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Unraveling the exact nature of nonequilibrium and correlated interactions is paramount for continued
progress in many areas of condensed matter science. Such insight is a prerequisite to develop an
engineered approach for smart materials with targeted properties designed to address standing
needs such as efficient light harvesting, energy storage, or information processing. For this goal, it is
critical to unravel the dynamics of the energy conversion processes between carriers in the earliest time
scales of the excitation dynamics. We discuss the implementation and benefits of attosecond soft
x-ray core-level spectroscopy up to photon energies of 600 eV for measurements in solid-state systems.
In particular, we examine how the pairing between coherent spectral coverage and temporal resolution
provides a powerful new insight into the quantum dynamic interactions that determine the macroscopic
electronic and optical response. We highlight the different building blocks of the methodology and
point out the important aspects for its application from condensed matter studies to materials as
thin as 25 nm. Furthermore, we discuss the technological developments in the field of tabletop
attosecond soft x-ray sources with time-resolved measurements at the near and extended edge
simultaneously and investigate the exciting prospective of extending such technique to the study of
2-dimensional materials.
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Introduction

Many open questions in solid-state science revolve around
multibody physics and correlated materials [1]. The coupled
charge carrier and lattice interactions give rise to emergent
phenomena such as high-temperature superconductivity, the
fractional quantum Hall effect, and structural and electronic
phase transitions or topological properties, which provide
exciting prospects to realize devices with novel functionality,
e.g., in composite 2-dimensional (2D) materials [2-4]. At the
same time, a fundamental insight into charge and lattice dynamics
is an essential development for smart materials designed to
address major-standing needs such as efficient light harvesting,
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energy storage, or information processing. Understanding and
describing the fundamental interactions and dynamics present
in these systems, particularly how they emerge, require inves-
tigating the real-time motion of charge carriers in nonequilibrium
conditions [5,6] together with lattice dynamics. In particular,
determining which specific orbitals contribute to the respective
electronic properties necessitates the use of probing techniques
capable of orbital selectivity [7-9]. X-ray absorption spec-
troscopy provides such unambiguous probing of individual
orbitals if Kand L core-level transitions are used. The develop-
ment of attosecond sources with photon energies high enough
to access water-window core levels [10], i.e., attosecond soft x-ray
(SXR) pulses, now empowers x-ray absorption spectroscopy for
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investigating electronic properties with orbital selectivity in
real time.

In the SXR regime, i.e., at photon energies higher than 120 eV,
spectroscopic measurements have long been performed in
large-scale facilities, primarily synchrotrons or with tabletop
laser-plasma sources. In the former case, the temporal resolu-
tion available for dynamic studies has been limited by tens to
hundreds of picosecond duration typical of the circulating
electron bunch. Experiments with subpicosecond resolution
were realized with “slicing” beamlines [11] in the early 2000s,
although at substantially reduced photon flux. Recently, at
free-electron lasers, attosecond bursts of radiation were detected
in both in the extreme ultraviolet (XUV) [12] and in the SXR
[13] spectral regions. However, these bursts occur quasi-randomly,
i.e., they vary in duration, absolute time delay, and spectral
content. Such variations are expected to be mitigated with the
development of adequate self-referenced single-shot measure-
ment techniques. However, the problem is compounded by the
difficulty to synchronize the free-electron laser SXR bursts
with, e.g., a pump laser on the sub-30-fs range. These limita-
tions, in addition to the cost and scarcity for beam time in
large-scale facilities, have further motivated the develop-
ment of laboratory-scale SXR sources. Following this goal, a
number of approaches in providing coherent, laboratory-based
x-ray sources has seen extensive research and development.
These include laser-produced plasma sources [14], coherent
wake field acceleration [15,16], incoherent betatron emission
[15,17,18], and high-order harmonic generation (HHG). In
the latter, a spectacular progress has been made in the spec-
tral extension [19,20] of HHG sources from the XUV to the
SXR photon energy regime along with the accompanied
ability to provide pulses significantly shorter than a single
femtosecond [21-25].

