first feature was ascribed to the opening
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of a new 1s-4p channel following the creation of holes in the VB upon photoexcitation [43].
Such a scenario also implies a blue shift of the edge and, indeed, the second and third features
could partially be reproduced in the difference spectrum of the blue-shifted ground state spec-
trum minus the unshifted one. However, this qualitative approach does not account for all the
modulations that show up in the above-edge region, which generally point to photoinduced
structural changes, as elaborated in the supplementary information section 1.7.7. We shall
address these later, using ab-initio calculations, and demonstrating their connection with
photoinduced structural changes. The Pb L3-edge steady-state spectrum exhibits featureless
edge and XANES regions. The transients are characterized by two positive features in the
pre-edge region (13.031 keV and 13.038 keV), a negative peak at the edge position (13.043
keV) and a positive peak in the post-edge region (13.060 keV). The reduction of Pb centres
upon photoexcitation of the electrons in the CB, which is mainly composed by Pb p-orbitals,
is not compatible with the transient line shape, as discussed by Santomauro et al. [43]. The
appearance of pre-edge features in the transient traces can only be explained by the opening
of new channels from the 2p core orbitals. Indeed, due to hybridization, depleting the VB not
only affects the Br centres but also the Pb ones, according to the computed p-DOS (see Figure
1.10 in the supplementary information section 1.7.8). Core-to-valence transitions can occur
into the Pb 6s orbitals, which have a non-negligible contribution towards the top of the VB.
Above the edge, the transient features are due to photoinduced structural changes. Because
the Pb atoms are affected by the structural distortion around the Br centres (see below), it is
likely that the above-edge features of the Pb L3 absorption transient in part reflect these lattice
deformations. The decay kinetics at both Br and Pb main edges are shown in Figure 1.2c. The
traces were normalized to their maximum value, allowing a straightforward comparison of
the time-resolved signal of both centers. It is clear that both traces show the same temporal
evolution within the noise level. The data were analyzed following a global fit procedure for
both traces. The best fit results were obtained with a bi-exponential decay function and a flat
offset, which persists up to the time limit explored in our time traces (130 ns), as shown in
Figure 1.6 in the supplementary information section 1.7.2.1. The fit function was convoluted
with a Gaussian profile (0=45 ps), representing the instrument response function of our mea-
surements. The recorded time constants (pre-exponential factors) are 7;=120+20 ps (60%),
72=900+300 ps (21%) and an offset (infinite times of 19% amplitude). Specifically, the fast
time component 7, is compatible with Auger recombination, where an electron in the CB and
a hole in the VB recombine, in a non-radiative process, transferring their energy to a third
carrier. Supporting this interpretation, recent fluence-dependent PL and transient absorption
studies on CsPbBr; NCs reported Auger recombination acting on this time scale [58; 59]. 7> is
ascribed to the radiative recombination of the photoexcited charge carriers, i.e. holes from the
VB and electrons from the CB, in general agreement with PL studies [50; 60].

10
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Figure 1.2: X-ray Absorption Energy and Time Traces. (a) Br K-edge and (b) Pb L3-edge XAS spectra:
steady-state (black) and energy transients at 100 ps (red, x155), 10.1 ns (yellow, x363), 163.5 ns (grey,
x976) time delays. The error bars correspond to the standard error of the measurements. (c) TR-XAS
time traces at the Br K-edge (13.472 keV, orange), Pb L3-edge (13.043 keV, light-blue) and the exponential
fit (black). The error bars were computed as the error propagation of the pumped and unpumped
scans, calculated as the square root of the total single photon counts. Inset: a graphical representation
of Pnma orthorhombic CsPbBr; [1]. The Br, Pb and Cs atoms are respectively reported as orange,
light-blue and grey spheres.

1.4.2 Thermal X-ray absorption spectroscopy

Given the on-going debate about photoinduced electronic and thermal effects [2] and con-
sidering that our pump pulse deposits an excess energy of the photocarriers of ~1 €V, it is
important to disentangle electronic from thermal effects in the photoinduced response pre-
sented here.

In our pump-probe experiment, the hot carriers generated by the pumping process dissipate
their excess energy through carrier thermalization in the sub-100 fs regime [30] and, imme-
diately after, by charge carrier cooling on sub-ps time scales [61]. These events determine
impulsive heating of the crystalline lattice. If the energy deposited on the system is suffi-
ciently high, therefore, this process might translate into impulsively activated orthorhombic-
tetragonal-cubic phase transitions [21]. At later time scales, the hot lattice relaxes through
heat transfer to the solvent and/or the ligands. In ligand-stabilized colloidal NCs in solution
this process should be completed in sub-ns time scales [62], due to the efficient vibrational
coupling between the NC, the ligands and the solvent molecules. Our TR-XAS experiment
looks at the system relaxation in time scales from 80 ps onwards after photo-excitation, i.e.
when the thermal equilibration of the lattice with the surrounding bath has already initiated.
At these time scales, the photoinduced relaxation of the system and its purely thermal and
temperature-dependent responses can be directly compared. This assumption can be har-
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Figure 1.3: Comparison between photoinduced and thermally-activated XAS transition in CsPbBr3
at the Br K-edge and Pb L3-edge. (a) Br K-edge steady-state (dark grey) and temperature-dependent
XAS differences from 35 °C to 140 °C (respectively from blue to red) and (b) Pb L3-edge steady-state
(dark grey) and temperature-dependent XAS differences from 35 °C to 140 °C (respectively from blue to
red). In both panels, the XAS differences were computed by performing a 3-point adjacent averaging
and by subtracting the 25 °C spectrum from the temperature-dependent XAS spectra. (c) Br K-edge
steady-state (dark grey) and pump-probe spectra at 100 ps (red), 10.1 ns (yellow) and 163.5 ns (grey)
and (d) Pb L3-edge steady-state (dark grey) and pump-probe spectra at 100 ps (red), 10.1 ns (yellow)
and 163.5 ns (grey). (e) Br K-edge comparison parameter C as a function of the temperature (purple
dots, top axis) and pump-probe time delay (black crosses, bottom axis), defined as the ratio of the
averaged XAS difference in the energy interval 13.471-13.472 keV and 13.468-13.469 keV, corresponding
to the shaded areas in panels (a),(c). (f) Pb L3-edge comparison parameter C as a function of the
temperature (purple dots, top axis) and pump-probe time delay (black crosses, bottom axis), defined
as the ratio of the averaged XAS difference in the energy interval 13.044-13.047 keV and 13.037-13.040
keV, corresponding to the shaded areas in panels (b),(d). Br C values for both thermal and optical data
sets were multiplied by a factor x2 in order to enable a straightforward comparison between Br and Pb
results in panels (e), (f).

nessed to verify whether the optically-induced relaxation coincides with thermodynamic
lattice cooling. Figures 1.3(a,b) show the thermal difference spectra at the Br K and the Pb
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L3 edges (full thermal spectra are available in Figure 1.12 in the supplementary information
section 1.7.9.1. These are obtained by subtracting the 25 °C spectrum from the T-dependent
XANES spectra. Figures 1.3(c,d) show the unscaled pump-probe difference spectra at 100 ps
(red), 10.1 ns (yellow) and 163.5 ns (grey) for each absorption edge. The thermal difference
spectra at the Br K-edge (Fig. 1.3a) display an intensity change through the thermal gradient,
with an overall area decrease in the energy range 13.466-13.478 keV lowering the tempera-
ture from 140 °C to 25 °C. Particularly, the features at 13.468 keV and 13.472 keV have two
different temperature dependences, the former becoming dominant for temperatures below
65 °C. Main differences between photoinduced and thermal data sets can be found in the
Br K pre-edge region. Specifically, the negative feature at 13.468 keV found in the thermal
data set is absent in the pump-probe spectra, which instead are characterized by a positive
peak centered around 13.4675 keV. In the case of Pb, thermal difference spectra in Figure
1.3b display a broad negative feature covering the 13.035-13.053 keV spectral range, whose
intensity uniformly decreases lowering the temperature, and a single pre-edge feature centred
at 13.032 keV, with intensity increasing upon temperature decrease. In contrast and as already
discussed, the pump-probe Pb spectra show two pre-edge peaks, respectively at 13.031 keV e
13.038 keV, whose intensity decreases as a function of time delay.

To quantify overall spectral changes as a function of either temperature or optical excitation,
at both edges, we introduce a comparison parameter C defined as:

Yy IE)

= m (1.1)

with I(E;) and I(E;) being the spectral intensities at the energy points E;, E; in the main-edge
and pre-edge regions, respectively. In Figures 1.3a-d (grey areas), E; (Br) = [13.471-13.472]
keV; E;(Br) = [13.468-13.469] keV; E; (Pb) = [13.044-13.047] keV; E; (Pb) = [13.037-13.040] keV.
The indicated intervals comprise equally-spaced energy points. Figures 1.3(e,f) show the
parameter C for Br and Pb, respectively: it expresses the relative intensity ratio between two
spectral regions of the same data set, and it describes the entity of XAS spectral shape changes
through a temperature gradient (purple dots) or upon photoexcitation (black crosses).

Within the error bars, C values are constant in the pump-probe case for either Br and Pb, in
agreement with the spectral evolution of the TR-XAS signal. Indeed, we observe a synchronous
systems’s response throughout the TR-XAS spectrum in its decay to the ground state. We
remark that negative values of C are due to the presence of the pre-edge and main-edge
features that have opposite signs, respectively at the energies 13.4675 keV and 13.472 keV for
the Br K-edge, and at 13.038 keV and 13.044 keV for the Pb L3-edge. Starting from 140 °C,
the C parameter for the Br thermal differences has stable positive values for temperatures
down to 60 °C, and undergoes a progressive change from positive to negative values lowering
the temperature in the interval 60-35 °C, due to line shape modifications in the edge region.
Instead, Pb thermal differences show positive C values at all temperatures, which originate
from the negative sign of pre-edge and main-edge features. Since both features decrease in
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amplitude upon temperature decrease, Pb C values remain essentially unchanged with the
thermal gradient.

Based on the radically different behaviour of the C parameter for the optical and thermal data
sets, we can safely conclude that the photoresponses at the Pb and Br edges reported here are
not affected by thermal effects, which likely occur on shorter time scales than our temporal
window, as discussed in the following. Thus, we rule out the hypothesis that the photoexcited
state corresponds to thermally-driven lattice changes [2].

1.4.3 Theoretical simulations: photoinduced polaronic distortion

The XAS spectrum reflects the probability of an electronic excitation from a core orbital to the
unoccupied states of the system that lie at higher energies than the Fermi level. Hence, the
first-principles description of XANES spectra requires the computation of highly-localized
initial orbitals and of the unoccupied conduction states, the latter in the presence of a screened
core-hole, since it reflects the possible final states with a missing core electron.

In condensed matter systems, this level of accuracy is retrieved relying on band structure
calculations, where the effect of the screened core-hole is explicitly accounted for as, e.g., in
supercell simulations [63; 64]. Band structure calculations also allow access to the phonon
spectrum of the system, the atomic displacements occurring upon phonon mode activation,
and the electron-phonon coupling between the charge carriers and the lattice degrees of free-
dom. To date XAS spectra of several solid state systems have been computed using ab-initio
methods, which rely on real-space atomic clusters, especially for the simulation of excited state
spectra [39; 65; 66]. In these cases, the interest was focused on determining the local structural
distortions in the photoexcited system, as in the case of charge carrier trapping, rather than
understanding the origin of its structural response in the presence of charge carriers, which
requires electron-phonon coupling calculations.

First principles computations of pump-probe spectra are generally simulated either using
a-posteriori strategies, i.e. gradually modifying the local structure of a small atomic cluster
until the best agreement between the simulation and the experiment is achieved [39; 65], or
selecting a-priori specific subsets of configurations, where stricter constraints are imposed
on a physical basis [66]. Here, to our knowledge for the first time in TR-XAS, we adopt an
approach based on ab-initio calculations performed under periodic boundary conditions with
an a-priori selection of the structurally distorted states. Consistent with the phase diagram of
CsPbBrj; perovskite [21; 24], we computed the ground state considering the atomic positions
of the Pnma orthorhombic cell, as derived from room-temperature XRD [24]. The lattice
perturbation caused by the optical pump was then simulated following two possible scenar-
ios. First we consider the scenario, ruled out experimentally, in which a thermally-induced
phase transition to an ordered Pm3m cubic state might occur. In fact, we estimated an upper
limit of AT~120 ° to the impulsive heating generated by our pump pulse (see supplementery
information section 1.7.9.2) which, in the absence of lattice cooling and consistent with the
CsPbBr3 phase diagram, would lead the system from the orthorhombic to the cubic phase.
For our simulation we use the atomic coordinates available in the literature [24]. Second,
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Figure 1.4: Theoretical ab-initio calculations of Br K-edge XAS spectra for the ground and structurally
distorted states in CsPbBr3. (a) Schematics of the atomic displacements related with the 18 meV LO
phonon mode. (b) Steady-state experiment (black, normalized for the last energy point), ground state
orthorhombic simulation (red solid line, scaling factor x2550) and cubic simulation (blue dashed
line, scaling factor x2550). (c) ground state orthorhombic simulation (red, scaling factor x2550),
orthorhombic distorted along the 18 meV LO phonon mode (green dashed line, scaling factor x2550),
unpumped (black, normalized for the last energy point) and pumped (yellow, 100 ps time delay,
normalized for the last energy point) experimental spectra. (d) Experimental transient at 100 ps (black)
and simulated pump-probe obtained as distorted orthorhombic minus pristine orthorhombic spectra
(polaronic distortion, red) and cubic minus orthorhombic spectra (phase transition, blue dashed line).
All spectra were scaled by the absolute area underlying the curves and the simulated pump-probe
additionally multiplied by a factor 70 to enable the comparison with the experiment.

we consider a polaronic distortion induced by electron-hole pair excitation, introducing a
structural modification along the 18 meV phonon mode, which is the most strongly cou-
pled to the charge carriers via electron-phonon coupling [44]. The structural modification
caused by the aforementioned process is schematized in Figure 1.4a. Key to this method is the
adoption of a band structure calculation, which allows to: (i) identify the phonon mode with
the strongest electron-phonon coupling and; (ii) to introduce the phonon distortion in the
periodic lattice, thereby approximating the large polaron spatial extension over multiple unit
cells, in agreement with the literature [20; 44]. Electronic non-equilibrium effects following the
optical excitation were not included in the calculations, being too computationally intensive
in the presence of an explicit core-hole description. Figure 1.4b compares the simulated Br
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K-edge absorption spectra for the orthorhombic ground state (red solid) and the cubic state
(blue dots) with the experimental steady-state spectrum (black solid). The three X-ray absorp-
tion spectra are characterized by a first peak arising from the Br 1s-4p electronic transition
around 13.472 keV. The above-edge spectral modulations for the calculated orthorhombic
ground state best reproduce the experiment, as expected from the CsPbBr; perovskite phase
diagram, which is characterized by a Pnma orthorhombic symmetry at room temperature.
The simulated spectrum for the cubic phase shows a modulation mismatch with respect to
the experiment which is prominent in the 13.492-13.505 keV energy range.

Figure 1.4c zooms into the above-edge region beyond 13.480 keV of the experimental pumped
and unpumped spectra (respectively, yellow and black traces), and for the simulated or-
thorhombic ground state and the polaronic distorted state (respectively, red and dashed-green
traces). Even though the photoinduced changes are more pronounced in the experiment, the
simulation faithfully follows the photo-induced spectral modification, with intensity deple-
tions of the 13.485 keV and 13.508 keV maxima and an intensity increase of the 13.497 keV
minimum.

Figure 1.4d shows the simulated pump-probe signals obtained by subtracting the XAS spec-
trum of the orthorhombic ground state from the XAS spectrum due to the polaronic distortion
(red solid) as well as from the cubic phase XAS spectrum (blue dots). The comparison of the
difference curves allows to remove possible systematic errors of our ab-initio calculation for
both ground and excited states. Above the edge, the experimental pump-probe spectrum
at 100 ps shows very good agreement in both position and relative amplitude assuming a
polaronic lattice distortion generated by the optical activation of the 18 meV LO phonon
within the polar inorganic lattice. On the other hand, there is a clear disagreement with the
simulation that assumes the phase transition to the Pm3m cubic structure. We highlight
that the XAS simulation for the orthorhombic-cubic phase transition does not reproduce the
spectral line shape of the 120 °C minus 25 °C thermal difference reported in Figure 1.4a either.
This result is analysed in a separate work. We remark that the residual deviations between
the simulated polaronic distortion and the experimental pump-probe spectra (Fig. 1.4d) can
be rationalized considering that electronic effects caused by the optical pump are absent in
the calculation. Indeed, the edge region is particularly sensitive to photoinduced changes of
the unoccupied DOS of the system. Relying on the one-electron approximation, in Br K-edge
transitions the initial and final states differ by the presence of a core-hole in a 1s Br orbital
and a photoelectron above the Fermi level. Due to the localization of the 1s orbitals on Br
atoms, the Br K-edge transition probability is non-negligible only for final states where the
photoelectron has a significant character of the Br absorbing atom, which are present both in
the VB and CB (see Figure 1.10 in the supplementary information section 1.7.8). When the
band occupancy is perturbed by the optical pump, the Br XANES in the edge-region is also
modified.
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1.5 Discussion

The comparison of optical XAS study with temperature-dependent XAS measurements rules
out a dominant photoinduced thermal effect in the TR-XAS response. Indeed, if the evolu-
tion of the pump-probe spectral line shape reflected the lattice cooling following impulsive
heating, a change in the TR-XAS signal intensity and line shape similar to Figures 1.3(a,b)
should be expected. However, this is not observed in the transients reported in Figures 1.3(c,d).
Furthermore, this discrepancy is confirmed by the differences in the C parameters of Figures
1.3(e,f) between the thermal and optical data sets. Thus, even though a significant heat deposi-
tion could occur under our experimental conditions (see supplementary information section
1.7.9.2 for calculations), a thermal origin of the transient signal can hardly justify the strong
difference between the time evolution of the pump-probe signal and the changes expected for
thermal cooling.

In ligand-stabilized colloidal NCs, heat transport is known to be determined by the organic/i-
norganic interface rather than the thermal conductivity of the inorganic core of the NC [67].
In CdSe NC systems, the heat loss from the ligand-NC complex to the bath was observed in
150-320 ps, depending on the solvent [62]. Considering the similarity of the ligand-capped
CdSe system and our NCs in size, ligand composition, low-energy NC phonon spectrum, fast
thermalization dynamics [62; 68], and the main role of the ligand-solvent coupling to the
cooling process, analogous time scales are expected for our CsPbBrz NCs in solution. Relying
on Newton’s law to describe the NC lattice cooling and assuming a relatively slow 7¢40;i5g Of
300 ps, an initial AT~120 °C temperature would quickly drop to smaller values, e.g. T y¢(t=600
ps)~40 °C.

This prediction is in stark contrast with the persistency of the TR-XAS signal over time, which
preserves the same line shape at the Br and Pb edges up to the longest time delay measured in
our pump-probe experiment, namely 163.5 ns. We conclude that heat dissipation in zwitterion-
capped CsPbBrs perovskite NCs should be complete in shorter time scales than our TR-XAS
time resolution, not affecting the pump-probe measurements. Notably, similar results were
reported in a Pb L3-edge TR-XAS investigation on MAPbBr; ligand-capped NCs in solution
[39], where the significant heat load caused by the pump energy deposition into the NC lattice
was argued to be dissipated in time scales shorter than 100 ps.

The light-activated structural modification is not compatible with a cubic crystalline structure,
nor is it due to disorder, amorphization, or melting caused by thermal effects. Our theoretical
analysis clarifies key aspects of the photoinduced response of CsPbBr3 perovskite NCs, ascrib-
ing the excited state structural changes to the presence of distinct polaronic distortions that the
XAS simulation specifically identifies. Indeed, the atomic displacements of the Pb-Br frame-
work are traced to the distortion of the 18 meV LO phonon mode, which is the most strongly
responsive to the charge carriers via electron-phonon coupling. Strong electron-phonon
coupling in lead-halide perovskites was demonstrated in the electronic structure of CsPbBr3;
single crystals, where signatures of large hole polarons were identified by ARPES and attributed
to the activation of the same LO phonon mode [44]. Moreover, previous time-domain results
based on the optical Kerr effect [20], electronic resonant and non-resonant impulsive vibra-
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tional spectroscopy [31], ultrafast THz studies [32] and 2D electronic spectroscopy [33], were
rationalized in terms of polaron formation in organic and inorganic perovskites. Polaronic
strain was also invoked as the primary driving force of light-induced phase separation in
multi-halide perovskites, explaining the reversibility of the process, its dependence on the
number of photocarriers and the self-limiting size of the domains[69]. The importance of
electron-phonon coupling on the CsPbBr3 electronic response was also confirmed by PL
investigations [37] and time-resolved 2D electronic spectroscopy [34], pointing to a relevant
influence of LO phonon modes with energies between 16 meV and 19 meV, and attributed to
the lead-halide inorganic framework, consistently with our findings.

Thanks to the agreement with the TR-XAS exprimental results, our simulations provide a
compelling atomic-level description of the polaronic distortion. As depicted in Figure 1.4a, the
distortion along the 18 meV phonon mode implies that the Pb-Br bonds are asymmetrically
shortened along the orthorhombic c-axis, moving Pb cations out of the octahedral inver-
sion centre, and substantially displacing the axial Br nuclei from their equilibrium position,
whereas the equatorial Br centres and the Cs ions are marginally affected. Specifically, the pho-
toinduced displacement of the axial Br atoms along the c-axis (Pb-Br,;,; equilibrium bond
distance = 2.958 A) is 6 times larger than the equatorial Br atoms (Pb-Breguatoria €quilibrium
bond distance = 2.964 A) and 2.5 times more pronounced than the Pb off-centre displacement.
The post-edge modulations observed in the Pb L3-edge transients can thus be explained by
the displacements of the Pb and Br centres caused by the photogenerated polaronic distortion.
Notably, the absence of a photoinduced structural response from the Cs centres reported in
[43] also agrees with this finding. Indeed, in all-inorganic perovskites the A* cation allocated
in the lattice cuboctahedral voids is largely mobile and its dynamics is essentially decoupled
from the inorganic Pb-X framework [17]. Further supporting the above description is that the
kinetic traces and transient XAS energy profiles point to a concerted behaviour of Br and Pb
in response to the optical excitation. The time scales of the intensity decays are fully in line
with the Auger [58; 59] and PL recombination lifetimes [50; 60] in CsPbBr3 perovskites. The
relaxation occurs with a direct recovery of the perovskite’s ground state, as confirmed by the
retention of the TR-XAS line shapes in the decay process and by the time evolution of the C
parameter.

The high PL quantum yields reported for CsPbBrs NCs [50] and the fact that the transients
do not change line shape profile, i.e. there is no evidence for intermediate states, point to a
recovery of the system largely dominated by charge carrier recombination. The presence of
polaronic distortions is consistent with this scenario: after the photocarriers have induced
the lattice displacements dictated by the strong electron-phonon coupling of the system, the
subsequent electron-hole recombination causes the reversible unlocking of the structural
distortions of the Pb-Br framework, back to the ground state configuration. Notably, spectral
line changes as a function of time delay were detected in Cs3Bi»Brg perovskites with Br K-edge
TR-XAS as a consequence of their asynchronous electronic and structural relaxation upon
optical excitation [70], with long-persisting lattice disorder after charge carrier recombination.
The observation of short-lived valence holes in Cs3Bi»Brg, compared to the post-edge signa-
tures of lattice distortion, indicates that composition and structure of the inorganic sublattice
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in halide perovskites, either Bi;Brg or PbBrj3, can strongly influcence the photodynamics of
the system and thus its optoelectronic performances.

