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ABSTRACT

Understanding how materials respond to external stimuli requires probes that can resolve
coupled electronic, structural, and chemical changes across relevant length, time, and energy
scales. This thesis investigates material dynamics and electronic structure using electron and
X-ray spectroscopies, with a focus on how photoexcitation and high pressure modify the

spectroscopic responses of solids.

The first part of this thesis focuses on ultrafast electron energy-loss spectroscopy as a probe
of carrier, thermal, and structural dynamics. This approach is applied to crystalline silicon,
where dense photoexcitation produces a transient reshaping of the bulk plasmon. The
plasmon redshifts, broadens beyond the zero-loss peak response, and redistributes spectral
weight, indicating that dense photoexcitation modifies the full dielectric response rather than
simply introducing free carriers. These results show that the transient plasmon response

arises from coupled changes in screening, electronic structure, and damping.

The second part investigates pressure-induced electronic topological transitions in cadmium
using experimental and theoretical X-ray absorption spectroscopy. First-principles
calculations reveal pressure-driven changes in the Fermi surface topology, while core—
valence exciton projections connect these transitions to spectral changes at the Cd K edge.
These results demonstrate that X-ray absorption spectroscopy can serve as a sensitive probe

of electronic topological transitions.

The final part investigates resonant self-diffraction of femtosecond extreme ultraviolet pulses
in cobalt near the Co M2 3 edge. The observed self-diffraction signal is attributed to resonant
changes in the complex refractive index, highlighting the potential of nonlinear extreme

ultraviolet spectroscopy for probing ultrafast electronic dynamics at core-level resonances.

Together, these studies demonstrate that electron and X-ray spectroscopies provide powerful
and complementary approaches for uncovering material behavior across multiple regimes,
from nonequilibrium electronic dynamics to pressure-driven electronic topological

transitions and nonlinear light-matter interactions.
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Chapter 1

INTRODUCTION
Adapted with permission from the following:

Kim, Y.-J.; Palmer, L. D.; Lee, W.; Heller, N. J.; Cushing, S. K. Using Electron Energy-Loss
Spectroscopy to Measure Nanoscale Electronic and Vibrational Dynamics in a TEM. J.

Chem. Phys. 2023, 159 (5), 050901. https://doi.org/10.1063/5.0147356.
Copyright © 2023 Author(s). Published under an exclusive license by AIP Publishing.

Lee, W. ; Palmer, L. D.T; Gage, T. E.; Cushing, S. K. Imaging Nanoscale Carrier, Thermal,
and Structural Dynamics with Time-Resolved and Ultrafast Electron Energy-Loss

Spectroscopy. Chem. Phys. Rev. 2025, 6 (4), 041303. https://doi.org/10.1063/5.0289128.

T indicates equal contributions. Copyright © 2025, AIP Publishing.

1.1 Electron Energy-Loss Spectroscopy in an Ultrafast Electron Microscope

Studying ultrafast and time-resolved dynamics is crucial for understanding complex transient
processes in a material. These studies are particularly significant at the nanoscale, where a
material’s behavior can be drastically different under non-equilibrium conditions. On
timescales ranging from femtoseconds to milliseconds, the interactions and energy transfer
between electrons, holes, and phonons in a material determine its electronic, optical, and
structural properties. These processes are fundamental to the operation of energy conversion
and optoelectronic devices. For example, understanding the excitation, thermalization,
transport, and recombination dynamics of charge carriers can lead to the design of solar cells
with improved photovoltaic efficiencies,'* while monitoring the trajectories of hot electrons
in plasmonic materials can guide effective photocatalytic platforms.>® In addition, nanoscale

systems often exhibit size- and shape-dependent properties,” ! and photoexcited dynamics



2
at interfaces, grain boundaries, and defects deviate significantly from their bulk

counterparts.'>!® This highlights the need for imaging techniques with nanometer spatial and

femtosecond temporal resolutions.

The spatial resolution limit of imaging techniques is determined by the Abbe diffraction
limit, given by d = 1/2NA where 1 is the wavelength and NA is the numerical aperture.'*
Since electrons can have shorter wavelengths than photons, transmission electron
microscopy (TEM) provides superior spatial resolution compared to optical microscopy. For
example, an electron with an energy of 10 keV and a NA of 1.0 has an Abbe limit of 6.1
pm—shorter than the smallest atomic radius (37 pm). Technical advances in aberration-
corrected electron optics,'> '8 scanning TEM (STEM),'?? and direct electron detectors®!*

have enabled picometer-scale imaging with resolution limited primarily by inherent atomic

vibrations.

For decades, TEM has proven to be a powerful and robust imaging tool; however, its
temporal resolution was limited by the detection rate of charge-coupled device (CCD)
cameras with scintillators, making it unsuitable for imaging dynamics that occur on
timescales faster than milliseconds. To overcome this limitation, ultrafast electron
microscopy (UEM) integrates a pump—probe technique within the TEM, enabling spatially
resolved measurements at ultrafast timescales.> > Figure 1.1(a) shows a standard UEM
setup, where a femtosecond (fs) pump pulse photoexcites the specimen, while a
photoelectron probe is generated from the photocathode via the photoelectric effect using a
femtosecond ultraviolet (UV) pulse. The time delay between the pump and probe pulses can
be controlled using a mechanical delay stage to measure a material’s photoexcited response.
The generated electron pulses are then shaped and focused using condenser lenses. After
passing through the specimen, the image is magnified and projected onto the detector through
post-specimen lenses. In STEM, scan coils deflect the electron beam to raster across the
specimen with a focused probe, providing more localized data compared to conventional

TEM. A g-slit selects specific momentum directions for momentum-resolved measurements.
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Real-space imaging in a UEM can be correlated with reciprocal and energy spaces via

diffraction and spectroscopy, respectively.

This chapter focuses on using electron energy-loss spectroscopy (EELS) to image charge
carrier, thermal, and structural dynamics at the nanoscale. Time-resolved and ultrafast EELS
in a UEM can probe localized photoexcited dynamics, including charge and thermal transport
within a specimen, by utilizing a wide energy range.*® As the name suggests, EELS measures
the energy distribution of incident electrons that have interacted with the specimen as a
function of energy loss.>!*? For a specimen with a thickness less than the electron’s inelastic
mean free path, most electrons are elastically scattered, which results in negligible energy
loss. This is represented by the most intense peak at 0 eV energy loss, known as the zero-
loss peak (ZLP), in the EEL spectrum. In contrast, inelastic scattering involves the loss of
energy by the incident electrons. The low-loss region, extending from 0 to 50 eV,
corresponds to quasiparticle excitations such as phonons, magnons, excitons, and surface and
bulk plasmons, as well as excitations of valence electrons to unoccupied states
(inter/intraband transitions). This region provides access to a range of a material’s properties,
such as atomic and lattice vibrations,**** band gap,” specimen thickness,*® dielectric
function,?’ valence electron density,*® surface or interface states,* and joint density of states
(DOS).* The core-loss region, generally above 50 eV, corresponds to the excitation of
electrons from atomic core levels, adding element specificity to the technique. This enables
the measurement of elemental distributions,*' local coordination geometry,* element-
specific unoccupied DOS,* and radial distribution function.** Time-resolved and ultrafast
EELS can therefore theoretically measure all these inelastic excitations along femtosecond

to microsecond timescales.
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Figure 1.1. Time-resolved and ultrafast electron energy-loss spectroscopy (EELS) in
the ultrafast electron microscope (UEM). (a) A standard UEM uses an ultraviolet (UV)
pulse-triggered photocathode to generate ultrafast photoelectron wavepackets (green).
Scan coils deflect the electron beam in scanning TEM (STEM). A femtosecond (fs) pump
(blue) photoexcites the specimen (red) at fixed time delays relative to the photoelectron
probe. A g-slit (teal) enables momentum-resolved EELS. Apertures are excluded for
clarity. (b—e) Time-resolved and ultrafast EELS imaging methods. (b) Charge dynamics
electron microscopy (CDEM) maps charge-induced terahertz (THz) fields around a
specimen. (¢) Ultrafast low-loss EELS quantifies a material’s free carrier density change
due to thermal expansion or strain. (d) Time- and momentum-resolved EELS measures
carrier dynamics in reciprocal space with a g-slit. (e) Ultrafast core-loss EELS probes

photoinduced changes in oxidation state and bonding due to charge transfer and phonons.

1.2 Background

Photoexcitation alters the spectral features of the EEL spectrum by both local
electromagnetic fields and changes in electron or phonon populations (Figs. 1.1(b)-1.1(e)).
For example, a local electromagnetic field modifies characteristics of the electron probe,
enabling ultrafast imaging of charge dynamics at nanometer spatial and femtosecond

temporal resolutions (Fig. 1.1(b)). Photoexcitation also influences the energy, intensity, and
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linewidth of the bulk plasmon and core-loss peaks, which allows spatially and temporally

resolved EELS measurements across the full accessible energy range. These changes to
spectral features, called differential spectra, are central to time-resolved and ultrafast EELS
techniques. Therefore, understanding the origin of these ground-state peaks and how
photoexcitation induces differential features is essential for analyzing dynamics in such

studies.

Low-Loss EELS

The bulk plasmon is a collective longitudinal oscillation of loosely bound electrons. In metals,
it corresponds to the collective excitation of the free-electron gas, while in semiconductors
and insulators, it involves the collective oscillation of valence electrons.*’ In EELS, the bulk
plasmon excitation typically occurs between 5 and 30 eV and the peak is in the low-loss
region of the spectrum, which is dependent on the free or valence carrier density of materials.
Since plasmon scattering has the highest scattering cross-section, the plasmon loss feature

appears as the most prominent feature after the ZLP.
According to the Drude model,**® the energy-loss function for a bulk plasmon is given by:

1 wpwl
m |-l - :
€(w) (w2 - wz%) + w?I'?

(1.1)

where w, = m is the bulk plasmon frequency. Here, n is the valence or free
electron density, e is the elementary charge of an electron, m, is the effective electron mass,
and €, is the vacuum permittivity. The parameter I' is the inverse of relaxation time and
depends on both electronic and lattice temperatures. The energy-loss function of a perfect
conductor has a frequency peaking at w,,, full-width at half maximum (FWHM) of T', and
peak height of w,, /I'. Therefore, the bulk plasmon provides information about the dielectric

function, carrier density, and electron scattering time.

Importantly, the bulk plasmon energy is sensitive to the electron density n = N /V, where N

is the number of electrons and V' is the lattice volume. In photoexcited semiconductors and
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insulators, the valence electron density is modified by 1) the promotion of electrons from

the valence band to the conduction band and 2) thermal expansion or contraction of the lattice.
As aresult, ultrafast low-loss EELS can measure changes to a material’s carrier density due

to photoexcitation while capturing both the electronic and structural effects (Fig. 1.1(c)).

The bulk plasmon energy is affected not only by the carrier density but also exhibits
dependence on momentum transfer. At small momentum transfer q, the dispersion relation

of the bulk plasmon is approximately given by:
hz
E, ~ Eyo+ <E> aq? (1.2)

where E,, , is the plasmon energy at g = 0, h = 2 is the reduced Planck constant, and @ =
P, 2T

ShETF is the dispersion coefficient with Ej being the Fermi energy.*® This relation indicates
p

that the bulk plasmon energy increases quadratically with momentum transfer. It is also noted
that electrons can carry a wide range of momentum transfer, unlike photons. This difference
enables the extraction of detailed insights into photoexcitation, scattering, and relaxation

processes in reciprocal space using momentum-resolved EELS (Fig. 1.1(d)).

Core-Loss EELS

In addition to bulk plasmon excitation, electrons can be excited from core levels to
unoccupied states of a material, leading to peaks or “edges” in the core-loss region. The
energy of the ionization edge is determined by the binding energy of the atomic subshell,
making this spectral feature element specific. According to Fermi’s golden rule, the transition

rate W;_,r for a system transitioning from an initial state ¥; to a final state ¥y upon

interaction with an incident electron of energy Aw is given by:*

2T

(v w58 — E, — ho), (13

Wi—>f ==
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Here, T is the transition operator for inelastic scattering, expressed as T = e'9T. The delta

function accounts for energy conservation, indicating that the transition occurs when the
energy of the final state matches the energy of the initial state plus the energy loss of probe

electrons. The transition operator can be expressed as a Taylor series:
A~ g : 1
T=e“”=1+1q-r—§(q-r)2+---. (1.4)

For small momentum transfer, higher-order terms can be neglected. Under the dipole
approximation and assuming the initial core-level and final state wavefunctions are atomic-
like, Eq. (1.3) can be simplified as:

21

The wavefunction overlap integral in Eq. (1.5) will only be nonzero if the symmetry of the
wavefunction changes during the transition. This leads to the dipole selection rule Al = +1,
where Al is the change in angular momentum quantum number during the transition. For
instance, a K edge probes unoccupied states with p-character, while L3 edges probe
unoccupied s- and d-like states. However, if the momentum transfer is sufficiently large to

consider the higher-order terms, EELS can detect dipole-forbidden transitions.>*>!

An understanding of core-level electronic transitions is crucial for interpreting core-loss
EELS, as they provide insight into the chemical bonding, local structure, and coordination
geometry of materials. In solids, the unoccupied electronic states can be modified by
chemical bonding and oxidation states, which appear in the first 30—40 eV above the edge
threshold. This region, known as the electron energy-loss near edge structure (ELNES),
reveals details about the local chemical structure and bonding.>? At energy loss beyond the
ELNES region, oscillations in the extended energy-loss fine structure (EXELFS) are used to
determine interatomic distances and coordination numbers.>® Ultrafast core-loss EELS

measurements can, therefore, probe changes in the chemical bonding and coordination
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geometry of a material caused by photoexcitation, such as charge transfer and lattice

changes (Fig. 1.1(e)).

However, ultrafast core-loss EELS presents several challenges. The energy-differential
cross-section for inelastic scattering with energy loss E, denoted as do/dE, follows an

inverse power-law relationship:>*

— x ET (1.6)

where r is a real and positive constant. This relationship implies that signal intensity
decreases rapidly with increasing energy loss, making it significantly more difficult to detect
and analyze ionization edges in the core-loss region compared to spectral features in the low-
loss region. Moreover, plasmon scattering can complicate core-loss signals, particularly
when multiple scattering becomes significant. This can increase the background intensity
and distort the shape and energy of the core-loss spectrum. Additionally, core-loss peaks
from shallower core levels, such as the M»3 edges, may overlap with the low-loss region,

complicating peak assignment.

1.3 Ultrafast EELS Techniques

Charge Dynamics Electron Microscopy

Charge dynamics electron microscopy (CDEM) exploits the interaction between an electron
probe and terahertz (THz) near-fields with picosecond lifetimes. These THz fields are
generated by moving charges within and around a specimen, where carriers around a
specimen originate from a photoemitted electron plasma. As such, CDEM enables nanoscale
imaging of charge generation, separation, and transport with femtosecond to picosecond time

resolution.

Figure 1.2(a) illustrates how CDEM maps the motion of a photoemitted electron plasma
evolving from a Cu rod by measuring how the plasma energetically impacts the electron
probe.” The measurements reveal that the electron beam undergoes both acceleration and

deceleration during its passage through or near the plasma’s evolving electron cloud. Initially,
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acceleration dominates due to the motion of the emitted electrons along transverse

directions to the electron beam. The electron beam not only gains energy but also shows
spectral broadening, which is strongest within 100 femtoseconds after laser excitation. As
the plasma evolves, beginning to expand and reabsorb to the Cu surface, the electron probe
decelerates. Through experimental data and physics-based numerical simulations, four
distinct stages in the plasma’s evolution are identified: laser irradiation, photoemission and

THz field generation, plasma expansion, and surface reabsorption.

Beyond metallic specimens, CDEM also enables imaging of carrier dynamics in
semiconductors.’® The interaction is mediated by the THz field arising from the photo-
Dember effect, which is where asymmetric electron—hole diffusion leads to dipolar field
generation. By adjusting the electron beam position and time delay, the THz near-field is
retrieved from the measured electron energy shifts. This approach not only spatially resolves
the near-field but also enables the reconstruction of charge distributions. The differences in
mobility between electrons and holes manifest as distinct spatiotemporal behaviors, as
revealed by reconstructed charge density maps in InAs (Fig. 1.2(b)). Simulations using a
hydrodynamic model of the photo-Dember effect predict transient currents and
corresponding energy shifts of the probe electrons, showing strong agreement with the

experimental results (Fig. 1.2(c)).

CDEM offers a powerful platform for exploring carrier dynamics in semiconductors,
nanostructures, and optoelectronic devices. Its unique ability to capture transient THz fields
associated with charge carrier motion provides critical insights for optimizing the
performance of electronic components. By directly linking nanoscale material structure to
functional electronic behavior, CDEM significantly advances our understanding of ultrafast

charge carrier dynamics.
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Figure 1.2. Charge dynamics electron microscopy (CDEM). (a) Evolution of the
photoemitted electron cloud’s plasma around a Cu rod (top) and the corresponding change
in the ultrafast electron probe energy due to THz fields at fixed distances from the Cu rod
(bottom). Adapted with permission from Ref. 55. (b) Spatiotemporal evolution of the
charge distribution in an InAs crystal. (¢) Experimental (top) and simulated (bottom)
ultrafast EEL spectra, measured near the InAs surface using CDEM, for varying pump

pulse energies. Adapted with permission from Ref. 56.
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Ultrafast Low-Loss EELS

As discussed in Chapter 1.2, low-loss inelastic scattering probes inter/intraband transitions,
as well as the excitation of quasiparticles such as phonons and plasmons. To date, ultrafast
EELS has primarily studied surface plasmons and optical near fields because they lead to
stronger signals than most low- and core-loss excitations. For example, the coupling of the
incident photons to induced local charge density appears as quantized equidistant side peaks
around the ZLP, usually referred to as photon-induced near-field microscopy (PINEM).%"-62
PINEM provides a time-resolved picture of the local electromagnetic field, and has led to
various applications measuring electron—photon entanglement,®*** quantum optics and
photonics, and attosecond electron pulse generation.®> However, this section specifically
highlights photoexcited plasmon dynamics and their interplay with a material’s electronic

and structural properties.

Ultrafast low-loss EELS was first employed to map the chemical bonding dynamics in
graphite, revealing how these dynamics modify the spectral features of the =, surface, and
bulk ¢ + 7 plasmon excitations.’*¢” Graphite serves as an ideal model system for
investigating the interplay between structural and electronic changes induced by laser
irradiation. As a result, graphite has been extensively studied using other ultrafast and time-
resolved EELS techniques, further discussed later. Experimental results show that graphite’s
bulk plasmon energy initially blueshifts, followed by a redshift at longer time delays (Fig.
1.3(a)). This behavior corresponds to interlayer contraction and subsequent expansion, as
confirmed by ultrafast electron diffraction (UED) and density functional theory (DFT)-based
charge-density calculations. These structural changes were correlated with phase transitions
from 2D (sp?, graphene-like) to 3D (sp?, diamond-like) electronic structures, highlighting the
potential of ultrafast low-loss EELS for probing complex phenomena. The photoinduced
structural dynamics and resulting plasmonic response were further validated through ab

initio DFT calculations.®®

Ultrafast low-loss EELS was also employed to investigate plasmonic nanomaterials such as

gold nanotriangles (AuNTs), enabling direct detection of both localized surface plasmons
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(LSPs) and bulk plasmons, which is difficult to achieve with purely optical methods.*’ The

time-dependent evolution of the bulk plasmon and LSP peak energies in AuNTs (Fig. 1.3(b))
reveals opposite changes in the photoexcited electron density in the AuNTs’ bulk and surface
regions. This underscores the ability of ultrafast low-loss EELS to measure spatially
dependent photoinduced effects in nanoparticles. Additionally, the relaxation times
associated with electron—phonon and phonon—phonon interactions extracted from the EELS
measurements were consistent with those observed in optical studies, further validating the
technique’s accuracy in probing ultrafast processes in nanoparticles. Analysis using a two-
temperature model estimated the relaxation of electronic and lattice temperatures following
laser irradiation, and these predictions were confirmed by the energy shifts and broadening

of the plasmon peaks.