Attosecond duration pulses in the XUV at a photon energy
0of 90 eV were first demonstrated in 2001 [26,27]. However, the
extension of attosecond technology into the SXR regime, for
core-level x-ray spectroscopy, required much further research
and development because of the unfavorable ponderomotive
scaling laws [28-30] and phase-matching requirements of
HHG [22,31]. In particular, the ability to perform attosecond
experiments in the SXR water window (284 to 543 eV), named
after the high transmittance of water in this region, presented
an enticing goal. This region contains the elements of the build-
ing blocks of life, namely, the K-edges of C, N, and O, as well
as the L-edges of a number of heavier elements. We note that
SXR radiation from HHG [20] was detected as early as 1997
[32]; however, the yield of these sources was far too low for an
application or for time-resolved measurements. In 2014, we
demonstrated the first water-window spanning attosecond SXR
source [10] together with an x-ray absorption spectrum from an
organic solid at the carbon K-edge. Further work from our group
[23,33,34] detailed an approach for scaling attosecond metrology
[21] and technology [22] to the SXR range. Nowadays, a num-
ber of HHG sources have followed this approach capable of
producing isolated subfemtosecond pulses [21,23,25,35,36].
Equally important, these pulses exhibit ultrabroad band-
widths through the entire water window [10,22,37-39], unlock-
ing the ability to perform time-resolved x-ray spectroscopy
over multiple elemental edges simultaneously [33] or to
measure the near and extended absorption edge ranges in
materials [40] to extract electronic and structural information
simultaneously.
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Core-Level X-ray Absorption Fine Structure
(XAFS) Spectroscopy for Mapping
Electronic Structure

In solid-state materials, atoms of various elemental species
bond together to form the macroscopic material system. This
bonding is governed by the valence electron orbital configura-
tion of the respective elements and leads to a hybridization of
the valence states into the overall band structure of the system.
Because Coulomb forces and exchange interaction couple
nuclei and charges together, lattice motion changes the elec-
tronic structure and electronic excitation changes the lattice
position. This is important when considering that the valence
band (VB) properties govern the response of a system to
nonequilibrium conditions and, thus, the implementation into
functional devices. To fully understand, the dynamic response
of a system requires disentangling the multibody interaction,
i.e., the involvement of various contributions to the non-
equilibrium electronic properties with both elemental and
orbital specificity [8,9,41]. Core-level x-ray absorption fine
structure (XAFS) spectroscopy is exactly such a tool. While the
valence and high-lying semi-valence states can change signifi-
cantly in the formation of macroscopic systems, the inner,
core-level, electron states remain deeply bound and well con-
fined to the atomic site.

In XAFS, x-ray photons are used to excite core electrons
from the bound core-level states into the unoccupied valence
states or continuum. These transitions are categorized by the
core level from which they occur. Absorption from the 1s
orbital is labeled as K-edge, while the L,-edge relates to the 2s
level and L, ;-edges to the 2p level. M;, M, 5, and M, 5 corre-
spond to the 3s, 3p, and 3d levels, respectively. Higher edges
continue their labeling in the same fashion. Figure 1 shows a
schematic representation of a prototypical x-ray absorption
profile, broken into 2 regions that relate to bound-bound and
bound-free transitions of the core-level electron. The first,
termed x-ray absorption near-edge structure (XANES) or near-
edge XAFS, corresponds to the promotion of the core electron
into a dipole-accessible, nonfilled valence state. Hence, XANES
probes the unoccupied density of states (DOS) [42,43]. The
second region is labeled as the extended XAFS (EXAFS) region.
Here, the photoelectron wave packet can experience multiple
scattering events with the surrounding atoms, resulting in
modulations of the absorption profile. These interference
patterns contain information about the nuclear or lattice spacings.
Together, the full absorption profile allows for the measurement
of both the electronic properties and the geometry of the system
under investigation as shown by Buades et al. [40].

The ability to extract information about the electronic nature
of a system through the x-ray absorption spectrum depends
on the uniqueness of the connection between the measured
x-ray photons and charge carriers or, more precisely, the unique
connection between x-ray absorption spectrum and the
unoccupied DOS. Moreover, to study any effect, it is paramount
that we probe the material in a way that the probe does not
pollute the effect to be measured, i.e., measuring “x-ray”
absorption through a semi-valence electron with XUV probe
light will make inferring electronic dynamics from the measured
absorption spectrum of photons ambiguous, and, in addition,
it will alter the electronic structure. The multiple pathways that
an XUV photon induces in a system lead to multiplet effects
[8,42,44]. These alterations make interpretation of the x-ray
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Fig.1. Schematic representation of the x-ray absorption fine structure (XAFS) spectroscopy in a solid-state material. XAFS absorption can be understood as arising from the
individual atomic contribution (in blue) and a contribution due to scattering of the photoelectron wave packet with the neighboring atoms (in red). The former, known as
x-ray absorption near-edge structure (XANES), probes bound states and provide a mapping of the unoccupied density of states that are depicted along with a representative
schematic of the band structure. The latter, termed extended XAFS (EXAFS), is modulated in amplitude because of the interference of the outgoing and backscattered
photoelectron wave packets above the ionization potential and provides information about the spatial position of nuclei. CB, conduction band; VB, valence band; SXR, soft

x-ray; DOS, density of states.