This work also highlights the importance of local structural techniques in unraveling the
nature of electronic and structural changes in perovskites, triggered by different external
perturbations. In diffraction, structural modifications are obtained using approaches that go
beyond standard Rietveld refinement methods. One of these methods relies, for example, on
the computation of the Fourier transform of the total scattering structure factor to retrieve
the PDE which expresses a probability of finding pairs of atoms separated by a distance r [71].
PDF analysis from X-ray powder diffraction in a host of organic perovskites showed significant
internal local distortions of the octahedra at room temperature [25]. Later, total scattering
structural characterization, relying on a joint Debye scattering equation/atomic PDF approach,
clarified that in CsPbBrs NCs the structural defectiveness is due to twin boundaries, whose
density increase with temperature leads to an apparent higher-symmetry structure that does
however not correspond to the Pm3m cubic phase [19]. A recent high energy resolution in-
elastic X-ray scattering and PDF study on MAPbI; pointed to the presence of thermally-active
anharmonic soft modes at 350 K, corresponding to in-phase and out-of-phase rotations of the
Pblg octahedra [18]. Shortly after, local polar fluctuations were also confirmed in MAPbBr3
and CsPbBr; perovskites in a temperature-dependent Raman study, where the presence of a
zero-frequency Raman peak was assigned to anharmonic thermal fluctuations among differ-
ent non-cubic structures [27]. All these studies underline that correlating medium-to-long
range structural methods with local probes helps distinguishing subtle changes in the per-
ovskite lattice. In this respect, XAS represents a correlative short-range structural tool to
probe disordered or dynamically changing systems such as lead halide perovskite NCs. In
its time-resolved implementation, TR-XAS offers the advantage of combining electronic and
local structural sensitivity, making it an ideal technique to probe lattice modifications induced
by the presence of photocarriers, as in the case of polaron formation [39; 40; 43; 70] or charge
trapping [66; 72], and to discern them from thermally-induced changes.

1.6 Conclusions

We presented results of light- and temperature-induced changes at the Br K-edge and Pb 13-
edge of CsPbBrs NCs dispersed in toluene solution or as dry powders. Our results show strong
differences between the thermal and optical response of the system, excluding dominant pho-
tothermal effects in the observed pump-probe dynamics. The photoinduced spectral changes
at the Br K-edge, stemming from a polaron distortion, are here quantified for the first time
using advanced band structure calculation, including an a-priori selection of the excited state
and fully accounting for core-hole effects on the TR-XAS spectra. The comparison between
our experiment and theory identifies the lattice changes at the origin of the transient Br post-
edge modulations with a distortion along a LO phonon mode at 18 meV. These simulations
represent an atomic-level description of the light-induced nuclear displacement, dominated
by an asymmetric Pb-Br bond shortening along the orthorhombic c-axis. This is supported
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by the identical kinetic evolution of the transient Br K-edge and Pb L3-edge transients, which
show that the latter is a direct consequence of the polaronic distortion around Br centres. This
is also consistent with the high PL quantum yields reported for CsPbBrs NCs [50] and provides
new microscopic insights in the Pb-Br sublattice dynamics, clarifying the perovskite response
under light-induced out-of-equilibrium conditions.

1.7 Supplementary Information

1.7.1 Samples and characterization

Table 1.1 summarizes specifications about the sample 1 employed in the APS TR-XAS experi-
ment and the sample 2 employed in the SuperXAS T-dependent XAS and XRD measurements.
Figure 1.5 shows the absorption and emission spectra of the two samples, their transmis-
sion electron microscopy (TEM) images, and the high-angle annular dark-field scanning
transmission electron microscope (HAADF-STEM) image of a single NC.

Name Sample 1 Sample 2
Solvent NCin toluene Dry NCs
Concentration (mg/ml) 5.8 (in toluene), 23 (dried) -
Absorption (355 nm, 200 um path) 1.7 0D -
Absorption edge 508 nm 503 nm
Luminescence Maximum (FWHM) 516 (18) nm 511 (22) nm
Quantum Yield (%) >90% (solution) 77.4
Particle Size (number of particles in TEM) 1042 nm (61) 8.1+1.6

Table 1.1: Samples characterization for APS TR-XAS and SLS T-dependent XAS experiments.

1.7.2 Experimental methods
1.7.2.1 Time-resolved X-ray absorption spectroscopy

The sample consisted of long-chain zwitterion-capped CsPbBrs perovskite cuboidal NCs
with side length 10+2 nm. Their preparation is described in [50]. The 5.8 mg/ml solution of
CsPbBr3 NCs dispersed in toluene was kept under stirring conditions and flowed through
a sapphire nozzle to produce a 200 um flat sheet jet, ca. 5 mm wide, ensuring that a fresh
spot was excited at each pump pulse. The flat jet was oriented at 45° relative to the X-ray
propagation direction. TR-XAS signals were collected at the 7ID-D beamline at the APS of the
Argonne National Laboratory (U.S.A.), at the Br K-edge (13.450-13.570 keV) and Pb L3-edge
(13.000-13.140 keV), using a crystal diamond (111) monochromator and employing the ~80
ps (FWHM) pulses provided by the facility in 24-bunch mode, with a repetition rate of 6.52
MHz. The X-ray energy was calibrated using Pb foil. A high repetition rate Duetto laser system
(10 ps FWHM pulses, pump wavelength 355 nm) was used to excite the sample at 8.8 mJ/cm?.
The laser repetition rate of 1.304 MHz was set to 1/5 of the 6.52 MHz repetition rate of the
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Figure 1.5: Absorption and Emission Visible Spectra and the TEM image of (a,b) sample 1, and (c,d)
sample 2, respectively. The insets in (c,d) show the distribution of the average edge length (nm) of the
cuboidal NCs, with the y-axis corresponding to the number of counts. (e) HAADF-STEM image of a
single CsPbBrz NC.

synchrotron source.

A nearly-collinear geometry between the X-rays (5 um spot-size) and laser (45 ym x 50 um
spot-size) was employed, detecting the X-ray fluorescence signal in orthogonal geometry
with Avalanche Photodiodes. Br K-edge and Pb L3-edge spectra were collected both in total
fluorescence yield (TFY), with two acquisition methods: analog averaging using a MHz boxcar
average (Zurich Instruments) and single photon counting (SPC) using homemade FPGA-based
gating electronics. Energy traces were recorded at 100 ps and 10.1 ns time delays at both edges.
At every time delay, X-ray absorption spectra were recorded scanning each edge as a function
of energy. A non-uniform grid of energy steps was chosen to optimize the acquisition times
while still preserving an energy resolution better than 0.5 eV, with finer steps in the edge region
and wider steps in the above-edge region. Additional scans were retrieved at 163.5 ns time
delay exploiting the higher repetition rate of the synchrotron (6.52 MHz) with respect to the
pump (1.304 MHz), which implies that 5 X-ray pulses consecutively probe the sample before
a second pump pulse arrives. Considering the small X-ray probe spot size and the average
speed of the flat jet (~4 m/s), the second X-ray pulse after the pump still probes a uniformly
pumped region, arriving with an additional time delay of 153.4 ns (1/6.52 MHz). Thus, energy
transients at 163.5 ns time delay were obtained subtracting the XAS signal of the unpumped
sample from the XAS signal recorded with the second X-ray pulse after the pump, when the
time delay between the pump and the first X-ray pulse was set to 10.1 ns.

A total accumulation time between 48 s and 66 s per energy point was employed for the
averaged energy Br transients, such that the signal-to-noise ratio (SNR) of the measurements
is mainly dictated by the signal strengths at the different time delays. At 100 ps the Br K-edge
pump-probe signal at 13.472 keV is around 2% of the static signal. For the Pb L3-edge, the
pump-probe signal at 13.043 keV is around 0.4%. Thus, at the Pb L3-edge, data acquisitions 5
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Figure 1.6: Pump-probe kinetics at the Br K-edge (orange) and Pb Lz-edge (blue) up to 130 ns time
delays.

and 9 times longer than Br transients were required to get a good statistics, respectively for 100
ps and 10.1ns/163.5ns. Despite the longer acquisition times, the Pb SNR remains lower than
at the Br edge. The weak pump-probe response of the Pb centres can be partially attributed
to the 1:3 stoichiometric ratio between Pb and Br sites in the sample and to the core-hole
broadening of the heavy Pb element, which reduces the energy resolution of the measurement.
Additionally, it could reflect the weaker response of the Pb sites to the optical pump. The
static spectra in Figure 1.2(a,b) in the main manuscript were normalized for the last point of
the post-edge, whereas Br transient spectra were scaled by the inverse of the absolute area
underlying the curves, i.e. x155 (100 ps), x363 (10.1 ns), x976 (163.5 ns). The error bars were
changed accordingly. Due to the higher SNR of Br transients and the correlation between the
Br and Pb time responses (see main manuscript), the same scaling factors were used for the Pb
spectra. Time traces were obtained recording the spectral intensity at each X-ray absorption
edge while scanning the delay between the optical pump and the X-ray probe. The traces
were acquired over a range of 130 ns on Br K-main-edge (13.472 keV) and Pb L3-main-edge
feature (13.043 keV), as reported in Figure 1.6. The acquisition times were optimized to obtain
comparable SNR levels between the two traces, requiring 36 s per time point at the Br edge and
6 times longer accumulation times at the Pb edge. The dataset in the main manuscript was
analyzed following a global fit procedure, where the minimization of the residuals between
the fitting curve and the Br and Pb datasets was performed simultaneously
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1.7.2.2 Temperature-dependent X-ray absorption spectroscopy

The temperature-dependent XAS and XRD measurements were performed at the SuperXAS
beamline at the SLS of the Paul Scherrer Institute (Switzerland). The sample consisted in a
powder of CsPbBr; NCs, allocated into a cell holder between two graphite layers with 0.254
mm thickness. The internal temperature of the cell was calibrated and monitored with a
thermocouple. The XAS signal was acquired using a 5-element silicon drift detector (SDD)
for fluorescence detection at a 90° geometry. The spectra were collected using a Si(111)
monochromator and exploiting the complete filling pattern of the synchrotron delivered
at 1.064 MHz repetition rate. Br K-edge (13.450-13.569 keV) spectra were recorded at the
temperatures 25, 35, 40, 45, 55, 60, 65, 120, 140 °C, whereas smaller temperature steps were
chosen for the Pb Ls-edge (13.000-13.140 keV) spectra, namely 25, 35, 40, 45, 55, 60, 65, 80,
100, 120, 140 °C. XRD measurements were performed with the sample at 0° with respect to
the incidence monochromatic X-ray beam (12.9 keV). The signal was collected using a Pilatus
100k detector (94965 pixels, 172x172 umz pixel area) in transmission geometry. The sample-
detector distance was 24.10 cm, with the detector laterally displaced of 4.53 cm, avoiding its
exposure to the direct X-ray beam. XRD patterns were recorded at the same temperatures as
XAS. The background XRD signal generated by the graphite sheets was isolated in a separate
measurement.

1.7.3 Fluence scans data analysis

Figure 1.7 reports the fluence dependence of the pump-probe signal intensity at 100 ps time
delay, in the range 0.5 to 12.4 mJ/cm?. In the figure, the Br (13.472 keV; left axis in orange) and
Pb (13.043 keV, right axis in blue) main-edges are displayed as a function of the 355 nm pump
intensity. The linear fit of the Br data, with better SNR, is showed by the grey solid line, and
overlaid to the Pb response. Both signals show a linear regime up to ~10 mJ/cm?, followed
by the onset of a saturation plateau. Our pump-probe measurements were performed at
8.83 mJ/cm?, approaching the highest fluence within the linear regime. Pb and Br data were
recorded in TFY mode at 100 ps time delays. The TFY signals were divided by the incident X-ray
flux, monitored with an ungated ion chamber. Laser-on scans were corrected by the offset with
respect to the corresponding laser-off scans. The offset was determined as the average of the
difference between laser-on and laser-off for the first two points in fluences (correction within
the error bars amplitude). In order to compensate for possible concentration fluctuations
among different scans, laser-off and laser-on scans were scaled by the mean intensity value
of the corresponding laser-off scan. These two corrections were necessary to compensate
the large variation in the static signal arriving at the detector in different scans. Laser-on and
laser-off scans were averaged and their standard errors were computed as standard deviation
scaled by the square root of the number of scans. Pump-probe scans were calculated as the
difference of laser-on minus laser-off averages and the pump-probe error was computed
through error propagation of the laser-on and laser-off errors.
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Figure 1.7: Pump-probe fluence dependence intensities at the Br (13.472 keV, left axis in orange) and
Pb (13.043 keV, right axis in blue) main-edges. The error bars represent the standard error of the
measurements. The dashed vertical line corresponds to the fluence employed in the pump-probe
experiments. The grey solid line corresponds to the linear fit of the Br TR-XAS fluence-dependent signal
in the linear regime.

1.7.4 Energy scans data analysis

XAS spectra were collected in TFY with the two acquisitions modes mentioned above, which
required different data processing procedures. Analog signals averaged in the MHz boxcar
were normalized by the incident X-ray flux, monitored with an ungated ion chamber, and
the laser-off pre-edge offset was substracted from consecutive laser-off and laser-on scans.
Each pair of offset-corrected scans was scaled by the laser-off edge integral and the pump-
probe spectra were computed subtracting laser-off from laser-on scans. The pump-probe
signal was obtained by averaging the pump-probe scans and the corresponding standard error
was calculated from the error propagation of the laser-on and laser-off spectra. The offset
correction and edge-integral scaling were employed to correct the scan-to-scan fluctuations,
probably due to jet instabilities. The SPC laser-off and laser-on signals were corrected for the
probability of having multiple photons hitting the detector and summed over all scans. The
corresponding errors were computed as the square root of the total number of counts. Both
the signal counts and their errors were scaled by the total incoming flux signal. Separate flat
pre-edge offsets were removed from the laser-on and laser-off spectra and the signals were
scaled by their edge-integral intensities. Their errors were also scaled by the same scaling
factor (but no offset was subtracted, being the error proportional to the square root of the total
number of counts). The pump-probe spectrum resulted from the difference of the laser-on
and laser-off signals and its error was computed from the error propagation of the laser-on
and laser-off errors. Br transients at 100 ps and 10.1 ns were obtained in TFY, averaging 9 and
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11 scans respectively, whereas the spectrum at 163.5 ns was recorded in SPC, considering the
counts accumulated in 8 scans. Pb energy transients were collected in SPC mode, summing
the counts of 56 scans (100 ps) and 87 scans (10.1 ns and 163.5 ns).

1.7.5 Time scans data analysis

Both Br and Pb time traces were collected in SPC mode. The SPC counts were corrected for the
probability of having multiple photons hitting the detector and a sum over all the scans was
performed for laser-on and laser-off scans separately. The errors were computed as the square
root of the number of counts. Both signals and errors were scaled by the total incoming flux
intensity and separate offsets were subtracted from laser-off and laser-on spectra, retrieving
an average zero intensity of the pump-probe signal at negative time delays. The pump-probe
time trace was obtained from the difference of the laser-on and laser-off scans and its error
was computed from the error propagation of the laser-off and laser-on errors.

1.7.6 Estimation of the number of photocarriers

Under the fluence conditions of the TR-XAS measurements, we estimate an initial number of
photocarriers per NC of about 1000, as predicted by the formula:

N=F-pu-v 1.2)

where F is the average 355 nm pump fluence absorbed by the solution in absence of light
scattering (7.6-10'% ph/m?), u is the intrinsic absorption coefficient of CsPbBr3 NCs at 355
nm (1.3-10’ m™!) [73] and V is the average NC volume (10~2* m3). This average number
corresponds to an upper limit and could considerably overestimate the actual number of
charge carriers present in the system at the probed time delays. More precise calculations, that
are beyond the scope of this study, should consider additional factors, such as light scattering,
NC size inhomogeneity, and the statistical (Poisson) distributions of the absorbed photons in
the NCs.

1.7.7 Photoinduced blue shift of the Br K-edge

The line shape of the Br K-edge transients consists of three prominent peaks at the pre-edge
(13.4675 keV), main-edge (13.472 keV) and post-edge (13.4765 keV) regions and pronounced
above-edge modulations at higher energies. Following the approach proposed in [43], we
attempted a description of the pump-probe spectra in terms of photoinduced oxidation of
the Br sites. The change of the oxidation state of the Br sites would imply a rigid shift of the
edge towards higher energies. In Figure 1.8, we compare the Br K-edge TR-XAS at 100 ps (red)
and the spectrum obtained by subtracting the unshifted static XAS (black) to the same static
XAS rigidly shifted of +5 eV (value which gives the best agreement with the experimental data,
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Figure 1.8: Experimental static (black) and transient spectra at the Br K-edge. The experimental pump-
probe spectrum at 100 ps time delays (red) is compared with the spectrum obtained by the difference of
the blue-shifted (+5 eV) static spectrum minus the unshifted spectrum (blue). The latter was multiplied
by a factor 5-10™* to enable a direct comparison of the spectral line shapes.

in red). The spectra significantly differ for the relative position of the main features, with
discrepancies in the energy differences up to 5 eV. Similar results are obtained for other shifting
values, with +5 eV giving the best outcome. As reported in section 1.4.1, the absence of the pre-
edge positive peak at 13.4675 keV is explained in terms of the opening of a new 1s-4p channel
following the creation of holes in the valence band upon photoexcitation. However, the failure
in reproducing the pronounced modulations in the above-edge region points towards the
presence of structural changes that are not considered in this simplified comparison. The
disagreement with the pump-probe experiment makes it essential to perform dedicated ab-
initio calculations for the quantitative description of the photoinduced structural changes in
the system.

1.7.8 Computational methods and density of states calculation

In this section we discuss the computational approach used to simulate the XANES spectra at
the Br K-edge. All the calculations were performed using the Quantum ESPRESSO distribution
[51; 52], an open-source tool for electronic structure simulations based on density functional
theory (DFT) and plane-wave and pseudopotentials technique. The Perdew-Burke-Ernzerhof
(PBE) functional [53] was used to describe exchange-correlation effects. The electron-ions
interaction was modelled using ultrasoft pseudopotentials from the PS-library [54]. Semicore
3d, 5d, and 5s plus 5p electrons are treated as valence states for Br, Pb, and Cs, respectively.
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The Kohn-Sham wave functions and the charge density were expanded in plane-waves up to a
kinetic energy cut-off of 50 and 300 Ry, respectively. A threshold of 1071° Ry/atom on the total
energy is set to define the convergence. The equilibrium structures for the orthorhombic and
the cubic phases were taken from experiments [24]. The distorted orthorhombic structure
was determined starting from the equilibrium one and following the atomic displacement
corresponding to the phonon with the largest coupling to the electronic degrees of freedom.
The lattice vibration eigenmodes were calculated using the matrix of force constant taken
from ref. [44]. The most strongly coupled mode was identified by looking at the effective
Frohlich electron-phonon coupling [44] and corresponds to the Pb-Br stretching mode at
18.2 meV (see Figure 4 in ref. [44]). The strength of the displacement was chosen in such
a way to give a change of the order of KgT in the DFT energy of the orthorhombic unit cell
(20-atoms cell). We verified that the results are independent of this parameter by performing
additional simulations for the distorted orthorhombic structure doubling the strength of
the displacement, as shown in Figure 1.9. No significant changes in the XANES line shape
are observed, other than amplitude changes, which have negligible effects on the spectral
differences. The XAS cross section X(w) is given by:

Z(w) =4n*aoh 3 KPTIDIG I8 (eGy — €7y~ hw) (1.3)
fko

where ay is the fine structure constant, iw the energy of the incoming photons, (p‘;k and
e‘l{k the wavefunction and energy of the initial state, and ¢;k and e?k the wavefunction and
energy of the final state. D = e-r is the operator describing the light-matter interaction in
the dipole approximation, with e and r being, respectively, the polarization vector of the
incoming light and the electron position. The absorption cross-sections were calculated
in the dipole approximation using an efficient Lanczos recursive method that avoids the
expensive calculation of the empty states, as implemented in the XSpectra package [55; 56]
of Quantum ESPRESSO. For Br K-edge spectra, the initial state (,b‘Z « s the 1s wavefunction of

the emitting Br atom and the final states wavefunctions (,b;  and €%, were calculated within

the so-called excited-electron plus core-hole (XCH) approach [63] f 11“(his approach requires a
DFT calculation where one excited Br atom with a full core-hole in the 1s state is included in a
supercell.

A pseudopotential for the Br atom in this excited configuration was generated with the LD1
module of the Quantum ESPRESSO package. An extra electron was added at the bottom
of the conduction band leaving a charge-neutral excitation [63]. Separate XCH supercell
calculations are performed for each non-equivalent Br atom in the structure and the final
XANES spectrum is obtained from their average. A large enough supercell is needed to avoid
spurious interaction of the excited atom with its replicas in periodic boundary conditions.
We verify that a unit cell containing 160 atoms, corresponding to a 2x2x2 supercell of the
20-atoms orthorhombic primitive cell, is enough to get converged results. To converge the Br
K-edge spectra, the Brillouin zone of the supercell was sampled with a I'-centred uniform grid
of 3x3x2 k-points. The XAS intensities were averaged over three values of the polarization of
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Figure 1.9: Calculated static (black) and pump-probe spectra at the Br K-edge. Two different distortions
along the 18.2 meV phonon mode were considered: an atomic displacement corresponding to a
DFT energy change of the order of KT (dashed blue) and a distortion corresponding to twice that
atomic displacement (solid red). The former spectrum was multiplied by a factor 3.7 to enable a direct
comparison of the spectral line shapes.

the incoming light, namely along the [001], [010], [100] crystallographic directions. Pb L3-edge
calculations were not carried out due to the limitations of the XCH approach in describing
holes with non-zero orbital momentum [57]. The averaged spectra were further convoluted
with a Lorentzian having an energy-dependent broadening [74], which starts from 0.3 eV and
reaches a maximum value of 6.00 eV, with an arctan-type behaviour and inflection point at 16
eV above the top of the valence-band. The projected density of states (p-DOS) for Br and Pb s,
p orbitals are reported in Figure 1.10, showing a dominant contribution of the Br 4p orbitals
and the Pb 6p orbitals in the valence and conduction bands, respectively. In Figure 1.11 the
calculated Br K-edge spectrum is compared to the experimental data.

A good agreement with the experiment is achieved after the raw data (blue solid line) were
convoluted with a Lorentzian function, as described above (red solid line). In the low energy
region, the raw data shows two distinct peaks at 2.7 eV and 5.0 eV. After the convolution those
merge into a single peak at ~5 eV. The shoulder just before this main peak is visible both in the
theoretical and experimental spectra and originates from the first peak at 2.7 eV. These two
peaks are directly connected to the p-DOS and come from Br 4p states, as highlighted in the
right panel of Figure 1.11.
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Figure 1.10: p-DOS in the band gap region. The zero of the energy is set at the top of the valence band,
mainly constituted of 4p Br orbitals and with a small contribution of the Pb 6s orbitals. The conduction
band is dominated by the Pb 6p orbitals, with minor contributions of the Br 4s and 4p orbitals. Cs
orbitals do not significantly contribute to the DOS in the first few eVs around the band gap.
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Figure 1.11: Left panel: the calculated Br K-edge XANES spectra (XCH) for the orthorhombic structure
before (blue) and after (red) the Lorentzian convolution compared to the experimental data, which was

rigidly shifted and aligned to theoretical spectra. Right panel: contribution to the p-DOS from the 4p
states of the two nonequivalent Br atoms. The zero of the energy in the plots is set to the top of the

computed valence band.

1.7.9 Temperature-dependent X-ray diffraction and X-ray absorption spectroscopy

1.7.9.1 Thermal X-ray absorption spectroscopy at Br K-edge and Pb L3-edge

Figure 1.12 shows the steady-state spectrum at 25 °C and the XAS differences between the
temperature-dependent and the room temperature full spectra, recorded at three key temper-
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Figure 1.12: Differences between high-temperature XAS minus room-temperature XAS at (a) Br K-edge
and (b) Pb L3-edge, at three selected temperatures.

atures for both Br and Pb edges.

XAS spectra were affected by a minor, systematic energy shift due to the backlash of the
monochromator during the extensive energy scan from the Br to Pb edges and to the 12.9
keV energy of the XRD measurements. The source of this backlash was reliably identified
because consecutive scans at the same edge did not display significant energy shift, even when
varying the temperature. For each scan, the backlash was compensated for an optimal shift,
determined through a minimization process as a function of the energy shift. We designed the
optimization parameter as the absolute difference between the modulus of the area underlying
the normalized first derivative of the considered spectrum and a reference spectrum. The 25
°C spectrum was used as reference.

The same optimization procedure was employed to align the thermal dataset with respect
to the steady-state Br K-edge and Pb L3-edge XAS spectra collected in APS. For all scans, an
optimal value for the shift was uniquely identified. In Figure 1.12 we report the typical profile
of the optimization value as a function of the energy shift. The backlash correction could
remove temperature effects on the XAS edge absolute energy position, as in the case of band
gap temperature-dependence.
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the normalized first derivative of a pair of spectra) as a function of the energy shift for the Br K-edge
scan at 45 °C. The 25 °C XAS spectrum was taken as reference spectrum.
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Figure 1.14: Aligned and normalized Br K-edge (a) spectra and (b) first derivative with respect to the

energy as a function of the temperature.