Ultrafast low-loss EELS has also been applied to other nanoscale systems such as carbon
nanotubes (CNTs), gaining insight into their unique low-dimensional properties. Vanacore
et al. combined UED and ultrafast low-loss EELS to monitor lattice and charge distribution
changes in CNTs under laser excitation.”” UED data indicated that axial (along the tube axis)
CNT deformation is dominated by electron-driven processes, as evidenced by a faster initial
expansion, while radial deformation is slower and phonon-driven. The charge distribution
dynamics were further examined in single-walled CNTs (SWCNTs) using ultrafast low-loss
EELS. A redshift of the bulk plasmon (Fig. 1.3(¢)) indicates a decreasing in-plane electron
density, as predicted by the free-electron model. This suggests that lattice expansion occurs
along the nanotube’s axis, driven by occupation of antibonding n* state and a resulting
decrease in intrawall electron density. Ab initio DFT calculations further reinforce this
interpretation, showing significant axial C—C bond expansion upon electronic excitation. A
separate study by Zheng et al. similarly investigated the ultrafast dynamics in SWCNTs (Fig.
1.3(d)).”! In addition to UED and ultrafast low-loss EELS, optical transient absorption
spectroscopy was also utilized to demonstrate how the redshift of the in-plane plasmons

influences the ultrafast photoresponse of SWCNTs.
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Figure 1.3. Ultrafast low-loss EELS. Time-dependent energy shifts of the bulk plasmon
for (a) graphite, (b) gold (Au) nanotriangles, (c—d) and carbon nanotubes. Each inset
depicts either the atomic structure or dark-field TEM image. (a) Adapted with permission
from Ref. 66. (b) Adapted with permission from Ref. 69. (¢) Adapted with permission from
Ref. 70. (d) Adapted with permission from Ref. 71.

Time- and Momentum-Resolved EELS

One of the key advantages of using electrons as a probe is their ability to provide momentum-
resolved information (Fig. 1.4(a)). A recent study investigated the ultrafast dynamics of
scattering processes and collective excitations in graphite, focusing on how photoexcitation
with different pump wavelengths affects valley-specific charge carrier behavior and plasmon
dynamics.”? UED captured pump energy-dependent phonon population dynamics and lattice
distortions, providing insight into graphite’s structural changes (Fig. 1.4(b)).
Complementing this, time- and momentum-resolved EELS (tr-q-EELS) tracked the
evolution of in-plane w and bulk ¢ +  plasmons, which are sensitive to both electronic and

structural changes (Fig. 1.4(c)). Together, these techniques offer a comprehensive view of a
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material’s photoinduced response, allowing electron—phonon interactions to be directly

mapped in reciprocal space.

Graphite’s low-loss spectrum at I'ooo blueshifts due to increased photocarrier density
following photoexcitation (Fig. 1.4(d)). To resolve how this photocarrier density is localized
within graphite’s band structure, tr-q-EELS is measured along the I'=M direction over 2—8
ps as shown in Figs. 1.4(e) and 1.4(f). The experimental results clearly demonstrate that
plasmon responses depend on both momentum transfer and excitation energy. Ab initio DFT
simulations accurately reproduce the plasmon dynamics under visible excitation by
incorporating effects of thermal lattice expansion and phonon population (Fig. 1.4(f)).
However, for near-infrared excitation, the simulations fail to fully capture the observed
plasmon dynamics (Fig. 1.4(e)), suggesting the involvement of additional mechanisms such

as long-range charge interactions.

The study demonstrates the ability to control the scattering pathways and plasmonic
responses in graphite by tuning the excitation energy. It also highlights the synergistic power
of combining diffraction and spectroscopy for probing non-equilibrium states in quantum
materials. These findings open avenues for the design of future nanoscale devices that
leverage valleytronic and plasmonic functionalities, and they provide a methodological
framework for studying related dynamics in other strongly correlated systems including

cuprates.
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Figure 1.4. Time- and momentum-resolved EELS (tr-q-EELS). (a) Schematic
illustration of the tr-q-EELS setup in a UEM where a g-slit at the back focal plane
selectively collects scattered electrons along the '—=M direction. (b) Electron diffraction
pattern of graphite, highlighting the (100) Brillouin zone (BZ) in red; the yellow rectangle
indicates the '—=M direction. (¢) Tr-q-EELS acquired along (100) BZ indicates the variable
intensity of the m and ¢ + © plasmons resolved in k-space. (d) Graphite’s EELS response at
Tooo. The differential EEL spectrum is obtained using the difference between blueshifted
(dashed curve) and unperturbed (solid curve) spectra. (e,f) Measured (left) and simulated
(right) tr-q-EELS maps along the '—M direction for (e) 1.55 eV and (f) 3.1 eV excitation.

Measured spectra are averaged between 2 and 8 ps. Adapted with permission from Ref. 72.

Ultrafast Core-Loss EELS
Ultrafast X-ray absorption spectroscopy probes element-specific carrier and structural
dynamics through the X-ray probe’s core-level excitation.”>’* As discussed in Chapter 1.2,

ultrafast core-loss EELS can, in principle, access the same dynamics as X-ray absorption
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under the dipole approximation. However, the nanometer-scale spatial resolution of TEM-

EELS allows for localized measurements at features such as junctions, dopants, and defects.
Although previous ultrafast core-loss EELS studies have not yet fully exploited the
microscope’s ultimate spatial resolution, they have demonstrated unique capabilities beyond

those of the low-loss EELS techniques described earlier.
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Figure 1.5. Ultrafast core-loss EELS. (a) Ultrafast core-loss EELS of graphite. The
electron—photon interaction broadens the spectrum at A¢z = 0 (top) and obscures core-loss
dynamics near time zero (bottom). (b) Temporal evolution of the o* peak. A redshift of the
o* peak is observed, and the gray-shaded area indicates the time window when PINEM
occurs. Adapted with permission from Ref. 75. (c¢) Static experimental (top, gray),
simulated (top, red), and transient (bottom) EEL spectra of a PrSro.>Ca; sMn20O7 film. (d)
EELS intensity profile for the plasmon and core-level transitions as a function of time delay.
Adapted with permission from Ref. 76. (e) Static (top) and transient (bottom) Fe L, 3 edge
of a-Fe;0s. (f) Intrinsic dynamics of the full width at half maximum (FWHM) of the Fe L3
edge. Adapted with permission from Ref. 77.
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For example, Figs. 1.5(a) and 1.5(b) present ultrafast core-loss EELS measurements of a

graphite thin film.”® In graphite, carbon atoms form strong intralayer o-bonds with sp’-
hybridized orbitals and weaker interlayer z-bonds with p, orbitals. These bonding
configurations result in distinct absorption peaks in the carbon K edge, as shown in the black
spectrum of Fig. 1.5(a). Upon photoexcitation, the transient feature near 290 eV in Fig. 1.5(a)
arises from a redshift of the peak associated with transitions to empty states with ¢* character
(Fig. 1.5(b)). This redshift reflects the elongation of the o-bonds in the basal plane of the
photoexcited graphite, as supported by ab initio simulations combining molecular dynamics
and multiple scattering theory. The prompt redshift of the o* peak is attributed to ultrafast
energy-gap shrinkage, driven by enhanced -electron—phonon interactions following
photoexcitation. Notably, a blueshift—typically expected due to thermal lattice
contraction—is absent in the transient spectrum, which underscores the sensitivity of core-

loss EELS to local bonding changes rather than global lattice responses.

Ultrafast core-loss EELS measurements on bi-layered manganite (PrSro2CaisMn2O7)
demonstrate how correlating diffraction and imaging in the TEM vyields a more
comprehensive understanding of the electronic and structural dynamics influencing
photoexcited core-loss EEL spectra.”® Here, photothermally induced pressure waves are
characterized using UED, while the resulting modulation of the lattice and electronic
structure is monitored via ultrafast core-loss EELS. Figure 1.5(c) presents both static and
transient EEL spectra of manganite in the low-loss region, with plasmon and core-loss
features modeled using DFT calculations. As shown in Fig. 1.5(d), the Mn M3 edges exhibit
the highest sensitivity to the coherent structural distortions, and each elemental edge responds

differently to these modulations. This highlights the element specificity of the technique.

Beyond photoinduced structural dynamics, ultrafast core-loss EELS has enabled direct
observation of charge transfer processes. The charge-transfer dynamics in hematite (a-Fe>O3)
are probed via the Fe L3 edge in core-loss EELS, which is sensitive to changes in Fe oxidation
state (Fig. 1.5(e)).”” Upon photoexcitation, Fe>*—Fe*" electron-hole pairs generated through
Fe 3d-3d transitions cause a broadening of the Fe L3 edge (Fig. 1.5(f)). Additionally, ultrafast
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energy-filtered TEM (EFTEM) is employed to image the charge carrier dynamics in

single-crystal hematite, offering potential insights into coupled electronic and structural

behavior in future studies.

Despite its potential, ultrafast core-loss EELS faces several challenges. The PINEM effect
manifests in femtosecond core-loss EELS near time zero, shown as the spectral broadening
in Figs. 1.5(a) and 1.5(e). This effect can be minimized using a convolution-based average
method, which helps extract the intrinsic dynamics of the Fe L3 edge, as demonstrated in Fig.
1.5(f). Furthermore, core-loss peaks from shallow core levels—such as the peaks shown in
Fig. 1.5(c)—can overlap with the bulk plasmon, complicating the analysis. As noted in Sec.
II, core-level transitions have low scattering cross-sections, and the signal intensity decreases
at higher energy loss following the power law. Therefore, careful experimental design is

essential to account for both the core-loss scattering cross-section and plasmon overlap.

Ultrafast EELS, although still a rapidly developing technique, has made significant strides in
resolving carrier and lattice dynamics in a variety of materials. Current efforts are now
focusing on resolving dynamics spatially through spectrum imaging or in momentum space
using tr-q-EELS. These ongoing efforts are summarized in Table 1.I. Note that the
experimental parameters for each report are listed for reference, with intentions to guide
future time-resolved and ultrafast EELS efforts. The variables and acronyms within the table

(and their meaning) include F (pump fluence), Tiqser (laser pulse width), fr.., (laser

repetition rate), 8 (collection angle), and V 4. (accelerating voltage).
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Table 1.1. Reported imaging and optics conditions for ultrafast EELS.

*(NR = not reported)

. Loss F
Year | Specimen Region (md/em?) Tiaser [rep B Vace
2009%6:6 . 100 kHz / 200
- Graphite | Low 53 220 fs 1 MHz NR Ry
20157 | SWCNTs | Low 20 220 fs | 500 kHz ~7 NR
mrad
202071 | SWCNTs | Low 44 ~190 oo kiz | 7100 | nR
fs mrad
2022% | AuNTs Low 0.008 150 fs | 80 MHz NR 80 kV
2023% | Cu Low 189 50fs | 100kHz | NR ig/o
2023% | INAS Low 1.6 s0fs | 1MHz |NR | 200
crystal kV
20257 | Graphite | Low 2and 2.5 | NR 1 MHz NR 12(%0
20147 | Manganite Iéﬁii and |\ 80fs | 1MHz |NR |NR
Core (Low ~10ns | 6 kHz
in
20157 | Graphite | Supporting | 10 250 rlr?ra 4 | NR
Information fs 500 kHz
)
201777 | Hematite | Core 12 NR 500kHz |NR |NR

1.4 Summary and Outlook

Ultrafast EELS is rapidly evolving into a powerful technique for directly imaging charge,
lattice, and heat dynamics across previously inaccessible time and length scales. With its
ability to combine sub-nanometer spatial, femtosecond temporal, and variable momentum
resolutions, ultrafast EELS uniquely enables the study of transient carrier dynamics and heat
dissipation in complex materials and device architectures. UEM EELS has elucidated charge
carrier dynamics in real- and momentum-space through revolutionary methods including

ultrafast low- and core-loss EELS, CDEM, and tr-q-EELS.
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The next frontier for ultrafast EELS will be shaped by efforts to probe functional systems

and devices in their working environments (e.g., under applied bias, at variable temperatures,
and in gas or liquid media). Integrating in sifu and operando cells with ultrafast EELS will
enable transformative insights into catalytic cycles, thermal transport, quantum phase
transitions, and interfacial charge transfer. Monochromated sources, laser-free ultrafast
electron pulses, optimized energy-filtered detection, and high-speed time-to-digital converter
detectors offer the necessary technological advancements for enhancing technique
accessibility and utility. Together, these advances position ultrafast EELS not only as a
complementary tool to ultrafast electron diffraction and ultrafast optical and X-ray
spectroscopies but as a central platform for visualizing electronic and thermal processes in
emerging materials under working conditions. As the field continues to mature, ultrafast
EELS will play a key role in uncovering structure—function relationships in next-generation

quantum, energy, and nanoscale systems.
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Chapter 2

NONEQUILIBRIUM RESHAPING OF THE SILICON BULK PLASMON
UNDER DENSE PHOTOEXCITATION

Adapted with permission from the following:

Lee, W.; Palmer, L. D.; Gage, T. E.; Cushing, S. K. Nonequilibrium Reshaping of the Silicon

Bulk Plasmon under Dense Photoexcitation. /n preparation.

2.1 Introduction

The interaction of intense femtosecond optical pulses with semiconductors drives the
electronic system far from equilibrium and produces transient states that evolve on ultrafast
timescales.' Following photoexcitation, electrons and holes are promoted across the band
structure into non-thermal distributions.* These excited carriers subsequently undergo
carrier—carrier scattering, dynamic screening, quasiparticle renormalization, and carrier—
phonon coupling, leading to time-dependent modifications of the electronic structure and
dielectric response.’ Understanding how these nonequilibrium processes influence collective
excitations is central to ultrafast science and to the broader goal of controlling a material’s

properties with light.

Among the available probes of nonequilibrium dynamics, the bulk plasmon is particularly
sensitive because it is governed by the frequency-dependent dielectric function of a material.®
Within a simple free-electron description, the bulk plasmon frequency is determined
primarily by the carrier density and effective mass.” In covalent semiconductors such as
silicon, however, the situation is considerably more complex. The bulk plasmon near 16.8
eV originates from collective oscillations of valence electrons and is strongly influenced by
band dispersion, screening, local-field effects, and many-body interactions.® ! Under strong

photoexcitation, these contributions can evolve simultaneously such that changes in plasmon



31
energy, linewidth, and spectral weight encode complementary information about transient

dielectric renormalization.

Silicon provides an ideal platform for studying these effects because its equilibrium
electronic structure is well characterized, while femtosecond optical excitation can generate
dense electron-hole populations approaching 10?! cm™.!? In this regime, photoexcitation
does not simply introduce a Drude-like free-carrier population into a fixed background.
Instead, the excited carriers modify the screening environment and alter the electronic
structure governing the collective response of valence electrons. Consequently, screening,

15,16

band-structure renormalization,'* and transient weakening of covalent bonding'>!¢ can all

contribute to the nonequilibrium plasmon response.

Here, we employ ultrafast electron energy-loss spectroscopy (EELS) to directly probe the
evolution of the silicon bulk plasmon following femtosecond optical excitation as illustrated
in Fig. 2.1(a). The central experimental result is a correlated reshaping of the low-loss
response: the plasmon redshifts, broadens, and exhibits an increased spectral weight. This
combination is more robust than the energy shift alone because it directly shows that
photoexcitation redistributes spectral intensity away from the sharper plasmon maximum and

into a broader low-loss response.
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Figure 2.1. Ultrafast low-loss electron energy-loss spectroscopy (EELS) of
photoexcited silicon. (a) Schematic of the time-resolved EELS measurement. A 515 nm
optical pump excites electron—hole pairs in crystalline silicon, while an electron probe
measures the transient low-loss EEL spectrum as a function of time delay. (b)
Representative low-loss EEL spectra acquired before (black) and immediately after
photoexcitation (blue), highlighting the transient changes of the bulk plasmon peak

following photoexcitation.

2.2 Methods

In the ultrafast EELS experiments, a femtosecond optical pump pulse was used to excite
electron—hole pairs across the silicon band structure, driving the specimen into a transient
nonequilibrium electronic state (Fig. B.1). The subsequent evolution of this state was probed
by a time-delayed ultrafast electron pulse though acquisition of low-loss EEL spectra at
controlled time delays. In the low-loss region, the measured EELS intensity is proportional

to the energy-loss function:!”

Im (2.1)

o

€(w, At)
where €(w, At) is the transient dielectric function at frequency w and time delay At. The
bulk plasmon appears as a pronounced peak in the loss function and is determined by the

condition:'®
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Rel[e(w, At)] = 0, Im[e(w, At)] < 1 (2.2)

such that transient changes in the plasmon energy, linewidth, and spectral weight provide a

direct measure of photoinduced modifications to the dielectric response of silicon.

Although the incident electron probe can also generate electron—hole pairs in silicon, this
contribution is negligible under the experimental conditions. Using Werner’s formalism to
estimate beam-induced carrier generation,'>*° the carrier density generated by the electron
probe was estimated to be below 10® cm™, which is many orders of magnitude smaller than
the photoexcited carrier density (Fig. B.2). Therefore, the transient electronic response
observed in the EEL spectra is dominated by photoexcitation rather than carriers induced by

the electron beam.

Ultrafast EELS measurements were performed using the ultrafast electron microscope
(UEM) at the Center for Nanoscale Materials, Argonne National Laboratory. The instrument
is based on a modified JEOL JEM-2100 Plus transmission electron microscope integrated
with a femtosecond laser system. A Light Conversion laser operating at a fundamental
wavelength of 1030 nm, with a pulse duration of 280 fs and repetition rate of 10 kHz, was
used for the pump—probe experiments. The laser output was divided into pump and probe
paths using a beam splitter. In the probe path, the laser beam was frequency-quadrupled to
257 nm and directed onto the LaB¢ photocathode to generate ultrafast electron wave packets.
In the pump path, the laser beam was frequency-doubled to 515 nm and used to photoexcite
a crystalline silicon lamella with a thickness of 150 nm. The photoexcited carrier density was
estimated to be 9.2 x 10?° cm™ from the pump fluence and energy, together with the specimen
thickness and the reflectivity and absorption coefficient of silicon at 515 nm. Details of this

calculation are provided in Appendix B.

Low-loss EEL spectra were acquired as a function of time delay to measure the transient bulk
plasmon response following photoexcitation. Spectra acquired at negative time delays were
used as the steady-state reference state. Measurements were performed over a delay range of

—500 to 2500 ps with a temporal step size of 25 ps and three acquisition loops. At each time
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delay, spectra were collected with an exposure time of 100 s at an acceleration voltage of

200 kV.

2.3 Results and Discussion

Figure 2.1(b) shows representative low-loss EEL spectra of silicon, including the zero-loss
peak (ZLP) and bulk plasmon peak. The ZLP and bulk plasmons are fitted using Voigt and
Lorentzian functions, respectively, which provided the lowest reduced chi-square values
among the tested fitting models. Details of the fitting procedure are provided in Appendix
B. The same fitting functions are used for all time delays to extract the peak position,

linewidth, and amplitude.

Following photoexcitation, the bulk plasmon exhibits a prompt shift to lower energy (Fig 2.2
(a)). The bulk plasmon energy is determined from the energy difference between the fitted
bulk plasmon position and ZLP position for each spectrum. This procedure removes
contributions from energy-axis drift. As shown in Fig. 2.2(b), the maximum redshift reaches
approximately —170 meV relative to its equilibrium plasmon energy near 16.8 eV,

corresponding to a fractional shift of ~1%.

The magnitude of this redshift can be compared with a simple free-carrier screening estimate.

For a screened valence plasmon frequency,?!

2
, | me
wy =

2.3
EoM* Ex (23)

where n,, is the valence electron density participating in the collective excitation, m” is an
effective electronic mass, and €., is the high-frequency dielectric constant. In the presence
of photoexcited carriers, the leading-order effect can be written as

AE), _ 1Ae

—_— =, 2.4
E, 2 €y (2.4)
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Within a linear-response picture, the additional screening scales approximately with the

photoexcited carrier density, A€ & 1y, giving the approximate scaling

—~—= . (2.5)
E; 2n,

For a photoexcited carrier density of 9.2 x 10?° cm™ and valence electron density of 2 x 10%
cm™ in silicon, the fractional change is Npn /Ny = 4.6 % 1073, corresponding to a predicted
screening-induced redshift of —38 meV. Therefore, perturbative free-carrier screening
accounts for only a fraction of the experimentally observed —170 meV shift. This comparison
does not uniquely identify the missing microscopic mechanism, but it rules out a purely

scalar free-carrier screening picture.

The remaining redshift likely reflects additional modifications of the dielectric response
induced by dense photoexcitation. Possible contributions include carrier-induced changes in
interband screening, band-structure renormalization, transient changes in band curvature and
effective mass, and modifications of bonding character. In this work, we therefore treat them
collectively as additional dielectric-response renormalization beyond the simple screening

estimate.
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Figure 2.2. Ultrafast redshift of the silicon bulk plasmon. (a) Extracted bulk plasmon
energy as a function of time delay. (b) Plasmon energy shift relative to the negative-delay
equilibrium value. The maximum redshift reaches approximately -170 meV at a

photoexcited carrier density of 9.2 x 10?° cm™,

The bulk plasmon linewidth broadens over the same delay range in which the redshift is
observed (Fig 2.3(a)). The measured plasmon linewidth contains contributions from both the
intrinsic material response and instrumental energy resolution. The instrumental contribution
is tracked by the full width at half maximum (FWHM) of the ZLP, which reflects the probe
energy distribution, spectrometer stability, and possible pump-induced broadening of the
electron beam.?>?* A key experimental observation is that the bulk plasmon linewidth
increases more strongly than the ZLP linewidth (Fig. 2.3(b)). This indicates that the plasmon
broadening cannot be attributed solely to instrumental broadening or changes in the probe

energy resolution.

Instead, the enhanced plasmon linewidth reflects an increase in intrinsic damping of the
collective excitation. In the energy-loss function, the plasmon linewidth corresponds to the
damping rate of the collective charge oscillation.?* A broader plasmon peak therefore

corresponds to a shorter plasmon lifetime and stronger damping. Under dense
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photoexcitation, this damping can arise from additional carrier-induced scattering

channels, enhanced -electron—hole interactions, transient disorder in the electronic
distribution, and redistribution of oscillator strength into nearby loss channels. The
simultaneous redshift and broadening therefore suggest that photoexcitation both weakens

the effective restoring force of the bulk plasmon and increases its damping rate.

(@) ; ® [
_ 4
101 30}
3
= -
4 I
k; z
= % 56l
E | < 26
a i F
24 \N\l\\\|\|\|H|\|\H|l|\|\|\||ﬂl\l |
7 H\mHm!\||u\||\|ummmmmmnnmumnm _____
500 0 500 1000 1500 2000 2500 22 0 500 1000 1500 2000 _ 2500
Time (ps) Time (ps)

Figure 2.3. Time-dependent broadening of the bulk plasmon peak and zero-loss peak
(ZLP). (a) Full width at half maximum (FWHM) of the bulk plasmon peak as function of
time delay. (b) FWHM of the ZLP as a function of time delay.

To further examine how the bulk plasmon response changes after photoexcitation, the bulk
plasmon spectral weight is evaluated by integrating the EELS intensity over a moving
window centered on the fitted plasmon peak position and normalizing by the integrated

ZLP area from the same spectrum:

Ep(At)+7.5 eV
Ep(At)-7.5 eV I(E, At) dE

Wy (At) = EzLp(At)+5.0 eV
EZLP(At)—S.O eV

. (2.6)
I(E, At) dE
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Here, E,(At) and Ez p(At) are the fitted bulk plasmon and ZLP positions for each

spectrum. The integration windows are chosen to capture the full plasmon peak region and
elastic scattering intensity while following time-dependent peak shifts. Normalization by the
ZLP area accounts for time-dependent changes in the electron-beam current, total counts,

and elastic scattering intensity.

At time zero, the bulk plasmon peak amplitude decreases (Fig. 2.4(a)). This indicates that
the plasmon response becomes less sharply concentrated at the peak maximum after
photoexcitation. In contrast, the integrated plasmon spectral weight W,;(At) increases (Fig.
2.4(b)). This contrast between decreasing peak amplitude and increasing integrated spectral
weight is consistent with the linewidth analysis in Fig 2.3. Since the bulk plasmon broadens
more strongly than the ZLP, the increase in W,,;(At) cannot be explained by a degradation
of instrumental resolution. Rather, the loss intensity is redistributed over a wider energy

range around the plasmon resonance.

This behavior indicates that photoexcitation does not merely shift the bulk plasmon peak, but
reshapes the energy-loss function itself. The sharper equilibrium plasmon response is
suppressed, while spectral intensity spreads across the broader region as additional carrier-
induced damping and loss channels become active. Therefore, the increase in the integrated
plasmon spectral weight should not be interpreted as an independent enhancement of a
coherent plasmon mode. Instead, it reflects damping-driven spectral redistribution within the

plasmon window, consistent with the observed increase in plasmon linewidth.
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Figure 2.4. Photoinduced redistribution of plasmon spectral weight. (a) Fitted bulk
plasmon peak amplitude as a function of time delay. The prompt decrease in amplitude
indicates suppression of the sharp plasmon maximum after photoexcitation. (b)
Normalized plasmon spectral weight obtained by integrating the loss intensity over a

moving window centered on the fitted plasmon position and normalizing by the ZLP area.

Taken together, the measurements show that dense photoexcitation reshapes the silicon bulk
plasmon loss feature. The energy redshift demonstrates that the real part of the dielectric
response is modified. The linewidth broadening indicates increased damping. The
simultaneous decrease in peak amplitude and increase in spectral weight show that intensity
is redistributed away from the sharper plasmon maximum into a broader plasmon-loss region.
These correlated observables provide stronger evidence for nonequilibrium reshaping of the

loss function.

2.4 Conclusions

In conclusion, time-resolved EELS reveals that 515 nm excitation of crystalline silicon at a
carrier density of 9.2 x 10?° cm™ produces a prompt —170 meV redshift of the bulk plasmon
near 16.8 eV. The shift is accompanied by linewidth broadening beyond the ZLP response,

suppression of the plasmon peak intensity, and increased spectral weight within the plasmon
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energy window. A screening estimate gives only —38 meV at this density, indicating that

the observed response cannot be explained by a simple free-carrier picture alone. Instead, the
transient plasmon response reflects a broader reshaping of the silicon dielectric function,
involving changes in screening, damping, electronic structure, and spectral-weight
redistribution under dense photoexcitation. These results establish ultrafast EELS as a
sensitive probe of nonequilibrium collective electronic dynamics and motivate quantitative
modeling of the coupled electronic and thermal contributions to the transient dielectric

response.
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Chapter 3

ELECTRONIC TOPOLOGICAL TRANSITIONS IN CADMIUM UNDER
PRESSURE STUDIED VIA THEORETICAL AND EXPERIMENTAL X-
RAY ABSORPTION SPECTROSCOPY
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3.1 Introduction

The ground-state allotrope of elemental cadmium (Cd) remains in the hexagonal close-
packed (hcp) structural motif under high-pressure compression up to 174 GPa.! Based on
geometric and energetic considerations, the ideal c/a ratio for hep is V8/3 ~1.633; however,
Cd has an unusually high ambient c/a ratio of about 1.86.! Only zinc (Zn) and mercury (Hg)
have comparably high c/a ratios.> Nonideal c/a ratios often indicate some nontrivial
electronic structure, and as such, materials with anomalous c¢/a ratios, like Cd, are excellent
test cases for new probes of electronic structure. A discontinuity in the c/a ratio has
historically been used as preliminary evidence of electronic structural changes and cause to

further investigate such electronic properties via the topology of the Fermi surface.®”’

The topology of the Fermi surface indicates the relative position in reciprocal space of the

electrons at the Fermi energy and can be used to understand a variety of other properties of



44
a material in the metallic state.® With increasing pressures and no structural phase

transitions, the Fermi surface will change continuously.” The presence of a noncontinuous
deformation of the Fermi surface indicates a nontrivial change in the electronic structure and
is known as an electronic topological transition (ETT) or Lifshitz transition.! While such
phase transitions can be sampled by theoretical methods, characterizing these methods
experimentally, particularly under high-pressure conditions, remains challenging. A variety
of the probes used to characterize phase transitions at high pressure, including diffraction,
vibrational spectroscopy, or using other characteristic thermodynamic properties, are either
largely insensitive to or do not provide an atomic-level understanding of the underlying ETT
process.!! When available, angle-resolved photoemission spectroscopy (ARPES) is ideal for
understanding electronic behavior;'? unfortunately, ARPES remains inapplicable for high-

pressure materials.

Several previous works have investigated the possible relationship between c/a anomalies
and ETTs in Cd at varying pressures;*!*>"1> however, ¢/a discontinuities can occur for reasons
other than ETTs.!%!” Although the electronic structure of Cd has been studied at low
pressure,'®!? these works do not provide direct quantifiable evidence of an ETT in Cd.
Vibrational Raman spectroscopy is often used to investigate ETTs;!%?*22 however, there are
disagreements even with the same system as to whether a mode should harden, soften, or just
change linewidth as the system experiences an ETT. Additionally, some systems may not
display optical Raman modes due to their crystal structures.” The Fermi surface of Cd was
directly measured via the de Haas-van Alphen effect under ambient conditions? and attempts
were made for measurements up to 2 GPa;** however, the pressure calibration and
hydrostaticity of the pressure transmitting media (PTM) used in the latter work obfuscate the
certainty of an ETT. Resistance measurements,”> magnetoresistance measurements,”® and
structural measurements using x-ray diffraction (XRD)"7 suffer from similar hydrostaticity

concerns and only infer the presence of an ETT.

Here, we observe a connection between the electronic behavior as observed

spectroscopically and the projection of the calculated core-valence exciton density onto the
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electronic band structure, suggesting and describing an ETT in Cd below 1 GPa. This work

further validates the technique of using x-ray absorption spectroscopy (XAS) to explore
ETTs at high pressure®® and, when paired with the computational results, gives new insights
into the mechanism of ETTs under pressure. Structural data as determined by XRD is shown
and compared with the spectroscopic data to separate electronic and structural effects. No
XAS discontinuities are observed after the ETT, indicating that in the range studied, there
are no further ETTs.

3.2 Methods

The absorption length of the Cd K-edge was calculated in Hephaestus to be 23 pm. Cd
(99.999%, Sigma-Aldrich) samples were cut from wire to match the calculated absorption
length, as commercially available Cd powder samples with the appropriate mesh size could
not be sourced at the time of this work. All samples were handled in an inert argon (Ar)
environment prior to and during loading. Samples were at no point exposed to ambient air
conditions, and a lack of reaction with air was verified with Raman for surface effects and
XRD for bulk effects. No oxidation effects were seen by XAS, Raman, or XRD. Ruby
fluorescence was used as the primary pressure marker,” with gold (Au) also loaded for use
as an XRD pressure marker.’® Ruby and Au had average dimensions of 15x15 pum
(lengthxwidth) and were arranged to be out of the absorption path of Cd. Using an in-house-
designed diamond anvil cell (DAC), samples were gas loaded with helium (He) in a
premachined beryllium (Be) gasket, preindented to a thickness of about 23 um. Samples
were monitored via x-ray imaging to check for bridging between the diamonds and found to
not be bridging (Fig. C.5). XRD and XAS experiments were carried out at 16-BMD, Sector
16 of the Advanced Photon Source.’! XRD measurements (A = 0.4132 A) used axial
geometry, while XAS measurements were taken in radial geometry through the x-ray
transparent Be gasket on the Cd K-edge (26.7112 keV). The incoming x-ray beam size was
around 4 pm at full width at half maximum, and the full width at about 1% of maximum is
around 20 um (Fig. C.1). Due to focusing methods,>? there are no practical effects of a higher

harmonic on the current measurement (see Appendix C for further discussion).
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Since the sample itself is pure elemental Cd, the lowest pressure sample (loaded inertly at

ambient pressure in an Ar environment) is collected as the internally consistent reference for
energy calibration and referred to as the energy standard loadings within this work. Energy
scans were made repeatedly to improve counting statistics. The scans were reproducible
within 0.1-0.5 eV deviation, depending on the number of repetitions applied for each
measurement. While the source of deviation is, strictly speaking, unknown, it is suspected to
be due to heat accumulation on the monochromator motor and a slight offset in the calibration
parameter due to a thermal expansion of mechanical parts. The energy calibration scheme
for 16-BMD, Sector 16 of the Advanced Photon Source can be found in the work of Park et

al !

Raw XAS data, primarily x-ray absorption near edge structure (XANES), were reduced using
the Athena software. Extended x-ray absorption fine structure (EXAFS) data were fit using
the Artemis software package, and further analysis details of EXAFS data can be found in
Appendix C. Ruby spectra were fit using Fityk for the central wavelength position which
was used to calculate pressure”. XRD data were processed in Dioptas®> and GSASII*. A La
Bail refinement was carried out on each data point to extract lattice parameters. Au was fitted
to the equation of state of Takemura and Dewaele®® to compare to Ruby fluorescence

measurements and was found to be in good agreement.

K-edge XAS calculations on Cd were performed with density functional theory (DFT) using
the Bethe-Salpeter equation (BSE) as implemented in the OCEAN code* % as a function of
pressure with optimized structures every 0.5 GPa between 0 and 5 GPa. The Perdew-Burke-
Ernzerhof (PBE) functional as implemented in the Quantum Espresso package was used with
an energy cutoff of 2450 eV (180 Ry) for the DFT portion of the calculation®’°. The self-
consistent field (SCF) calculation was done on a 10x10x10 k grid while the screening
calculation was done on a 2x2x2 k grid. The pseudopotentials have a valency of 4s* 4p® 4d'°
5524 The maximum energy for bands in the final state wave function was set to 150 eV
above the edge. Lorentzian broadening was set to 7.32 eV to better match experimental

data.*! This formalism allows for using the experimentally determined crystallographic
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orientation of the sample obtained from XRD to be applied to XAS calculations. The same

computational input parameters for the K-edge XAS calculations are used with the
generalized minimal residual (GMRES) method* (rather than the Haydock recursion
method) to solve the BSE and calculate the real-space excitonic wavefunction. Ambient
temperature Raman measurements as a function of pressure are also presented. Steel and
rhenium (Re) gaskets are used with a lithium fluoride (LiF) PTM. Sm:SrB4O7 is used as a
pressure marker for its temperature independence.*** A 532 nm excitation line is used with

matching Optigrate filters. Further DAC specification followed the methods of Hinton et al.*

3.3 Results and Discussion

Previous calculations suggested an ETT in Cd at varying pressures depending on the details
of the method.®>!*1%%¢ In our calculations probing for low pressure ETTs, distinct changes are
observed in the band structure and in the topology of the Fermi surface between 0 and 0.5
GPa, particularly along the '-M, H-K, and H-L high symmetry paths in the first Brillouin
zone. Between I' and M, the peak of one band initially below the Fermi energy rises above
it as the pressure is increased from 0 to 0.5 GPa (Fig. 3.1(a)). Across the same symmetry M—
K path, a connection is formed in the sixfold symmetric corner features of the Fermi surface
(Figs. 3.1(b) and 3.1(c)). Along H-K, a surface that is connected at 0 GPa becomes
disconnected at 0.5 GPa (Figs. 3.1(b) and 3.1(c)), and we observe a band crossing the Fermi
energy along this same symmetry path (Fig. 3.1(a)). Along H-L, a new surface appears in
the Fermi surface (Figs. 3.1(b) and 3.1(c¢)), and this corresponds to another band rising above

the Fermi energy in Fig. 3.1(a).
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Figure 3.1. Computational evidence for ETT between 0 and 1 GPa. (a) Electronic band
structure of Cd for 0 GPa (solid blue) and 0.5 GPa (dashed orange). (b-¢) The Fermi surface
of Cd in the first Brillouin zone, with high symmetry points marked in green: (b) 0 GPa,
and (c) 0.5 GPa. Note the qualitative change in the Fermi surface between 0 and 0.5 GPa.

Plotted with Fermisurfer software.*’

The changes described lead to the formation of a new hole in the manifold, which represents
a discontinuous change in the topology between 0 and 0.5 GPa. A new feature in the Fermi
surface is also found with increasing pressure that occurs between the A and L points. These
effects continue to increase in magnitude with increasing pressure, and the manifold
connection grows throughout the Brillouin zone parallel to M—K as the pressure rises from
0.5 to 5 GPa. Despite these electronic changes at the Fermi energy, the total and partial
densities of states show minimal changes as the ETT is crossed (Figs. C.19 and C.20). These
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computational observations suggest an ETT between 0 and 1 GPa, and no other ETT is

predicted to occur up to 10 GPa.

To experimentally explore the predicted ETT, we first turn to XRD. Diffraction is widely
used for observing phase transitions; however, it is largely insensitive to ETTs that do not
correspond with significant first or second-order atomic structure changes. Here, the high-
pressure diffraction is performed using a He PTM, the highest degree of hydrostaticity
possible to compare to previous studies. Strong preferred orientation leading to poor powder
averaging is observed across multiple samples (Figs. C.6—C.8). Structural exploration
revealed that previously observed anomalies in the c/a ratio with volume at about 12 GPa (or
around V/Vo = 0.85)"7 are not observed when a hydrostatic PTM, He, is used (Fig. 3.2(a)).
No further structural discontinuities are observed in the c/a ratio experimental data. Although
calculated volumes predict discontinuities in c/a between 0—1 and 2-3 GPa, no further

structural discontinuities are observed in the c/a ratio experimental data.

A change in slope in the pressure derivative of the bulk modulus is observed in the F-f plot
(Fig. 3.2(b)) corresponding to approximately 3 GPa. The change in slope suggests a second-
order phase transition. No discontinuities to the Fermi surface or electronic band structure
are observed in correlation with this second-order structural transition. While a change in
slope cannot be ruled out between 0—1 GPa in the F-f plot, the lack of experimental data in
this range and the fact that F-f plots cannot use points at 0 GPa prevent a definitive
conclusion; therefore, we cannot assign the lowest data point alone as a slope change, since
this being an outlier is a possibility. Our limited EXAFS data also shows no structural

anomaly, supporting no structural phase transition below 1 GPa (Fig. C.12).
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Figure 3.2. Structural information for Cd obtained via XRD from 0 to 25 GPa. (a) c/a
vs V/Vo plot with experimental (closed pink circles) and computational data (open orange

circles) from this work plotted over literature data of Pratesi et al.?’

(black open circles),
Takemura' (black closed circles and black open diamonds), and Godwal et al."® (black
closed squares). Errors for the experimental points are less than the diameter of the points
shown. (b) Normalized pressure (F) vs Eulerian strain (fg) plot from XRD where F = P[3
fe (1 + 2 f)*?] —1 and f& = (1/2)[(Vo/V)*? — 1]. Linear fits of the data are shown for above

and below 2.95 GPa, and for the full data set.

The room temperature responses of the Raman active Exz phonon mode of Cd frequency,
linewidth, and intensity are shown in Figs. C.26—C.35 and Table C.III for pressures from
0-10 GPa. Data points were collected from compression, decompression, as well as for

samples that were previously heated to above the melting temperature. The calculated zone-
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centered Raman frequencies, electron-phonon couplings, and phonon linewidths across

the predicted 0.5 GPa ETT are given in Table C.IV. Further details and values of
experimental frequency versus pressure and zone center phonon calculations are available in
Appendix C. Our experimental Raman data do not show clear discontinuities about the ETTs
in the aggregate for frequency, linewidth, or intensity. Additionally, our calculated values do
not indicate discontinuities in the frequency, linewidth, or electron-phonon couplings. Taken
together, this indicates that neither structural probe, diffraction, nor vibrational Raman, were
effective probes for identifying this ETT in Cd. Although it is still possible (and common) to
investigate ETTs by both structural methods, our dataset for Cd makes a good case study for
systems where these methods will not work based on the fundamental properties of the
material. For example, it is possible for a material to have no Raman modes allowed or
experience an isostructural electronic change; in this case neither probe would be able to

indicate a change.

Although these structural probes did not provide conclusive evidence correlating to the ETT
observed in calculations, XAS can also be used to investigate the presence of an ETT as it
relates directly to the electronic behavior. XAS can be broken into two regions: the XANES
region and EXAFS region. EXAFS uses high energy scattering states to probe local atomic
structure (or short-range order) through scattering. The near edge is an indicator of electronic
behavior—XAS at the K-edge excites the 1s core electron to states above the Fermi energy.
By projection of the calculated core-valence excitonic wavefunction onto the electron band
structure, we can infer the p-orbital character of the band. Since the XAS process involves
forcing a core electron into an unoccupied state above the Fermi surface, examining the
XANES regions provides information pertaining to the electronic behaviors of the predicted

ETT.

Figure 3.3 gives the experimental and calculated XANES from 0 to 5 GPa, with the
experiment represented in dashed lines vertically offset above the calculations in solid lines.
The spectra at 0 GPa, obtained from the energy standard DAC, are black and the higher

pressures are in color as indicated by the legend. The experimental XAS show a
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discontinuous change between 0 and 0.8 GPa indicated by the shift between 0 GPa and

the higher-pressure lines 0.8—4.5 GPa. Above 0.8 GPa, the changes are more gradual. The
spectra shown in Fig. 3.3 are from one Cd sample (called sample 2 in Appendix C). We
observe a similar shift in another sample (sample 3 in Appendix C). Sample 3 had been
pressure-cycled and thus, some hysteresis in the energy shift is observed. The behavior of
sample 3 suggests that the ETT observed in sample 2 is reproducible. Further data and details

are available in Appendix C.