Indeed, assuming that the core orbital energies are not affected by changes in the sample

temperature, the absolute position of the XAS spectra may change with the band gap, as it

influences the energy difference between the valence and conduction bands. A correction was

introduced following the Varshni relation [75], estimating the temperature dependence of the

system’s band gap as:
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By(T) = Ey(0) ==

(1.4)

In the case of CsPbBr3 NCs, the values of a=-7.3-107° eV-K~! and =314 K were determined
in a temperature-dependent photoluminescence study in the temperature range 80-550 K
[76]. Under these assumptions, a blue-shift of the XAS spectra up to 6.5 meV can be expected
upon heating the sample from 25 °C to 140 °C, much smaller than the backlash corrections
applied to the temperature-dependent Br K-edge spectra (between 0.235 eV and 0.589 eV).
For each temperature, the final spectrum was computed as the average of the backlash cor-
rected spectrum and the same spectrum where the Varshni correction was also included. The
corresponding error bars were also calculated.

Consistent with the data analysis procedure of pump-probe spectra, a flat pre-edge offset was
subtracted from each steady-state scan and the obtained spectrum was normalized by its edge
integral. The resulting aligned Br K-edge spectra and their first derivative with respect to the
energy are shown in Figure 1.14 as a function of the temperature. Temperature-dependent
XAS differences were obtained by subtracting the 25 °C XAS spectrum from each XAS spectrum
in the temperature range 35-140 °C.

1.7.9.2 Quantification of the photothermal effect

We estimated the upper limit of the optically-induced temperature changes considering
the energy deposited by the pump beam in the CsPbBrj3 lattice, in the absence of cooling
channels for the NC lattice on sub-100 ps time scales. Accounting for the exceptionally high
photoluminescence quantum yield of our sample (~90%), the lattice temperature increase
is mainly related to the deposition of the excess energy between the pump wavelength (355
nm) and the emission wavelength (516 nm). We estimate a value of AT~120 °C, following the
equation:

_ Fabs-a
AT = ——— (1.5)
C- dje[' Cp

where we considered an effectively absorbed fluence F ;s of 7.15 mJ/ cm? (given the solution
optical density of 1.7 O.D.), an energy-to-heat conversion a of 0.41 (which accounts for both
the pump excess energy and the 10% of non-radiative recombination), a CsPbBr3 concentra-
tion c of 5.8 mg/ml, a jet thickness d j.; of 200 um and the heat capacity ¢, value of 215 mJ/g K,
approximated to its lower limit with respect to the temperature [77; 78]. Scattering of light
from the liquid jet was neglected. Similar calculations were reported in ref. [41] to estimate
the temperature increase in an ultrafast electron diffraction experiment on MAPbI3 thin film.
Despite the instantaneous AT obtained in the calculation is non-negligible, we can exclude the
presence of dominant photothermal effects in our measurements, based on the expected time
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scales for the cooling process and the spectral changes associated to it (see main manuscript).

1.7.9.3 Temperature-dependent X-ray diffraction data analysis

T-dependent XRD data were collected using a Pilatus 100k detector, with an incoming X-ray
energy of 12.9 keV, in order to monitor the sample integrity in the thermal study. The 2D
images were integrated using the python function pyFAIL. Azimuthallntegrator. The sample
position with respect to the detector was determined calibrating the measured graphite 2D
pattern with the graphite literature data reported in the “pyfai calibration” open source pro-
gram. The rotation parameters were optimized in the program in order to correct the circles of
the 2D maps into straight lines.

The 1D XRD patterns were thus obtained performing a vertical binning of the rectified 2D
images. A common linear background was subtracted by all curves. It was determined by min-
imizing the residuals between the 35 °C XRD background pattern and a linear function used
in the fitting. The pixel-to-scattering vector conversion was performed using the following
relations:

I=p-A
l
0= mn‘1ﬂ
L
A (1.6)

 sinf
S 27

T d

Where p is the pixel number corresponding to the peak position, A is the pixel size, L is
the sample-detector distance, a is the distance between the transmitted X-ray beam and
the detector in the plane orthogonal to the X-ray beam, A is the 12.9 keV X-ray energy in
wavelength. A least-squares fitting was used to refine the measured L and a quantities in
order to match the peak position of the XRD pattern generated with VESTA for a CsPbBr;
orthorhombic unit cell. A Gaussian broadening was applied to VESTA predictions to better
resemble the experimental conditions. In Figure 1.15, XRD profiles at selected temperatures
are shown over the Q range between 1.3 and 2.8 A~!. The prominent peak at 1.83 A~! comes
from the background signal of the thin layers of graphite encasing the CsPbBrz sample.
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Figure 1.15: XRD in the 1.3-2.8 A~! Q range at four selected temperatures. For the 120 °C pattern, the
peaks are labelled according to the high-temperature Pm3m cubic phase reported in the literature [2].
An arbitrary offset was introduced for each spectrum to better resolve the spectral evolution with the
temperature. The dashed grey curve corresponds to the background originated by the graphite sheets
of the thermostated cell, which signal is superimposed to the [111] CsPbBr3 diffraction peak.
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The following chapter is adapted from a manuscript currently under writing, involving the
following authors:

0. Cannelli, J. Wiktor, N. Colonna, M. Puppin, L. Leroy, C. Bacellar, 1. Sadykov, E Krieg, G.
Smolentsev, M. V. Kovalenko, A. Pasquarello, M. Chergui, G. E Mancini.

My contribution: experimental measurements, data analysis, data interpretation, manuscript
writing.

2.1 Abstract

The widespread application of perovskite active materials for technological devices is currently
limited by their poor long-term stability. A better understanding of the system’s degradation
under external perturbations such as thermal heat requires the development of consistent
atomic level descriptions. In this work, we report that the temperature-dependent response of
CsPbBrs nanocrystals across the phase diagram is primarily caused by local thermal fluctu-
ations. Combining X-ray powder diffraction and X-ray absorption measurements at the Br
K-edge, we monitored long- and short-range structural changes as a function of the tempera-
ture and directly compared these results with the predictions of accurate ab-initio simulations.
Specifically, we clarify the origin of the X-ray diffraction and X-ray absorption pattern changes,
ascribed to thermally-induced dynamical disorder rather than to a local symmetry increase
of the lattice with the temperature. The observed changes in the PbBrg octahedral tilting
distribution point to thermally-induced phonon anharmonicity effects. The comprehensive
description proposed in our work paves the way for a rational control of the lattice response
under external stimuli.
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2.2 Introduction

The implementation of lead-halide perovskites as active layer in photovoltaic and optoelec-
tronic devices is currently hindered by their relatively poor stability [79; 80]. Despite their
promising performances [8; 81], these materials suffer from different forms of degradation
under operative conditions, caused by external factors such as oxygen, moisture or UV light
exposure [82-84]. Composition and structural instabilities were also observed, due to phase
segregation [85] and thermal heat effects [86]. Understanding the mechanisms underlying
these issues requires the characterization of the system’s response under these external pertur-
bations as a first step towards next generation devices development and their marketability. In
both inorganic and hybrid perovskites, the common lead-halide inorganic framework consti-
tutes the structural backbone hosting either inorganic or organic cations and determining the
structural response of the system [17]. Given this lattice structure, all-inorganic pervoskites
are benchmark systems to study thermal effects on the crystal lattice because of the absence
of the additional dipolar interactions caused by the organic cations of the hybrid systems.
In CsPbBrs;, the ABX3 perovskite crystal consists of a Pb-Br inorganic sublattice in which the
Pb2* ions are surrounded by 6 Br~ anions, making a framework of corner-sharing octahedra.
The cuboctahedral voids left in the crystal are filled by the Cs™, creating a complementary
sublattice where the cations undergo a free rattling motion [17]. In single crystals, the phase di-
agram of this system was determined by X-ray diffraction (XRD) and it was assigned to phases
of decreasing symmetry upon temperature lowering: cubic Pm3m (T>130 °C), tetragonal
P%bm (88 °C<T<130 °C) and orthorhombic Prnma (T<88 °C) [24]. A neutron diffraction
study ascribed the phase transition sequence to the condensation of the PbBrg tilting modes
into distorted geometries [87]. Indeed, starting from the perfect cubic symmetry of the per-
ovskite lattice (schematically shown in Figure 1a, top), the tetragonal phase is obtained by
distorting the PbBrg octahedra unit cell along the equatorial plane, causing a deviation of the
Pb-Br-Pb angle from the ideal 180° value. The additional distortion of the Pb-Br-Pb angles
along the axial plane modifies the lattice symmetry from tetragonal to orthorhombic, as repre-
sented in Figure 2.1a (bottom). In these works, the highest temperature phase was assigned to
a cubic lattice based on the disappearance of XRD faint reflections called superlattice peaks.
These features arise in low symmetry phases from the periodic recurrence of the cooperative
octahedral tilting, which doubles the unit cell constant along the axis perpendicular to the
tilting direction [88], as represented in Figure 2.1a (bottom) for the c-axis of the orthorhombic
phase. The XRD patterns for orthorhombic and cubic unit cell symmetries are shown in Figure
2.1b, as predicted in VESTA software [1] at 12.9 keV X-ray incident energy.

This simple description of the system’s lattice changes across the phase diagram became
more debated only in recent years, despite the fact that the presence of structural disorder
at high temperatures was already suggested in the seminal work of Mgller on inorganic lead-
halide perovskites single crystals [89]. Thermal fluctuations of the inorganic Pb-Br framework
among instantaneous non-cubic structures were proposed in a joint temperature-dependent
Molecular Dynamics (MD) and low-frequency Raman study on methylammonium (MA")
lead-bromide and caesium lead-bromide single crystals [27]. Thermally-induced rotational
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Figure 2.1: (a) CsPbBrj3 crystal structures. Pm3m cubic (top) and Pnma orthorhombic (bottom) graph-
ical representations of the CsPbBr3 structures, and pictorial views of the octahedral tilting. In the
orthorhombic phase, the ordered tilting of the PbBrg octahedra causes the doubling of the unit cell
constant along the crystallographic c-axis; (b) CsPbBrs XRD patterns. Cubic (top) and orthorhom-
bic (bottom) XRD patterns simulated in VESTA [1] for a 12.9 keV incident X-ray energy. The peaks
(1), (ii), (iii) correspond to the superlattice peaks and rise from the unit cell doubling of the low sym-
metry phase with respect to the cubic structure. (c) Long- and short-range structural probing of
thermally-induced changes in CsPbBr3 perovskite nanocrystals: schematic layout of the experiment.
Temperature-dependent XRD and XAS measurements were conducted in parallel on CsPbBr3 dry
nanocrystals respectively at 12.9 keV and at the Br K-edge (13.450-13.570 keV).

disorder of lead-halide octahedra was also observed in a high energy resolution inelastic X-ray
scattering (HERIX) and PDF study on MAPDI; single crystals at 350 K, ascribing the effect to
the phonon anharmonicity of the Pb-I cage [18].

For ligand-stabilized nanostructures the scenario is even more complex, due to intrinsic het-
erogeneity of the polycrystalline structures and the strong background XRD signals, related to
the high surface-to-bulk ratio of the nanocrystals (NCs) and to the diffuse scattering of the
organic ligands [19; 90]. In these systems the phase transition temperatures vary with the
size of the samples, which for CsPbBrs nanocrystals were observed at T=108-117 °C, for the
cubic-tetragonal phase transition, and T=50-59 °C, for the orthorhombic-tetragonal phase
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transition [21].

Also in this case, the picture of lattice symmetry changes with the temperature became ques-
tioned by more refined structural characterizations. An X-ray total scattering and Pair Distribu-
tion Function (PDF) study on all-inorganic lead-halide perovskites NCs identified the presence
of orthorhombic twin domains, which preserve the Pb-X distortions above the highest phase
transition temperature [19]. The authors proposed that this static disorder is entropy driven,
due to a temperature-induced increase of the orthorhombic nanodomain density. In the
proposed scenario, the apparent higher-symmetry of the system would come from the con-
figurational average of differently oriented domains. Structural disorder of the metal-halide
framework was also observed in organic lead- and tin-halide perovskites. Investigations based
on PDFs obtained from the Fourier transform of X-ray powder diffraction showed that, in their
high temperature phases, the structural refinements for short and long internuclear distances
of these systems pointed to different lattice structures [25]. Specifically, significant internal
distortions of the BXg octahedra were observed for short internuclear distances, whereas cubic
symmetries were proposed to describe the structure at longer distances.

All these works highlight the presence of significant static and dynamic disorder, raising
questions about the assignment of highly ordered phases in CsPbBr3z and in other perovskite
systems, especially at high temperatures. However, despite the large variety of employed
techniques, a unified picture simultaneously describing thermally-induced changes in the
short- and long-range is still missing. Key to solving this challenge is the combination of
consistent observables from experiments and simulations, offering a comprehensive atomic
level description.

In a recent time-resolved X-ray absorption spectroscopy (TR-XAS) study on CsPbBr3 nanocrys-
tals (NCs), we combined experiment and theory to quantify local structural changes due to
the polaron formation occurring upon laser light excitation [91]. We demonstrated that lattice
distortions are due to the activation of a specific longitudinal optical phonon via electron-
phonon coupling, and we ruled out thermal contributions to the photoinduced dynamics
of the system, based on the comparison of the TR-XAS spectra with temperature-dependent
ones.

Here, we focus on the steady-state characterization of the purely thermal response of the
CsPbBrs NCs across their phase diagram. We demonstrate that the high temperature phase of
this perovskite shows a wide range of locally disordered configurations, on average centred
on the high symmetry positions of the cubic phase. We performed a correlative temperature-
dependent measurement combining X-ray powder diffraction and Br K-edge X-ray absorption
spectroscopy (XAS) on CsPbBr3 NCs in the 25 °C-120 °C range, i.e. across the phase diagram of
the nanostructured system. Our approach allows us to simultaneously monitor the long-range
structural modifications occurring in the crystal with the local lattice changes.

Our XRD results are directly compared with the predictions of accurate ab-initio MD sim-
ulations as a function of the temperature. The agreement between theory and experiment
clarifies the origin of the system’s XRD pattern changes upon temperature rise, showing for
the first time in CsPbBrs that the disappearing superlattice peaks are related to short-range
dynamical disorder and not to a symmetry increase. We observe thermally-induced changes in
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the distribution of the PbBrg octahedral tilting, which are rationalized in terms of temperature-
dependent effects due to the phonon anharmonicity.

These results are further reconcilied with the local characterization of the Pb-Br framework
through the comparison of the temperature-dependent XAS measurements with refined ab-
initio simulations, which include the core-hole effect on the computed spectra. Our finding
confirms that in the high temperature phase, the local structure deviates both from purely
orthorhombic and cubic symmetries, differently from the co-existence of orthorhombic and
cubic domains observed at room temperature [92], supporting the idea that multiple local
configurations are dynamically adopted by the system. The stocastic nature of the thermal
fluctuations prevents determining specific lattice changes caused by the temperature in-
crease, differently from the light-induced polaronic distortions, which are selectively driven
by electron-phonon coupling and therefore could be precisely quantified with TR-XAS [91].
The deeper understanding of the perovskite responses upon different perturbations opens the
opportunity for the control of the system, externally influencing the lattice structure and its
stability.

2.3 Methods

Parallel temperature-dependent XRD and XAS measurements were performed at the Su-
perXAS beamline at the Swiss Light Source (SLS) of the Paul Scherrer Institute (Switzerland),
respectively in transmission and fluorescence geometry. The samples were synthesized by
our collaborators Dr. Franziska Krieg and Prof. Maksym V. Kovalenko (Institute of Inorganic
Chemistry, Department of Chemistry and Applied Biosciences, ETH Ziirich, Switzerland)
and consisted of a powder of long-chain zwitterion-capped CsPbBrs dry perovskite NCs with
cuboidal shape (side length 8.1+1.6 nm) and high photoluminescence quantum yield [50],
allocated into a thermostated cell holder between two graphite layers of 0.254 mm thickness.
The internal temperature of the cell was calibrated and monitored with a thermocouple. For
each temperature, the thermal response of the sample was measured with XRD and XAS in
the temperature range between 25 °C and 120 °C, across the reported CsPbBr; NCs phase
transitions [21; 24]. A schematic representation of the experiment is shown in Figure 2.1c.

Temperature-dependent XRD measurements were performed with the sample at 0° with re-
spect to the incidence monochromatic X-ray beam at 12.9 keV. The transmitted signal was
collected using a Pilatus 100k detector (94965 pixels, 172x172 um? pixel area). The sample-
detector distance was 24.10 cm, with the detector laterally displaced of 4.53 cm, avoiding
its exposure to the direct X-ray beam. XRD patterns were recorded at the temperatures 25,
35, 40, 45, 55, 60, 65, 120 °C. The 2D images were integrated using the python function py-
FAIL.Azimuthallntegrator and a common linear background was subtracted from all curves.
The XRD signal generated by the graphite sheets was identified in a dedicated measurement
without the perovskite sample. The sample integrity was preserved at all temperatures up
to 120 °C, as confirmed by the collected XRD patterns. Parallel temperature-dependent XAS
measurements were conducted using a 5-element silicon drift detector (SDD) for fluorescence
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detection at 90° geometry. The spectra were collected at the Br K-edge (13.450-13.569 keV) for
the temperatures 25, 35, 40, 45, 55, 60, 65, 120 °C using a crystal silicon (111) monochromator.
As described in [91], systematic energy shifts due to the monochromator backlash across
subsequent energy scans were corrected by designing an optimization parameter, correspond-
ing to the absolute difference between the modulus of the area underlying the normalized
first derivative of the considered spectrum and a reference spectrum (25 °C spectrum). Band
gap temperature-dependent contributions to the XAS edge absolute energy position were
introduced following the Varshni relation [75]. The final spectra were obtained averaging the
backlash corrected spectra and the same spectra with the additional Varshni correction, com-
puting the corresponding error bars. A flat pre-edge offset was subtracted for each spectrum
and the intensity was normalized by the edge integral.

To provide an accurate atomic level description of the temperature-dependent structural
changes, we collaborated with Prof. Julia Wiktor (Chalmers University of Technology, Gothen-
burg, Sweden) and Prof. Alfredo Pasquarello (Ecole Polytechnique Fédérale de Lausanne,
Lausanne, Lausanne, Switzerland). Ab-initio Molecular Dynamics (MD) simulations based on
density functional theory (DFT) were performed using the CP2K package [93]. The Perdew-
Burke-Ernzerhof (PBE) functional [53] was used to describe the exchange-correlation energy.
Three different MD simulations, lasting for 10-16 ps, were carried out in the isobaric (NpT)
ensemble. In the runs, the initial shape of the cell was kept constant, while the volume of the
cell was allowed to fluctuate. One MD calculation was run at 27 °C (300 K) with the initial
orthorhombic geometry. At 130 °C (403 K), two simulations were run, one initialized with the
cubic and one with the orthorhombic geometry. All simulations were carried out in supercells
containing 1080 atoms, which corresponds to the 6x6x6 repetition of the unitary cubic cell.
The Brillouin zone was sampled at the sole I" point. The first 5 ps of the simulations were con-
sidered as equilibration period and were excluded from the statistics. The mean XRD patterns
were calculated by averaging the diffractograms predicted by VESTA [1] for instantaneous
structures separated by 0.75 ps extracted from the MD trajectories.

We collaborated with Dr. Nicola Colonna (Laboratory for Neutron Scattering and Imaging,
Paul Scherrer Institute, Villigen, Switzerland) to compute XAS spectra performing detailed first-
principles calculations using the Quantum Espresso distribution [51; 52] based on a DFT-PBE
approach and plane-wave and pseudopotentials technique. The exchange-correlation effects
were described using the PBE functional [53], and the ultrasoft pseudopotentials from the PS-
library [54] were employed to model the electron-ion interaction. Valence states for Br, Pb and
Cs atoms were described using semicore 3d, 5d, and 5s plus 5p electrons, respectively. Plane-
wave expansions up to a cut-off kinetic energy of 50 and 300 Ry were performed respectively
for the Kohn-Sham wave functions and the charge density. An energy convergence threshold
of 10-10 Ry/atom was defined in the calculations. The Br K-edge absorption cross-section
was computed in the dipole approximation with the Lanczos recursive method, avoiding the
expensive calculation of the empty states, using the XSpectra package [55; 56] of Quantum
ESPRESSO. The unit cell atomic coordinates were taken from the PDF refinements of XRD
data recorded at 22 °C and 160 °C, respectively for the orthorhombic and cubic structures [21].
The simulations were performed on 2x2x2 supercells using the so-called excited-electron plus
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core-hole (XCH) approach [63]. In this method one excited Br atom with a full core-hole in the
1s state is included in the supercell and its excited configuration is generated with the LD1
module of Quantum ESPRESSO package. A charge-neutral excitation is obtained by adding an
extra electron in the bottom of the conduction band. Separate XCH supercell calculations were
performed for each non-equivalent Br atom in the structure, using a large enough supercell to
prevent spurious interactions between the excited atom and its replicas in periodic boundary
conditions. The final XAS spectra result from the average of each non-equivalent Br site over
three values of the polarization of the incoming light, namely along the [001], [010], [100]
crystallographic directions. The supercell Brillouin zone was sampled with a uniform grid of
3x3x2 k-points centred in the I" point. The spectra were convoluted with an energy-dependent
Lorentzian broadening [74], starting with 0.3 eV and reaching the maximum value of 6.0 eV,
with an arctan-type behaviour. The inflection point was set 16 eV above the top of the valence
band.

2.4 Results

2.4.1 Temperature-dependent X-ray diffraction

In Figure 2.2a we show the evolution of the experimental XRD pattern as a function of tem-
perature, from 25 °C to 120 °C, and in the 1.25-2.7 A~! Q range. The pronounced peak at
1.827 A~ scattering vector comes from the background signal generated by the graphite
sheets enclosing the sample, and it is superimposed on the main reflections (022)-(202) and
the superlattice peak (ii) of the orthorhombic phase, preventing the evolution of the system
through the tetragonal phase to be followed. Nonetheless, the scientific focus of this work is
on the temperature-dependent changes between room temperature (orthorhombic phase)
and the temperatures above 120 °C (allegedly cubic phase). Within our experimental energy
resolution, we do not observe significant changes in the shape or width of the main reflection
peaks up to the highest temperature, confirming that the quality of the NCs is preserved in the
entire temperature range 25-120 °C. Upon temperature increase, we monitor the progressive
disappearance of the superlattice peaks (i) and (iii), highlighted with grey shaded areas, up to
the highest phase transition temperature of the NCs (120 °C) [21].

Our experimental study was complemented with ab-initio MD simulations. Three different
conditions were considered in our calculations: MD at 27 °C and 130 °C, both starting with an
orthorhombic structure, and MD at 130 °C starting with a cubic structure. As elaborated in the
following, both 130 °C structures are highly dynamic and are characterized by pronounced
local distortions. Although they differ for the initial symmetry employed in the simulation,
their thermal dynamics let the systems converge to similar structures that locally resemble a
mixture of orthorhombic and cubic phases. The results of the MD as a function of time are
reported in the Supplemetary information section 2.7.1.

In Figure 2.2b, we report the XRD pattern predicted by the ab-initio MD simulations for the
three considered cases. At 27 °C we distinctly observe the presence of the three superlattice
peaks (i), (i), (iii), confirming that a repeating pattern of PbBrg octahedral tilting is preserved
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Figure 2.2: Temperature-dependent XRD patterns. (a) Experimental XRD pattern as a function of
the temperature from 25 °C to 120 °C. The sharp feature at 1.827 A™! originates from the graphite
peak enclosing the sample. The shaded grey areas mark the region of the (i) and (iii) superlattice
peaks, which disappear upon temperature increase. (b) Average XRD patterns predicted from the MD
simulations at: 27 °C with orthorhombic starting geometry (grey), 130 °C with orthorhombic starting
geometry (orange) and 130 °C with cubic starting geometry (red). The shaded grey areas highlight the
(i), (i), (iii) superlattice peaks. Inset: zoom into the 1.55-1.94 A~! region of the superlattice peaks.

in the long-range despite the thermal motion of the lattice. Instead, a strong reduction or
complete disappearance of the superlattice peaks occurs for both MD at 130 °C, together
with a slight shift of the main reflections towards lower scattering vectors. The structural
differences between the three MD simulations were characterized by computing the statistical
distribution of the Pb-Br-Pb angles in the system, projected along the XZ plane of the lattice.
We averaged the results of the last 5 ps of each dynamics, making sure that the MD calculations
reached convergence. This angle quantifies the degree of local PbBry tilting in the system
due to the thermal dynamics. In Figure 2.3a we show the statistical probability of the tilting
as a function of the angle, reported as the difference between 180° and the Pb-Br-Pb angle
projected along the XZ plane. In this reference system, any angular distortion with respect to
the perfect cubic structure implies a deviation from 0°.