Theoretically calculated spectra are presented from 0.5-5.0 GPa in 0.5 GPa resolution. In
addition to the energy offset applied to the calculated spectra, a scaling factor of about 16%
is applied to the energy to account for the well-known DFT error of underestimating the band
gap.*® The same background correction used in the experiment is applied to the calculated
spectra to account for the gradually dropping oscillator strength inherent to the calculation.
Both of the above changes are for ease of visual comparison. See Appendix C for a
comparison between experimental and calculated spectra that have not had scaling or

background subtractions.

Our simulations show a large discontinuous change between 0 and 0.5 GPa, followed by a
gradual change above 0.5 GPa. Theoretical calculations here consider both the orientation of
the sample and the polarization of incident light orientation. Since Cd is hexagonal, the
contributions from the a and b planes will be equal to each other while the ¢ plane is different.
This can be accounted for in the crystal orientation tensor and is most visible in the third
XANES peak. The third peak will be asymmetric if the contribution from only one plane is
considered, and the asymmetry shifts depending on which plane is considered. The
asymmetry observed in the third peak is more obvious in the experiment than in theory.
Figure 3.3 shows that the third XANES peak of the experimental spectra is asymmetrical to
the right, while the third XANES peak of the theoretically calculated spectra seems to show
more of a doublet. This difference is likely due to the sample’s intense preferred orientation,
which is common for a sample sourced from wire. XRD patterns demonstrating different

samples’ preferred orientation are in Appendix C. Both experiment and theory see the peak
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at ~26740 eV move higher in energy with increasing pressure, even when considering

preferred orientation, suggesting the electronic structure is well captured by the theory.

| X I : | ' I , | J I

- - -0 GPa experiment -~ - 1.3 GPa experiment - - -3.8 GPa experiment
0.87 GPa expgriment -~ - 2.15 GPa experiment ~~ ~4.5 GPa experiment
1.0 GPaexperiment  _ 3 g GPa experiment

Normalized Intensity (a.u.)

f — 0GPaTheory @ ——2.0 GPa Theory
/ 0.5 GPa Theory ——2.5 GPa Theory ——4.0 GPa Theory
1.0 GPa Theory ——3.0 GPa Theory ——4.5 GPa Theory
—— 1.5 GPa Theory —3.|5 GPa Theory ——5.0 GPa I‘I'heory

26720 26740 26760 26780 26800 26820
Energy (eV)

Figure 3.3. Calculated and experimental XANES spectra collected for Cd between 0
and 5 GPa (dashed lines show experimental observations). The 0 GPa point is from the
energy standard, and the subsequent points are from sample 2. The large shift between the
black lines at 0 GPa and the color lines at pressure is consistent with an electronic change
occurring. Solid lines are calculated XANES spectra using OCEAN; the same energetic
shift and scaling factor are applied to each calculated spectrum. Points have 0.5 GPa
resolution. The same large peaks at approximately 26720, 26740, and 26775 eV, as well
as the blue shift as a function of pressure are seen in both experiment and theory. See text

and Appendix C for normalization and alignment details.

To explore the electronic nature of this change in the Cd XANES data further, the x-ray core-
valence exciton distributions are projected onto the electronic band structure. To accomplish
this, the core-valence exciton wavefunction at energy w is defined using the two-particle

Green’s function and photon operator T acting on the ground state |®,):
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1 A
[0(@) = 5 710 (3.1

Here, the two-particle Green’s function is defined as G,(w) = (w — Hggg + in) ™! with the
BSE Hamiltonian Hpgr and broadening parameter #, and the GMRES method is used to

solve
(w — Hggg +in) = T|d,) (3.2)

for |®(w)). With |®(w)), it is possible to know which bands contribute to a peak in the
spectrum, as the exciton wavefunctions having a hole at core level a and electrons in the
band index » with momentum Kk are expressed as coefficients C,y, and Bloch states |nk) =

e ik-runk (I') :34

P(@) = ) Cotcae it (1) (3:3)

nka

The core-valence exciton wavefunctions are then projected onto the bands in reciprocal space
to understand what transitions the XANES spectrum represents or the imaginary part of the

dielectric function €,(w), in terms of each band » and k point:*’

€2(w) = (P(w)|P(w)) = (P(w)|(Xnklnk) (nk)[P(w)) = Zl(nkId)(w))I2 (3.4)
nk

This above projection is interpolated along high-symmetry lines since the k points for the

GMRES calculation are on a Monkhorst-Pack grid.

This approach has been previously used to understand the physical origins of extreme
ultraviolet photoexcited-state spectra.’’>! Here, the same approach is used for the first time
to bridge the electronic changes in reciprocal space (Fig. 3.1) with the spectral changes in
XANES (Fig. 3.3). As the technique allows for a detailed understanding of the cause of
measured x-ray absorption spectra, it can be used to show the underlying causes of

experimental changes, i.e., an ETT.
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Figure 3.4 shows the core-valence exciton density projected onto the Cd band structure

for the first and second XAS peaks around 26720 and 26740 eV, respectively, at three
different pressures (0, 0.5, and 2.0 GPa). The size and color of the dots in the figure refer to
the amplitude of the core-valence transition at that point in reciprocal space. For the first
peak, only slight differences in the transition amplitudes are calculated between 0 and 0.5
GPa. The change in transition amplitudes is primarily along the '-A, I'-M, and I'-K paths
with smaller changes in the A—L and L-M pathways. Transition amplitudes increase as the
point is approached in each case and new transitions become possible at energies closer to
the Fermi level. Theoretically, this leads to an energy shift and shape change in the XAS
spectra after the ETT.

For the second peak in Fig. 3.3 at ~26740 eV, a more prominent and discontinuous spectral
shift in the experimental and calculated XANES spectra is observed. In Fig. 3.4, excitons
projected onto the band structure at 0.5 and 2.0 GPa show changes throughout reciprocal
space when compared to 0 GPa. Specifically, transitions around 30 eV above the Fermi
energy between the I' and A points are more pronounced at 0 GPa than at higher pressures.
The most intense transition is located near the K point at 0.5 and 2.0 GPa whereas it is located
around the I" point at 0 GPa. These changes should lead to a more blue-shifted peak with a

longer tail, consistent with Fig. 3.3 and are strongly indicative of a phase transition.

Figure 3.4 in combination with the experiment therefore confirms that the changes in the
band structure from the ETT, as calculated in Fig. 3.1, are probed by XANES spectral
changes. For Cd, the projected transition amplitudes also suggest a more p-orbital character

after the ETT, given the dipole selection rules in XAS.
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Figure 3.4. Core-valence exciton projection on band structure for first and second
peaks (~26720 and 26740 eV) at 0, 0.5, and 2 GPa. The sizes and colors of the circles
indicate the strength of the projected amplitude, with indigo indicating a relatively small
transition and yellow indicating a large projection. The first peak projections show changes
in transition amplitudes between 0 and 0.5 GPa along the I'-A, I'-M, and I'-K paths with
smaller changes in the A-L and L-M pathways. The second peak projections show changes
throughout reciprocal space in the same pressure range. Notably, the most intense transition

is located around the I" point at 0 GPa and then becomes the K point at 0.5 and 2.0 GPa.
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These amplitude changes, along with the others described in the text, provide strong

evidence for the ETT in Cd.

3.4 Conclusions

While diffraction remains a powerful tool for the study of most phase transitions, we show
that for Cd, it is largely insensitive to ETTs. In order to explore this, experimental
spectroscopic measurements of Cd XAS between 0 and 5 GPa were taken. The case study
on Cd shown here, including experimental and computational XANES data combined with
band structure projections, provides and establishes a protocol for future works. Other

disputed systems*>16:17

can be revisited or new systems can be explored since this technique
is available at pressures up to hundreds of GPa and for a wide variety of materials.>? Based
on all of our experimental and computational results, our data indicates the presence of an
ETT in elemental Cd below 1 GPa. A second transition at a higher pressure is also observed,
which is solely structural and second order in nature. We note that this technique is quite
general and can be applied to a wide variety of experimental systems. Indeed, by taking
advantage of the possibility of performing x-ray Raman spectroscopy in the cases where

XAS will not work, almost all materials should be accessible.”® This has wide implications

in the field of static high-pressure research.
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Chapter 4

RESONANT SELF-DIFFRACTION OF FEMTOSECOND EXTREME
ULTRAVIOLET PULSES IN COBALT

Adapted with permission from the following:

Maznev, A. A.; Lee, W.; Cushing, S. K.; Angelis, D. D.; Fainozzi, D.; Foglia, L.; Gutt, C.;
Jaouen, N.; Kammerbauer, F.; Masciovecchio, C.; Mincigrucci, R.; Nelson, K. A.; Paltanin,
E.; Pelli-Cresti, J. S.; Polewczyk, V.; Ksenzov, D.; Bencivenga, F. Resonant Self-Diffraction
of Femtosecond Extreme Ultraviolet Pulses in Cobalt. In revision, arXiv:2505.07168.

https://doi.org/10.48550/arXiv.2505.07168.

4.1 Introduction

The advent of free electron lasers (FELs) enabled the expansion of nonlinear optical
spectroscopy methods into extreme ultraviolet (EUV) and X-ray ranges.! In particular, four-
wave mixing (FWM) techniques with EUV and EUV/optical fields are being actively
developed.?” Self-diffraction (SD) is the simplest non-collinear FWM process, in which the
interference of two coherent beams crossed in the sample results in a spatially periodic
excitation acting as a diffraction grating for the same beams. It is a well-known technique®’
widely used in nonlinear optical studies.>!! The SD geometry has also been used by

theoreticians investigating nonlinear optical interactions in condensed matter.!>!3

In the EUV range, a related FWM technique referred to as EUV transient grating (TG)
spectroscopy has recently been developed at the FERMI FEL.*!* In the TG technique, a time-
delayed probe pulse diffracts off a spatially periodic excitation produced by two time-
coincident pump pulses crossed at the sample. SD of time-coincident pulses can be thought
of as a degenerate version of a TG experiment at a zero pump-probe delay, where a pump

beam serves as a zero-delay probe. The SD geometry has the advantage of simplicity, which
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is important at short wavelengths where manipulating multiple noncollinear beams is

significantly more difficult than in a conventional optical experiment.!> Even more
importantly, in the EUV TG experiments performed to date, the FEL wavelength could not
be continuously tuned because of the narrow-band multilayer mirrors in the probe beam path.
The SD approach overcomes this limitation, enabling studies in the vicinity of resonances,
which has been identified by theoreticians as an especially promising application of FWM at

short wavelengths.'®

Here, we describe an EUV SD experiment on a thin cobalt (Co) film, with the photon energy
scanned across the M» 3 edge of Co. We observe a great enhancement of the SD efficiency at
the resonant absorption edge and a fine structure above the edge. The results are compared
with ab initio calculations using density functional theory (DFT) and the Bethe-Salpeter
equation (BSE) based on the assumption that the electronic system is nearly thermalized

within the FEL pulse duration.

4.2 Methods

The experiment was conducted at the TIMER beamline at FERMI and is schematically
shown in Fig. 4.1(a). Two 50 fs EUV pulses are obtained by bisecting the FEL output with
a grazing incidence mirror. The beams are spatially and temporally overlapped at the sample,
with a crossing angle of 26 =18.4° (the bisector being normal to the sample surface) and a
FWHM spot size of 300 um. Each of the incident beams gives rise to two first order SD
beams. One of the SD beams from pump A coincides with the transmitted pump B; the other
SD beam goes into a background-free direction making an angle of P =
arcsin(3sin(@)) = 28.7° to the sample normal and is detected by a CCD camera. Note that
for the background-free SD, the Bragg diffraction condition is not satisfied. However, the
Bragg condition is relaxed for thin gratings. Based on the expression for TG diffraction
efficiency in transmission in Ref. 17, we find that in our geometry the signal reduction due
to the deviation from the Bragg condition is less than 4%. The sample was a 20-nm-thick Co
film deposited by e-beam evaporation on a 30 nm silicon nitride membrane. The

measurements were performed at room temperature in high vacuum.
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The CCD camera images obtained by averaging over 250 FEL shots show a bright spot at

the expected position of the SD signal, which only appears when the two pump beams are
overlapped at the sample, see representative images in Fig. 4.1(b). To quantify the SD signal,

the CCD image is integrated within a region of interest chosen to include the entire SD spot.

(a) Sample
” - -
Fi -
.-ll pumPA /,
p é_ ~ ::
‘e oV

Figure 4.1. Experimental schematic and energy-dependent SD signal detection. (a)
Schematic of the experiment. Dashed lines show background-free SD beams. (b) Images
of the SD signal spot on the detector at photon energies corresponding to the smallest (54.6
eV) and largest (58.9 eV) SD signal. The color scale bars show CCD counts (note the

substantial scale difference between the two images).

4.3 Results and Discussion

Figure 4.2(a) shows the dependence of the SD signal on the FEL photon energy (hv) in the
range 54.6 — 72.1 eV (wavelengths 17.2 — 22.7 nm). For each value of hv, we obtained 3 —
8 images used to calculate the average value shown in Fig. 4.2(a) and the standard error
shown as the error bars. The FEL pulse energy at the sample was ~1 pJ, with variations

within a factor of two across the hv scan. To compensate for the variations of the FEL
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intensity, the signal is normalized by the cube of the FEL intensity in accordance with the

expected intensity dependence of a FWM signal.

The most conspicuous feature in Fig. 4.2(a) is the sharp increase of the SD signal at the
absorption edge. Between 54.6 eV and the peak at 58.8 eV, the increase is a factor of 500.
Past the absorption edge, the SD signal decreases but remains higher than pre-edge.
Furthermore, the SD spectrum above the edge exhibits a fine structure involving a shoulder
at~61 eV, adip at 62.5 eV, and a peak at 64 eV. This fine structure is not present in the EUV

absorption spectrum of Co.!®

Figure. 4.2(b) shows the dependence of the SD signal on the FEL pulse energy at the sample
at 59 eV, i.e., near the peak of the SD response, and confirms the cubic dependence
mentioned above. At the high end of the intensity range, we had to use just a few FEL shots
per image to avoid overloading of the detector, and the shutter did not provide sufficient
accuracy for counting the number of shots, which explains the deviation of the data taken at
high intensities from the cubic trend. Note that the dynamic range of this measurement
amounted to 4 orders of magnitude and the signal level, on the high end, exceeded 5000

photons/shot.
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Figure 4.2. Photon energy and intensity dependence of the SD signal. (a) The
dependence of the SD signal normalized by the cube of the FEL intensity on the photon
energy (blue) and the spectrum of the imaginary part of the refractive index S adopted from
Ref. 18 (green). Error bars reflect the standard error obtained from multiple measurements
done at the same photon energy; where the error bars are not shown, they are smaller than
the symbol size. (b) The dependence of the SD signal on the FEL intensity at the sample
at hv = 59 eV (symbols). The dashed line shows a cubic dependence fit.

A natural question to ask is whether the observed resonant SD phenomenon is due to a
coherent ¥ response involving the core hole and initially excited electron,'® or whether it is
caused by an incoherent population of excited electrons resulting from multi-step relaxation
of the initial excitation.!” The dephasing time of the M> and M3 resonances in Co is estimated

from the corresponding linewidths as ~3 5,2 which is much shorter than the FEL pulse
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duration. While the short dephasing time does not preclude the presence of a coherent ¥

response, the latter seems inconsistent with a recently reported TG measurement with a
variably delayed probe pulse on a similar sample with the pump and probe photon energy
59.6 eV, i.e., close to the peak of our SD spectrum.!” In that experiment, the initial fast
response was characterized by a short rise time comparable to the FEL pulse duration and a
slower decay time of ~250 fs. Due to the short dephasing time, a coherent ¥ response would
only exist while the pump and probe pulses overlapped, which is incompatible with the
observed slow decay. As mentioned above, our SD measurement can be considered a
degenerate version of TG experiment at the zero pump-probe delay. Consequently, we
believe that our SD signal is more likely to be produced by an incoherent population of

excited electrons than by a coherent ¥ response.

The simplest way to model the formation of the SD signal due to an incoherent electronic
excitation is to assume that the electrons get thermalized faster than the FEL pulse duration.
It was reported that electronic thermalization following optical excitation of Co occurs within
2 £s.2! While thermalization of the excitation produced by ~60 eV EUV photons may take
longer, we believe that assuming a thermalized electronic sub-system is a reasonable first

step towards developing the theory of the observed phenomenon.

We calculate the variation of the complex refractive index at the EUV wavelength caused by
an electronic temperature change using DFT and BSE.???° The electronic temperature is
implemented in the BSE Hamiltonian HBE by modifying the fractional occupation

numbers?®23

HiB;-SE = eidij + \/%[VX — W]\/} (41)

In Eq. (4.1), the notation i = {vck} represents the electron-hole pair indexes for each valence
and conduction bands (v and c¢) and k-points (K). The Hamiltonian includes the bare energies
€;, the occupation number difference between the nominal electron (f,;) and hole (f;) states

~

f. = |fei — fnil, and the two electron-hole interaction terms, the direct W and exchange V.



71
While the electron-hole correlation function in the BSE can be expanded into an infinite

series, the first-order electron-hole interaction terms are only considered here. Additionally,
the Tamm-Dancoff approximation is employed to simplify the calculations and make them
computationally more efficient, while still providing reasonably accurate results for
calculating the complex dielectric function.?” The individual occupation numbers are given
by the Fermi-Dirac distribution function (E, u(T,),T,) = {exp [(E — u(T,))/(kgT.,)] +
1}~ where u is the chemical potential, kg is the Boltzmann constant, and T, indicates the
electron temperature. The chemical potential is determined using the electronic density of
states in Co obtained from DFT (see Appendix D for further discussion). By solving the
BSE via the Haydock recursion method, the complex dielectric function is derived from the
photon operator T acting on the ground state |®,) and two-particle Green’s function at
energy w defined as G,(w) = (w — HBSE + in)™! with the BSE Hamiltonian and

broadening parameter 7,

T ot — 7
qu2< °|" w — HBSE + in

e(w)=1- ¢0>, (4.2)

where Qy is the unit cell volume and g denotes the magnitude of the photon momentum.?*3°

The dielectric function is then converted into the complex refractive index: 1 = 1 — & + if.

The diffraction efficiency of a refractive index grating in a weakly absorbing material is
proportional to (A8)? + (AB)?, where AS and AB are the amplitudes of the modulation of
the real and imaginary parts of the refractive index, respectively.>! In our case, the material
is strongly absorbing at the EUV wavelength, which leads to a more complicated expression
for the diffraction efficiency.!” Representing the refractive index variation as (A8)? +
(AB)? = A(hv)p?, where A(hv) is a function of the photon energy and p is the absorbed
energy density and using Eq. (5) from Ref. 17, we obtain the following expression for the

normalized SD signal,
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__4d 4 d
I e Leosy o7 IF — 2072IF cos(AQ,d) + 1
50 o agh) = ved+l (43)
0 AQZ2 + 4L*2

where Isp is the SD signal, /o is the pump pulse energy, d is the sample thickness, L is the
absorption length at the EUV wavelength, L* = L(3/cos8 — 1/ cosy)™1, and AQ, =
k(cos 8 — cos ), where £ is the EUV wave vector. (We only retained the terms dependent
on the photon energy.) We calculate A(hv) by computing (AS)? + (AB)? at a fixed
electronic temperature rise of 100 K above a background temperature of 300 K (see
Appendix D for further discussion) and take L(hv) from Ref. 18. (As one can see from Fig.

D.4, the variations of § and [ are comparable in magnitude.)

Figure 4.3 shows the calculated SD spectrum alongside the experimental data. The
calculated SD spectrum reproduces a sharp peak at the Co M2 3 edge and exhibits smaller
peaks above the edge, qualitatively agreeing with experiment. At the Co M»3 edge, EUV
photons excite core 3p electrons to unoccupied states near the Fermi level in the conduction
band formed by 3d states. Changes in the electron temperature alter the electronic population
near the Fermi level, as described by Fermi-Dirac statistics. When the final state of the
transition lies at the Fermi level, the refractive index becomes highly sensitive to variations
in the electronic temperature, which explains the intense SD peak. The interactions between
electrons involved in the transition and screening processes lead to collective excitations
above the Co M2 3 edge.*” This many-body effect is captured by using the screened Coulomb
potential in the direct term (W) of the BSE Hamiltonian in Eq. (4.1). The transition
probability is modified due to the changes in the electronic population and spectral changes
resulting from the state-filling effect are therefore observed beyond the absorption edge. The
fine structure above the edge is less accurately reproduced by our calculations, because the
model used here is primarily designed for calculating the spectrum near an absorption edge

and may not be as suitable for simulating the extended SD spectrum.
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Figure 4.3. Calculated SD spectrum (solid curve), assuming the EUV excitation
modulates the complex refractive index via electronic temperature, compared with
experimental data (dots). Both the theoretical curve and experimental data are normalized

to their respective maxima.

4.4 Conclusions and Outlook

While the present experiment provides a proof-of-principle for resonant EUV SD, further
developments can be anticipated. Firstly, the fact that the M-edge resonance is much more
prominent in the SD spectrum than in the absorption spectrum indicates the potential of the
SD technique as a spectroscopy tool. We expect the fine structure in the SD spectrum to be
specific to a particular chemical compound, which may lead to a nonlinear near-edge EUV
spectroscopy technique based on SD. One can also envision looking for signatures of
coherent FWM effects: for example, a photon echo can be detected in SD by introducing a
delay between the two pulses.>*** Even though we believe that the coherent ® response is
unlikely to tangibly contribute to the SD signal in the present experiment, one can use
absorption edges of lighter elements with longer dephasing time’ and shorter EUV pulses.
Experiments with gas phase samples, where hundreds-fs dephasing times have been

reported®® may prove especially promising. Whereas the present experiment was conducted
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at an FEL facility, the simplicity of the SD setup and large signal levels may enable “table-

top” EUV FWM experiments with high-harmonic generation sources.*

In summary, we have demonstrated femtosecond SD in the EUV range. By scanning the
photons energy across the M»3 edge of Co, we obtain an SD spectrum revealing a resonant
peak at the absorption edge, and a fine structure above the edge. The SD spectrum is much
more structured than the EUV absorption spectrum, which may yield a useful nonlinear EUV
spectroscopy tool. While a model based on an incoherent mechanism in which the SD signal
is produced by a modulation of the electronic temperature yields a reasonable agreement with
the experiment, it is anticipated that SD can be used to study coherent FWM effects in the
EUYV and possibly X-ray ranges.
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Appendix A

TIME-RESOLVED CHEMICALLY-SELECTIVE SPECTROSCOPIC
INVESTIGATION OF THE REDOX REACTION BETWEEN HEMATITE
AND ALUMINUM

Adapted with permission from the following:

Paltanin, E.T; Pelli Cresi, J. S.'; Principi, E.; Lee, W.; Bencivenga, F.; De Angelis, D.; Foglia,
L.; Garzella, D.; Kurdi, G.; Manfredda, M.; Naumenko, D.; Simoncig, A.; Cushing, S. K.;
Mincigrucci, R.; Masciovecchio, C. Time-Resolved Chemically-Selective Spectroscopic
Investigation of the Redox Reaction between Hematite and Aluminium. Nat. Commun. 2028,

16 (1), 7282. https://doi.org/10.1038/s41467-025-62436-z.
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under a Creative Commons Attribution 4.0 International License.

A.1 Introduction

Redox reactions are fundamental chemical processes involved in many vital systems, such
as cellular respiration and photosynthesis, as well as in combustion and fermentation.
Electron transfer is the initial and fastest step of a redox reaction, typically occurring within
hundreds of femtoseconds. The rapid redistribution of electrons initiates bond breaking and
formation, followed by nuclear rearrangement on the picosecond timescale. Thermite
reactions—redox processes between a metal and an oxide—are particularly exothermic and
irreversible. They are widely used in welding, materials synthesis, propulsion and
pyrotechnics. When at least one of the reactants is nanostructured, these systems are referred
to as metastable intermolecular composites (MICs), which exhibit enhanced performance
due to lower ignition thresholds and faster reaction kinetics enabled by increased surface

t_1,2

contact.!> The interest in MICs has led to studies using differential scanning calorimetry,’
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X-ray diffraction,>* Méssbauer spectroscopy,’ mass spectrometry,’ and photoemission

spectroscopy,® under various ignition conditions including electrical discharge,® furnace
heating,* and nanosecond pulsed lasers. !>

These prior investigations focused on microsecond-to-second timescales, targeting slower
steps like oxygen migration and complete product formation. In contrast, the ignition phase
itself typically unfolds over nanoseconds or longer, requiring higher temporal resolution to
be properly investigated. Ultrafast soft X-ray and extreme ultraviolet (EUV) spectroscopic
techniques have been effectively applied to intramolecular photochemical reactions,”® but
chemically resolved studies of bimolecular reactions on the femtosecond scale remain absent.
Time-resolved X-ray absorption spectroscopy (tr-XAS) at the Fe M3 edge, sensitive to
oxidation state changes in a-Fe;Os3, has proven to be a powerful probe of ultrafast

dynamics.”!?

In this work, we investigate the redox reaction between aluminum and hematite using
femtosecond EUV transient absorption spectroscopy. By initiating the process with an
ultrashort optical pulse and probing the dynamics at the Fe M» 3 and Al L3 absorption edges,
we track early electron transfer events with chemical selectivity (Fig. A.1). This approach
enables the first femtosecond-resolved, element-specific observation of a bimolecular redox

reaction involving a thermite system at the nanoscale.
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Figure A.1. Sketch of the experimental layout. The red line represents the path of the
visible pump laser, which is delivered in the experimental chamber (in high vacuum) from
the femtosecond laser facility of FERMI and it is focused on the sample using a lens. The
free electron laser (FEL) radiation is employed to probe the dynamics at the Fe M3 and
Al L3 absorption edges and it is illustrated by the violet line. It is delivered to the sample
chamber via the beam transport vacuum pipes and it is focused on the sample with an
ellipsoidal mirror. A motorized hollow mirror allows to work with the laser and the FEL
beams in a quasi-collinear geometry at the sample. The transmitted extreme ultraviolet
(EUV) radiation is detected with a spectrometer composed by a diffraction grating and
CCD camera, while the pump is filtered. The laser pump drives the sample out of
equilibrium, reaching high temperatures and triggering the redox process between a-
Fe>O3 and Al. The label “FEL 17 refers to the FERMI EUV source operating in the low-
photon-energy range.!! In the sketches, the orange spheres represent Fe atoms, the red

spheres represent the O atoms and the gray spheres represent Al atoms.
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A.2 Results

Pump-Probe Dynamics

The transient transmission is calculated as follows:

AT = Typ — Tpre (A.1)

where Tpre is the transmission of the unperturbed sample, and 7}y is the transmission after
pump excitation. In two different sets of measurements, dynamics were recorded for several
photon energies across the Al L»3 edge and Fe Ma 3 edge for the a-FexO3/Al sample (see
Figs. A.2(a) and 2(c)). The temporal sampling has been chosen in such a way as to probe
both ultrafast electron-phonon coupling dynamics in the vicinity of time zero with steps of
100 fs and the slower lattice dynamics at larger delays with steps of 10 ps, while intermediate
steps of 1 ps in the region of transition between these two regimes are also taken. The pump-
probe traces are reported in Figs. A.2(b) and 2(d) along with their fits. The functions
employed for the fits are described in the SI. The time constants obtained from the fitting

procedure are listed in Table A.I.



25 o —

<]

\III\I‘JI\\]I\\I‘\I\\II\

555 56 565 57 575
Energy (eV)

C

1.8

TITTJTTITT I TTI T TIT T ITInoImaT
RN R R AL R

o
©--0
16— —

14— =
<

12— —

e}
1- 90

I|II\I‘\II\!I\II'III\II\EI‘\I\IIII

7157272573 73574 745
Energy (eV)

0.6

0.4

0.2+ ; ii it ; [ { i, ;
< ] 12
4 0@%3 """"""" i LN e S B e i ‘ié'ﬂ
20.2F !;};'!P. :
[1g]
0.4 T i 5598 eV
0k | . i |3 s6.49ev
T4 o 1 10 100
Time (ps)
d
0.4 e . .
¥ 72.09 eV
i 73.37 eV
0.2+ i
ﬂ;{i,?% t { } l

S opehdy
i
02+ il‘iﬁ"‘*ﬂ Cr

¥ X ]

its :IEIH;I%;&‘?

-0.4*

10
Time (ps)

100

84

Figure A.2. Static absorption spectra. (a) Absorption at the M3 edge of iron in hematite

and (c) L3 edge of aluminum measured on the a-Fe;O3/Al sample. Absorption dynamics
probed at (b) 55.98 eV and 56.49 eV for the Fe M3 edge and (d) 72.09 eV and 73.37 eV
Al L»3 edge. The photon energies which were investigated with the FERMI FEL are

highlighted in green in (a) and red in (¢). The photon energies whose dynamics are shown

in (b) are highlighted in orange in (a) and the photon energies whose dynamics are shown

in (d) are highlighted in yellow in (c¢). The fitting functions used for the curves
in (b) and (d) are given in Egs. (A.9)—(A.11). Error bars are calculated using Eq. (A.6).
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Table A.L. Kinetic constants from the fits of the pump-probe traces for aluminum and

hematite.

Fast Slow
71 (ps) 72 (ps)

Al 1.18+£0.13 83+1.1

Pre-edge
Fe 2.60+0.08 | 42.0+10.9

Al 1.54 +£0.21 33+0.3

Post-edge
Fe 1.58+0.16 40.0+6.9

The time constants for the fast part of the dynamic, i.e. 71, derived from the fit result in few
picoseconds for both a-Fe2Os and Al. For Al 7; is reasonable for the equilibration of hot
electrons with the lattice via electron-phonon collision in a metal whose behavior resembles
that of an ideal free-electron gas and could be described with the two temperature model
(TTM).'2!3 For a-Fe,0s, 11 is larger than for Al and this could be ascribed to the different
relaxation dynamics. In the case of hematite, excited carriers interact with the lattice via
scattering off electrons with optical phonons which leads to small polaron formation and
localization of the charge carrier.'* The dynamics at 56.49 eV required a second exponential
decay (t7 =0.1 £ 0.06 ps) to fit the data (see Appendix A.4). The presence of this additional
term is justified by the fact that this specific photon energy is close to the spectral region
where the feature associated with the process of small polaron formation is observed
(namely, a blue shift of the invariant absorption point, which is highlighted in Fig. A.3 and
described later). The polaron is interpreted as an additional decay because its formation is

associated with the disappearance of hot electrons from the conduction band.

The time constant for the second part of the dynamic, i.e. 72, is on the order of tens of

picoseconds for Al and on the order of tens to hundreds of picoseconds for hematite. Several
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studies on fs laser ablation have been performed on aluminum with different fluence

regimes.!>'® High fluences (> 0.05 J/cm?) have been demonstrated to provoke ultrafast
isochoric heating, which leads to the collapse of the overheated material and to the generation
of compression pressure of GPas in the central part of the film. Under such conditions, the
film is forced to expand, forming low density regions (voids) and nanoparticles within the
first tens of picoseconds from the impinging of the laser pump. The time constants 7, reported
in Table A.I and the uniform increase of the transmission at longer delays are in good
agreement with the mechanism of ultrafast isochoric heating just described. The absolute
variation of the transmission in Al could be associated with a reduction of the number of
atoms present in the volume probed by the FEL of ~8%. We did not find similar studies of
fs laser ablation on hematite, but since our pump-probe traces have the very same outline for
aluminum and hematite, just with different kinetic constants, we can conclude that a similar
mechanism of isochoric heating is occurring in hematite as well with high laser fluences. A
similar estimation on the reduction of the Fe atoms in the probed volume has been performed,
resulting in a decrease of ~5%. Nevertheless, the variation of the absorption cross-section is
likely to depend on other phenomena as well, i.e. phase transformations and change of the
refractive index. The significantly higher kinetic constants in the case of hematite (a wide-
band gap semiconductor) can be explained in terms of a lower heat conductivity and a higher
heat capacity. As a consequence, the heating is smaller and the consequent expansion of the

lattice is slower.

Understanding the dynamics of the two species that compose our bilayer sample was
essential for establishing on a solid ground whether the requirements for starting the thermite
redox process are met in our experiment. Studies on the thermite reaction®> have identified
the melting of aluminum as a fundamental step for triggering the redox reaction between
aluminum and iron oxide. In the simulation from Tang et al.,'*> a 200 fs laser pulse with a
fluence of ~0.06 J/cm? provokes thermal melting via collapse of the crystal structure of a
100 nm thick aluminum film within the first 2 ps, raising the temperature of the lattice on the
side of the sample exposed to the beam up to 3000 K. In our experiment, the laser pump

fluence was set to ~0.9 J/cm?, therefore the temperature of the lattice on the side of the film
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facing hematite has been raised at temperatures even higher than 3000 K, ensuring that the

key condition for triggering the redox process, i.e. melting of aluminum, is satisfied.
Furthermore, the collapse of the crystal structure, the expansion/disgregation of the
individual layers forced by the compressive pressure and the formation of nanoparticles
seems to be a condition that favors the mixing and maximizes the contact area between the

two species at the interface.

In Fig. A.3, the pump-probe traces measured at several energies for a-Fe>Os (left panel) and
Al (right panel) are plotted together to provide a comprehensive picture of the results of the
measurement and to help visualize the trend of the dynamic traces across the two absorption
edges. The sign of the variation of absorbance reflects the broadening of the Fermi-Dirac
distribution caused by the rise of the temperature of the electrons upon excitation by the laser
pump. Indeed, the blue regions at lower energies are associated with an increase of
absorbance while the red regions at higher energies are associated with a decrease of

absorbance.
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Figure A.3. Transient absorption traces of the a-Fe203/Al sample. Transient absorption
(TA) traces of the a-FeoO3/Al sample across the (a) Fe M>3 and (b) Al Loz absorption
edges. The dashed lines are the pump-probe dynamics measured in the experiment and
interpolated over a uniform time mesh to plot them together. The 2D-maps are obtained by

interpolation of the time traces over the photon energies measured in the experiment and
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serve the purpose of providing an overall picture of the results of the dynamic behavior

of the absorption edges.

Figure A.4 shows static spectra and transient spectra for different pump-probe delays that
help in visualizing the trend of variation of the absorption. In the two TA maps, the local
variation of the density of the two materials, that are forced to expand by the compressive
pressure which arises from the ultrafast isochoric heating, can also be observed in the
decrease of absorbance that consistently occurs after tens of picoseconds (the blue region

becomes weaker, the red region becomes more intense in both the TA maps).
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Figure A.4. Transient absorption spectra of the a-Fe203/Al sample. Transient
absorption (TA) spectra at some representative delays for (a) Fe M» 3-edge of hematite and
(b) Al Lo 3-edge of aluminum. The flexible sigmoid function used for the fits is reported in
Appendix A.4. For the Al TA, the difference between two sigmoid functions has been
employed for the fitting. Error bars are calculated using Eq. (A.6).

Transient Absorption Spectra at the Fe M>,3 Edge
In the study of Carneiro et al.,' it has been demonstrated that a specific spectroscopic feature
in the TA spectrum, i.e. the shift of the zero-crossing in the first hundreds of fs, is the

fingerprint of small polaron formation in the spectral region between 56 and 58 eV. Polaron
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formation is a two-step process: (i) the first step is the optical excitation, which has a

charge transfer nature, involving the displacement of an electron from the O 2p orbitals to
the Fe 3d orbitals and, consequently, a variation of the oxidation state of Fe from +3 to +2;
(i1) the second step is the interaction of the carriers with optical phonons provoking a local
distortion of the lattice, which induces self-trapping. They propose a kinetic model where
polarons are formed by bimolecular recombination of hot electrons and optical phonons.
Polarons appear within 100 fs and their population continues to grow for 2-3 ps, when the
hot electrons and phonons populations are consumed. Comparing our TA measurement at Fe
Mz ; edge with the study of Carneiro et al., we have observed the same feature, regardless
the fact that we employed a 785 nm pump, which is well below the a-Fe>O3 bandgap (= 560
nm), while they were using an optical pump above the bandgap of a-Fe>Os. The left panel of
Fig. A.3 shows a detail of the transient absorption spectrum of hematite (on aluminum) at
the Fe M> 3 edge in the first picoseconds of the pump-probe measurement. The shift of the
zero crossing point!? is highlighted by the gray lines. Such observation poses a question on
the nature of the excitation mechanism. According to the literature, two-photon absorption
(TPA) is the dominant mechanism for excitation in hematite for photon energies below its

bandgap. Okazaki et al."

demonstrated this by studying the excitation mechanism of a
hematite photoanode in contact with a gold nanorod using transient absorption spectroscopy.
Their findings showed that TPA must be considered to explain the dynamics of hematite
transient absorption spectra when using an excitation wavelength of 800 nm. Additionally,
good efficiencies for non-linear optical processes in the near-infrared region, such as at 1064
and 1340 nm,? further support the occurrence of TPA in hematite at longer wavelengths
relative to its visible bandgap. Since TPA in hematite was observed using a laser pump at

800 nm with a fluence of 1.0 mJ/cm?, in the case of our experiment TPA is most likely the

dominant mechanism of excitation.

Comparison of the Shift in the Zero-Crossing Point between a-Fe:03on Al and a-
Fe;0s on Parylene

In Fig. A.5, transient soft-X-ray absorption spectra at the Fe M3 edge are reported for the a-
Fe>Os/parylene sample and for the a-Fe;Os/Al sample. The spectra are fitted over the
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transient absorption values from the single wavelength pump probe experiments across

the Fe M3 edge for two selected delays. The fit is weighted on the errors of the individual
experimental points and the details of the fitting procedure are described in Appendix A.4.
The difference of the spectral behavior in time is highlighted in Figs. A.5(a) and 5(b) by the
dashed vertical lines, that help to visualize the shift of the zero-crossing point with the pump-
probe delay. Comparing our spectra of hematite deposited on Al and on parylene, we have
observed a noticeable difference in the blue shift of the zero-crossing point, that we
quantified to be ~0.1 eV for a-Fe2O3 on Al and ~0.2 eV for a-Fe>O;3 on parylene going from
0.3 ps to 2.2 ps. To confirm this observation, we computed the shift for several delays, taking
as a reference 52.2 eV, the value of the zero-crossing at 0.1 ps. We monitored the behavior
of the shift for the a-Fe;O3/Al sample and for the a-FeOs/parylene sample. The trend
observed by comparing Figs. A.5(a) and 5(b) is consistent for several delays and it is shown
in Fig. A.5(d). The a-Fe2Os/Al sample shows a smaller blue shift. The origin of the smaller
blue shift observed in the case of the a-Fe2O3/Al sample could be attributed to the injection
of charge from Al to a-Fe>Os. The electrons injected into a-Fe>Os are likely to be localized
in the form of small polarons as well, but the mechanism might be different because the
charge balance of the material is overall altered. This interpretation is supported by the
observation of a reduction of a-Fe>O3 by a metal in the aforementioned study from Okazaki
et al.'® Furthermore, it is reasonable to think that this phenomenon would occur in the
experimental conditions of the present investigation, since we proved to satisfy the
conditions to start the reaction and the reduction of hematite is reported to be the first step of
the thermite reaction.®> Additionally, to corroborate our hypothesis, a red shift of the transient
signal has been predicted from the calculation performed on hematite in the work from Klein

12! when excited carriers are included in the computation of the polaron state. Finally, a

eta
red shift of the Fe Ma 3 absorption edge is predicted for a reduction of Fe from +3 to +2
oxidation state, as it can be seen from the result of the simulation of the static absorption of
FeO and a-Fe>O3 in Fig. A.5(c). Our results support the idea that an electron transfer
between aluminum and hematite is taking place upon excitation of the a-Fe>O3/Al sample
with a high power 785 nm pulse. On longer time scales (tens to hundreds of picoseconds),

we have not observed any increase in the Fe M3 shift between the two samples, a-Fe>O3/Al
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and a-Fe>Os/parylene. Therefore, we deduced that either (i) the redox reaction is only

partially taking place (reduction of a-Fe;Os by Al) in the time interval investigated or (ii) the
reaction is maybe proceeding only near the interface, limited by the mass transport.
According to the study from Shimojo et al.,”? the breaking of Fe-O bond and consequent
formation of Al-O bonds at the interface would occur within few picoseconds (< 5 ps). Hence,
the latter interpretation (reaction occurring only near the interface) is reasonable and the lack
of spectroscopic signatures may be attributed to an insufficient contrast to see a relevant

difference in presence of the aluminum.
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Figure A.S. Comparison of the shift in the zero-crossing point between a-Fe203 on Al
and a-Fe:03 on parylene. Spectra from the TA trace of (a) the a-Fe>Os/parylene sample
and (b) the a-FeoOs3/Al sample at the Fe M» 3 absorption edge. Two delays were selected
(0.3 and 2.2 ps) to show the shift of the zero-crossing. (¢) Simulation of the static absorption
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spectra for the Fe M 3-edge for FeO and a-Fe»Os. (d) Evolution of the shift of the zero-

crossing point with respect to the crossing at # = 0.1 ps for the a-Fe2O3/Al sample (red) and
for the a-Fe>Os/parylene sample (blue). The errors are calculated as the root means square

of the residuals with respect to the fit of the two distributions.