The low temperature orthorhombic structure shows a wide bimodal distribution of the Pb-
Br-Pb angle peaked at symmetric positions of £15°. Upon temperature increase, a drastic
change in the Pb-Br-Pb statistics occurs. Both 130 °C simulations are characterized by a broad
monomodal distribution centred at 0°. The statistical weight of strongly distorted configura-
tions remains relevant, with extreme absolute values up to 40-60°, similar to what is observed
for the orthorhombic structure at 27 °C.
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Figure 2.3: Theoretical predictions of the MD simulations. (a) Probability distribution (%) of the Pb-Br-
Pb angle as a function of the angle distortion: 27 °C with the orthorhombic starting geometry (grey),
130 °C with the orthorhombic starting geometry (orange) and 130 °C with the cubic starting geometry
(red). The angle Pb-Br-Pb is projected along the XZ plane, locally describing the octahedral tilting of
the Pb-Br inorganic framework. The x-axis reports the difference between 180° and the Pb-Br-Pb angle
projection along the XZ plane in order to centre the distribution at 0°. The average is performed over all
Pb-Br-Pb angles of the 6x6x6 supercells and over the time steps of the last 5 ps of the MD simulations,
when the system has converged to the global minimum of the MD. Inset: graphical representation of
the Pb-Br-Pb angle in the plane defined by the a and c crystallographic axes (XZ plane). (b) Schematic
of the Potential Energy Surface evolution with the temperature along the soft phonon coordinate
of the octahedral tilting. The frequency of the soft phonon mode is temperature-dependent due its
strong anharmonicity [3]. Upon temperature increase, from bottom to top, the potential landscape
along this mode changes, causing the displacive phase transition. At temperatures below the phase
transition temperature (T¢), the high symmetry position with tilting angle equal to 0° corresponds

to a saddle point (w?o Fimode <0), and the octahedral tilting stabilizes the system (orthorhombic and

tetragonal phases). Above T, the potential energy surface becomes parabolic (w?o Fimode >0) and

the energy minimum is displaced from the tilted position into the high symmetry position at 0°. The
corresponding probability distribution is modified with the temperature, changing from bimodal to
monomodal across the phase transition, as shown in panel (a).

2.4.2 Temperature-dependent X-ray absorption spectroscopy

The thermally-induced local structural modifications in CsPbBrz NCs were monitored with
temperature-dependent XAS at the Br K-edge. The experiment is compared with accurate
ab-initio simulations for two different lattice structures of the system: an orthorhombic con-
figuration describing the room temperature structure and a cubic lattice which approximates
the high temperature phase. For both cases, we used the atomic coordinates available in
the literature [21]. The computations were performed using 2x2x2 supercell structures and
explicitly account for the screened core-hole effect on the XAS spectra, following a strategy
that was proven to precisely reproduce Br K-edge spectra for the CsPbBr3 system [91].

Being an element-selective technique, XAS allows to inspect the local environment surround-
ing the selected sites, in this case the Br centres. The structural changes due to the temperature
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increase affect the XAS line shape, both at pre-edge energies [94] and in the spectral region
above the ionization limit corresponding to the edge. Starting from the edge, the XAS signal
originates from single and multiple scattering events of the photoelectron, and it contains
information about the angles and the bond distances between the probed site and its nearest-
neighbours [45; 46].

In Figure 2.4a, we report the Br K-edge experimental XAS spectra obtained at 25 °C and 120
°C, and the simulations for the orthorhombic and cubic structures. All curves were scaled by
their underlying areas. The experimental spectra show a first peak at the Br edge (the so-called
white line, at 13.472 keV), related to the Br 1s-4p electronic transition, followed by post-edge
modulations peaked at the energies 13.4875 keV and 13.510 keV. The temperature rise from
25°Cto 120 °C implies an intensity decrease of the main features and an intensity increase
of the local minima, with an overall effect corresponding to an apparent broadening of the
spectral features. The computed spectrum for the orthorhombic structure reproduces all main
features, even though with deviations in their relative intensities. The simulation for the cubic
structure shows one additional feature at 13.498 keV and significant intensity variations of the
main peaks, which are discussed in the following.

In order to isolate the spectroscopic changes induced by the temperature increase, Figure 2.4b
shows the spectral differences obtained by subtracting the experimental spectrum at 25 °C
from the 120 °C spectrum, and by subtracting the simulated orthorhombic spectrum from
the simulated cubic spectrum. The latter reflects the spectral changes expected under the
hypothesis of a local symmetry increase with the temperature. The experimental data show a
broad negative feature in the rising-edge region at energies 13.466-13.478 keV, with a global
minimum at the edge position at 13.472 keV. A pronounced modulation is observed up to 50
eV above the edge, with damped positive and negative features, respectively, peaked in the
local minima and maxima of the steady-state spectrum. Conversely, the simulated difference
shows two positive peaks at 13.470 keV and 13.483 keV, and a negative band between 13.4725
and 13.480 keV, followed by smaller post-edge modulations at higher energies. The first three
features, completely absent in the experimental differences, can be traced back to the main
changes occurring upon the symmetry increase: for the cubic structure both the white line
and the second higher maximum of the Br K-edge spectrum become sharper with respect to
the orthorhombic simulation. Since the spectral weight is preserved (the area underlying the
two curves is the same), an intensity increase of the maxima leads to a depletion of the local
minima, in direct contrast with the experimental observations upon temperature increase.

2.5 Discussion

The CsPbBr3 high temperature phase (T=120 °C in Figure 2.2a) has often been ascribed to a
high symmetry structure, mainly because its XRD pattern could be reproduced assuming a
static cubic lattice configuration, as reported in Figure 2.1b (top panel). However, our MD
results at 130 °C show, to our knowledge for the first time in this system, that dynamically
disordered structures can effectively describe the high temperature XRD pattern, and specifi-
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Figure 2.4: Temperature-dependent XAS at Br K-edge and theoretical ab-initio calculations. (a) Ex-
perimental Br K-edge spectra at 25 °C (blue) and at 120 °C (red), and computed XAS spectra for the
orthorhombic (dashed grey) and cubic (dashed orange) structures. All spectra were scaled by their
underlying areas. (b) Br K-edge XAS differences for 120 °C minus 25 °C (experiment, red) and cubic
minus orthorhombic (dashed orange, simulation). A 3-point adjacent averaging of the energy axis was
performed for experimental thermal difference, whereas the simulated spectral difference was multi-
plied by a factor x0.08 to enable a straightforward comparison of its line shape with the experiment.

cally the disappearance of the (i), (i), (iii) superlattice peaks. The presence of the three XRD
superlattice peaks in CsPbBrj is a characteristic feature of the orthorhombic phase, which is
related to the regular periodicity of the cooperative octahedral tilting in the crystal. Our finding
demonstrates that the disappearance of these superlattice peaks is caused by the breaking
of the long-range tilting, an effect that we ascribe to pronounced thermal fluctuations of the
crystal rather than an increasing order in the system.

Indeed, the MD simulations show that the lattice becomes dynamically more active and disor-
dered with the temperature, as observed in the statistical displacement of Cs, Pb and Br sites
with respect to their average positions (see Figure 2.6 in the supplementary information sec-
tion 2.7.2). The analysis of the Pb-Br-Pb distribution as a function of the tilting angle in Figure
2.3a highlights that the temperature increase mainly affects the centre of the distribution, i.e.
the distortions of the Pb-Br-Pb bond in proximity of the regular cubic geometry. Thus, the
data do not reflect a static symmetry increase of the lattice, being large amplitude distortions
equally present at low and high temperatures. This result is also confirmed by the agreement
between the MD calculations at 130 °C for both orthorhombic and cubic geometries. The
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slight differences between the predictions of two simulations can be ascribed to the different
boundary conditions imposed in the supercell for the two starting symmetries. Indeed, in
both cases the thermal dynamics lifts the original long-range symmetry of the structure and
dynamically distorts the lattice.

The absence of a local symmetry increase with the temperature is confirmed by the XAS results
in Figure 2.4. Our simulations show that, upon unit cell symmetry changes from orthorhombic
to cubic, the Br XAS spectral shape becomes sharper, with features more resolved in energy.
Instead, the temperature effect on the experimental spectra causes an overall broadening of
the main peaks. If theory predicts opposite changes with respect to the experiment upon an
order increase of the lattice, then different structural changes are expected with the tempera-
ture rise, suggesting that an order reduction occurs at the local scale rather than a symmetry
increase.

Additionally, the comparison between theory and experiment highlights that reducing the
local structure of CsPbBr3 to an average cubic cell is inadequate to reproduce the 120 °C XAS
spectrum, even though the MD simulations at high temperature show mean structures that
are centred in the high symmetry positions. Since the XAS signal originates from the statistical
average of all local configurations of the probed sites, at high temperatures this flexible system
cannot be precisely described with a unique averaged configuration representative of all local
geometries.

This thermal scenario is very different from the light-driven structural changes observed in
CsPbBr3 NCs with TR-XAS [91]: upon above band gap excitation, polarons are formed due
to the electron-phonon coupling between the photocarriers and the polar inorganic lattice.
The crystal distortion involves the activation of one specific longitudinal-optical phonon
mode, implying well defined nuclear displacements, which TR-XAS locally determines with
atomic scale precision. Combined together, the possibility to computationally reproduce
the polaronic distortions and the difficulties in reproducing the thermal effects on CsPbBr3
perovskites demonstrates that: (i) high structural precision can be achieved with XAS for this
system in the presence of distinct lattice changes, as in the case of the selective activation of
one phonon mode via electron-phonon coupling [91]; (ii) indirectly proves that the system’s
configuration at high temperature is very complex and cannot be reduced, at the local scale,
to an average ordered structure. To our knowledge, the effect of thermal disorder on the XAS
spectra was successfully reproduced only for systems in which the harmonic approximation
of the phonon modes is appropriate [94; 95]. At present, a similar procedure becomes com-
putationally unfeasible for largely anharmonic systems such as lead-halide perovskites. This
task becomes even more challenging to accurately simulate ligand-stabilized nanostructures,
which are characterized by an intrinsic heterogeneity in terms of the size, structure and com-
position of the system. In this context, employing correlative approaches that join short- and
at medium-to-long distance investigations represents a viable strategy to obtain an atomic
level description of dynamically disordered systems.

In summary, these results show that an ordered cubic lattice cannot simultaneously repro-
duce our experimental XRD and XAS data. In light of these observations, we argue with the
description of the system’s phase diagram in terms of symmetry increasing phases upon
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temperature rise. In the literature, subsequent phase transitions in CsPbBr3 single crystals
were shown both with structural techniques like XRD [24] and neutron diffraction [87], and
with bulk measurements such as differential scanning calorimetry [96] and ultrasonic velocity
[97]. These observations of distinct phase transition temperatures partially contrast with the
evidence of a temperature-dependent disorder increase in CsPbBrs. Indeed, in inorganic
lead-halide NCs, a static disorder increase was reported with increasing temperature, due to a
growing density of twinned nanodomains, which would locally preserve the orthorhombic
symmetry [19]. Recent Monte Carlo simulations at finite-temperatures, performed using
a minimal anharmonic vibrational Hamiltonian parametrized on DFT simulations at zero
Kelvin [98], have theoretically described the qualitative features of the phase transitions in
CsPbBrj3 in terms of pure thermal activation of the lattice [98]. Even in single crystals, thermal
local fluctuations in the Pb-Br framework were experimentally shown for CsPbBrs3 in its high
temperature phase [27]. In the latter study, a zero-frequency Raman peak was observed, which
is normally absent in purely harmonic systems. This result points to the presence of strong
anharmonicity in the CsPbBrs lattice, a property related to the lead-halide framework, as it was
also observed in MAPbI; single crystals using the HERIX technique [18]. Similarly, ab-initio
simulations in the absence of thermal effects showed anharmonic potentials related to the
octahedral tilting modes in inorganic lead and tin halide perovskites [99].

A consistent explanation among these contrasting elements on the system’s phase diagram is
proposed in light of the phonon anharmonicity of the inorganic sublattice. In the past, the
study of temperature-dependent phonon anharmonic effects in oxide perovskite systems [100]
led to the development of a theory for the explanation of their structural phase transitions
[3]. These thermal processes were defined as “displacive” phase transitions, since they imply
the presence of a “soft” phonon mode, which vibrates about two different displaced mean
positions across the phase transition temperature and which is responsible for the overall
lattice symmetry change at the critical temperature.

Recently, a temperature-dependent neutron diffraction study reported the presence of a soft
mode in an organic lead-halide perovskite single crystal, namely MAPbBr3 [101]. The results
were interpreted in terms of displacive thermal phase transitions. Due to the common PbBrs
framework between MAPbBr3 and CsPbBr3, we can rationalize our MD results on the Pb-Br-Pb
angle distribution assuming a similar picture to also be valid for all-inorganic lead-bromide
perovskites. In this framework, temperature-dependent anharmonic effects modify the Poten-
tial Energy Surface (PES) of the system [3] along the PbBrg tilting mode. Specifically, at low
temperature the CsPbBr3 PES corresponds to a double-well potential, explaining the bimodal
distribution of the Pb-Br-Pb angle for the MD calculations at 27 °C in Figure 2.3a, peaked at
two symmetric tilting values. Upon temperature rise, the PES shape gradually changes into a
harmonic potential centred at the high symmetry position corresponding to the cubic geom-
etry, as schematically shown in Figure 2.3b. Such a temperature-induced change accounts
for the modification of the Pb-Br-Pb angle distribution observed in our MD simulations at
130 °C: across the phase transition, the nuclei start oscillating around a displaced position,
namely the high symmetry position at 0°. However, due to the thermal activation of this
low-frequency mode, the octahedral tilting preserves significant distortions from the averaged
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cubic geometry, in agreement with the statistically relevant tails of the Pb-Br-Pb distortion in
Figure 2.3a.

We remark that our results demonstrated that the temperature-dependent structural changes
in the CsPbBr3 system are related to thermally-driven disorder. Therefore, in the proposed
framework the presence of the phase transition is rationalized in term of the strong phonon
anharmonicity of the Pb-Br sublattice. This proposal accounts for the presence of subsequent
phase transitions suggesting a picture that is more complex than a simple symmetry increase
of the lattice crystal with the temperature.

2.6 Conclusions

We presented a temperature-dependent investigation of CsPbBrs NCs using X-ray diffraction
and Br K-edge X-ray absorption spectroscopy to characterize the lattice changes taking place
across the system’s phase diagram. We demonstrate that the highest temperature phase of
CsPbBrj3 corresponds to a dynamically disordered structure, which on average is centred on
the cubic symmetry positions. Through a direct comparison between experiments and refined
ab-initio simulations, we show that the disappearance of the XRD superlattice peaks upon
temperature rise is due to the breaking of the long-range PbBrg octahedral tilting and not to
a symmetry increase of the lattice structure. Thermally-induced changes in the predicted
Pb-Br-Pb tilting distribution are explained in terms of temperature-dependent phonon an-
harmonicity effects. The XAS results confirm that the local structure of the high temperature
phase deviates from the orthorhombic and cubic ideal symmetries, due to thermal fluctu-
ations in the lattice, in contrast to the precise distortions induced in the system upon light
excitation. These findings show that strongly different lattice responses take place in the
system upon thermal and light perturbations, not only clarifying their underlying mechanisms
but also offering strategies to control the perovskite nuclear degrees of freedom with different
external stimuli. Understanding the thermal processes acting at the atomic level represents
the first step towards a rational design of perovskite-based devices with an improved stability.

2.7 Supplementary Information

2.7.1 Time evolution of the Pb-Br-Pb angle distribution in the molecular dynamics
simulations

In Figure 2.5 we show the evolution of the Pb-Br-Pb angle distribution as a function of the
time for the three MD simulations: 27 °C starting with an orthorhombic symmetry (top), 130
°C starting with an orthorhombic symmetry, 130 °C starting with a cubic symmetry. Data
are reported as the difference between 180° and the Pb-Br-Pb angle projection along the
XZ plane in order to centre the distribution at 0°. The simulation at 27 °C shows an initial
widening of the angular distribution, which completes within the first 200 fs. This effect
is due to the thermal dynamics process, which distorts the lattice with respect to the ideal
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Figure 2.5: Time evolution of the Pb-Br-Pb distribution along the XZ plane during the MD simulations.
(top) MD at 27 °C starting from an orthorhombic crystal structure; (middle) MD at 130 °C starting
from an orthorhombic crystal structure; (bottom) MD at 130 °C starting from a cubic crystal structure.
The y-axis reports 180° minus the Pb-Br-Pb angle projection along the XZ plane in order to centre the
distribution at 0°. The z-axis shows the probability to find a given angle for the Pb-Br-Pb projection on
the XZ plane as a function of the time. The dark dashed lines serve as guides for the eyes.

orthorhombic structure imposed in the MD simulation at time zero. In the subsequent
MD times, the distribution dynamically fluctuates, retaining the maxima in the symmetric
positions around +15°, corresponding to the octahedral tilting cooperatively kept by the PbBrg
units in the orthorhombic structure. For the MD simulations at 130 °C, the initial structure
relaxes towards an energetically more stable configuration in longer times. During the first 2
ps, the orthorhombic structure at 130 °C evolves from a bimodal distribution towards a broad
monomodal distribution centred at 0°. Instead, the structural relaxation of the cubic structure
at 130 °C completes in the first 300 fs of the MD, and it consists in simple broadening of the
distribution due to thermal lattice dynamics. For MD times above 4 ps, the high temperature
configurations are analogous, characterized by a Pb-Br-Pb distribution centred in the high
symmetry cubic position (0°), but with significant distortions of the octahedral tilting angle.

49



Chapter 2. Local disorder in the CsPbBr; high temperature phase: the role of thermal
fluctuations and phonon anharmonicity

Cs 27°C ortho
Cs 130°C ortho
Cs 130°C cubic

—— Pb 27°C ortho
Pb 130°C ortho
Pb 130°C cubic

Br 27°C ortho
3 Br130°Cortno
(] 0 o 6 ° = Br130°C cubic

(-]
4
(&)
Q
(-]
Probability Distribution (%

° 0 0.0 0.5 1.0 15 2.0
Displacement from mean position (A)

Figure 2.6: Theoretical predictions of the MD simulations. Probability distribution (%) of site displace-
ment (A) from the average position over the last 5 ps of the MD simulations, in the three cases: 27 °C
for the orthorhombic starting geometry (grey boxing), 130 °C for the orthorhombic starting geometry
(black boxing) and 130 °C for the cubic starting geometry (red boxing). Top - Cs atom (yellow); middle
- Pb atom (light red); bottom - Br atom (light blue). The atoms are color-coded with the graphical
representation of the orthorhombic structure reported on the left.

2.7.2 Thermal displacements of the Cs, Pb, Br sites

The thermal dynamics of the Cs, Pb, and Br sites was quantified as a function of the tempera-
ture through the probability distribution of the site displacement with respect to their mean
position in the MD structure, as reported in Figure 2.6. The results were averaged over the
last 5 ps of the MD simulations, when the structures have relaxed into the configurations of
minimum energy. We observe that the Cs fluctuations are significantly active already at room
temperature (< Arézoc >=0.62 A) and they increase with the temperature (< Aréss(rc >=0.73 A,
+18% upon temperature increase). This result confirms the wide mobility of the inorganic A*
cations in their cuboctahedral voids [17]. The Pb thermal dynamics is only slightly perturbed
by the temperature increase (< Ar%oc >=0.334, < Ar})%ooc >=0.38 A). Instead, Br centres ex-
hibit significant changes in their mobility with the temperature, showing that thermal lattice
dynamics of the Pb-Br framework is dominated by the Br displacements (< Ar3” ¢ >=0.59 A,
<Arg3%C>=0.73 A, i.e. +24% upon temperature increase). These observations highlight the
increased thermal dynamics associated with the phase transition from room temperature to
130 °C.
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3.1 Introduction

Transition metal oxides (TMOs) have been increasingly studied as promising systems for pho-
tovoltaic and photocatalytic processes [102-105], especially for their stability, tunable band
gaps and earth-abundance. Although most optoelectronic applications rely on exploiting the
charge carriers that are photogenerated upon above band gap excitation, the understanding of
the fundamental processes underlying the relaxation dynamics of the photocarriers in these
materials prior to charge separations is still poorly understood.

Compared to conventional semiconductors such as Si and Ge, which have fully occupied
orbitals and purely covalent bonds, TMOs are characterized by chemical bonds with a stronger
ionic character and partially filled d-orbitals that are localized on the metal centres. The com-
plex lattice and electronic structure of these systems makes their photodynamics particularly
rich, with correlated responses among the electronic, spin and nuclear degrees of freedom.
Co304, which represents a prototypical case of the intrinsic complexity of TMOs, has been
studied for its thermodynamic stability, making it a good candidate for catalytic activity of CO
oxidation [106], water splitting reaction and solar energy conversion [107; 108]. The Co304
lattice has a normal spinel structure (space group Fd3m) where the 0?>~ anions form a close-
packed face centred cubic lattice. The stoichiometry of the crystal implies the presence of two
different oxidation states, Co?* and Co3*, which are respectively located in the tetrahedral and
octahedral voids of the oxygen network with a 1:2 ratio (Figure 3.1(left)). As a consequence
of their local symmetry, the crystal field splitting for these sites determines the presence of 6
paired electrons on the Co3* T,g orbitals, and 4 paired and 3 unpaired electrons respectively
in the eg and tp¢ orbitals of the Co?* centres (Figure 3.1(right)). As such, the Co?* sites have a
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Figure 3.1: (left) Co304 cubic spinel lattice structure. The Co?* tetrahedra and the Co3* octahedra are
reported in blue and grey respectively. (right) Co?* (d”) and Co3* (d®) electronic configuration.

spin s=3/2 which determines the presence of an antiferromagnetic ordered phase below 40 K,
where each spin-active Co?* centre is surrounded by four nearest-neighbours Co?* sites with
oppositely directed spins [109]. The band structure predicted by density functional theory
(DFT) computations consists in a valence band (VB) with similar weights from the O (2p), Co?*
d and Co®* d orbitals, whereas the bottom of the conduction band (CB) is mainly composed
of Cobalt d orbitals [110]. The complexity of the band structure composition determines
the presence of Mott-Hubbard and charge transfer gaps close in energy, resulting in the rich
optical spectrum reported in Figure 3.2. The entire spectrum comprises four main peaks at
wavelengths 440 nm, 745 nm, 1320 nm, 1500 nm, respectively from blue to the red. The exact
assignment of the absorption peaks to specific electronic transitions is still unclear [111-113],
but there is general consensus on ascribing the peak at 440 nm to ligand-to-metal charge
transfer (LMCT) excitations of the electrons from the O?~ (2p) orbitals of the VB to the empty
orbitals of the Cobalt sites, specifically 0?~ (2p)— Co** (tp,) at lower energies and O®~ (2p)
— Co3* (eg) at higher energies. The peak at 745 nm was assigned to a metal-to-metal charge
transfer (MMCT) transition from the Co3" to the Co?", creating a pair of Cobalt ions with
oxidation states Co** and Co'*. The weak absorption band at 1320 nm was ascribed to the
reversed MMCT process, generating a new pair of Cobalt centres in which a Co®* ends up in
tetrahedral sites and a Co?* occupies an octahedral site. The feature at 1500 nm was related to
aligand field d-d transition of the Co?* centre. Few time-resolved studies were conducted on
spinel Co304. A pump-probe investigation exciting the system at 400 nm and probing the Co
M, 3 edges in the extreme ultraviolet (XUV) was performed to explore its early dynamics, up
to 2 ps, with element and oxidation-state specificity [114]. The authors provided evidence of a
prompt electronic transition involving an 0>~ (2p) to Co3* (eg) charge transfer, followed by
two sub-ps relaxation processes, which were respectively ascribed to Auger recombination
(190+10 fs) and charge carrier cooling (535+33 fs). Another study confirmed the presence of
transient signals upon 400 nm excitation of Co304 at the O L;-edge but details on the photo-
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Figure 3.2: UV-Visible spectrum of a 27 nm Co304 thin film grown on top of sapphire substrate (blue),
compared with the extended optical spectrum up to the near infrared (NIR) region reported in the
literature (black) [4].

dynamics were not provided [115]. High harmonic generation (HHG) transient absorption at
the Co M 3 edges was also exploited to investigate charge carrier recombination processes of
the system at longer time scales [116]. Relaxation to the ground state was observed with time
constants of 1.9 ns and 600 ps, respectively for thin films in vacuum and in methanol envi-
ronment. Finally, the ps dynamics of CozO4 was studied in the visible domain upon selective
photoexcitation of all the major optical transitions, pointing to the filling of common d-d final
states independently of the excitation wavelength [4]. These states represent recombination
centres that live up to hundreds of ns. Although these accurate investigations clarified several
aspects of the CozO4 photodynamics, details about the ultrafast relaxation processes upon
different light excitations are still missing. In fact, the mechanisms bringing the optically
generated charge carriers from the ligand-to-metal or metal-to-metal charge-transfer gap into
the d-d states of the Mott-Hubbard gap have not been elucidated yet.