Transient Absorption Spectra at the Al L, 3 Edge

Concerning the Al L3 absorption edge, simulations of the static absorption spectra of the
L>3 edge for Al and a-Al>Ojs are reported in Fig. A.6(a). The absorption spectrum of a-
Al>Os is predicted to be blue shifted by ~6 eV with respect to the spectrum of Al In
Fig. A.6(b), absorption spectra are reported for five selected delays in order to span the time
window covered by the pump-probe measurements. A coherent blue shift of the absorption
traces with time can be observed. Comparing the simulated spectra with the experimental
time-dependent traces, we have made the following considerations: (i) according to Shimojo
et al.,** Al-O bonds form at the interface with a-Fe,Os, but the aluminum layer is 100 nm
thick, so the bond formation process affects only a small fraction of the Al atoms in the
overall volume probed by the FEL beam, resulting in a blue-shift which is detectable but not
dramatic as the one predicted in Fig. A.6; (i1) the isochoric heating leads to hydrodynamic
expansion and consequently to complete ablation of the sample within nanoseconds. On this
time scale, the species migrate and interdiffuse between the two materials to a certain extent,
due to the ultrafast raise of the temperature and the consequent strain that leads to the
melting/disruption of the solids.!® The expansion and the transition to the gas phase cause a
drop of the density in the volume of sample probed by the FEL in the tens of picoseconds
timescale, which, in turn, reduces the TA signal; (iii) the pressure in the experimental
chamber was 107¢ mbar and gaseous species may have probably been withdrawn from the
reaction system, preventing the further proceeding of the reaction; (iv) the time window
observed with the pump-probe is a hundred or few hundreds of ps and that may be not

sufficient to detect the full progress of the reaction occurring.
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Figure A.6. Absorption spectra of Al L2,3 edge. (a) Simulations of the static absorption
spectra of the Al L3 edge for Al and a-Al,O3 along with the measured static absorption
spectrum of Al. (b) Absorption spectra of Al L2 3 edge measured for the a-Fe>O3/Al sample
at five selected pump-probe delays. The flexible sigmoid function used for the fits in (b) is
reported in Eq. (A.12).

For future investigations, the samples could be modified to avoid the problem of withdrawal
of the gaseous species. Additional layers, transparent to the laser pump, may operate as a
confinement for the sample; such layers would prevent the gases produced by the laser pump
and by the heat released in the first the redox processes from escaping as a result of the low
pressure in the experiment chamber. Another option would be that of using hard X-rays to
probe the process at deeper core levels, which, on one hand, would not require working in
vacuum, and, on the other hand, would offer the benefit of achieving a significantly higher
penetration depth. This would allow us to work with more complex sample structure, e.g.
multilayers, which, in turn, would maximize the number of interfaces in the probed volume,
giving more contrast to observe changes associated with the redox reaction. Further
information could be gained by introducing an electric field to hinder/favor the electron
transfer from aluminum to hematite and observe how such field would influence the transient

absorption traces.
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A.3 Methods

Samples

The samples investigated in this experiment were customized self-standing nanolayered thin
filters, with a large area, approximately 20 mm diameter. The samples were provided by
Luxel Corporation and include: (i) a nanometric a-Fe>Os layer deposited on an Al substrate
for studying the thermite process, (ii) a nanometric a-Fe;Os layer (nominally 20 nm)
deposited on a Parylene-C substrate (nominally 100 nm) and (iii) an Al sub-micrometric foil
(100 nm) as a reference for the two independent species (Al and a-Fe2Os). XAS
measurements at the Fe M3 edge and Al L, 3 edge were conducted in separate experimental
runs using different thermite samples. The obtained absorption levels (Figs. A.2(a) and 2(c))
are consistent with a double-layer foil composed of 20 nm a-Fe;Os3 and 50 nm Al for the Al
L3 edge measurements, and a double-layer foil of 45 nm a-Fe>O3 and 100 nm Al for the Fe

M3 edge measurements (see Appendix A.4).

The samples of a-Fe>O3/Al employed for the investigation on Fe M3 edge and Al L3 edge
were different ones with the same nominal thickness. However, the actual thickness of the

layers of a-Fe>Os and Al were different in the two samples.

Pump-Probe Setup

The experiment was performed at the EIS-TIMEX end station?® of the FERMI FEL!! in
Trieste, Italy (Fig. A.1). TIMEX is an instrument devised for performing destructive pump-
probe measurements to investigate systems in extreme conditions. The sample is rastered
between each pump-probe measurement to always probe a fresh portion of the sample, which
is crucial to study irreversible processes such as thermite reaction. FERMI is a seeded high-
gain harmonic generation (HGHG) FEL.>* The FERMI Ti:Sa femtosecond laser facility
generates and shapes the seed pulses employed in the HGHG free-electron lasing process
through a customized optical parametric amplifier (OPA).?> A portion of the fundamental
emission at 785 nm from the Ti:Sa laser is delivered to the experimental hall and it is the
standard laser used in pump-probe experiments,?® which was employed in this experiment.

Such design provides a jitter of just few femtoseconds.?” Hence, the aforementioned factors



95
offer an experimental environment which is robust and well-suited for the present

investigation. The duration of the pump pulse was about 80 fs FWHM, the spot size on the
sample was 34 x 34 yum? FWHM and the intensity of the laser was set to 25 xJ in order to
reach a fluence of ~0.9J - cm 2 on the sample. Such pump provokes irreversible damage on
the sample (ablation) at each shot. Hence, the measurement is carried out in raster scan,
single-shot mode, i.e. moving on a fresh region of the sample after each pump shot. We used
the radiation produced by the FERMI FEL in the range of photon energy from 54 to 58 eV
for probing at the Fe M» 3 edge and in the range 73 to 76 eV for probing at the Al L»3 edge.
The FEL pulse duration was 60 fs FWHM, and the intensity was 3 xJ estimated by using a
calibrated ionization chamber filled with N> and located along the beam transport. Spot size
of the FEL was 16 x 16 um? FWHM and the fluence at the sample was ~60uJ - cm 2 (no
damage observed by the probe beam). The spectral broadening factor (i.e. 44/1) for the
emission of FERMI is of the order of 10> or 10* and no monochromators are used along
the beam transport. The spectrum of the FEL along the beam transport is monitored by an
EUV spectrometer, PRESTO.?® The detector at TIMEX is a second EUV spectrometer,
WEST.?

Static Fe M3 Edge Calculations on FeO and a-Fe:0;3

The OCEAN code was used to simulate static Fe M2 3 edge of two iron oxides with different
Fe oxidation states (Fe*" for FeO and Fe*" for a-Fe>03).’%*! DFT+U calculations were
performed with the Quantum ESPRESSO package using pseudopotentials with the Perdew-
Burke-Ernzerhof generalized gradient approximation exchange-correlation functionals.>>*3
A cutoff energy of 240 Ry was used for the plane-wave basis set truncation in the DFT
calculation. The self-consistent field calculation was done on a 6 x 6 x 6 k-point grid while
the screening calculation was done on a 2 x 2 x 2 k-point grid. The number of bands in the
screening calculation is consistent between the different structures and the same energy range
of unoccupied bands (100 eV) was used for screening calculations for both iron oxides.
OCEAN does not calculate the absolute energies of core-level excitations and relative peak
shifts were calculated as a sum of the pseudopotential-dependent binding energy, total Kohn-

Sham potential, and one-half the screened Coulomb potential of the core-hole.?*3>
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All calculated spectra used identical energy shift and broadening. The calculated stick

spectra were broadened with a Gaussian function with the linewidth in full width at half
maximum (FWHM) at 0.4 eV (E <54 eV) and 0.8 eV (E > 54 eV). The energy axis and
intensity of the simulated a-Fe>O3 spectrum were first matched to the experimental spectrum
and the simulated FeO spectrum was aligned using the relative energy shifts obtained from
the OCEAN calculations. The Fe M3 edge exhibits a characteristic peak located at 4.4 eV
and 2.1 eV prior to the main peak for a-Fe>O3; and FeO, respectively, which is consistent

with reported experimental results.”>¢

Static Al L33 Edge Calculations on Al and a-Al:03

The same computational code was used to obtain static Al L, ; edge of Al and a-Al2Os. These
calculations were performed with optimized norm-conserving Vanderbilt pseudopotentials
generated using the ONCVPSP code modified for the OCEAN code.>” A cutoff energy of
240 Ry was set in the DFT calculations. The self-consistent field calculation was done on a
16 x 16 x 16 k-point grid while the screening calculation was done on a 2 x 2 x 2 k-point
grid. The number of bands in the screening calculation is consistent between the different
structures and the same energy range of unoccupied bands (200 eV) was used for screening

calculations. The aforementioned approach to calculate relative peak shifts was used.

All calculated spectra used identical energy shift and broadening. The calculated
unbroadened spectra were broadened with a Lorentzian linewidth in FWHM increasing
linearly from 0.01 eV at 70 eV to 0.3 eV at 82 eV and higher. And the spectra were
convoluted with a Gaussian function with FWHM calculated from the resolving power of
the WEST spectrometer to account for instrumental broadening. The energy axis and
intensity of the simulated Al spectrum were first matched to the experimental spectrum and
the simulated a-Al>O3 spectrum was aligned using the relative energy shift obtained from the
OCEAN calculation. The Al L3 edge of a-Al>Os is blue-shifted compared to that of Al due

13+

to the change in the oxidation state from Al°" to Al and the simulated spectra match well with

the reported results using electron energy-loss spectroscopy.®
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A.4 Supplementary Information

Data Processing and Fitting

For the raster scan pump-probe measurements the transmission of the unperturbed sample,
Ipre, 1s measured five times before the pump-probe shot, I,p, and then two measures of the
crater generated by the pump beam, [0, are performed as a sanity check of the measurement.
This procedure is repeated five times for each pump-probe delay and then processed to obtain

an averaged value for Iy, Ip and Ipost and an error for the transmission value of each delay.

The first step of the data analysis process is the measure of the beamline transmission and a
calibration of the correlation between the two spectrometers, Presto (upstream) and WEST
(downstream). This is a procedure that is performed without the sample for every photon
energy employed in the experiment. The signal for both the spectrometers is obtained by
reading the output current of the CCD sensor in full vertical binning mode. The signal is
obtained by integrating over the spectral region of interest (ROI). To account for the black
noise, the integral over the extracted background baseline is subtracted from the total integral

of the signal (Fig. A.7).

«10% PRESTO %104 WEST

Counts
Counts

300 400 500 300 400 200 300 400 500 600
Pixels Pixels

Figure A.7. Spectra of 10 shots measured with PRESTO (left panel) and with WEST
(right panel). The blue rectangles highlight the regions whose area underneath were taken
as the background, while the red rectangles highlight the regions whose area underneath

were taken to calculate the signal by subtracting the background.
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A correlation function between the counts on PRESTO and the counts on WEST is

established in order to get the transmission of the beamline in the working configuration
without the sample. The function is determined with a third order polynomial fit, to express
the counts on WEST as a function of the counts of PRESTO. A binning is performed on the
measured FEL shots, dividing the counts on PRESTO in 100 intervals and taking for each
interval the average value of the counts on WEST with the associated standard deviation as
error. The fit is then calculated over the binned values, taking the reciprocal of squares of the

errors as weights for the individual points (Fig. A.8).

PRESTO-WEST Calibration
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0 1000 2000 3000 4000 5000 6000
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Figure A.8. Correlation function between the two spectrometers PRESTO and
WEST. The black dots are the shots measured and the blue dots are the shots that are
filtered out. The red dots with the error bars are the binned values, while the red line is the

fit.

The pump-probe shots are filtered with the quantile approach. The set of pump-probe

transmission values are used to generate a set of 10 evenly spaced values (i.e. deciles). The
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values which are above the 9th quantile or below the 1st quantile are discarded. In this

way, the shots whose intensity is significantly different from the median are removed.
Accordingly, the preshots and the postshots associated with the removed pump-probe shots
are discarded as well. For the filtered shots, the transmission values of the preshots, pump-
probe and postshots are plotted against the delays to obtain a comprehensive picture of the
measurement at the monitored photon energy. The overall trend could be summarized as

follows:

- The preshots and the pump-probe shots have an intensity which is significantly lower
than the postshots. This is reasonable since the preshots and the pump-probe shots
interact with the sample, while the postshots basically pass through the experimental
chamber unaffected, because the sample is completely ablated by the pump pulse,

and hence their transmission is (supposed to be) always close to 1.

- The intensity of the pump-probe shots covers a wider interval with respect to the

intensities of the preshots.

The intensity of the WEST spectrometer downstream (I1) has been plotted against the
intensity of the PRESTO spectrometer upstream (I0) to check their correlation for the
preshots, the pump-probe and the postshots (Fig. A.9).
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Figure A.9. Unprocessed transmission of the filtered measurements (top panels) and
correlation between PRESTO (upstream) and WEST (dowstream) spectrometers
(bottom panels) for (a) preshots, pump-probe, and postshots and (b) preshots and
pump-probe.

After the first filtering, a binning procedure was carried out in order to obtain a single value
for the transmission with an associated interval of confidence for each delay where the
measurement was performed. The binning is performed individually for preshots, pump-
probe, and postshots and it consists of taking the average of the transmission values and
calculating the error as the standard deviation associated with this collection of values and
dividing it by the square root of the number of shot minus one, as formalized in the following

equation:

nj nj
. 1 Z i 1 Z N
bin _ J — J j
Tj m = n— Ti and O'T]. = m (Tl - T]) (A 2)
Ti=1 J i=1

where the index j represents preshots, pump-probe or postshots and n is the number of shots

within these groups for a single delay.
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The normalized variation of transmission of the pump-probe measurements is calculated

as follows:
AT T,y — Tpre

ATnorm = =—— = A3
norm Tpre Tpre ( )

and the propagation of the errors is calculated accordingly:

2 2 2
1 1 2 Top — Tpre
oar = \/ <Tpre 0Tpp> + <Tpre UTPN—’> + Tpre OLpreTyp T ( Tie TTpre
1 2 NE 2 o (Tor 2 (1 ?
- Tpre GTpp Tpre O-Tpre szre GTpre Tpre anTe
2 2
1 T,y
~ A.4
\/<Tpre 0Tpp> * <Tp2re 0Tpre> (44

The normalized transmission and its associated errors (obtained respectively from Egs. (A.2)

and (A.3)) are plotted against the pump-probe delays to obtain the refined time-dependent
trace reported in Fig. A.10(a). The transmission is then manipulated in order to obtain the

time-dependent trace in terms of the variation of absorbance (AA), calculated as follows:

! ): log(Tyre) —log(Tyy)  (A.5)

1
AA = Ay, — Apre = log <T_> — log <Tpre

PP
The interval of confidence of the absorbance values is no longer symmetric with respect to
the values themselves because of the logarithm. Hence, the interval of confidence in the
absorption scale is computed by taking the logarithm of the upper and lower bounds of the

interval of confidence in the transmission scale, as illustrated in the following equation:

Ajpwer = —log (Tpp — 0.50‘Tpp) and Aypper = —log (Tpp + O-SUTpp) (A.6)

The absorbance values and their associated intervals of confidence are employed to generate

the transient absorption trace reported in Fig. A.10(b).
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Figure A.10. (a) Processed transmission and (b) transient absorption for the pump—

probe time-dependent traces.

Neglecting the jitter between the pump and the probe, which at FERMI is just few
femtoseconds, the temporal resolution for the pump-probe signal around t is limited by the
convolution between the duration of the pump pulse (azﬁump ~ 80 fs) and the probe pulse

(Oprope ~ 60 £5):

Atyim = \/[ pump] + [ probe] =100fs (A.7)

The rise at to was fitted for the traces of aluminum and hematite reported in Fig. A.11 using

an error function:

=a [1 + erf( )] where erf(x) = \/%sze‘xz dx (A.8)

V2

The raise time FWHM was estimated 65 fs for hematite and 102 fs for aluminum.
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Figure A.11. Details of the rise dynamics of (a) Al and (b) a-Fe203 around delay zero
between laser pump and FEL probe.

The reciprocal of the square of the error associated to the normalized transmission of each
pump—probe delay was used as weights for the fit of the dynamics of all the measured photon
energies. The choice for the function used to fit the overall pump probe traces was made with

the goal of fitting two processes that occur with different time scales:

- Fast dynamics: the equilibration of hot electrons with the lattice via scattering off
with optical phonons, which occurs in hundreds of femtoseconds to the first few

picoseconds.

- Slow dynamics: the dynamics of the lattice which is stressed by the ultrafast raising

of the temperature, which occurs in tens to hundreds of picoseconds.

The equation adopted for the fit of the dynamics at energies above the inflection point of the

absorption edges was the following:

=060 E [1 + f(—t )] A Tp— 2 (4.9)
" er b 1€ 1 1 '
2 +\/ = (t—
oV?2 1 e .[Z(t z)



104
The equation employed to fit the dynamics at energies below the inflection point of the

absorption edges was slightly different:

A A
1 t+ 2
1+4e 1 1+4e

f=9(t)-%[1+erf( ! )] (4.10)

V2

1
—5,{t2)

In Egs. (A.9) and (A.10), ¢ is the independent variable which correspond to the delay between
pump and probe beams, ¢ is the parameter associated to the time resolution that appeared in
Eq. (A.8), A1 and A; are the pre-exponential factors, t1 and 12 are the kinetic constants for
the fast and slow dynamics, respectively, and z is a parameter that represent the time that the
slow lattice dynamic takes to become the dominant contribution. The only difference
between Egs. (A.9) and (A.10) concerns the term to describe the fast dynamic. In the first
case an exponential was chosen in agreement with other transient 6 absorption studies
reported in the literature, but in the second case (i.e. energies below the absorption edge), we
opted for a logistic function to perform the fit. The fact that an exponential function with a
negative pre-exponential did not work for fitting the dynamics at energies below the
absorption edge is probably due to the fact that the trend of the transmission is discordant
between the pump-probe traces above and below the absorption edges in the case of the fast
dynamic, while it is concordant in the case of the slow dynamic. The fits led to similar kinetic

constant regardless of the choice of different functional form.

Interestingly, for the dynamics measured at 56.49 eV, a different function was used to fit the
first decay after to, featuring an additional exponential decay term for the fast dynamic

(indicated in the following equation with the apex *):

A,

Ae ™ + Aremt/T1 4 T
4, (t=2)

f=0() %[1 + erf(L)] . (A.11)

a2

1+e

The fitting of the transient absorption spectra was performed using a parametrized sigmoid
function (s(x)), which provided the flexibility to adapt to the different shapes of the spectra
over the delays investigated. The function adopted is the following:
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a
0 + Yo (4.12)

s(x; @g, bo- X0, ¥0) = T poGw

where ao, bo, X0, yo are the parameters. This function has been employed in a non-linear least
square fitting procedure to fit the transient spectra of the individual delays by finding the
optimal set of the parameters of the sigmoid function. The weight of each experimental point
in the fit has been set as the reciprocal of the associated error on the absorbance. Being the
confidence interval of the absorption asymmetric, the error has been considered as the total

uncertainty.

Details of the Spectrometers

The PRESTO spectrometer is located along the beam transport upstream with respect to the
experimental chamber. It is composed of a diffraction grating, a YAG screen and CCD
camera (Hamamatsu). The diffraction grating separates the different spectral components
onto the YAG screen, whose fluorescence is captured by the CCD camera, so to avoid
damaging of the sensor. The WEST spectrometer, located downstream with respect to the
experimental chamber, features a diffraction grating that disperses different wavelengths
directly onto the sensor of the CCD camera (Andor iKon-M). WEST is equipped with a filter
wheel before the CCD to attenuate the incoming FEL radiation when needed to avoid
saturation or damaging of the camera. WEST and PRESTO spectrometers have a resolving
power respectively of ~7000-25000, which is adequate for monitoring the FEL peaks profile.
The combination of two spectrometers, one upstream (Iyp) and one downstream (Liown),
allows for drawing a calibration curve for lsown as a function of Iy, without the sample,
providing a measure of the transmission efficiency of the beamline for each photon energy
employed in the experiment, which is then used during the data processing to isolate the

variation of intensity caused by the sample.

Sample Thickness
The thickness assessment of the double-layer thermite foils used in our XAS measurements
in transmission geometry was performed using the CXRO calculator (https:

//henke.Ibl.gov/optical constants/filter2.html). In the calculations, densities of 5.26g/cm? and
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2.70g/cm® were considered for a-Fe>Os and Al, respectively. Oxidation of the free

surfaces of the double foil due to atmospheric oxygen was neglected. Figure A.12 shows the
theoretical absorption of a-Fe>O3; and Al thin foils across the Fe M3 edge and the Al L3
edge for two different thickness combinations corresponding to the samples used in our

experiments:
- Absorption of a double-layer consisting of 45 nm a-Fe>O3 and 100 nm Al

- Absorption of a double-layer consisting of 20 nm a-Fe>O3 and 50 nm Al

"l (100 nm) 21 (50 nm)

Fe203 (45 nm) Fe203 (20 nm)

Al (100 nm) + FE203 (45 nm) se— Al (50 nm) + Fe203 (20 nm) se—

— _ |
o L 1 m— —— L L o I
30 40 S0 60 70 80 an 100 30 40 S0 60 70 80

pheten energy (ev) photon energy (eV)

(a) (b)

Figure A.12. Theoretical absorption calculation across the Fe M3 edge and the Al

L23 edge for selected a-Fe203 and Al nanometric foils.
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Appendix B

SUPPLEMENTARY INFORMATION FOR NONEQUILIBRIUM
RESHAPING OF THE SILICON BULK PLASMON UNDER DENSE
PHOTOEXCITATION

B.1 Electronic Structure of Silicon

Visible pump
(2.4 eV)

Electron probe

E — Er (eV)

—— Total DOS
—— spDOS
—— ppDOS

"% Tos mesieV)
Figure B.1. Band structure (left) and projected density of states (right) for Si
calculated by density functional theory calculations. The visible pump pulse (green
arrows) excites electrons into the conduction band leaving holes in the valence band.
Before becoming a quasi-equilibrium hot electron distribution, the photoexcited electrons
undergo L-to-X intervalley scattering (yellow dashed arrow) and relaxation towards the
conduction band minimum (black dashed arrows). The electron probe (purple arrows)

measures bulk plasmon excitations.
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B.2 Electron-Beam Induced Carrier Generation

x10°

Z (um)

5 0 5
X (pm)

Figure B.2. Spatial distribution of electron—hole pair generation in silicon as a
function of x-z position for a 50 nm diameter electron beam operated at an

acceleration voltage of 200 kV and beam current of 4.8 fA.

B.3 Photoexcited Carrier Density
The density of photoexcited carriers was estimated using
F 1—R
M=———(1—-e"*)(1+Re *)=92x102"cm™3 (B.1)
hw L
where F is the pump fluence (50 mJ/cm?), hw is the pump energy (2.4 eV), R and a are
reflectivity and absorption coefficient of silicon at 515 nm, respectively, with values of 0.38

and 9.3 x 10°> cm™!. The values were obtained by interpolating data reported in Ref. 1.
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B.4 Peak Fitting Analysis

Peak positions were determined by fitting the spectra using Gaussian, Lorentzian, and Voigt

line-shape functions, depending on the spectral feature interest.

For zero-loss peak (ZLP) fitting, the reduced chi-square values obtained from Voigt,
Lorentzian, and Gaussian were 20.164, 48.610, and 63.673, respectively, indicating that the
Voigt profile provided the best agreement with the experimental data. Similarly, plasmon
peak fitting yielded reduced chi-square values of 0.69606 for the Voigt fit, 0.62316 for the
Lorentzian fit, and 7.7913 for the Gaussian fit. These results indicate that Lorentzian and
Voigt profiles describe the plasmon resonance significantly better than a purely Gaussian
function, consistent with the intrinsic lifetime broadening of the plasmon excitation.
Therefore, the Voigt and Lorentzian functions were used to fit the ZLP and bulk plasmon

peaks, respectively, for accurate determination of the peak positions and linewidths.

B.5 References
(1) Green, M. A.; Keevers, M. J. Optical Properties of Intrinsic Silicon at 300 K. Prog.
Photovolt.: Res. Appl. 1995, 3 (3), 189-192. https://doi.org/10.1002/pip.4670030303.
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Appendix C

SUPPLEMENTARY INFORMATION FOR ELECTRONIC
TOPOLOGICAL TRANSITIONS IN CADMIUM UNDER PRESSURE
STUDIED VIA THEORETICAL AND EXPERIMENTAL X-RAY
ABSORPTION SPECTROSCOPY

C.1 X-ray Diffraction Setup

This beam profile corresponds to one of the x-ray diffraction (XRD)/x-ray absorption
spectroscopy (XAS) experiments. A similar procedure was applied to a second set of
XRD/XAS experiments. The combined XAS/XRD experiments were conducted at Sector
16-BMD using the following energies: 21.04 keV (Technetium (Tc) K-edge), 25.0 keV
(XRD), and 26.7 keV (Cadmium (Cd) K-edge). The beam profile was optimized at 23 keV
and confirmed to maintain its shape consistently across this energy range. The incident beam
was focused using a pair of vertical and horizontal Kirkpatrick-Baez (KB) mirrors that are
coated with platinum (Pt) film and set at 1.8 mrad incident and reflection angles. The
condition corresponds to about 45 keV cut-off energy for higher-harmonics rejection. As the
3rd higher harmonics of Si(111) monochromator for Cd K-edge energy (26.711 keV) would
be about 80 keV, which is far above the 45 keV cut-off energy, practically there would be no
effect of this higher harmonics on the current measurement. Data were collected in two
separate runs using different detectors: the October 2021 dataset employed a Mar165 CCD
detector, while the April 2022 dataset used a Pilatus3 X CdTe 1M detector.
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Figure C.1. Characterization of beam profile. (a) Vertical beam profile (no pinhole): Full
width at half maximum (FWHM) = 3 um; Full width at <1% max. = 19 um. (b) Horizontal
beam profile: FWHM = 4 pm; Full width at <1% max. = 20 um.
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update

Figure C.2. Calibration setup for the Mar165 CCD detector at E = 30 keV. (a)

Calibration curve and (b) associated numerical parameters.
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C.2 Lattice Parameter and Volume Data from XRD

Table C.I. Table of lattice parameters and volumes extracted via Le Bail refinement

on XRD patterns of Cd.

Name Pressure (GPa) a(A) c(A) V (A*/unit cell)
Energy Standard 2* 0 2.9798(3) 5.635(1) 43.332(7)
Energy Standard 2* 0 2.9805(3) 5.622(1) 43.248(7)
Energy Standard 1* 0 2.9809(1) 5.609(2) 43.16(2)

Sample 3 PO* 0.2(1) 2.9778(2) | 5.58069() 42.858(5)
Sample 2 PO* 0.8(1) 2.9714(2) | 5.5369(9) 42.335(5)
Sample 2 P1* 1.0(3) 2.9697(3) 5.520(1) 42.163(8)
Sample 2 P2* 1.3(1) 2.9669(3) 5.490(1) 41.858(7)
Sample 2 P3* 2.1(1) 2.9596(4) 5.443(1) 41.289(6)
Sample 2 P4* 3.0(1) 2.9546(2) | 5.4003(4) 40.826(3)
Sample 2 P5* 3.8(1) 2.9501(6) | 5.3488(4) 40.316(9)
Sample 2 P6* 4.5(1) 2.946(1) 5.3096(5) 39.91(2)
Sample 1 PO* 4.6(1) 2.9480(1) | 5.3264(3) 40.089(2)
Sample 1 P1* 5.1(2) 2.9391(2) | 5.2727(8) 39.444(3)
Sample 1 P2* 6.4(2) 2.93366(6) | 5.2320(2) 38.997(1)
Sample 1 P3* 8.0(1) 2.9232(5) | 5.1606(2) 38.191(1)
Sample 1 P4 8.4(1) 2.92081(6) | 5.1513(2) 38.059(1)
Sample 1 P5 9.3(1) 2.91615(9) | 5.1224(2) 37.724(1)
Sample 1 P6* 9.9(3) 2.91473(6) | 5.1085(1) 37.586(1)
Sample 1 P7* 10.9(1) 2.90899(5) | 5.0830(1) 37.251(1)
Sample 1 P8 12.1(1) 2.9027(1) | 5.0363(5) 36.749(2)
Sample 1 P9* 13.3(3) 2.8969(1) | 5.0176(3) 36.467(1)
Sample 1 P10 13.6(2) 2.89465(5) | 5.0068(2) 36.331(1)
Sample 1 P11 14.3(1) 2.89002(6) | 4.9955(3) 36.133(1)
Sample 1 P12* 16.0(3) 2.88344(5) | 4.9615(2) 35.725(1)
Sample 1 P13 17.1(1) 2.87778(5) | 4.9293(2) 35.353(1)
Sample 1 P14 18.2(1) 2.87279(6) | 4.9089(2) 35.085(1)
Sample 1 P15 19.3(1) 2.86765(6) | 4.8834(2) 34.778(1)
Sample 1 P16* 20.8(4) 2.86326(6) | 4.8616(3) 34.517(2)
Sample 1 P17 21.2(1) 2.86080(5) | 4.8558(2) 34.417(1)
Sample 1 P18 22.0(1) 2.85753(6) | 4.8413(2) 34.236(1)
Sample 1 P19 22.9(1) 2.85411(5) | 4.8244(2) 34.034(1)
Sample 1 P20* 24.3(2) 2.85007(5) | 4.8084(2) 33.825(1)
Sample 1 P21 25.3(1) 2.84533(5) | 4.7898(2) 33.582(1)

Points marked with * indicate that XAS data were also taken at that pressure point. Some

XAS points do not have corresponding XRD.
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C.3 Sample Photos and Measurements

(5)) Energy,Standard 1
.’ >

-

Figure C.3. Photos of samples used in XRD and XAS experiments at 16-BMD at
HPCAT;' Cd in helium (He) with beryllium (Be) gasket, ruby and gold (Au). All
samples have a path that matches the absorption length of Cd. Each caption consists of the
internal naming convention of diamond anvil cells (DACs) followed by the sample
dimensions. (a): Sample 1, Cd on left-hand side (21-23 pum thick in north to south
orientation), Au (12 pm) and ruby (15 pm) on right-hand side. 250 pm culets. (b): Energy
Standard 1, Cd only (20-30 um thick through center). 500 um culets. (¢): Sample 2, (300
um culets), Cd piece is 62 pm in length through the middle, and the width (north to south)
is 55 um. Ruby is to the right and is about 20 um while Au is below that at about 19 um.
(d): Sample 3 (400 pum culets), Cd piece (65 um in length and 49 um in height on left-hand
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side), ruby is to the left of Cd and is about 18 um, Au is on the farthest left and is about

19 um. (e): Energy Standard 2, (500 pum culets), two pieces of Cd (left-hand side piece used
in experiments is 95 pm in length and 70 pm wide), one piece of Au (19 um) and a ruby

(21 pm).

Sample 1

Energy Standard 1

Sample 2

Energy Standard 2

Figure C.4. Same information as the previous figure, now with measurement data

included.
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C.4 Cross-Sectional X-ray Absorption Maps of DAC Samples
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Figure C.5. Cross-sectional x-ray absorption maps of the sample acquired during
XRD/XAS experiments at 16-BMD (HPCAT).! Panel (a) corresponds to Energy
Standard 2, (b) to Sample 2, and (¢)—(d) to Sample 3. Panel (¢) was collected early in the
experiment, while (d) was obtained later at the highest pressures. These maps were used to

assess potential sample bridging; no evidence of bridging was observed.
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C.5 Raw XRD Patterns, Azimuthal View, and Refinements
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Figure C.6. Raw XRD data and refinement for Sample 1 at 6.4(2) GPa. (a) Raw
diffraction pattern, (b) cake plot with azimuthal binning, and (¢) refinement performed

using GSASIL.
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Figure C.7. Raw XRD data and refinement for Sample 2 at 0.8(1) GPa. (a) Raw
diffraction pattern, (b) cake plot with azimuthal binning, and (¢) refinement performed

using GSASIIL.
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Figure C.8. Raw XRD data and refinement for Sample 3 at 0.2(1) GPa. (a) Raw
diffraction pattern, (b) cake plot with azimuthal binning, and (¢) refinement performed
using GASAIIL. While the XRD data quality for this sample was initially reasonable,
subsequent measurements were limited by a sample mounting configuration that made

reliable diffraction collection challenging. As a result, Sample 3 was primarily relied on
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XAS where axial access remained available and measurements were more reliable.

Additionally, Sample 3 underwent pressure cycling prior to the experiment, including gas
loading at ~0.3 GPa, compression above 1.8 GPa, and decompression back to ~0.3 GPa,
followed by additional cycling during the experiment. Further details on the XAS

measurements for Sample are provided in Figs. C.16 and C.17.
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C.6 Structural Data Graphs (P-V Plot and P vs a and ¢)
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Figure C.9. Additional representation of structural data for Cd collected via XRD.
The highlighted region corresponds to the same pressure range shown in Chapter 3
(approximately 3—5 GPa). (a) Pressure dependence of normalized volume (V/Vo). (b)

Pressure dependence of lattice parameters a (left axis) and c (right axis).



127
C.7 Discussion of the XAS Setup and Verification of Monochromator Energy

Calibration

Due to the confined geometry of the combined XRD—XAS setup, there is no space to
accommodate an additional downstream reference ion chamber after the sample. The
photographs in Fig. C.10 were taken in 2015, when the diffraction detector in use was a
MAR345 image plate, which has since been replaced by a Pilatus3 X CdTe 1M detector. X-
ray absorption measurements are performed using two ion chambers filled with flowing
argon (Ar) gas at slightly above atmospheric pressure. Owing to spatial constraints, the
upstream ion chamber has an active thickness of only 10 mm, which necessitates repeated

measurements to improve counting statistics.

XRD Setup

Switchable
without hutch access

b P N U2 S | R Be gasket

Figure C.10. XRD and XAS experimental setup, showing the axial and radial

measurement geometries, respectively.

Although simultaneous energy calibration is not performed during measurements, the

monochromator is equipped with a positional encoder that enables energy calibration based
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on absolute position information. A more detailed description of the beamline energy

calibration procedure can be found in Park et al.! The encoder-based calibration has been

demonstrated to be reproducible over several years of operation at the beamline.

As the sample is a pure metal, it can be used as an internal reference to verify the consistency
of the energy calibration across measurements. Figure C.11 presents normalized x-ray
absorption spectra of the Cd sample in a DAC, measured repeatedly to improve counting
statistics, along with their corresponding first derivatives. The spectra were collected at the
same pressure condition, both before compression and after decompression. After 60 hours
from the initial dataset and following a full compression—decompression cycle, the two
spectra show identical Eo positions. Small fluctuations in energy calibration (on the order of
0.1-0.5 eV, not shown) are attributed to potential heat accumulation in the monochromator
motor during repeated scans; however, these variations are negligible compared to the

observed energy shifts and spectral changes reported in this work.

Since the data were merged and averaged, some smearing of the spectral resolution may
occur; however, this is an accepted trade-off for improved counting statistics. A discrepancy
in the Eo position relative to the theoretical value was also observed, as Cd was not
independently included in the initial energy calibration procedure described in Park et al.!
This offset was subsequently corrected during post-experiment data analysis. The caption of
Fig. C.11 further includes a brief description of the beam size and notes potential diamond-
related glitches arising from the reduced gap between the two diamond anvils following

compression.

Despite these limitations, the comparison presented in Fig. C.11 confirms the reproducibility
of the energy calibration over the experimental timescale, the stability of the monochromator
for XAS measurements, and the ability of the sample to yield consistent, reproducible
spectral features. Additional sample comparisons leading to the same conclusions are

omitted for brevity.
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Figure C.11. Reproducibility of Cd x-ray absorption spectra and energy calibration
stability across compression—decompression cycles. (a) Normalized x-ray absorption
spectra of Cd Sample 3 (M4) at ambient pressure (Po = 0.2 GPa), measured 16 times and
their corresponding derivatives. The full energy range spans Eo — 400 eV to Eo + 980 eV
to ensure reliable pre-edge and post-edge normalization. All 16 spectra were merged to
improve counting statistics. The apparent absorption edge position (Eo = 26.724 keV) is
shifted by +13 eV relative to the theoretical value (Eo =26.711 keV), which was corrected
during post-experiment data analysis. (b) Normalized absorption spectra of Cd Sample 3

(M4) at Pp = 0.2 GPa during the decompression sequence, measured 10 times. The red



130
arrow highlights a hump caused by diamond glitches. This artifact indicates a change

in the DAC condition relative to the initial state, likely due to a reduced anvil gap following
compression. Given the ~5 um FWHM beam size in radial transmission geometry,' the
post-compression anvil separation is sufficiently reduced that the beam may interact with
the edges of the diamond anvils, introducing the observed artifacts. These diamond glitches
were not present in the initial uncompressed measurements shown in (a). (¢) Comparison
of the merged normalized absorption spectra of Cd in their derivatives between Po and Po
decompression conditions. The two measurements were separated by more than 60 hours
of time. The consistent Eo position from these two measurements confirms the mechanical
stability of monochromator over typical experimental time frames and reproducibility of
measurements. The subtle differences above the absorption edge indicate the history of the
sample over the compression and decompression process, which should be subject to

detailed study.

C.8 EXAFS Analysis and Discussion

Extended x-ray absorption fine structure (EXAFS) data were fit using the Artemis software
package. Eo was defined as the zero of the second derivative of the white line and was
allowed to be fit as a single variable across all pressures. S was treated as a singularly as
global parameter for the fits, and backgrounds were also fit. The initial guess parameters used
were AE = 0, Ar = 0.01, and mean squared relative displacement (MSRD) = 0.001 for each
data point. Ar is taken relative to the ambient condition coordination length and AE is relative
to the second derivative of the white line defined during data reduction. For each pressure,
the half-path length and MSRD were fit to the first scattering shell (Fig. C.12(a)). Bond
distance is also extracted and shown in Fig. C.12(b). Sample 3 and Sample 1 points follow
expected trend of reporting coordination lengths greater than observed from XRD (black)
while points from Sample 2 are less than the crystallographic coordination lengths. This is
an unexpected behavior, due to the way the half path length in EXAFS is defined as the
crystallographic equilibrium distance between scatters plus the instantaneous displacement

of the atoms, a value that is always positive.
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Figure C.12. EXAFS-derived structural parameters for Cd. (a) MSRD and (b) bond

distance as a function of pressure.

The quality of data in the EXAFS region was non-uniform from sample to sample. Some
samples had clear oscillations in k-space up to 9 A™! while some only clear oscillations to
about 6.75 A™!. The fitting window for EXAFS analysis was determined by the sample with
the most limited k-space window, which was then applied to the full data set for uniform
consistency. For the analysis of this work, spectra were Fourier transformed from a k-space
window of 2.8 to 8 A~! and then fit in R-space using a window from 2 to 3.5 A for consistency
throughout runs and best fit. This results in very coarse resolution in real space as the real
space step size is about equal to m/2k, in this case, 0.302 A. Using a smaller k-space window
to accommodate for the variation in quality of EXAFS data from sample to sample results in

lower resolution for the whole data set than if points were fit with individually maximized
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windows; however, it allows for a more direct comparison of data points at multiple

pressures, as the fits were performed using identical windows across all samples in the data
set. It is not uncommon to treat each XAS scan as an independent point; however, in this
work, we prioritized analytical consistency across multiple samples for comparison of data

points over improved individual data point resolution.

Table C.I1. EXAFS analysis results (reproduced from Fig. C.12). Points marked with

* indicate if XRD data were taken for that pressure.

Name Pressure (GPa) | MSRD (A) | Bond distance (A)
Sample 3 PO* 0.2(1) 0.028(4) 3.0702)
Sample 3 P1* 0.2(1) 0.027(6) 3.1203)
Sample 3 P2 0.5(1) 0.028(4) 3.06(2)
Sample 3 P3 0.9(1) 0.016(4) 2.98(2)
Sample 3 P4 1.1(1) 0.024(3) 3.05(1)
Sample 3 P5 1.8(1) 0.021(5) 3.04(6)
Sample 2 PO* 0.8(1) 0.009(1) 2.937(7)
Sample 2 P1* 1.03) 0.010(1) 2.95(6)
Sample 2 P2* 1.3(1) 0.009(1) 2.938(7)
Sample 2 P3* 2.1(1) 0.009(1) 2.934(6)
Sample 2 P4* 3.0(1) 0.008(2) 2.93(1)
Sample 2 P5* 3.8(1) 0.006(1) 2.927(7)
Sample 2 P6* 45(1) 0.006(2) 2.92(1)
Sample 1 PO* 4.6(1) 0.014(3) 2.99(4)
Sample 1 P1* 5.102) 0.012(6) 2.9703)
Sample 1 P2* 6.4(2) 0.010(7) 2.98(3)
Sample 1 P3* 8.0(1) 0.007(7) 2.95(3)
Sample 1 P6* 9.93) 0.006(9) 2.95(4)
Sample 1 P7* 10.9(1) 0.005(5) 2.94(2)
Sample 1 P9* 13.303) 0.004(3) 291(2)
Sample 1 P12* 16.03) 0.002(4) 2.89(2)
Sample 1 P16% | 20.8(4) 0.002(2) 2.87(1)
Sample 1 P20* 24.3(1) 0.001(8) 2.85(6)
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C.9 XANES Analysis and Discussion
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Figure C.13. Calculated and experimental XANES spectra collected for Cd between
0 and 5 GPa. Dashed lines represent experimental data, while solid lines show theoretical
results. The OCEAN-simulated spectra are background-subtracted and normalized using

the same procedure as the experimental data but are not additionally scaled.