A deeper understanding of the complex photodynamics of Co304 requires using complemen-
tary approaches to selectively probe its electronic response and to correlate it with the changes
in the spin and nuclear degrees of freedom. In this framework, we started a measurement
campaign combining tabletop ultrafast measurements in the visible domain with large scale
facility X-ray experiments. Specifically, we explore the study of Co304 thin films upon selec-
tive excitation of the LMCT and MMCT transitions with both time-resolved X-ray diffraction
(TR-XRD), to track the nuclear dynamics of the system, and time-resolved X-ray emission
(TR-XES), which is an element-selective technique sensitive to the spin, oxidation state and
local geometry of the probed sites.

In the following, we report the careful characterization of the sample with dedicated XRD and
XES measurements at the synchrotron, which are essential to pursue ultrafast X-ray experi-
ments at free electron lasers (FELs). We start the chapter presenting steady-state measure-
ments of our Co30y4 thin films. We employed UV-Visible and X-ray absorption spectroscopy to
ensure the quality of the sample in terms of composition and stoichiometry. We also present
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the results of resonance Raman spectroscopy, exploited to study the ground state vibrational
response of the system under different excitation wavelengths, and a XRD investigation at
the synchrotron to detect the diffraction peaks, which are most sensitive to the coherent
phonon modes activated upon ultrafast excitation. The results of a synchrotron XES study are
discussed, in which we determined the experimental conditions to detect strong emission
signal, still preventing sample damaging under X-ray light exposure. We then focus on ultrafast
time-resolved reflectivity measurements. The latter represents the first femtosecond transient
experiment on spinel Co3z0y in the visible domain, pumping the material at 400 nm and 800
nm and probing it in the 450-750 nm range. The high temporal resolution (65 fs) and broad-
band detection of the set-up allow us to study the initial steps of the system’s photodynamics,
observing significant differences in the relaxation processes of LMCT and MMCT transitions.
We report strong changes in the incoherent electronic and coherent nuclear responses prior to
the population of the same final d-d states, ruling out the hypothesis of a relaxation cascade
bringing the photocarriers from the highest LMCT to the lowest d-d gap through an interme-
diate MMCT state. We finally present preliminary results of 400 nm pump/femtosecond XES
probe at the Co Kg1 2 emission lines of Co304 thin films at the European X-ray free electron
laser (EXFEL). Combined together, our findings suggest the presence of two distinct relaxation
channels upon excitation of the system at 800 nm and 400 nm, the latter possibly related to an
ultrafast intersystem crossing process, a rare phenomenon in solid state materials.

3.2 Methods

3.2.1 Sample preparation and characterization

Performing TR-XRD and TR-XES experiments at a FEL require an ad-hoc design of the sample.
Differently from gas and liquid phase, pump-probe X-ray experiments on solid state systems
impose highly demanding boundaries on the sample preparation side, as discussed in the
following.

3.2.1.1 Sample thickness

Visible and X-ray light have very different absorption coefficients in materials. In an optical-
pump/X-ray-probe experiment, the strong mismatch in penetration depth between the pump
and probe pulses requires a careful choice of both sample thickness and experimental geome-
try to be employed, generally a grazing incidence configuration.

Indeed, in normal incidence geometry the penetration depth of the optical pump at 400 nm
and 800 nm in Co30y4, respectively, corresponds to 29 nm and 144 nm, as computed based
on the extinction coefficient reported in the literature from ellipsometry measurements [113].
The X-rays are bulk sensitive and have penetration depths that vary with the photon energy.
Based on the predictions of the Center for X-Ray Optics (CXRO) of the Lawrence Berkeley
National Laboratory’s Materials Sciences Division [117], for our sample (27 nm Co30, film on
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Figure 3.3: CXRO predictions of reflectivity (blue, left y-axis) and attenuation length in nm (black, right
y-axis) as a function of the grazing incidence angle for an X-rays energy of 9.3 keV. A 27 nm Co304
film (density=6 g/cm?®) on top of a 5 mm Al,O3 substrate (density=3.98 g/cm?®) was considered in the
calculations.

top of 5 mm Al, O3 substrate) X-ray photons at 9.3 keV have an attenuation length of about
10 pm in normal incidence geometry. Under these conditions, the X-ray signal collected
from a single crystal would essentially come from the unpumped bulk of the sample, strongly
reducing the contrast of a pump-probe measurement. We overcome this issue by designing a
thin film with a thickness matching the penetration depth of the optical light, namely 27 nm.
On a thin film, a normal incidence geometry implies that most of the X-ray photons are trans-
mitted through the film and they are absorbed by the substrate, causing unnecessary thermal
load on the sample. Keeping the X-ray flux constant, the probe photon fluence can be reduced
setting the experimental conditions in grazing incidence geometry. In this configuration, the
penetration depth of the optical pump changes following Snell’s law. For small incidence
angles (<5-10°), the refracted angle is almost constant, and the penetration depths are very
close to the normal incidence ones, respectively 27 nm and 137 nm for 400 nm and 800 nm.
For the probe, the attenuation length as a function of the grazing incidence angle is obtained
following CXRO predictions (Figure 3.3). We observe a strong dependence of the attenuation
length with the angle of incidence, with values of tens of nm obtained only for very shallow
angles below 0.5°. Thus, the two conditions of (i) minimization of the thermal load coming
from the X-rays and (ii) matching of the pump and probe penetration lengths are achieved
for angles between 0.3° and 1°, which are experimentally challenging to realize. With respect
to normal incidence, the sample reflectivity at shallow angles also significantly changes. For
angles above 0.3°, the X-ray reflectivity is kept below 10% and does not affect much the experi-
mental conditions of the measurements (Figure 3.3). In the visible, the optical reflectivity is
computed following Fresnel’s law for 400 nm and 800 nm pump light, as shown in Figure 3.4.
The optical reflectivity and the increased footprint of the pump spot-size on the sample in
grazing incidence implies a significant reduction of the effective excitation fluence when the
pump energy is kept constant.
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Figure 3.4: (a,b) Reflectivity as a function of the grazing incidence angle respectively for 800 and 400
nm light with s- (dashed) and p-polarization (full).

3.2.1.2 Sample growth

A consequence of the thin film choice is the limited flexibility in the sample orientation, with
the out-of-plane crystallographic direction constrained by the employed synthetic method.
As will be explained in section 3.2.3, we have verified the compatibility between the sample
growth direction and the experimental conditions of a planned time-resolved X-ray diffraction
(TR-XRD) experiment. The Co30, film was synthetized by our collaborators Dr. Natacha
Ohannessian and Dr. Daniele Pergolesi in the Thin Films and Interfaces Group of the Paul
Scherrer Insitute (PSI). The sample consists of a 27 nm Co3O4 thin film epitaxially oriented
along the (111) direction on top of a (0001) sapphire substrate prepared with pulsed laser
deposition [118]. Particular attention was made in ensuring the monocrystallinity of the pure
spinel phase and the absence of other phases of stoichiometric Cobalt oxide.

3.2.1.3 Resonance Raman measurements

In order to provide a deeper interpretation of the time-resolved reflectivity data that will be
discussed in section 3.3.1, we characterized the steady-state Raman response of Coz04 under
resonance conditions. Even though the Raman scattering response of spinel Coz04 was already
subject of some works [119-121], these studies were limited to resonance conditions with the
LMCT excitation only, and explored Raman shift energies up to the lowest wavenumbers of
100 cm™!. However, due to the selective enhancement of the Raman features under resonance
excitation, a proper characterization of the Raman active modes possibly activated in the
pump-probe measurements via impulsive stimulated Raman scattering (ISRS, refer to section
3.2.2.1 for more details) requires comparing spectra obtained upon excitation of both LMCT
and MMCT optical transitions. Specifically, we measured resonance Raman spectra in the
40-840 cm™! energy loss region, exciting the sample at 532 nm and 785 and using a LabRAM
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Figure 3.5: Co304 Raman spectrum obtained upon 785 nm and 532 nm excitation wavelengths. An
arbitrary offset was introduced along the vertical axis, and the spectra Co3O, were normalized by the
intensity of the 694 cm ™! feature. The pure sapphire substrate (1,x-=532 nm) is shown in black, scaled
by an arbitrary factor to highlight the presence of a peak at 415 cm™!. The dashed gray lines mark the
Raman shift position of the modes with energy (symmetry): 196 cm™" (Tzg), 482 cm™ (Eg), 524 cm™*

(T2g), 622 cm~! (T, g), 694 cm~! (A g)- The dashed red line highlights the absence of any Raman feature

at82 cm™!.

HR Raman spectrometer available in the Earth and Planetary Science Laboratory of the Ecole
Polytechnique Fédérale de Lausanne. The results are reported in Figure 3.5. Consistent
with the factor group analysis on the normal spinel structure, which predicts the presence
of 5 Raman active modes [122], namely one A;g, one Eg and three Tog modes, our spectra
consist of five Raman peaks, highlighted with dashed grey lines. Following the assignment
reported in polarization dependent measurements [119], they correspond to the symmetries:
Tog (196 cm™!), By (482 cm™), Tog (524 cm™!), Tog (622 cm™), Ajg (694 cm™!). We note
the presence of a faint feature at 415 cm™! originating from the sapphire, as confirmed by a
separate measurement of the pure substrate. The Co304 spectra were scaled by the intensity
of the A,z peak at 694 cm™! and show a strong dependence of the electron-phonon matrix
elements from the excitation wavelength. In particular, we notice a significant increase in the
relative intensity of the Raman mode at 196 cm™! changing the excitation from 532 nm to 785
nm. DFT calculations of the Raman active phonons in Co304 showed that the T>g mode is
associated with a substantial shortening of the Co-O bond in the tetrahedral units, with minor
off-axis distortions of the apical Oxygens surrounding the octahedral Co®" sites [120]. As we
will show in section 3.3.1, upon 800 nm excitation the phonon mode at 196 cm™! strongly
couples with the photogenerated charge density via the ISRS mechanism. Conversely, exciting
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Figure 3.6: (a) XAS spectrum of the 27 nm thick Co304 film compared with the data reported in the
literature [5]. (b) XAS spectra comparison of the Co3O4 thin film and of two reference standards
containing Co?* (Co0) and Co®* (Co,03) sites only. The spectra were normalized by the maximum
intensity and an offset was introduced along the vertical axis.

the system with a 400 nm pump pulse, coherent phonons oscillating at 82 cm™! are generated,
a frequency that does not correspond to any Raman active mode of the ground state system,
as highlighted by the red dashed line in Figure 3.5.

3.2.1.4 X-ray absorption spectroscopy measurements

The quality of the pure spinel phase of our Co304 thin films was confirmed with a steady-state
XAS characterization performed at the MicroXAS beamline at the Swiss Light Source (SLS).
These measurements will also be useful to guide future optical pump/X-ray probe experiments
under resonance conditions with the Cobalt K-edge transition. The XAS signal was measured
in fluorescence geometry, with the sample and the detector respectively at 45° and 90° with
respect to the incoming X-ray beam. A Ketek detector was used for the XAS measurements
across the Cobalt K absorption edge (7.700-7.780 keV), exploiting its energy resolution of about
150 eV to exclude the elastic scattering signal and isolate the Cobalt fluorescence lines. The
spectra were collected using a Si(311) crystal monochromator. The X-ray energy was calibrated
using a Cobalt foil. The intensity was corrected by the incoming X-ray flux, retrieving a signal
that is proportional to the X-ray absorption coefficient in the thin-sample limit [123], a valid
approximation, considering the 27 nm sample thickness of our thin film.

The Co K-edge spectrum is reported in Figure 3.6 along with the digitized curve of the Co304
sample from the literature [5]. Both spectra were normalized by the maximum intensity and a
vertical offset was introduced for better clarity. The faithful correspondence between the two
curves in the pre-, main- and post-edge regions confirms the quality of our thin films. The
presence of other crystalline phases was further excluded measuring the XAS spectra of two

reference Cobalt oxide compounds: CoO (Co?*) and Co,03 (Co®*).

3.2.2 Time-resolved reflectivity
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3.2.2.1 General principles

Time-resolved reflectivity (TRR) is a pump-probe technique sensitive to the photoinduced
variation of the sample optical properties as a result of the changes in its dielectric function
€(w). Light-driven modifications of the charge carrier density n,, the electronic temperature
Te, the lattice coordinates Q, or any other relevant parameter, affect the dielectric function
and thus induce a modification of the material’s reflectivity. The reflectivity changes can be
expressed as [124; 125]:

AR _OWnR 8 . 0WmR & . . OWNR O AQ(D) 3.1)
R 0e o0n, ° oc 0T, ° de  0Q .

This formulation explicitly shows that TRR can provide information about the electron dynam-
ics, lattice motion and the electron-phonon coupling in the system through time dependent
variations of n,, T,, and Q [124; 126-130].

The photoinduced response of the material can be separated into an incoherent and a co-
herent term, respectively obtained accounting for the first and second order terms in the
perturbation treatment of the Hamiltonian describing the light-matter interaction.

The incoherent response of the material occurs upon above band gap excitation and subse-
quent relaxation of the charge carriers, affecting the dielectric function of the system and
thus its reflectivity. On a sub-100 fs time scale, the electron-electron scattering leads to ther-
malization of the nonequilibrium charge density, which can be described with a Fermi-Dirac
distribution characterized by an electronic temperature T,. Later, on sub-ps times, the excess
energy of the photocarriers with respect to the optical band gap is dissipated via optical
phonon emission, a process mediated by electron-phonon scattering, which leads to charge
carrier cooling and equilibration between carrier and lattice temperatures [131]. Eventually,
the photocarriers recombine via radiative and non-radiative Auger recombination processes,
the latter being dominant at high carrier densities [132].

The coherent response of the system is observed only when the ultrafast pump pulse is shorter
than the period of the collective excitation, which is possibly launched in the system. In this
case, the coherent oscillation of the collective excitation, e.g. coherent phonons, introduces a
periodic modulation of the dielectric function and the reflectivity [133]. Two different mech-
anisms underlie the generation of coherent excitations in materials: impulsive stimulated
Raman scattering (ISRS) [134; 135] and displacive excitation of coherent phonons (DECP)
[125]. A schematic representation of the two processes is shown in Figure 3.7. In ISRS, a coher-
ent vibrational motion is triggered in the electronic ground state potential by the pump laser.
This process requires the dependence of the dielectric function on the lattice displacements

Oe
of the phonon: 30 # 0, i.e. the coherently excited phonon must be Raman active. Instead, in a

DECP process, the ultrashort pump induces an impulsive shift of the excited state potential
energy surface, due to the electron-phonon interaction between the photocarriers and the
lattice crystal. In her seminal work on DECP, Dresselhaus et al. assumed a linear dependency
of the lattice shift from the charge carrier density n.(t) to describe the generation of totally-
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Figure 3.7: Schematic layout for the generation mechanisms of ISRS (left) and DECP (right). In ISRS the
coherent dynamics occurs in the ground state electronic potential, whereas in the DECP the coherent
response is in the excited state potential energy surface.

symmetric phonon modes upon excitation of conventional semiconductors [125]. The same
theory can be extended to phonons with lower symmetry, accounting for the appropriate
symmetry components of the carrier density.

Both ISRS and DECP processes manifest as a coherent modulation of the optical properties of
the system. The different generation mechanisms can be unravelled from the Raman spectrum
(ISRS phonons must be Raman active) and from the relative phase of the oscillations: since the
ISRS vibrations start from the equilibrium position of the ground state, they are expected to
follow a sine wave as a function of time, DECP phonons, instead, should follow a cosine wave
as a function of time, being generated upon impulsive shift of the excited electronic potential
energy surface.

3.2.2.2 Laser system and electronics

A femtosecond broadband visible set-up operating at 20 kHz either in absorption or reflection
geometry was built to perform the time-resolved optical experiments presented in this chap-
ter.

The layout of the set-up is schematically shown in Figure 3.8. A Ti:sapphire oscillator (Halcyon,
KMLabs), pumped by a continuous wave Nd:YVO4 laser (VERDI, Coherent), delivers sub-50 fs
pulses centred at 800 nm with a repetition rate of 80 MHz, and is used as a seed for a cryogeni-
cally cooled regenerative amplifier (Wyvern500, KMLabs). The amplifier is tandem-pumped
by three Q-switched Nd:YVO4 pump lasers (Photonics Industries) and operates at 20 kHz. The
resulting output delivers highly stable 50 fs pulses of 6 mJ centred at 800 nm, and typically
has shot-to-shot energy fluctuations below 0.1% rms [136]. About 10 uJ of the resulting en-
ergy is exploited for time-resolved broadband visible experiments. The p-polarization of the
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Figure 3.8: Diagram of the 20 kHz laser system and transient reflectivity visible set-up.

incoming laser pulse is selected with a thin polarizer and the beam is split into pump (80%)
and probe (20%) branches. The pump beam passes through a motorized delay line, enabling
to scan the relative delay between the pump and the probe pulses, and is focused with a 20
cm spherical mirror into a 0.5 mm-thick type I f-barium borate (BBO) crystal to generate
400 nm pulses (optional). Close to the focus position, the pump passes through a 100 blades
chopper, operating at 10 kHz and phase-locked to the laser repetition rate (20 kHz), and is
then collimated with a second 20 cm spherical mirror. If the pump is frequency doubled, the
residual 800 nm intensity is removed with 4 harmonic separators.

The beam is then focused with a lens into the sample in normal incidence geometry, or at
22° incidence angle, respectively when operating in reflection or transmission mode. The
probe beam is focused into a 2 mm-thick CaF, crystal to generate the visible supercontinuum.
The white light quality is optimized by tuning the probe energy to 0.5 pJ with a ND filter, by
adjusting the beam numerical aperture with an iris positioned just before the 15 cm focusing
lens, and by translating the CaF» position along the beam focus with a micrometric manual
stage. Crystal damaging and the consequent white light degradation is prevented by continu-
ously moving the CaF, at 10 Hz along the vertical direction. Long term damaging is avoided by
additionally scanning the crystal along the horizontal direction with a motorized stage. The
diverging beam is collimated and focused on the sample with a pair of 90° off-axis parabolic
mirrors. The residual 800 nm component is filtered before the sample by a shortpass glass
filter. Pump and probe beams are spatially and temporally overlapped on the sample, with
typical sizes of 150x150 ym and 60x60 pum, respectively. When operated in reflection geometry,
the sample is tilted about 22° with respect to the probe beam and the reflected white light
is focused into a 2 m long multi-mode optical fiber placed at 45° with respect to the probe
direction, which delivers the probe into a spectrograph.

The broadband pulse is dispersed by a 150 gr/mm holographic grating and the resulting
spectrally-resolved signal intensity is measured with a complementary metal-oxide semi-
conductor (CMOS) array detector (Hamamatsu S11105, 512 pixels, 12.5x250 um? pixel size)
synchronized to the data acquisition system. Since the maximum readout rate per spectrum
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is almost 100 kHz (each pixel has a readout up to 50 MHz), pumped and unpumped spectra
are collected in shot-to-shot detection mode [136]. The readout operation of the CMOS is
triggered at 20 kHz repetition rate with a gated signal delivered by a triggering card, which
synchronizes the laser amplifier signal (20 kHz) with the 11 MHz master clock of the 16-bit
analog-to-digital converter (ACD). A replica of the gated trigger is halved and used to operate
the chopper at 10 kHz, phase-locked to the laser amplifier outputs [137].

In the pump-probe experiments, several time scans are repeated in order to improve the
signal-to-noise ratio (SNR) of the measurement. For each delay of the time scans, 20000
consecutive shots are recorded, sorted on a shot-to-shot basis into pumped and unpumped
spectra, and averaged. In reflectivity mode, the pump-probe signal is computed as:

AR(w, 1) Rpumpea (@, 1) = Ryunpumpea (@, 1)

(3.2)
R Runpumped(w’ 1)

where w corresponds to the spectrally-resolved frequency of the probe and ¢ is the time
delay between the pump and the probe at which the pumped and unpumped signals were
collected. The frequency calibration of the spectra was performed measuring the absorption
spectrum of both a Holmium reference in solution (Hellma) and the corresponding pure
solvent. The reflectivity matrixes from consecutive scans are then averaged together. Since
the supercontinuum probe is not dispersion-compensated before reaching the sample, the
reflectivity maps have to be chirp corrected. To define the parameters for the group velocity
dispersion (GVD) correction, pump-probe measurements on pure sapphire were performed.
Indeed, since this substrate does not absorb light at the employed pump (400 nm and 800
nm) and probe wavelengths (450-750 nm), the white light chirp can be precisely defined
through the fitting of the coherent artefact signals with a second order polynomial function.
The coherent artefact signal is present only at time delays when the pump and probe pulses
overlap in time, and its analysis allows to determine the wavelength-dependent time zero
position and the instrument response function (IRF) of the set-up, defined as cross-correlation
width of the pump and probe pulses.

Both the chirp correction and the global lifetime analysis (GLA) of the pump-probe maps
were performed with the Optimus software [138]. Within the GLA approach, the pump-probe
time traces at each wavelength (S, (¢)) of the 2D map are simultaneously fitted with a sum of
exponential functions convoluted with a Gaussian IRF function [138; 139]:

t

n
Sy = ZAi(Ti,/l)~eXp(—T—) x IRF(1) (3.3)
i=1 i

where A;(7;, A1) is the wavelength-dependent amplitude of the exponential decay characterized
by the 7; time constant.
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3.2.3 X-raydiffraction

In this section we present the steady-state XRD investigation performed at the Swiss Light
Source (SLS) as preparation for the time-resolved measurements envisaged at the EXFEL.
Performing a TR-XRD measurement requires a careful evaluation of the experimental geometry
in terms of relative position between the sample, the incoming X-rays, and the detector
position. As we discussed in section 3.2.1.1, a grazing incidence configuration is envisaged in
order to match the penetration lengths of the optical pump and X-ray probe and to minimize
the thermal load on the sample. Once the experimental geometry and the X-ray energy are
chosen, the in-plane and out-of-plane components of both the thin film and the substrate
must be determined in order to define the orientation matrix of the sample and predict the
position of the Bragg reflections in the space. Finally, a choice of the XRD peaks to be measured
is needed, since the dimensions of most 2D detectors enable probing a single Bragg reflection
at the time. In our pump-probe experiment in the visible domain (see section 3.3.1), we show

1js activated via ISRS mechanism.

that, upon 800 nm excitation, a coherent phonon at 196 cm™
Thus, we want to identify and characterize the XRD peaks that are sensitive to this specific
phonon mode, since for these peaks we expect to see a coherent TR-XRD response when

photoexciting the sample.

3.2.3.1 Synchrotron set-up

The XRD measurements were performed on Co3z0O4 thin films at the Surface Diffraction end
station of the Material Science beamline of the Swiss Light Source (SLS). The experiment was
carried out in grazing incidence geometry, with a 9.3 keV monochromatic X-ray beam, an
energy that is above the Cobalt absorption edge to avoid collecting fluorescence background
signal of the Co?* and Co3' centres. The sample was mounted on a hexapod stage and
oriented vertically with respect to the floor at an incidence angle of 0.33° (Figure 3.9). The
signal was detected using a Pilatus 100k detector. Before starting the experiment, the sample
orientation matrix must be defined. The procedure consists in identifying diffraction peaks for
both the film and the substrate under the 6 — 20 geometry, assigning tentative A, k, [ indexes
based on a preliminary assumption of the sample orientation and on the knowledge of the
sample lattice parameters. The measured Bragg peaks are used to fit the orientation matrix,
the goodness of which is evaluated afterwards based on the error of the fitting results. Once
the orientation matrix is defined, the Bragg peaks to be detected in grazing incidence geometry
are chosen specifying their h, k, [ indexes. For each peak, azimuthal scans (in-plane rotations
of the sample) were performed to optimize the signal intensity. In the experiment, we precisely
determined the detector position for several diffraction peaks expected to be sensitive to the
activation of the T2z Raman active mode at 196 cm~!. Based on DFT calculations [120], this
phonon mode was ascribed to a specific lattice distortion mainly involving the displacement
of the Co?* tetragonal sites along the [111] direction. This motion is schematically shown in
Figure 3.10 for the rhombohedral Co3z0,4 primitive cell, where the arrow represents the atomic
displacement of the Co?" site, and where we sketch in red the [111] plane corresponding
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Figure 3.9: Experimental layout of the Material Science beamline. The sample is vertically oriented in
grazing incidence geometry with respect to the incoming X-rays. The Pilatus 100k detector is in the
geometry corresponding to the (311) Bragg peak detection.