OCEAN:-simulated spectra shown in Fig. C.14 are presented without background subtraction
or additional scaling. The OCEAN code calculates only core-level transitions and does not
explicitly include a decaying background. As a result, the computational spectra naturally
exhibit a gradual decrease in intensity with increasing energy due to the intrinsic energy
dependence of the transition cross section. This downward trend is physically meaningful

and should not be removed, as it reflects real features of the core excitation process.

In contrast, experimental XANES spectra include contributions from both core and valence

excitations. The valence-related background leads to an additional energy-dependent decay
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that is typically removed during normalization to isolate structural information,

particularly for EXAFS analysis. This subtraction is necessary to properly extract oscillatory

features at higher energies, where structural sensitivity is encoded.

While background removal is appropriate for experimental data in the context of EXAFS,
applying the same procedure to OCEAN calculations would be inappropriate, as it would
remove a physically meaningful contribution already accounted for by the theory. For ease
of visual comparison in Chapter 3, the OCEAN spectra are shown with an applied scaling
and adjusted baseline; however, the unmodified form is retained in Fig. C.14 to reflect the

raw theoretical output.

Pk e
— — 0.0 GPa Experiment
— — 0.8 GPa Experiment
— — 1.0 GPa Experiment
— — 1.3 GPa Experiment

—— 0.0 GPa Theory
—— 0.5 GPa Theaory
—— 1.0 GPa Theary
—— 1.5 GPa Theory
—— 2.0 GPa Theaory
—— 2.5 GPa Theory
——— 3.0 GPa Theory
3.5 GPa Theory
4.0 GPa Theaory
4.5 GPa Theory

5.0 GPa Theory
| 1 | 1 | L

Normalized Intensity (a.u.)

— — 2.1 GPa Experiment
— = 3.0 GPa Experiment

3.8 GPa Experiment
—— 4.5 GPa Experiment

26700 26720 26740 26760

Energy (eV)

26780 26800

Figure C.14. Calculated (without background subtraction) and experimental XANES
spectra collected for Cd between 0 and 5 GPa. Dashed lines represent experimental data,

while solid lines show theoretical results.
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Figure C.15. Scaling procedure applied to theoretical XAS spectra. (a) OCEAN-

calculated spectra of Cd at 0 GPa. (b) Experimental spectra of Cd at 0 GPa. (¢) Tabulated

values used to determine the scaling factor. (d) Linear fit of the data in (c¢) where the slope

is used as the scaling factor applied to the theoretical spectra. (¢) Comparison of scaled

theoretical and experimental XAS spectra. The energy offset was adjusted to align the

white-line positions, with a final offset value of 26697.5 eV.
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Figure C.16. Experimental XAS spectra for Samples 2 and 3 compared with
theoretical results, shown with normalized intensity. In both panels, the black trace
corresponds to the energy standard spectrum included for ease of comparison across
datasets. (a) Full energy range showing the absorption edge region. (b) Spectra offset by
sample for improved visual separation. While Sample 2 and the theoretical spectra exhibit
more readily distinguishable differences between 0 GPa and higher-pressure conditions,
the corresponding shifts in Sample 3 are less apparent. See Fig. C.17 for an increased

individual offset.
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Figure C.17. XAS peak evolution with pressure for Samples 2 and 3 including

comparison with theory. (a) Experimental XAS spectra for Samples 2 and 3 plotted

alongside theoretical results. The black trace corresponds to the energy standard sample

used for reference. Spectra are vertically offset to enhance visibility of pressure-dependent

changes. For Sample 2, the pressure series begins at 0.87 GPa. This sample was gas loaded

at ~0.3 GPa, compressed to just above 0.5 GPa, and then measured at the beamline, where

the initial recorded condition corresponds to Sample 2 PO (~0.8 GPa). Thus, Sample 2

underwent monotonic compression only. Sample 3 was gas loaded at ~0.3 GPa,

compressed to 1.8 GPa, and subsequently decompressed close to its initial loading pressure
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prior to measurement. As a result, Sample 3 experienced pressure cycling prior to

arriving at the experiment. Measurements of Sample 3 (M4) at PO (0.2 GPa) were
performed after completing the Sample 2 dataset and returning to Sample 3 later. The lower
apparent energy position of M4 P1 relative to M4 PO, despite similar nominal pressure, is
attributed to relaxation effects over the elapsed time between measurements. As pressure
increases, Sample 3 (M4) exhibits a systematic increase in energy shift for both the first
and second spectral features. This trend is further illustrated in panels (b) and (¢), which
track the pressure-dependent evolution of the first and second XAS peak positions,

respectively.

C.10 Alternate-View Diagram of the Fermi Surface

Fermi Surface Cross Section

Fermi Velocity (V)

Figure C.18. Cross-sectional view of the Cd Fermi surface at (a) 0 GPa and (b) 0.5
GPa. High-symmetry points I', M, and K are indicated. The comparison highlights the

pressure-induced changes in the Fermi surface topology between the two conditions.
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C.11 Partial Density of States
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Figure C.19. Total and projected density of states for Cd resolved onto the atomic
wavefunctions included in the pseudopotential (4s, 4p, Ss, 4d), at three pressures: (a)
0 GPa, (b) 0.5 GPa, and (c) 2 GPa. The projections show reduced density near the Fermi
level, likely due to contributions from Cd 5p states that are not included in the

pseudopotential.
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Figure C.20. Total and projected density of states calculated using VASP 5.4.4 at three
pressures: (a) 0 GPa, (b) 0.5 GPa, and (c) 2 GPa. The calculations employ the same
crystal structures, k-point meshes, and computational settings as those used in Fig. C.19;

however, here the projections are performed in VASP 5.4.4 using a spherical-harmonics—
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based scheme rather than the atomic-orbital projections defined in the pseudopotential.

This projection method reveals that Cd p states contribute significantly to the previously
unaccounted density near the Fermi level observed in Fig. C.19. In addition, the pressure-
dependent changes in the conduction states associated with the electronic topological
transition (ETT) are primarily derived from Cd p character. The Cd sv. GW
pseudopotential was used throughout. The Wigner—Seitz radius was set to 1.730 A,
corresponding to coverage of 99.4% of the volume of the 2.0 GPa structure. All density-

of-states plots were generated using the sumo package.’

C.12 Additional Views of the Band Projection

NlVeeo—
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- A
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apmidwy UoDX3 PazijewLionN

Second Peak - 26,740 eV
Energy - E, (eV)

k-vector k-vector

Figure C.21. First and second peak projections onto the Cd band structure at 0, 0.5,

2.0 GPa in the same view as in Chapter 3 but shown in landscape.
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Figure C.23. First and second peak projection onto the Cd band structure at 0, 0.5,

and 2.0 GPa between L and M points.
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Figure C.24. First peak projection onto the Cd band structure at 0, 0.5, and 2.0 GPa
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Figure C.25. Second peak projection onto the Cd band structure at 0, 0.5, and 2.0
GPa between I' and A points.



C.13 Experimental and Computational Raman Results
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Figure C.26. Raman stack plot of Cd at ambient temperature from Run 1. Intensities

are normalized to the range [0,1]. The sample was not externally heated; however, it was

pressure cycled from high initial pressure (P1) down to low and ambient pressures. Labels

“c” and “d” denote compression and decompression points, respectively, while the

accompanying number indicates the chronological order in which the points were taken.

Run 1 P3c, P4c, and P5c data are included for numerical consistency, although these values

are not tabulated in Table C.III.
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Figure C.27. Raman stack plot of Cd at ambient temperature from Run 5. Intensities
are normalized to the range [0,1]. Points with stars (*) indicate that the sample was heated
to above melting temperature. Heating happened between PO and P9 as well as between P9
and P20. As in Fig. C.26, "c" and "d" denote compression and decompression, respectively

and the number indicates the chronological order in which data were logged.
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Figure C.28. Raman stack plot of Cd at ambient temperature from Run 3. Intensities
are normalized to the range [0,1]. Points with stars (*) indicate that the sample was heated
previously. As in Fig. C.26, "c¢" and "d" denote compression and decompression,

respectively and the number indicates the chronological order in which data were logged.
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Cd Run 2 and 4 300K
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Figure C.29. Raman stack plot of Cd at ambient temperature from Runs 2 and 4.
Intensities are normalized to the range [0,1]. Points with stars (*) indicate that the sample
was heated previously. As in Fig. C.26, "c" and "d" denote compression and
decompression, respectively and the number indicates the chronological order in which
data were logged. Runs 2 and 4 contain the fewest measurements at 300 K; these datasets

are included here for completeness and ease of viewing.



149

55 I ! I ' I ! I ' I ! I i I T I i I T I
P (cold compression)
50 F <] (cold decompression) _
' B post heating compression
< post heating decomp >
45 F _

i 4 a » i
“0 : > s :] > . >

L ) " _
20F < <M 4
'15 1 A 1 I 1 L 1 L ] L 1 L | L 1 L 1 L 1

0 1 2 3 4 5 6 7 8 9 10
Pressure (GPa)

Figure C.30. Pressure dependence of the half-width at half-maximum (HWHM) of
the Cd T2g Raman mode, obtained from peak fits performed in Fityk. The data include
both cold compression and decompression (no prior heating) as well as post-heating
compression and decompression where the sample was heated along an isotherm before

returning to ambient temperatures.
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Figure C.31. Same dataset as in Fig. C.30 with color and labels added to specify which

run (and thus loading) and experimental points the data came from.
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Figure C.32. Subset of the dataset shown in Fig. C.31, including only Runs 1 and §

since these were majority contributors to the plot.
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Figure C.33. Pressure dependence of the intensity of Cd’s T2g Raman mode, obtained

from peak fitting performed in Fityk and plotted as a function of pressure.
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Figure C.34. Same dataset as in Fig. C.33 with color and labels added to specify which

run (and thus loading) and experimental points the data came from.
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Figure C.35. Pressure dependence of the Cd Ez; Raman mode frequency at room
temperature. Data points are compiled from multiple samples and include both cold

compression/decompression cycles

and compression/decompression measurements

following resistive heating. The pressure transmitting medium (PTM) for all measurements

is lithtum fluoride (LiF), which is much less hydrostatic than a He PTM.

Table C.III. Experimental Raman frequencies as a function of pressure, with

corresponding temperature information. The HWHM, intensity, and collection time

(where available) are also reported.

Pressure | Temperature | Frequency | HWHM I (raw) - Time (s)
Name (GPa) (K) (cm™) (cm™) I(bknd) Number
(counts) Acc (#)
R1Pl6d 0.0(1) 298(2) 40.15 4.12 1272.243 60s5x
R1PI5d 0.0(1) 298(2) 40.42 3.43 1058.97 60s5x
R2PI5d* | 0.1(1) 298(2) 40.6 2.86 18537.28 10s6x
R1P14d 0.2(1) 298(2) 40.3 3.21 2240.452 60s5x
R3P45d* | 0.2(1) 297(2) 39.06 2.06 3172.883 20s3x
R5P0c 0.3(1) 298(2) 38.66 3.38 15307.33
R4P0Oc 0.6(4) 297(2) 40.53 2.17 2786.773
R1PI3d 0.7(1) 298(2) 42.56 2.53 9614.152 60s5x
R3P3d 1.0(3) 298(2) 43.14 2.05 17952.37 10s6x
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R5POd* | 1.4(1) 294(2) 41.54 391 [ 1213689 |  10s6x
RIPI2d | 1.5(1) 298(2) 44.94 2.62 | 12047.18 | 60s5x
R3P2c 1.5(1) 298(2) 45.35 229 |16599.89 |  10s6x
R2Plc 1.6(1) 298(2) 44.39 248 | 34549.73 |  10s6x
R3 P4c 2.4(1) 298(2) 46.97 226 | 2561595 | 10s6x
R5P20c* | 2.4(3) 298(2) 44.12 3.64 | 22576.35

RIPIId | 2.5(1) 298(2) 47.78 2.73 | 3497.808 |  60s5x
R5P21¢* | 2.8(1) 298(2) 45.54 331 | 37271.34

R3P5c 2.92) 298(2) 47.94 246 | 26091.27 |  10s6x
RIPIOd | 3.0(1) 298(2) 49.32 251 | 5115516 |  60s5x
R5P22¢* | 3.3(1) 298(2) 45.6 3.85 | 49558.55

R5P23¢* | 3.9(1) 298(2) 46.56 501 | 37753.93

R3 P6c 4.0(1) 298(2) 50.16 231 | 3654241 | 10s6x
RIP9d 4.2(1) 298(2) 51.51 251 | 6038.844 |  60s5x
RIP8d 4.8(1) 298(2) 53.53 254 | 10897.11 |  60s5x
R5P24c* | 5.0(1) 298(2) 49.36 413 | 43794.25

R3P32d* | 5.7(1) 298(2) 61.81 231 | 52404.18 | 20s3x
R5P25¢* | 6.2(1) 298(2) 50.82 475 | 52444.96

R3P7 ¢ 6.6(1) 298(2) 55.37 242 | 8015.149 |  10s6x
RIP7d 6.9(1) 298(2) 57.33 255 | 11938.62 |  60s5x
R3PS c 7.1(1) 298(2) 56.62 228 | 7570.172 |  10s6x
R5P26 c* | 7.5(1) 298(2) 54.53 3.75 | 87748.07

RIPlc 7.9(1) 298(2) 58.54 2.55 | 7035.625 |  60s5x
R3PYc 8.8(2) 298(2) 59.06 237 | 8194.168 | 10s6x
RIP2c 9.0(1) 298(2) 60.3 2.73 | 8717558 |  60s5x
R5P27¢* | 9.1(1) 298(2) 57.85 3.55 | 81960.82

RIP6d 9.5(1) 298(2) 60.67 273 | 17106.15 |  60s5x

The naming convention is as follows: “R” indicates which run (in other words what loading)

the data came from, “P” is the point name and indicates when the pressure was changed, “c”

or “d” indicates compression or decompression, and the * indicates points that were heated

previously. These experiments were done in a LiF PTM with Sm:SrB4O7 as the pressure

marker. Loading methods and heating setup have been previously described and can be found

in Ref. 3.
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Table C.IV. Calculated zone-center (q = I') phonon mode frequency (wgy ),

electron—phonon coupling constant (4,,), and phonon linewidth (y,) as functions of

pressure for the experimentally observed Ez; mode of Cd. Only one of the two
degenerate modes (v = 4) is shown. No anomalies or discontinuities are predicted across

the electronic topological transition at 0.5 GPa.

Pressure (GPa) | wgqy (cm™) Aqv Yqv (GHz)

0 21.37904 0.2295 0.43
0.1 21.82046 0.2255 0.43
0.2 22.24821 0.2223 0.44
0.3 22.67105 0.2182 0.44
0.4 23.08946 0.215 0.44
0.5 23.49362 0.2118 0.45
0.6 23.9022 0.2087 0.45
0.7 24.3102 0.2057 0.46
0.8 24.69096 0.2034 0.46
0.9 25.07644 0.2005 0.46

1 25.47357 0.1976 0.47

The structures were optimized following the same procedure described in Chapter 3. The
phonon linewidths and electron-phonon couplings were calculated using the double-0
smearing technique implemented in Quantum Espresso with a smearing parameter of 0.040
Ry.** As this double-§ smearing implementation requires that the g-grid be a subset of the
k-grid, the scf was calculated on a 12x12x6 k-grid, the dense scf was calculated on a
24%24x12 k-grid, and the phonons were calculated on a 6x6x3 g-grid. The acoustic sum rule

was applied to the calculated phonon frequencies using the ‘simple’ setting.
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Appendix D

SUPPLEMENTARY INFORMATION FOR SELF-DIFFRACTION OF
FEMTOSECOND EXTREME ULTRAVIOLET PULSES IN COBALT

D.1 Electronic Structure Calculations for hcp Cobalt

The electronic density of states (DOS) of cobalt (Co) is calculated within density functional
theory (DFT) using Quantum ESPRESSO version 7.0."* Co adopts a hep structure at ambient
conditions with lattice constants of @ = 4.736 Bohr and ¢ = 7.693 Bohr.> A kinetic energy
cutoff of 100 Ry is applied for the plane-wave expansion of the Kohn-Sham wavefunctions.
The calculations use a norm-conserving Troullier-Martins pseudopotential* with the Perdew-
Burke-Ernzerhof generalized gradient approximation exchange-correlation functional.” The
integration of the Brillouin zone is performed using a 12 x 12 x 6 Monkhorst-Pack (MP) .-
point grid, and Gaussian smearing is employed to accelerate self-consistent field
convergence. The electronic DOS is computed with a 0.1 eV energy grid step. As shown in
Fig. D.1, the spin-up DOS is below the Fermi level Er, with the d-band electrons being
occupied, while the spin-down DOS cuts through Er. These results are consistent with

previous computational studies on hep Co.”®



159

-

DOS (states/eVfatom)
(=}

-
T

-10 -5
E-Ep (eV)

Figure D.1. Spin-polarized electronic DOS of hcp Co.

D.2 Chemical Potential Calculations

Given that the total number of valence electrons N is conserved at any electronic temperature
T,, the chemical potential u(T,) is determined by integrating the product of the Fermi-Dirac
distribution  function,  f(E,u(T,),T,) = {exp [(E — u(T,))/(kgT,)] + 1}71  with

Boltzmann constant kg, and the total electronic DOS of Co, g(E), over all energies:*'°
N = f f(E,Ep, Te = 0K)g(E)IE = f fE, u(Te), Te)g(E)IE . (D.1)

Co has 3d” 4s* valence electrons and exhibits a high electronic DOS near the Fermi level, as
illustrated in Fig. D.1. This high DOS allows the excitation of d-band electrons at the energy
levels around the Fermi energy, which results in an increase in the chemical potential as T,

increases, as shown in Fig. D.2.
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Figure D.2. Chemical potential of Co as a function of the electronic temperature.

D.3 Complex Refractive Index at Varying 7

Calculations of the complex refractive indices near the Co Mz3 edge at varying T, are
performed using the Obtaining Core Excitations from the Ab initio electronic structure and
the NIST Bethe-Salpeter equation (BSE) solver (OCEAN) version 3.0.3.!112 The code first
calculates the ground-state electronic structure of Co within plane-wave DFT framework
using Quantum ESPRESSO and subsequently computes the complex dielectric function
within the BSE approach to account for excitonic effects. For consistency, the same
pseudopotential, kinetic energy cutoff, and lattice constants are used in both the DFT and
BSE calculations. The MP k-point grids employed are 10 x 10 x 10 for the ground state, 16
x 16 x 16 for the final state, and 4 x 4 x 4 for screening calculations. The number of bands
for the final-state and screening wavefunctions is set to 100, and a scaling factor of 0.8 is
used for the Slater integrals, which is typical for 3d transition metals.!* The electron-hole
occupation number differences in the BSE Hamiltonian are determined by the Fermi-Dirac
distribution function, with chemical potentials dependent on T,. The resulting dielectric
functions are broadened using a convolution of a Lorentzian function with a FWHM of 0.3

eV. Finally, the complex dielectric function € = €, + i€, is converted into the complex



161

1/2
/ and

refractive index i =1—8 +if by using 1 —& = {[(e? + €2)V/? + €,]/2}

B={[(e2+e)V?—¢]/ 2}1/2. Figure D.3 illustrates the experimental and calculated
complex refractive indices of Co. While the calculations do not as accurately reproduce the
experimental complex refractive index, the spectral differences due to photoexcitation is
accurately reproduced as proven in previous studies.'*!> Figure D.4 demonstrates that the
differences in § and S resulting from a 100 K increase in T, are most pronounced near the
Co My;3 edge, where they contribute to the most intense signal in the self-diffraction

spectrum.

54 56 58 60 62 64 66 68 70 72 54 56 58 60 62 64 66 68 70 72
Energy (eV) Energy (eV)

Figure D.3. Comparison of experimental and calculated complex refractive index of
Co. (a) Real and (b) imaginary parts as obtained from Ref. 16 (blue) and from calculations
(black).
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Figure D.4. Ao (red) and Ap (blue) at an electronic temperature rise of 100 K from
300 K to 400 K.
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