Figure 3.10: Schematic layout of the Co?* tetrahedral atomic displacement activated by the T ¢ phonon
mode. The red arrow points along the direction orthogonal to the [111] plane, reported in light-red, and
corresponding to the out-of-plane orientation of our Co304 films. The smaller nuclear displacements
of the other centres were omitted for clarity.
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to the sample surface of our film. The preliminary estimation of the Bragg peaks which are
mostly affected by the 196 cm™! lattice distortion was performed computing the XRD signal
intensities in VESTA [1] for two cases: the Co304 lattice crystal in its equilibrium position
and the same lattice where a model distortion of the Co?™ site along the [111] direction was
introduced. We selected the brightest peaks for which the intensity is strongly modified by
this specific nuclear motion. In particular, we focused on the three-fold degenerate (311) peak,
which was later experimentally measured at the EXFEL (see section 3.3.2), confirming the
correctness of our experimental procedure.

3.2.4 X-ray emission spectroscopy
3.2.4.1 General principles

X-ray emission spectroscopy (XES) is an element-selective technique that is sensitive to the
electronic, spin and local structural configuration of the probed site. There are multiple im-
plementations of this method, but in the following we will focus on the non-resonant XES
at the so-called K emission lines. This technique relies on a 1s electronic excitation into the
continuum upon absorption of an X-ray photon, creating a short-living core hole which is
filled with an outer shell electron. The resulting excess energy is released via competing Auger
or fluorescence decay processes. In the former, a second electron is photoemitted from an
outer shell, in the latter an X-ray photon is emitted at lower energies with respect to the initial
X-ray excitation. A schematic illustration of the process is shown in Figure 3.11 (left). The
energy of the fluorescence lines depends on the electronic transitions from the outer orbitals
to the 1s core hole. As such, XES probes the occupied density of states of the material. The
strongest emission process is related to the 2p to 1s transitions and give rise to the K, lines,
respectively K, or Kg if the electron comes from 2p3/» or 2p;,» orbitals. About 6 to 8 times
weaker are the 3p to 1s transitions of the so-called Kg 3 lines, as shown in Figure 3.11 (right)
for the Cobalt K, and K emission spectra of spinel Co304. Even though these processes
involve electronic transitions between inner orbitals, both K, and K spectra are indirectly
sensitive to the valence electrons of the probed site, which in the case of transition metal atoms
correspond to 3d orbitals. The information about the valence electronic configuration of the
centre is obtained analysing the interaction between the 3d occupied orbitals and the 2p or 3p
hole left in the system upon fluorescence decay. Since this interaction scales with the overlap
between the inner orbitals and the 3d wave functions, it is stronger for the 3p orbitals [140]. As
a consequence, the weaker Kg lines are more sensitive markers of the electronic configuration
of the system compared to the K, lines. Specifically, a linear relationship between the effective
number of unpaired 3d electrons and the position of the Kg maximum was reported [141],
provided that the oxidation state and the local environment of the metal site remain constant.
The low energy side of the Kg; 3 lines is characterized by an additional peak, called Kg, which
is related to the 3p-3d exchange interaction. Upon spin decrease, Kg; 3 and Kg energies move
towards each other, completely merging for spin configurations equal to zero. A different
linear relationship is found between the spin states and K, lines. In this case, the FWHM of the
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Figure 3.11: (left) Energy level diagram showing the electronic transitions involved in the generation of
the Kq1, Koz, Kg1,3 and Kg emission lines upon non-resonant absorption of a X-ray photon from the 1s
orbital. (right) Co3O4 emission lines at the Cobalt K, and Kp energies.

emission lines scales linearly with the effective spin configuration, due to the 2p-3d exchange
interaction [141].

In its time-resolved implementation, TR-XES can accurately probe photoinduced spin and
electronic changes around the selected elements as a function of time [142-145]. In the fol-
lowing sections, we briefly present the implementation of TR-XES set-ups at both synchrotron
and FEL facilities and we show preliminary results obtained in our experimental campaigns,
in which TR-XES was used to follow spin changes in Co304 thin films.

3.2.4.2 Synchrotron set-up

XES and TR-XES measurements on Co3QO, thin films were conducted at the SuperXAS beam-
line of the SLS in order to determine the signal intensity of Cobalt K, and Kg lines under
the experimental conditions required for pump-probe measurements, namely grazing inci-
dence geometry. A picture of the experimental layout is reported in Figure 3.12. At the SLS
synchrotron, the X-rays are delivered at a repetition rate of 1.04 MHz with a hybrid electron
filling pattern. In this operation mode, out of the 480 possible electron buckets of the storage
ring, 390 are consecutively filled with electron bunches separated by 2 ns and compose the
so-called multibunch. One of the remaining 90 empty buckets is filled with a single electron
bunch, called camshaft, which has 4 times higher current than the individual bunches of the
multibunch. The multibunch is used for steady-state measurement, whereas the camshaft
is exploited in picosecond time-resolved experiments, thanks to its pulse duration of about
85 ps in Full Width Half Maximum (FWHM) [146]. XES data was collected with a Pilatus 100k
detector, upon installation of a Von Hamos spectrometer in vertical geometry. Si(440) and
Si(640) crystals were employed to disperse Co Ky (6.930 keV) and Kg, 3 (7.650 keV) signals,
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Figure 3.12: Experimental layout of the TR-XES setup of the SuperXAS beamline. The metallic tip (or
the sample) is placed in grazing incidence geometry in the centre of rotation of the sample manipulator
stage, imaged with a side view camera and a microscope, respectively at angles of 90 and ~30° with
respect to the X-rays. The sample is pumped using a 355 nm excitation wavelength at an incidence
angle of 3.3°-4°. The X-ray signal is dispersed by a Von Hamos spectrometer equipped with a pair of
Si(440) and Si(640) crystals and is collected using a Pilatus 100k detector in vertical geometry.

respectively. Steady-state measurements were performed using a Si(111) crystal monochroma-
tor and selecting an off-resonance energy corresponding to 9.0 keV. The signal was collected
exploiting the entire filling pattern of the synchrotron at 1.04 MHz.

For pump-probe measurements, only the emission signal generated by the camshaft was
recorded with an electronic triggering of the Pilatus acquisition window. A pink beam centred
at 9.0 keV was used in order to compensate the 100 times lower intensity of the camshaft
signal with respect to the multibunch. The probe repetition rate was set to 260 kHz, twice
the repetition rate of the Duetto pump laser. For the latter, a low repetition rate mode of 130
kHz was chosen in order to enhance the energy per pulse of the pump. We excited the sample
at 355 nm, frequency tripling the fundamental photon energy of the laser (1064 nm). In the
employed grazing incidence geometry, the X-rays and laser incidence angles were respectively
varied between 0.3° and 1°, and between 3.3° and 4°. Under these conditions, the maximum
pump fluence that we could achieved was 0.6 mJ/cm?. In order to precisely determine the
grazing incidence angle of the sample, a Huber mount was installed on top of the sample ma-
nipulator stage of the beamline, and a pair of microscope and side view camera was employed
to determine the centre of rotation of the stage using a metallic pin.

In the measurements, strong XES emission spectra were obtained from the thin films. The
energy calibration of the Cobalt emission lines was performed collecting the elastic scattering
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Figure 3.13: Experimental layout of the FEX instrument at EXFEL. The sample (or a metallic tip) is in
grazing incidence geometry, with an angle of 0.33° with respect to the incoming X-rays. The 400 nm
pump hits the sample with a small angle (8.33°). A microscope and a side view camera were used to
determine the centre of rotation of the sample manipulator, in order to accurately control the pump
and probe incidence angles. A Von Hamos spectrometer is placed at 90° with respect to the X-rays and
is equipped with 8 Si(531) and 4 Ge(111) crystals. A Jungfrau 500k detector was moved with a motorized
robot arm to collect either the Cobalt K, or Kg lines in vertical geometry.

signal from the sample in grazing incidence configuration at different monochromatic X-ray
energies. We characterized the fingerprint of X-ray sample damaging as a redshift of both
Ky and Kg lines up to 2 eV. Sample degradation was observed for grazing incidence angles
larger than 1°, possibly caused by a combination of increased thermal load, lower X-ray re-
flectivity of the sample, and higher X-ray photon fluence due to the probe footprint reduction
upon incidence angle increase. Thus, for both steady-state and pump-probe measurements,
incidence angles below 1° were used.

3.2.4.3 Free electron laser set-up

TR-XES measurements were performed on Co30, thin films at the Femtosecond X-ray Ex-
periments (FXE) scientific instrument of the EXFEL [147]. The experimental layout of the
experiment is reported in Figure 3.13. The sample was mounted on a Huber stage on top of
a motorized sample manipulator in grazing incidence geometry (0.33° with respect to the
incoming X-rays). A side view camera and a microscope were employed to determine the
centre of rotation of the stage using a metallic pin. A pink beam centred at a 9.3 keV X-ray
photon energy was used for off-resonance XES and XRD measurements, with a maximum
average energy of 2.5 mJ and an X-ray spot size in normal incidence of 110x110 um? FHWM.
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The XES signal was collected using a high-energy resolution Von Hamos spectrometer equipped
with 8 Si(531) and 4 Ge(111) crystals to disperse respectively Cobalt K, and Kg lines. Each
emission line was separately detected using a single module Jungfrau 500k detector with an
active area of about 38x76 cm? [148], mounted on a vibrationally stabilized inverted robot arm.
The same detector was used to identify and collect steady-state XRD signals from the (311)
Bragg peak of the Co30, film. A Helium bag was installed to reduce the air scattering of the
dispersed X-ray signals. During our measurements, the probe energy was attenuated to an av-
erage value of 500 yJ in order to avoid nonlinearities in the detected signals. The FEL repetition
rate was also decreased down to 10 Hz to prevent sample damaging. Under these operation
conditions, the Jungfrau detector was operated in shot-to-shot detection mode. Pump-probe
measurements were performed exciting the sample at 5 Hz repetition rate with 400 nm light,
frequency doubling the output of a specially designed burst-mode femtosecond laser system
available at the beamline [149]. This system operates at variable repetition rate generating
broadband 800 nm pulses amplified in a multi-stage non-collinear optical parametric ampli-
fier (NOPA) and routinely compressed to 15 fs pulse durations. The timing jitter between the
laser pump and the FEL probe, which is generated via a self-amplified spontaneous emission
(SASE) process [150], makes the effective time resolution of pump-probe experiments at the
FXE beamline of about 115 fs FWHM [151]. In grazing incidence geometry, a 4.4 mJ/cm? pump
fluence was used to photoexcite the sample. Before starting the pump-probe measurements,
we carefully determined the experimental conditions that prevented sample damaging. Based
on the results of our previous TR-XES investigation at the synchrotron, very shallow incidence
angles were used. The 10 Hz repetition rate was beneficial in reducing the thermal load on the
sample, representing the most important source of degradation. Indeed, despite the much
higher peak power of the FEL pulses with respect to the synchrotron bunches, under the
employed conditions no signatures of sample damaging were observed.

3.3 Results

3.3.1 Femtosecond broadband reflectivity measurements

Femtosecond broadband investigations in the visible regime on Co30, films were performed
in reflectivity mode, pumping the sample at 800 nm and 400 nm in order to elucidate the exci-
tation wavelength effects on the charge carrier dynamics. The experiments were conducted in
the fluence range between 1-10 mJ/ cm? (800 nm pump) and 2-12.6 m]/ cm? (400 nm pump).
The photocarriers’ density was computed following the formula:

n —L(I—R) (3.4)
" hv-d :

where F is the pump fluence, & is the Planck constant, v is the photon frequency, d is the
penetration depth and R is the reflectivity at normal incidence. Densities in the range between
102° cm™3 and 10%! cm™3 are obtained, in the linear regime for both pump wavelengths,
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Figure 3.14: (a,b) 720 nm TRR intensity as a function of the excitation density, respectively for 800 nm
and 400 nm pump wavelengths. The pump-probe intensities were collected at 1.7 ps time delay.

as reported in Figure 3.14 for the 720 nm probe wavelength. In the following, we compare
TRR results obtained under similar excitation densities, namely 1.4-10?! cm™3 (800 nm) and
1.3-10%! cm™3 (400 nm), unless explicitly mentioned. As shown in Figure 3.15(a,b), the 2D
maps obtained in the first 10 ps are qualitatively similar, with modest line shape changes,
which are limited to the first 2 ps, and the retention of the transient intensity up to the longest
time delay (9.4 ps). Figure 3.15(c,d) reports the energy cuts of the TRR maps at selected time
delays for the 800 nm and 400 nm excitation wavelengths. In both cases, the spectra are
characterized by two negative bands centred around 520 nm and 750 nm, close to the maxima
of the optical absorption spectrum, and a positive feature at 630 nm, corresponding to the local
minimum between the LMCT and MMCT absorption bands (see Figure 3.2). An apparent blue
shift of the transient spectral weight occurs within the first ps. Despite the overall similarity
between the two TRR maps, a closer inspection of the time traces reported in Figure 3.16(a,b)
for the first 4.5 ps at the local extrema of 520 nm, 630 nm, 740 nm, and at 575 nm, highlights
significant differences in the temporal response of the system when excited at 800 nm and 400
nm. Upon 800 nm pump, the negative bands peaked at 520 nm and 740 nm are characterized
by a prompt rise, followed by a sub-ps decay and a second relaxation process on the ps time
scale, reaching a plateau, which is kept up to the longest time delay. Instead, the response at
630 nm shows negative values only around time zero and follows a progressive increase of the
transient positive signal during the first 2 ps. The intensity growth of the positive band occurs
on the same time scales of the negative bands’ relaxation. The presence of a second, slower
time component is better observed for wavelengths close to the turning point separating the
negative band at 520 nm and the positive feature at 630 nm, as shown for the trace at 575 nm.
Exciting the sample at 400 nm, the temporal response of the TRR bands is also characterized
by two time constants and an offset at longer times. However, differently from the 800 nm
excitation, the time scales of two processes are much faster, being both on sub-ps time scales.
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Figure 3.15: (a,b) TRR 2D maps for 800 nm and 400 nm pump wavelengths, respectively with excitation
densities of 1.4-10>! cm™ and 1.3-10%! cm™3. (c,d) 800 nm and 400 nm pump TRR energy cuts at the
time delays: 60 fs, 200 fs, 500 fs, 1000 fs, 1500 fs, 1500 fs, 6450 (6500) fs.

These differences are captured by the global fit of the TRR maps, which were analysed assuming
a bi-exponential time evolution of the signal and an offset, convoluted with a Gaussian IRF
function (0=75 fs). As explained at the end of section 3.2.2.2, in the global fit analysis all
probe wavelengths are simultaneously fitted using the same time constants and leaving the
wavelength-dependent pre-exponential amplitudes as free parameters of the fit. As a result, for
some traces (e.g. the negative band maxima) the first exponential decay is dominant, whereas
for other wavelengths the second decay process becomes more relevant (e.g. at the turning
points between the negative and positive bands). The reconstructed maps are reported in
Figure 3.17(a,b). The comparison with the experimental maps in Figure 3.15(a,b) confirms the
quality of the fit, whose results are summarized in in Table 3.1. We remark that in absence of a
second exponential decay, or without an offset at long time delays, the fit significantly worsens.
Two time constants of 430+10 fs and 2.5+100 ps are obtained exciting the sample with 800 nm
light, whereas a much faster response is observed upon 400 nm excitation, characterized by
values of 260+30 fs and 710+40 fs. In our investigation, we collected TRR maps as a function of
the excitation fluence and did not observe changes in the obtained time constants. A second
crucial difference between the two photoresponses is the presence of time modulations in
the TRR signal as a consequence of coherent collective excitations launched in the system
upon ultrafast excitation. In order to isolate the coherent modulations from the incoherent
electronic relaxation process, we subtracted the global fit signal from the 2D reflectivity maps.
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Figure 3.16: (a,b) 800 nm and 400 nm time traces, respectively at excitation densities of 1.4-102! cm™3

and 1.3-10%! cm™3. Four selected wavelengths are displayed: 740 nm, 630 nm, 520 nm, and 575 nm,
respectively corresponding to the AR/R local extrema of the TRR maps and to the turning point between
the negative feature at 520 nm and the positive feature at 630 nm.

The map of residuals for 800 nm and 400 nm excitations are reported in Figure 3.17(c,d) for
the first 2.225 ps of the dynamics. Panel (c) shows distinct oscillations with a frequency of 170
fs across the entire map, which are more defined in the red region of the spectrum. In panel
(d), instead, we notice smaller oscillations with a longer oscillation period. The strong residual
signals around time zero are due to coherent artefacts, which were not completely described
in the fit.

Pump wavelength 7 (ps) 72 (ps) 73 (ps)
800 nm 0.43+£0.01  2.5+0.1 offset
400 nm 0.26+£0.03 0.71+0.04 offset

Table 3.1: Exponential decay time constants resulting from a global fit analysis of the TRR maps upon
800 nm and 400 nm excitation.

We improved the SNR of the residuals performing an average over several wavelengths. Specif-
ically, we computed the mean value of the TRR residuals in the wavelengths range 500-570 nm
and 660-730 nm, i.e. in the regions where the amplitude of the incoherent electronic response
is smallest. The results are shown in Figure 3.18(a,b), where we notice strong differences
between the different pump wavelengths.

Upon 800 nm excitation, a pronounced coherent response with a frequency of 170 fs is
observed at 660-730 nm, with a moderate daof the fluence, evenmping across the investigated
time window. At 500-570 nm, instead, the oscillation at 170 fs is less intense and the coherent
response is dominated by a damped oscillation of period ~1.7 ps. The response induced by
the 400 nm pump is completely different, with modulations comparable to the noise level for
the 660-730 nm trace and a distinct oscillation with frequency 405 fs for the 500-570 nm trace.
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Figure 3.17: (a,b) Reconstructed 2D maps from global fit results of the 800 nm (excitation density of
1.4-10%! cm~%) and 400 nm (excitation density of 1.3-10%! cm ™) pump TRR maps, respectively; (c,d) 2D
maps of residual obtained subtracting the reconstructed maps of the global fit from the experimental
maps upon 800 nm (excitation density of 1.4-10?! cm~3) and 400 nm (excitation density of 1.3-10%!
cm™3) excitation, respectively.

In Figure 3.18(c,d), we report the Fourier transform (FT) of the traces presented in panels
(a,b). Following established procedures for time-domain Raman spectroscopy data treatment
[31; 152], the analysis was performed using a zero padding algorithm and applying a Kaiser-
Bessel windowing (f=6), in order to reduce the spectral leakage caused by the finite time
sampling prior to FT [153]. In panel (c), a feature at 196 cm™! is observed in both spectral
ranges, with the 500-570 nm spectrum showing an additional intense peak at about 20 cm™.
The feature at 196 cm™" exactly matches the T,, Raman active phonon observed in Figure
3.5. Thus, we assign the fast coherent modulation of the TRR measurements upon 800 nm
excitation to an ISRS process. The slower oscillation at 20 cm™! is possibly related to a
coherent acoustic phonon (CAP) that could be generated via different possible sources, such as
deformation potential or thermoelasticity [154-156]. Panel (d) shows a noisy FT spectrum for
the 660-730 nm trace, which would require better statistics to confirm the possible presence of
two faint features at 108 cm ™! and 435 cm™!. Instead, the FT of the 500-570 nm trace displays a
prominent peak centred at 82 cm ™!, together with a small feature around 20 cm~!. The 82 cm™!
feature does not correspond to any Raman active mode reported in Figure 3.5, independently
of the excitation wavelength (532 nm and 785 nm). Therefore, this peak can be ascribed to a
DECP coherently generated in the material upon the selective excitation of the system at 400
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Figure 3.18: (a) Average of residuals in the 500-570 nm and 660-730 nm probe windows upon 800 nm
pump excitation (photocarriers density of 1.4-10?! cm™3). An offset of +0.3 mO.D. was applied to the
660-730 nm trace for clarity. (b) Average of residuals in the 500-570 nm and 660-730 nm probe windows
upon 400 nm pump excitation (photocarriers density of 1.3-10>! cm~3). An offset of +0.1 mO.D. was
applied to the 660-730 nm trace for clarity. (c,d) Fourier transforms of the traces reported in panels
(a,b) respectively. The vertical dashed lines highlight the strongest FT features, respectively at 196 cm ™!
and 82 cm™! for the excitation wavelengths 800 nm and 400 nm.

nm. In order to better characterize the nature of these collective excitations, we performed
fluence dependence studies of the TRR maps for both excitation wavelengths. Figure 3.19(a,b)
reports the FT amplitudes of averaged time traces as a function of the excitation density:
we selected the 660-730 nm and 500-570 nm traces respectively for the 800 nm and 400 nm
pumps, with the aim of characterizing the faster oscillatory components of our spectra. For
completeness, in panels (c,d) we also show the amplitude changes of the 20 cm ™! feature as a
function of the fluence, even though a detailed analysis of CAPs is beyond the scope of this
work. In all panels, the experimental data are plotted with the corresponding linear fits, which
well describe the fluence dependence of the 196 cm™! and 82 cm™! features. This is consistent
with both proposals of ISRS generation of the T>g mode at 196 cm™! and the DECP origin of
the phonon mode at 82 cm™! [125], as described in section 3.2.2.1. No frequency shifts of the
FT amplitudes of the optical phonon maxima are observed by changing the pump fluence.
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Figure 3.19: (a,b) Fourier transform amplitudes of average residuals as a function of the excitation
density, respectively for the 196 cm™! feature (800 nm pump, 660-730 nm probe range) and 82 cm ™!
feature (400 nm pump, 500-570 nm probe range). (c,d) Fourier transform amplitudes of average
residuals as a function of the excitation density for the 20 cm™! feature, respectively for 800 nm pump
(660-730 nm probe range) and 400 nm pump (500-570 nm probe range).

3.3.1.1 Discussion

The 400 nm excitation was unambiguously assigned to an O~ (2p) to Co3* (eg) charge-transfer
transition, based on a XUV transient absorption investigation at the Co M, 3 edge of Co304
thin films [114]. In that work, two relaxation time constants were measured, 190+10 fs and
535+33 fs, possibly ascribed to an Auger recombination process and hot carrier relaxation
towards the band edges. Accounting for the differences in the pump excitation densities
between our measurements and the XUV ones, a general agreement in the time constants
is observed: in fact, the authors reported a first time constant of 270470 fs for photocarrier
densities of ~2-10?! cm™3. Thus, we assign the first time constant to a convolution of Auger
recombination process, marginal at our fluences, and ultrafast charge carrier thermalization,
and the second process at 710+40 fs to photocarrier cooling. We claim the same processes
are involved upon 800 nm excitation, despite the longer relaxation times, respectively 430+10
fs and 2.5+0.1 ps. Indeed, a time constant of about 2 ps was ascribed to hot carrier cooling
in a combined picosecond transient absorption and transient reflectivity investigation in
the visible domain on Co304 thin films with 800 nm pump light [4]. Based on the similarity
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between transient absorption and transient reflectivity spectra, the three spectral features
composing the transient energy traces (which agree with those shown in Figure 3.15(c,d))
were interpreted in terms of ground state bleach (GSB) of the LMCT and MMCT bands and
photoinduced absorption (PA) [4]. The authors observed the same transient line shapes upon
520 nm, 800 nm, and 1400 nm excitation wavelengths. Additionally, they reported a bleaching
of the d-d transition bands in the NIR, which increase in intensity on the ps time scale and
decay in hundreds of ns. Based on these results, localized d-d excitations were proposed as
the final state of the photodynamics, independent of the optical transition originally excited.
The absence of line shape changes in the transients was interpreted in terms of a modulation
of the hybridization between O 2p and Co d orbitals, due to electron-phonon coupling effects.
This explanation would account for the bleaching of the CT electronic transitions even in
absence of state filling effects, since after the first few ps the photocarriers have relaxed in the
d-d states.

Despite this consistent picture, our ultrafast measurements with fs resolution unveil a more
complex scenario upon different excitation wavelengths. Indeed, there is an apparent contra-
diction between the absence of specificity in the final states populated in a few ps (notwith-
standing the employed pump frequency), and the highly selective phonon and temporal
response observed in our high-resolution experiments.

Our results show that the excitation of the LMCT state leads to an ultrafast relaxation that is
faster than the dynamics of the MMCT. This is in contrast with the idea that longer relaxation
times are expected with increasing the photon energy with respect to the Mott-Hubbard band
gap, since more electronic excess energy should be dissipated. Thus, we conclude that the
decay process leading the LMCT and MMCT states to the d-d states occurs through different
relaxation channels, ruling out the hypothesis of a cascade process that brings the LMCT
through the MMCT to the d-d states.

The presence of a DECP upon 400 nm excitation implies that electron-phonon coupling occurs
between the photocarriers and the optical phonon at 82 cm™!. Our measurements show that
the collective excitation of this phonon mode is preserved during the electronic relaxation
process from the originally populated LMCT state to the local d-d states, since the phonon
oscillation lives more than 2 ps, whereas charge carrier cooling occurs on sub-ps time scales.
Thus, we assume that a strong electron-phonon coupling is present also in the final state.
These contrasting evidences can be rationalized in terms of ultrafast intersystem crossing (ISC).
As proposed by Jiang et al. [114], the sub-ps dynamics observed upon 400 nm excitation could
be related to a selective relaxation process which leads the LMCT population directly to the
lower d-d states. This nonadiabatic relaxation, which has been observed in the photodynamics
of transition metal complexes in solution [157-160], is quite uncommon in solid-state systems,
whose photodynamics is mostly ruled by the intra- and inter-valley scattering processes of
itinerant electrons. Given the generally localized nature of the electronic states in transition
metal oxide systems [161], an atomic-like perspective similar to the transition metal com-
plexes in solutions could be proposed for Co30,4. Under this assumption, the LMCT excitation
impulsively shifts the equilibrium position of the potential energy surface along the nuclear
coordinate described by the 82 cm™! phonon mode, launching a coherent phonon oscillation
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Figure 3.20: Schematic representation of the Co30, photodynamics upon 400 nm (left) and 800
nm (right) excitation. The blue Gaussian-like curves describe the collective nuclear coordinate Q(?)
coherently moving on the potential energy surface of the system. The 400 nm pump promotes a LMCT
excitation, upon which the system possibly decays into the localised d-d states via ultrafast ISC. This
direct relaxation process preserves the coherence of the phonon oscillations, leading to a periodic
modulation of the reflectivity due to the collective nuclear displacement associated with the DECP
at 82 cm™!. Instead, the 800 nm pump excites a MMCT transition, which decays into the d-d state
more slowly. This electronic relaxation causes the loss of the vibrational coherence created upon
impulsive photoexcitation, even though it brings the system into the same d-d states populated by the
LMCT relaxation. The nuclear distortions caused by the electron-phonon coupling in the d-d states is
preserved but cannot be observed in reflectivity in absence of coherent vibrational dynamics. Instead,
a periodic modulation of the transient signal is found due to the activation of the T2g phonon mode at
196 cm™! via the ISRS process.

in the system at the Brillouin zone centre, as sketched in Figure 3.20(left). As aresult, a periodic
modulation of the dielectric function is generated, enabling the measurement of a coherent
nuclear response in transient reflectivity. On ultrafast time scales, the photocarriers relax via
intra- and inter-band scattering and localise on the Cobalt centres, which change their spins.
At the atomic-level, this process corresponds to an ultrafast ISC. Since the fingerprint of the
electron-phonon interaction, i.e. the coherent modulation of the TRR signal, is preserved even
when charge carrier thermalization has completed, the coupling between the electronic and
nuclear degrees of freedom must also occur in the d-d states. Therefore, it should be present
in the d-d states that are eventually populated upon 800 nm light activation. However, in the
latter case, the slower incoherent electronic relaxation may cause the loss of coherence in
the phonon oscillations, preventing the observation of the DECP via the modulation of the
transient reflectivity signal even in presence of electron-phonon coupling (Figure 3.20(right)).
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The proposed scenario calls for a more detailed investigation using time-resolved methods
that are sensitive to incoherent changes of the nuclear and spin degrees of freedom, motivating
the experimental campaign under preparation at the EXFEL. There, we will investigate the
system’s photodynamics through simultaneous detection of TR-XRD and TR-XES upon 400
nm and 800 nm excitation, confirming or invalidating the presence of an ISC mechanism
driving the wavelength selective ultrafast photodynamics of Co30;,.

3.3.2 Ultrafast X-ray emission spectroscopy measurements

In this section we present preliminary TR-XES results obtained both at synchrotron and
FEL facilities, offering a first comparison to complement the results of our ultrafast optical
investigation. In Figure 3.21(a,b), we report the steady-state XES spectra collected at the EXFEL
at the Cobalt K, and Ky lines for Co3O4 thin films and for two references. These compounds
contain Co?* and Co®" octahedral centres, respectively Cobalt(II) tris(bipyridine) (Co(bpy)3>*)
and Cobalt(III) tris(bipyridine) (Co(bpy)33*) chloride pellets. The direct inspection of the
spectra shows that Co3O4 has emission lines that are peaked at intermediate positions with
respect to the two references. Specifically, in panel 3.21(a) we observe that, upon reduction of
the Co centre in Co(bpy)s, the K2 line blueshifts from 6930.6 eV to 6931 eV. A similar trend is
shown in panel 3.21(b), in which, going from Co®* to Co?®*, the Kp1 3 line blueshifts from 7649.7
to 7650.6 eV and the Kz’ sideband distinctly increases in intensity. These spectral changes
result from an interplay between the oxidation and spin differences of the two compounds.
Indeed, as explained in 3.2.4.1, XES is a sensitive marker of the spin state of the probed sites
through K41 FWHM and Kg intensity and position [141], provided that the other parameters
are kept constant. A more quantitative analysis would require measuring a third reference
compound in which only one of the two parameters is changed, e.g. a reference with only one
Cobalt(II) centre with tetrahedral symmetry. We remark here that part of the beamtime at the
EXFEL was dedicated to the characterization of the XRD (311) peak previously identified in the
synchrotron measurements at the Material Science beamline of SLS. The 2D map collected
by the Jungfrau 500k detector is reported in Figure 3.22. In Figure 3.23, we report the steady-
state K, spectrum of the Co304 sample, along with the TR-XES energy traces collected at two
different time delays, 1 ps and 4 ps, and the difference between the Co(bpy) 3% and Co(bpy)g:“'“r
steady-state K, spectra, labelled as Co?*-Co3*. The TR-XES spectra were multiplied by a factor
x3 and the Co?*-Co®" trace by a factor x1.3. The transient traces were obtained in about 30
minutes of acquisition time each and were collected just before a major failure of the pump
laser of the beamline. As a consequence, no further pump-probe data could be collected
during the beamtime.

Significant differences are observed in the spectral line shapes of the two transients. At 1 ps
time delay, the K;; pump-probe is characterized by a derivative-like shape with a node at
6930.6 eV, which is possibly due to a slight shift of the main peak towards higher energies.
Instead, the K, transient resembles a shrinkage of the steady-state peak, with an increased
intensity of the maximum, resulting in a positive pump-probe signal at 6915.6 eV and two
negative sidebands. At later times (4 ps), both lines are modified, with a derivative-like
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Figure 3.21: (a) Co Kg; and K emission lines of Coz04 and two standards containing Co?* and Co3*
centres with octahedral symmetries, respectively Co(bpy)3>" and Co(bpy)33*. (b) Co Kg and Kgy 3
emission lines of Co304 and of the two standards Co(bpy)g2+ and Co(bpy)33+. The dashed vertical
lines at energies 6915.3 eV, 6930.65 eV, 7636 eV and 7649.7 eV respectively highlight the positions of the
features Ko1, Koz, Kgr, Kgy,3 of the Co304 sample.
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Figure 3.22: Co304 (311) Bragg peak detected in grazing incidence geometry; x- and y-axis correspond
to Jungfrau 500k pixels, z-axis corresponds to the intensity of the X-ray signal.

transient shape with opposite sign with respect to the 1 ps trace at K,; energies, and slight
changes on the low-energy side of the Ky line. The Co?*-Co®* spectrum shows a negative peak
and two positive sidebands around the Ky; maximum, whereas an intensity increase (decrease)
of the red (blue) side of the K, line is observed around the node at 6914.7 eV. Another trace
at 2 ns was measured at the SuperXAS beamline at the SLS, with parallel detection of K, and
Ky lines. The experimental conditions were slightly different, exciting the sample (a 51 nm
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— steady-state
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Figure 3.23: Normalized steady-state XES spectrum and TR-XES traces of the Co K,; and K, emission
lines of Co304, compared with the spectrum obtained subtracting the steady-state XES of Co(bpy)3®*
to the Co(bpy)s?* one. Scaling factors of x3 and x1.3 were applied respectively to the transients at 1 ps
and 4 ps, and to the Co?*-Co3* spectrum.

thick Co304 film) with 355 nm pump pulse and probing it with the 9.0 keV pink beam. The
total acquisition time was of about 100 minutes. The results are shown in Figure 3.24(a,b).
A distinct pump-probe signal is observed at K, energies, with a small reduction of the Ky,
maximum intensity at 6928 eV and an increase of the low-energy side of the K, line. At this
pump fluence and with the employed X-ray flux, no pump-probe change could be observed at
the Kg line, due to the lower signal intensity with respect to the 6 times stronger Ky lines.

3.3.2.1 Discussion

Given the limited number of energy traces that could be acquired during the EXFEL experiment
before the pump laser failure, a precise interpretation of the photoinduced TR-XES changes
cannot be performed. However, several relevant aspects can be highlighted by a close analysis
of this data set.

The significant differences of the K, transients at 1 ps and 4 ps demonstrate that spin dynamics
occurs on ultrafast time scales, consistent with the hypothesis of an electronic relaxation from
the LMCT to d-d states. Indeed, at 1 ps the slow dynamics associated with the 710 fs time
constant is still not complete, whereas the system has fully relaxed to a new state at 4 ps.
Thus, for time delays shorter than 710 fs,more pronounced changes should be observed. By
comparing the 4 ps and 2 ns transients, we notice that additional changes occur at K, energies,
even though a higher SNR is needed to confirm this observation. Instead, the derivative-like
shape of these two Ky, transients is quite similar. Additionally, the absence of a 2 ns pump-
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Figure 3.24: (a) Steady-state Co K,; and K, XES lines of a 51 nm thick Co3O;4 film and the TR-XES
transient at 2 ns time delay (multiplied by a factor x30); (b) steady-state Co Kg XES line of a 51 nm thick
Co304 film. No TR-XES transient is observed at 2 ns time delay with the measured signal to noise level.
TR-XES transient was multiplied by a factor x5.

probe signal in Figure 3.24(b) implies that a better SNR is required to detect spin changes at
the Kg line at this long time delays. These conditions are fully satisfied at the EXFEL, thanks to
the higher photon flux of both pump and probe pulses.

Finally, the differences between the Co?>"-Co®" spectrum and the 1 ps trace demonstrate
that, at this time delay, the photoinduced spin configuration change of the Co304 cannot be
described with a reduction of the octahedral Co3* site. This finding supports the idea that
upon LMCT excitation the system relaxes on sub-ps time scales into a state with different spin,
consistently with the proposal of an ultrafast ISC process.

3.4 Conclusions

In this chapter we presented an investigation of the ultrafast photodynamics of spinel Co30O4
thin films upon selective excitation of ligand-to-metal charge-transfer and metal-to-metal
charge-transfer optical transitions. Through femtosecond broadband reflectivity measure-
ments, we have demonstrated that the sub-ps dynamics of the system strongly differs with the
pump wavelength. Specifically, upon 400 nm excitation we observed two electronic relaxation
processes with time scales of 260+30 fs and 710+40 fs, which we respectively associate to a
convolution of Auger recombination and charge carrier thermalization, and to photocarrier
cooling. This ultrafast incoherent response is associated with a coherent modulation of the
reflectivity, ascribed to the generation of a displacive excitation of coherent phonons in the
excited state. This conclusion is consistent with the absence of any Raman active phonon
mode with an energy corresponding to the measured coherent oscillation (82 cm™!). A strongly
different response occurs upon 800 nm excitation, with slower incoherent relaxation processes
(430+10 fs and 2.540.1 ps) and the generation of an impulsively stimulated Raman scattering
phonon at 196 cm™! in the electronic ground state of the system. The results rule out the
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hypothesis of a cascade relaxation process that brings the system from the ligand-to-metal
charge-transfer to the metal-to-metal charge-transfer and eventually to the low-energy d-d
states. These findings are rationalized in terms of selective relaxation channels for the two
different optical transitions that bring the system into the same d-d states localised on the
Cobalt sites. In an atomic-like description, upon ligand-to-metal charge transfer excitation the
Cobalt centres undergo an ultrafast intersystem crossing process that preserves the vibrational
coherence induced by the impulsive excitation of the system. In order to provide a deeper
understanding of the complex photoresponse of the system, which involves the correlated
interaction of the electronic, spin and nuclear degrees of freedom, we proposed a combined
investigation with femtosecond X-ray diffraction and X-ray emission spectroscopy techniques.
The careful steady-state characterization of the experimental conditions required to prepare
an ultrafast experimental campaign at Free electron laser facilities was presented. We also
showed preliminary results obtained at the European X-ray free electron laser with time-
resolved X-ray emission spectroscopy at the K, lines upon 400 nm excitation, demonstrating
the feasibility of the experiment and providing evidences for ultrafast spin changes in the
system. Our results suggest that optical control of the Coz0O,4 charge carrier dynamics can be
implemented upon selective excitation of the Co304 system with narrowband light pulses.
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Toward time-resolved laser T-jump/X-
ray probe spectroscopy in aqueous
solutions

The following chapter is adapted from the article:

0. Cannelli, C. Bacellar, R. A. Ingle, R. Bohinc, D. Kinschel, B. Bauer, D. S. Ferreira, D. Grolimund,
G. E Mancini, and M. Chergui, “Toward time-resolved laser T-jump/X-ray probe spectroscopy
in aqueous solutions”, Structural Dynamics 6.6 (2019): 064303.

My contribution: experimental measurements, data analysis, data interpretation, manuscript
writing.

4.1 Abstract

Most chemical and biochemical reactions in Nature and in industrial processes are driven
by thermal effects that bring the reactants above the energy barrier for reaction. In aqueous
solutions, this process can also be triggered by the laser driven Temperature jump (T-jump)
method, in which the water vibrational (stretch, bend or combination) modes are excited by
a short laser pulse, leading to a temperature increase of the irradiated volume within a few
picoseconds. The combination of the laser T-jump with X-ray spectroscopic probes would
add element-specificity as well as sensitivity to the structure, the oxidation state and the
spin state of the intermediates of reactions. Here, we present preliminary results of a near
infrared pump/X-ray absorption spectroscopy (XAS) probe to study the ligand exchange of
an octahedral aqueous Cobalt complex, which is known to pass through intermediate steps
yielding tetrahedral chlorinated species. The structural changes of the chemical reaction are
monitored with great sensitivity, even in the presence of a mild local increase in temperature.
This work opens perspectives for the study of non-light-driven reactions using time-resolved
X-ray spectroscopic methods.
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solutions

4.2 Introduction

Most of chemistry and biochemistry that occurs in solution is driven by thermal activation,
which brings the systems above the barrier for reaction, as described at the end of the XIXth
century by Arrhenius [162]. The detailed study of (bio)chemical reactions has witnessed a
huge leap forward with the advent of ultrafast (femtosecond to picosecond) spectroscopy
[163], which marked the birth of Femtochemistry, allowing determination of the details of
reaction pathways in a very wide variety of systems (gas phase, solutions, proteins, interfaces,
etc.). In these studies, a short laser pump pulse triggers a photo-induced process (be it uni- or
bi-molecular) in a system, whose evolution is followed by a second, short, “probe” pulse at
variable time delay with respect to the pump pulse. The pump-probe method has universally
been applied using pulses in the THz, infrared (IR), visible and ultraviolet ranges. Over the
past twenty years, it has been extended to probes such as ultrashort pulses of electrons or
X-rays [164], either via spectroscopy or scattering and diffraction. These deliver additional
insights into the evolution of the excited system by providing information about electronic and,
generally not possible by optical domain methods, about nuclear degrees of freedom. Even
since the birth of Femtochemistry, exclusively photo-initiated reactions have been studied
by probing them in “real-time”. However, notwithstanding their importance in Nature and
application, photo-induced processes represent only a subset of chemistry and biochemistry.
It is therefore crucial to extend pump-probe spectroscopy to non-light driven reactions, and
in particular to thermally-driven ones. To this aim, a fast thermal trigger is needed to initiate
the process in order to fully exploit the temporal resolution of ultrafast spectroscopy.

In the early 1950s, Manfred Eigen and co-workers inaugurated the so-called relaxation meth-
ods in chemical kinetics, which consist of impulsively perturbing a system to trigger a reaction
by a temperature (T-), a pressure (P-) or a pH-jump and monitoring the return to equilibrium
[165]. The method was initially implemented in the microsecond time domain, but with the
advent of pulsed lasers in the 1960s, it was pushed into the nanosecond/picosecond time do-
main and applied to chemical and biochemical reactions [166-171] using optical spectroscopy,
in particular in aqueous solutions.

Water is the most important solvent in Nature and with the advent of ultrafast technology,
short laser pulses have been utilized to induce T-jumps of 10-30°C in aqueous media. By di-
rectly exciting the water high frequency vibrational and/or bending modes, the non-radiative
relaxation of the water dissipates the energy into the bulk solution on ultrafast time scales
[172; 173], leading to an ultrafast (2-5 ps) temperature (T) increase of the irradiated volume.
This impulsive T-increase can be used to locally trigger chemical reactions, whose evolutions
are then monitored by optical probes [174; 175]. This innovative approach opens exciting
perspectives in chemistry and functional biology, as it extends the range of applicability of
ultrafast laser techniques beyond photochemistry, towards fast non-light-driven reactions.
While optical probes deliver a great degree of insight into the reactions, the identification of
reactants, intermediates and products relies on an a-priori knowledge of their spectroscopic
features. Indeed, visible and UV spectroscopies interrogate the global electronic properties
of molecular systems. Optical spectroscopic observables are the energies and intensities of
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valence electronic transitions, which are neither element-specific nor spin-sensitive and gen-
erally lack structural sensitivity. These limitations are, of course, transposed to time domain
experiments. However, X-ray spectroscopies can overcome some of these. In particular, an
X-ray absorption spectrum is characterised by edges, which represent the ionization threshold
of specific core orbitals (K-edge for the 1s orbital, L;_3 for the 2s, 2p;/», and 2p3,, orbitals
respectively, etc.) of the atom. At a given edge, features appear in the pre-edge region, which
are due to transitions to empty or partially filled valence orbitals, providing information about
the unoccupied density of states and the coordination symmetry (via the selection rules) of the
investigated element. The edge itself is a sensitive probe of the element’s oxidation state and
its geometry, while the modulations of the absorption coefficient in the post edge region at low
energies (the so-called X-ray near edge absorption structure or XANES) and at higher energies
(the so-called extended X-ray absorption fine structure or EXAFS) contain information about
bond lengths and angles of the coordinated surrounding atoms, i.e. they provide the local
structure around the atom of interest [174; 175].

The past 20 years or so have witnessed the implementation of time-resolved X-ray techniques
in the picosecond/femtosecond time domain at synchrotrons [176; 177] and more recently, at
X-Ray Free Electron lasers (XFELs) [178; 179] for the study of chemical and biological systems
in solution. These tools, which include X-ray absorption spectroscopy (XAS), X-ray emission
spectroscopy (XES), X-ray solution scattering (XRS) and photoelectron spectroscopy of so-
lutions [180], are now very well established. It therefore appears timely and even necessary
to expand their use to the study of non-light driven reactions, and specifically, to thermally-
driven ones. Wernet and co-workers implemented an experiment aimed at monitoring the
structural changes in the hydrogen bond network of liquid water upon an impulsive T-jump
heating. Specifically, they resonantly excited the intramolecular O-H stretch band of liquid
water, inducing a T-jump of 20°C, and monitored the transient response by Oxygen K-edge
absorption spectroscopy with 80 ps soft X-ray pulses from a synchrotron [181]. This very
promising study was, to our knowledge, not further expanded to the investigation of actual
thermally-driven chemical reactions with X-ray probes, let alone in the hard X-ray range.
Notable exceptions are recent T-jump/X-ray Scattering studies of protein conformational
changes from the ns to the ms time scales [182-185].

Here, we explore the possibility of laser T-jump/X-ray probe of a chemical reaction by mon-
itoring a near-IR pump-induced ligand substitution reaction of a hexacoordinated Cobalt
complex in a chlorinated aqueous solution by XAS at the Co K-edge. At room temperature (RT),
the system consists of a mixture of aquo Cobalt complexes and, upon increasing temperature
and/or chloride ion concentration, can be turned into a Co-tetrachloride complex according
to (see Figure 4.1a):

Co(H0):" +4Cl™ = CoCI5™ +6H,0 4.1)

The choice of this model reaction is motivated by previous steady-state and time-resolved
studies. The temperature dependence of the reaction had been investigated in detail using
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Figure 4.1: (a) Schematic layout of the investigated chemical reaction. The equilibrium can be tuned
with changes in temperature or chloride concentration, causing free chloride ions to gradually replace
water molecules. In parallel, structural interconversion occurs from the hexa-octahedral to chloro-
tetrahedral configuration. (b) Experimental layout of the laser T-jump/X-ray absorption spectroscopy
probe. The sample jet schematically represents the closed loop wire guided liquid jet employed in the
experiment.

steady-state ultraviolet-visible (UV-visible) spectroscopy [186] and steady-state XAS [7]. The
latter reported Co K-edge absorption spectra, as a function of T and/or chloride concentration
(CI7). The authors identified the spectral signatures of the octahedral and tetrahedral species,
along with those of the intermediates, establishing the reaction sequence (Figure 4.1a). Ma
et al. [187] performed an ultrafast T-jump/optical probe study of the reaction exciting the
overtone stretch mode of water at 1.55 um. Three rate constants were reported and the analysis
of their T-dependence was interpreted as supportive of the associative interchange reaction
mechanism. The insights into the reaction kinetics and energetics provided by this study, along
with the above mentioned steady-state investigations, serve as a basis for a proof-of-principle
of the corresponding X-ray spectroscopic experiment.

Here, we explore the possibility of laser T-jump experiments in combination with an XAS
probe. Our experiment uses a pump wavelength of 1.064 um. At this wavelength not only
the overtone vibrations of water are excited, but also of the dipole-forbidden d-d transition
of the [Co(H O)é*] complex (see below). Although this may not represent a pure T-jump, we
argue how our results provide a basis for future T-jump/X-ray probe experiments of chemical
reactions. We also speculate about novel perspectives for the investigation of T-activated
chemical and biochemical processes using a broad range of X-ray spectroscopic (absorption,
emission, photoelectron spectroscopies) and scattering (elastic and inelastic) techniques.
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4.3 Methods

The measurements were carried out at the MicroXAS beamline of the Swiss Light Source
(Paul Scherrer Institute, Villigen). The sample consists of a water solution of [Co?*]=500 mM
(CoCly hexahydrate salt, abcr, purity 99.9%) and [Cl"]=8 M (LiCl salt, Roth, purity 99% min.),
which also accounts for the Chlorine contribution coming from the CoCl, salt. A closed loop
wire-guided liquid jet (250 pm thickness) [174; 175] was employed as sample delivery system.
The solution temperature was kept constant by means of a thermostat.

The experimental layout is schematized in Figure 4.1b. Transient XAS measurements were
performed using the isolated hybrid X-ray pulse provided by the Swiss Light Source (SLS)
synchrotron, with a time duration of 70 ps, to probe both the Co K-edge XANES and EXAFS
regions. A high repetition-rate Duetto laser (10 ps pulses at 1064 nm fundamental wavelength,
32 uJ pulse energy) was utilized to excite the solution by pumping a combination mode
of high-frequency overtones of the symmetric and antisymmetric stretching vibrations of
water [172] and the d-d transition of the octahedral Cobalt complexes, in a near-collinear
geometry to the X-ray beam. The data acquisition system is described in ref. [146]. We used
the total fluorescence yield detection, with avalanche photodiodes in orthogonal geometry
with respect to the X-ray beam. The X-ray signal was acquired on a pump-on/pump-off
basis at 130 kHz, with the laser deliberately chosen to run at 65 kHz in order to increase the
energy per pulse deposited into the irradiated volume. The jet speed (6 m/s) and the laser
and X-rays spot sizes, respectively of 70x60 um? and 50x50 pm? Full Width at Half Maximum
(FWHM), were chosen to avoid multiple pumping of the same spot at the sample position.
Reference steady-state X-ray absorption spectra were also recorded at the Co K-edge (7.700-
7.800 keV, 2 eV step-size), using a Ketek fluorescence detector. Reagent and product spectra
were, respectively, collected for a [Co(HzO)‘§+]=250 mM water solution at room temperature
(CoSOy, Roth, purity 99% min.) and a [CoCls][N(CH3)4]2(s) pellet (Sigma-Aldrich, purity 99.5%
min.), a solid standard containing CoCli‘ groups. In our experiment, the starting temperature,
solute and salt concentrations, respectively T=60 °C, [Co%*1=500 mM and [Cl~]=8 M, were
selected to demonstrate the sensitivity of the near-IR pumping scheme even in the extreme
case of weak absorption regime from the solvent, yet maximizing the signal-to-noise ratio.

4.4 Results

In the chemical reaction under investigation (Figure 4.1a), the geometry of each intermediate
is dictated by the crystal field stabilization energy [7; 188; 189], implying an octahedral con-
figuration for the first three structures and a tetrahedral configuration for the last two. The
equilibrium constant for the overall process is:

[CoCl3™]

Koy (T) =
ath) [Co(H,0)2*][CI]4

(4.2)
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which indicates that the reaction is sensitive to the ligand concentration. Either an increase of
the chloride ion concentration [Cl™] or an increase in temperature, the reaction being endoer-
gonic, promotes the gradual replacement of the coordinated water molecules by chloride ions,
thereby moving the equilibrium in favour of the tetrahedral products. The determination of
the [Co?*], [CI"],and T parameters, which maximize both the XAS signal and the thermally-
induced product formation, is key to the success of a T-jump experiment. The X-ray signal
is proportional to the number of Cobalt centres dissolved in the solution. However, a high
[C17]/[Co?"] is needed in order to move the equilibrium towards the product. Under this
constraint, the upper limit to [Co?*] is actually set by the solubility of LiCl in water. Therefore,
a [Co?*]=500 mM was chosen as a compromise, yielding a strong XAS signal while keeping
the possibility of a high [C17]/[Co?*] ratio. Since the conversion process is accompanied by
a colour change of the solution due to the characteristic absorption spectra of reagent and
product, the optimal [CI"] and T values were determined using static UV-Visible spectroscopy,
as seen in Figures 4.2a and 4.2b. In the literature, the absorption spectra have already been
discussed in terms of ligand field theory [186; 190] and a detailed assignment of the bands was
recently performed [191]. The broad band centred around 500 nm is associated with two weak
Laporte-forbidden d-d electronic transitions of the octahedral species, whereas the feature
in the 600-750 nm region is due to strong electronic transitions of the tetrahedral complexes.
This region exhibits a partially-resolved fine structure, probably due to spin-orbit coupling
and/or vibronic coupling [186].

Figure 4.2a shows the UV-Visible spectra for a [Co?"]=1 M solution at two different temper-
atures, T=20°C and T=55°C, and for two different chloride concentrations, [Cl"]=4 M and
[C1"]=8 M. The presence of the 500 nm and 600-750 nm bands confirms the co-presence of
reagents, intermediates and products under equilibrium conditions. Upon a temperature
increase, a partial conversion from the hexa-aquo complex to the octahedral chlorinated inter-
mediates and the tetrachloride complex occurs. The band centered at 510 nm increases and
shifts towards the red, a behaviour associated with the partial conversion of the reagent into
octahedral chlorinated species [191], while the intense 600-750 nm band increases in intensity
due to the product formation. A similar effect occurs upon the increase of the chloride concen-
tration from 4 to 8 M, which moves the equilibrium towards the products. The temperature
effect is about 2.5 stronger for the [Cl™]=8 M solution, meaning the product formation and
the expected transient signal are higher the larger the chloride concentration. The T-effect
on the UV-Visible spectra in the 30-60°C range and at constant [C]”] concentration is shown
in Figure 4.2b for a [Co%*]=1 M and [Cl"]=7 M water solution. For the same temperature
change of 5°C, the increase of the 600-750 nm product bands is more pronounced at higher
temperature. Consequently, the experimental conditions that give a strong XAS signal and a
strong temperature-induced complex conversion are at high [Co%*] and [Cl™] concentrations
and at an elevated T. This set of parameters is consistent with those reported by Ma et al. in
their T-jump/UV-Visible probe study [187]. The octahedral complexes also have a weak and
broad band, which is centred at 1250 nm and has a width that covers a range from 1000 to
1600 nm, as seen in Figure 4.3. This band is assigned to a d-d transition from a non-bonding
tog to an anti-bonding e; orbital. We remark that, although this band contributes significantly
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Figure 4.2: UV-visible spectra for a [Co%*]=1 M solution. (a) Spectra at two different temperatures,
T=20°C and T=55 °C, [C]"]=4 M (dashed curves) and [C]"] =8 M (solid curves). (b) The effects of the
temperature in the range of 30-60 °C for a [C1”]=7 M solution. The strong increase in the 600-750 nm
bands is associated with the tetrahedral product formation, while the redshift of the 500 nm band is
related to the formation of octahedral chlorinated intermediates.

to the absorption in the region of our pump wavelength, under the assumptions we explain
below, we believe the conclusions constitute evidence for a T-jump experiment probed with
XAS. We recorded the steady-state XAS spectra at 60 and 80 °C in order to determine the
X-ray spectroscopic changes expected under a significant temperature increase (Figure 4.4a).
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Figure 4.3: Static UV-visible reference spectra of the [Co2%*]=500 mM, [C]~]=8 M water solution (blue
trace), compared to pure water (green trace) and the pure Cobalt contribution (red trace, taken from
the difference between the blue and the green traces). A common offset was subtracted from both the
spectra, corresponding to the intensity of the pure water solution at 860 nm, where, according to Ref.
[6], the absorbance of the water is almost negligible.

The XAS spectra exhibit a prominent white line at the edge at 7.725 keV, associated with the
1s—4p Cobalt core transition, whose intensity decreases with temperature. Post-edge intensity
changes are observed around two isosbestic points at 7.737 and 7.757 keV, in agreement with
the results of Liu et al. [7]. We therefore set the sample aqueous solution ([Co?*]=500 mM,
[CI"]=8 M) to T=60 °C and utilized the 1064 nm laser light to pump the system, which was
probed by XAS at 7 ns time delay. The choice of the time-delay is based on the results of
ref. [187], which showed that after 4 ns the concentrations of reagents and products have
plateaued and the equilibrium associated with the new temperature is established. Thus,
both the 7 ns pump-probe transient and the difference of steady-state XAS correspond to the
subtraction of two spectra that reflect the distribution of Cobalt complexes equilibrated at two
different temperatures. The same results are compared, bearing in mind that the transient
spectrum shows a laser induced effect and not a difference of steady-state spectra. Figure 4.4a
shows the transient XAS signal at 7 ns (red dots) and the difference of the steady-state XAS
spectra at 80 and 60 °C (black solid line), which are in excellent agreement.

The interpretation of the transient signal requires the knowledge of the XAS features as struc-
tural fingerprint of the Cobalt complexes. To this aim, we measured the spectra of the reference
compounds corresponding to the start Co(HZO)gJr (ag) and end CoCli‘ (s) species of the reac-
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Figure 4.4: Laser T-jump/XAS probe study on a [Co?]=500 mM, [Cl~]=8 M water solution. (a) Static
XAS spectra were taken without the laser at 80 °C (green) and 60 °C (blue). The difference between the
two static XAS spectra at T=80 °C and T=60 °C is displayed by the black trace (scaled by x8) and overlaid
with the pump-probe data (scaled by x100) obtained at 7 ns by the laser-induced T-jump (red dots).
The static spectra were scaled with a common factor (maximum of the T=60 °C curve), keeping the
presence of the isosbestic points. (b) Reference static X-ray absorption spectra at the Co K-edge. Blue:
[Co (HgO)éJr]: 250 mM water solution at room temperature. Green: [CoCly][N(CH3z)4l2(s) pellet. Their
static difference is displayed by the orange solid curve. The spectra were scaled in order to have the
same integrated area below the curves. In this way, the presence of the isosbestic points is retrieved.

tion. These spectra are shown in Figure 4.4b, along with their static difference. The latter shows
an intensity drop around the main peak at 7.725 keV (the so-called white line) and the appear-
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ance of post-edge modulations. Both the intensity drop of the white line and the post-edge
modulations are reminiscent of those observed in the 7 ns transient (Figure 4.4a). However,
two additional features appear in the static difference of Figure 4.4b: a small pre-edge peak
related with 1s—3d Cobalt electronic transitions, and an intense shoulder in the 7.716-7.720
keV range. To rationalize these differences, we compare our spectra with those of Liu et al.
in [7], which we have digitized and show in Figure 4.5. These authors reported a systematic
investigation of chloride concentration and temperature effects on the steady-state Co K-edge
absorption spectra for an aqueous Cobalt(II) chloride solution. Specifically, they identified
the XAS spectra of the reagents and the mixture of the two tetrahedral products through a
principal component analysis, i.e. a data set reduction of the recorded XAS spectra. Their XAS
analysis shows that the decrease of the white line intensity is spectrally related with the con-
version of the reagent into the octahedral chlorinated intermediates (red trace), whereas the
presence of the shoulder and of the main edge depletion is ascribed to the formation of Cobalt
chloride tetrahedral species (green trace), also consistent with the conclusions of a recent
in-situ XAS investigation [192]. The agreement between our transient data at 7 ns (Figure 4.4a)
and the static difference for the reagent-octahedral intermediate mixture (Figure 4.5) suggests
that, in the present experiment, the excitation drove the equilibrium towards a mixture of the
octahedral intermediate species, Co(H20)5CI* or Co(H»0)4Cl,, without structural conversion
to tetrahedral complexes.

4.5 Discussion

Assuming all absorbed photons end up heating the irradiated volume, the peak temperature
jump can be estimated following Wang et al. [173]:

2Ea
AT =
ApC,

4.3)

where E is the laser pulse energy (32 uJ), a is the absorption coefficient of the solution at
1064 nm, A is the laser spot area at the focus, p is the water density and C, is the water heat
capacity at room temperature. In our experimental conditions, AT corresponds to a mild
increase of 0.13 °C. As a comparison, previously reported T-jump experiments pumped the
water absorption peaks located either at 3400 cm™ or 6600 cm™, where the absorption coeffi-
cient is ~102-10* stronger [6]. Under those conditions, ATs of 20-40 °C [181] or 5-10 °C [187]
were produced using very high fluences. As previously mentioned, the absorption at 1064
nm is both due to water and to the hexacoordinated complexes (Figure 4.3). Our estimate of
the absorption coefficient @ at 1064 nm accounts for both the contribution from the water,
a = 0.06 cm™!, and that of Co(H20)§+, for which a = 0.21 cm™! with [Co%*]=500 mM. Since
most of the absorption at 1064 nm is due to the d-d transition [186] of the complexes, one
may question whether the observed effects are really due to thermal effects or are caused by
photodissociation of an H,O ligand followed by association Cl~ one.
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Figure 4.5: Assignment of spectral features to reaction intermediates. All traces were digitized as is
from Ref. [7]. In this panel, (a) NaCl=0 M, 250 °C; (b) NaCl=0.5 M, 250 °C; (c) NaCl=1.5M, 250 °C. The
red solid line corresponds to (b-a) (scaled x4), and it is ascribed to the octahedral compound mixture
formation. The green solid line corresponds to (c-a), and it is ascribed to the tetrahedral compound
mixture formation at the expenses of the reagent.

In the event where there is no photo-dissociation of octahedral Cobalt complexes, it is most
likely that the intramolecular relaxation of the excited complex will lead to a heat release
to the environment. A good example is provided by the case of aqueous [Fe(CN)g]3* where
the heating of water was found to be on the same time scale (few picoseconds) as the vi-
brational cooling of the CN stretch frequencies [193]. In addition, a long-lived excited state
can reasonably be excluded based on the results of pump-probe experiments of octahedral
Co(IID) or Co(II) complexes, which show that the relaxation of the systems is complete in few
picoseconds [194; 195].

In the event of photodissociation of octahedral Cobalt complexes and considering that at
the present concentrations there are 16 Cl atoms and 111 water molecules per octahedral
complex, the probability of associating a Cl~ ion to the pentacoordinated fragment is not
negligible. However, these events generally take place at much shorter time scales than the
nanosecond regime. For example, in the case of aqueous [Fe(CN)g]** the uptake of a water
molecule after dissociation of a CN fragment requires ~20 ps [196]. In the case of hexacarbonyl
metals such as Cr, W and Mo, association times were in the few ps time scale [197]. Finally,
in the case of aqueous cis-[Ru(bpy)2 (CH3CN),]Cl, the substitution of one of the CH3CN lig-
ands by a water molecule requires ~80 ps [198]. Accounting for the hypothetical presence of
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chlorinated species generated with photo-dissociation of the reagent, their contribution to
a transient signal would be short lived. Indeed, in the absence of a temperature change, the
thermal reaction would be responsible of re-establishing the equilibrium distribution of the
Co complexes dictated by the starting temperature, fulfilling the conditions imposed by Eq.
4.3 and washing out any out-of-equilibrium photo-products. Provided the chemical reaction
is investigated at longer time scales than the time required for the thermal reaction to occur,
no photo-products will be probed. The T-jump optical-domain investigation of the same
reaction [187] showed that the thermally-induced product formation is complete in about 4 ns.
Therefore, based on simple kinetics and thermodynamical arguments we can safely exclude
any direct photo-induced product formation, via dissociation-association, to the observed
transient signal at the long time delays considered here (7 ns).

Based on these premises, the laser induced effect can be interpreted as a genuine T-jump at
7 ns. The above results allow us to elaborate more on the T-jump approach in general and
on its difference with respect to static (in-situ) investigation. in-situ methods change the
steady-state, average distribution of the species involved in the chemical equilibrium [7]. The
T-jump instead locally triggers a chemical equilibrium away from the reagents, and it acts as a
tool to isolate - at specific time delays - the effect of the ongoing reaction with respect to the
initial conditions, eventually reaching the equilibrium associated with the new temperature
and converging to the steady state results. In a general picture, the amplitude of the sudden
temperature increase impacts on the speed of the reaction rate (Arrhenius law) and on the
number of molecules involved in the chemical transformation. The former determines which
intermediates/products will be probed, the latter how strong the transient signal will be. In
our experiment, the XAS spectrum associated to a mild T-jump of 0.13 °C shows the same
profile as the difference of steady state spectra being 20 °C apart (Figure 4.4a). This implies
that the same octahedral intermediates are produced at the expense of the reagent. However,
the amount of the reagents converted in these two cases is different, leading to transients
of significantly different intensities. This concept is schematized in Figure 4.6: upon a 0.13
°C T-jump, the distribution of energy changes among the complexes and within 7 ns, the
chemical equilibrium at the higher temperature is established. This includes a larger amount
of octahedral intermediates and, probably, a minor population of tetrahedral products whose
signal is not sufficient to overcome the noise of our measurement. This scheme allows us to
suggest a reaction landscape where the reagents are thermodynamically more stable than the
octahedral intermediates which, in turn, are more stable than the tetrahedral products (Figure
4.1). No kinetic information is retrieved without the time evolution of the concentration of
the species, representing the final goal of the investigation of the reaction mechanism. In this
respect, XAS represents a powerful complementary approach to the UV-Visible spectroscopy
of a T-jump induced processes. In the optical domain, the CoClif absorption band is strong
enough to allow the detection of products, even under experimental conditions where their
concentration is almost negligible. Instead, X-ray probing is sensitive to the relative weight
of all chemical species, pointing to a large majority of octahedral complexes and providing
structural information about the elusive reaction intermediates.
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Figure 4.6: Schematic of the energy landscape as a function of the reaction coordinate for the inves-
tigated chemical equilibrium: changes of the energy distribution of the complexes as a function of
temperature (left) and related conversion of the reagent into intermediates and products (right).

4.6 Conclusion and outlook

The present study is a first step towards implementing X-ray probing of fast thermally-induced
chemical reactions in solutions. By pumping an aqueous solution containing hexacoordinated
Co?" ions in the presence of a high concentration of Cl~ ions using a 10 ps pulse at 1064 nm,
we have driven, up to the octahedral chlorinated intermediates, the reaction that ultimately
leads to a tetrachloro-complex. The products were detected by X-ray absorption spectroscopy
using 70 ps X-ray pulses from a synchrotron. The exquisite sensitivity to chemical composition
and structure makes X-ray spectroscopy ideal to observe chemical and biochemical reactions
under their most common and relevant conditions. The present work calls for further studies
to fully benefit of the X-ray probing of thermally induced reactions. First, the choice of the laser
pump wavelength should be tuned to the red, typically around 1.5 pym, in the overtone of the
water stretch mode, in order to more efficiently heat the irradiated volume and thus increase
both the transient signal and the reaction rate, avoiding any direct excitation of the educt. Sec-
ond, because of the ultrafast (2-5 ps) heating of liquid water, extending the method to shorter
time scales, i.e. faster thermally driven reaction, is now possible, using synchrotron pulses ( 70
ps) or even X-ray free electron laser pulses (<100 fs). Third, the implementation of the T-jump
method with X-ray probing is by no means limited to X-ray absorption spectroscopy but can
be extended to X-ray scattering, X-ray emission spectroscopy and liquid phase photoelectron
spectroscopy. In particular, the latter two should help distinguish the various intermediates in
terms of speciation, while the structural information is derived from XAS. Furthermore, with
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the development of new delivery schemes of solutions into vacuum [199; 200], the extension
of T-jump induced reactions using soft X-ray probing is now possible, with the advantage that
light elements such as N, C, O, E etc. can be selectively detected, opening perspectives to
study organic and biochemical reactions in solution. We believe the present results represent
an opportunity to extend the investigation of chemical reactions at synchrotrons and X-ray
Free electrons lasers beyond photo-induced ones into temperature-driven (bio)chemical
processes.
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Ultrafast spectroscopic methods represent powerful probes to investigate the nonequilibrium
properties of a system. The combination of multiple techniques ranging from the optical
to the hard X-ray domain enables to explore the photoresponse of a material from different
perspectives, offering a comprehensive description of the fundamental interactions of its
internal degrees of freedom. In this thesis we presented synergistic approaches to unravel the
response to external perturbations of two class of complex systems, lead-halide perovskites
and transition metal oxides, providing atomic level details of their structures and functions.
We showed the first structural quantification of polaronic distortions in CsPbBr3; nanocrys-
tals upon above band gap excitation, clarifying its origin and monitoring the recovery of its
equilibrium state. Time-resolved and temperature-dependent X-ray absorption spectroscopy
methods were combined to disentangle the subtle interplay between electronic-induced and
photothermal effects caused by the pump pulse, demonstrating that the observed photody-
namics is purely electronic driven. This aspect is receiving growing attention in the ultrafast
community, as nonequilibrium thermalization is an unavoidable side effect of the electronic
relaxation of the system. As a consequence, the correct interpretation of the photoinduced
dynamics of a material requires characterizing and understanding thermal responses in ther-
modynamic equilibrium conditions.

We achieved a better comprehension of the temperature-induced changes in CsPbBr3 nanocrys-
tals complementing steady-state X-ray diffraction and X-ray absorption spectroscopy mea-
surements across the system’s phase diagram with accurate ab-initio simulations. Our findings
clarified the role of thermal fluctuations and phonon anharmonicity in the high temperatures
phase of the system, inducing local disorder increase, rather than a structural symmetry
increase, which underlies the temperature-dependent changes in the diffraction and X-ray
absorption observables.

These results pave the way for a femtosecond investigation of the photoresponse of lead-
halide perovskites in the hard X-ray domain. The high photon energies required to probe
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the halogen K- and lead Ls- edges are becoming accessible thanks to the recent technical
development of the European X-ray free electron laser and the Linac Coherent Light Source
II. Performing ultrafast X-ray absorption and emission spectroscopic studies will enable to
map the electronic and structural dynamics of perovskites with element- and oxidation-state
selectivity. These experiments will shed light on the ultrafast structural dynamics leading to
the formation of polarons, possibly highlighting the lattice changes which are mainly involved.
Perhaps, the latter represent the most important question to address about the photoresponse
of lead-halide perovskites, as polarons are deemed to be at the origin of the exceptional op-
toelectronic properties of these materials. However, whether this is related to the chemical
composition of the lead-halide framework or to the more general perovskite structure has not
been verified yet. Oxide perovskite materials were largely investigated in the past using steady-
state techniques, due to the pronounced changes in their physical properties upon external
perturbations. Less studied is their photodynamics on ultrafast time scales, in contrast with
the extensive investigations accomplished for lead-halide systems. Filling the gap between
these two families requires comparing electronic and structural responses of the oxide and
lead-halide perovskites using both pump-probe optical and X-ray techniques.

The strong interplay between nuclei, electrons and spins also determines the photodynamics
in transition metal oxide materials. We have presented an ongoing research campaign on
a prototypical system, spinel Co3Q,4, in which a deeper understanding of its complex light-
induced response is provided by combining tabletop and large scale facility experiments.
Our femtosecond broadband reflectivity study in the visible domain demonstrated that the
selective excitation of the electronic transitions of the system leads to distinct relaxation pro-
cesses in the first picoseconds of the dynamics. Different coherent (nuclear) and incoherent
(electronic) responses were observed upon 400 nm and 800 nm excitations, respectively in
resonance with ligand-to-metal and metal-to-metal charge transfer optical transitions. We
proposed the presence of an ultrafast intersystem crossing process which is specifically active
for the ligand-to-metal charge transfer transition. This hypothesis, which implies spin config-
uration changes on sub-ps time scales, is supported by our preliminary time-resolved X-ray
emission spectroscopy results at the Cobalt K, lines. However, a more extensive investigation
is needed to confirm or invalidate this proposal. To this aim, we will perform a study of the
correlated structural, spin and electronic responses of the system upon 400 nm and 800 nm
excitations via parallel detection of femtosecond X-ray diffraction and femtosecond X-ray
emission spectroscopy. The beamtime, which is scheduled for next summer at the European
X-ray free electron laser, will unravel the fundamental steps determining the ultrafast elec-
tronic relaxation from the charge transfer to the Mott-Hubbard band gaps in spinel Co30;.
This achievement is not only relevant for applications in solar energy conversion and pho-
tocatalysis, but it also represents an important step forward in the understanding of excited
state dynamics in transition metal oxide systems.

In the near future, we envisage additional X-ray experiments on Co30,4 under resonant con-
ditions, providing a wealth of information that non-resonant techniques cannot access. In
fact, thanks to the oxidation state selectivity of X-ray absorption and emission spectroscopies,
the photon energy of the probe can be tuned in resonance with the Co?* or Co3" centres,

98



Conclusions and future perspectives

selectively mapping the photodynamics of the tetrahedral and octahedral centres in the spinel
structure. This system also represents an ideal benchmark for investigating the influence of
electronic excitations on the spin collective dynamics at low temperature. With respect to
the more studied magnetite (spinel FesO,4), Co304 does not present a Verwey transition, and
below 40 K it has an antiferromagnetic arrangement where each Co?* (s=3/2) is tetrahedrally
surrounded by four nearest neighbours, oppositely spin oriented Co?* ions. The Co3* (s=0)
sites, instead, form a magnetically silent pyrochlore lattice in which a photoexcitation of
ligand-to-metal or metal-to-metal charge transfer transitions can transiently change their
electronic configuration. This process should impulsively activate new exchange interactions
in the spin lattice, causing geometrical frustration. In this framework, resonant inelastic X-ray
scattering can be exploited to study low-lying local and collective excitations of the Cobalt
sites with elemental- and site-selectivity. In its time-resolved implementation, it will directly
track the photoinduced changes of the antiferromagnetic order in the material through the
magnon fingerprint time evolution in the energy loss spectrum, following the breaking and
revival of magnetic order. Such a study will explore the possibility to optically control the
phase transition from an antiferromagnetic arrangement to spin-liquid phase, helping to
understand frustration and the closely related superconductivity phenomenon.

We concluded the thesis by presenting a possible implementation of the temperature-jump
technique into the X-ray domain for the study of thermal chemical reactions in water solution.
This experiment relies on the same scheme of a standard pump-probe method, but the pump
pulse is used to induce a prompt temperature change of the bulk solution via ultrafast relax-
ation of the vibrationally excited water molecules. We discussed preliminary results obtained
for a model reaction, namely a chloride ligand substitution of an octahedral aqueous Cobalt
complex, in which the structural changes were observed with precision thanks to the local
structural sensitivity of the X-ray absorption probe. In this work, a first step toward the devel-
opment of this method with X-ray spectroscopy techniques is accomplished, opening a new
perspective for the study of thermally-driven chemical reactions in solution and biochemical
processes in physiological media, which represent the vast majority in Nature.
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