absorption spectrum, and identification of valence electronic
dynamics, extremely difficult [7,8,43] without new theoretical
means to disentangle these effects [8,44]. K-edge and L, tran-
sitions are void of such ambiguities and are thus the established
transitions used in x-ray spectroscopy. We note that multiplet
effects scale very poorly for higher-order transitions. For
instance, probing the Ti:3d orbital of TiO, with XUV light
from the Ti:3p (semi-valence) state generates a semi-core-hole
Ti:3p°3d™"" and involves 45 pathways. Without the means to
describe these pathways, the interpretation of the absorption
spectrum becomes questionable. Additionally, XAFS measure-
ments performed at low-photon energies suffer from parasitic
photoionization in the higher-lying states, (¢ & Z°w~*?), which
alters the final states to be probed further [45]. Even when using
x-ray photons that access K and L, transitions, one needs to be
mindful of the core-hole effect and how it possibly alters the
absorption spectrum. Here, we can draw from x-ray spectros-
copy and previous measurements. In most cases, the core-hole
decay is very fast or does not alter the absorption spectrum in
a significant way. However, the influence of the core-hole decay,
and successive Auger cascades, needs to be considered when
investigating the earliest time scales until a few femtoseconds
[46]. Theoretical descriptions of x-ray absorption are well estab-
lished for time-stationary conditions with many powerful
simulations [47-49]. The most advanced tools include multiplet
effects [8], the effect of the core-hole [50-53], low-energy elec-
tron scattering [50], or phonon motion [51]. The advent of
ultrafast x-ray sources nowadays challenges theory to describe
transient nonlinear interactions including those effects [51,54].

Generation of SXR Pulses for Atto-XANES

As mentioned above, our progress in attosecond SXR sources
has now unlocked the ability to produce isolated attosecond
pulses with energies extending past 0.5 keV [21,23,33]. This
has required utilizing driving laser sources in the short wave-
length infrared (SWIR) spectral range (0.7 to 2.5 pm) as the
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maximum photon energy achievable with the HHG process
scales quadratically with the driving wavelength. However, with
longer driving wavelengths, the production of any appreciable
SXR photon flux required the development of strategies to
mitigate the unfavorable scaling of harmonic yield with wave-
length (approximately scaling with A~°) [30,55,56]. A remedy
was found in high-pressure phase matching [22,57], with a
measured balance of ionization conditions and reabsorption.
These conditions were also shown to demand a more stringent
control over the carrier-envelope phase for the production of
isolated attosecond SXR pulses along with acceptable spectral
stability [34].

In this section, we point out several relevant results and
developments implemented to reliably produce isolated SXR
attosecond pulses with sufficient photon flux [10,37] to perform
time-resolved x-ray [58,59] studies. We produce attosecond
SXR pulses by tightly focusing a sub-2-cycle, SWIR driving
laser pulse into either neon or helium. This provides a source
brilliance of up to 2 x 10” photons/s/10% bandwidth at 284 eV
or more than 7 x 10" photons/s on target from the carbon
K-edge until the cutoff [22]. The attosecond SXR pulse is
focused by a factor of 2 with an elliptical x-ray mirror (Zeiss)
and detected by a homebuilt spectrograph, which consisted of
a flat-field imaging grating (2,400 lines/mm; Hitachi) and a
Peltier-cooled, back-illuminated charge-coupled device camera
(PIXIS-X0O-2048B, Princeton Instruments) with a resolution
0f 1/1,000, i.e., 0.3 eV at 300 eV and up to 1,500 at lower photon
energies. Solid-state or gas-phase samples for transient absorp-
tion measurements are placed at the ellipsoidal focal plane.
Time-resolved studies are then implemented by combining
this attosecond probe pulse with an optical pump pulse in a
Mach-Zehnder interferometer configuration. Furthermore,
a detailed technical description of the attosecond source and
experimental beamline can be found in several previous
publications [10,58].

Figure 2A shows SXR spectra obtained, driving the HHG
process in a high-pressure helium target with a sub-2-cycle
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Fig.2.Spectral and stability characterization of the ICFO Attosecond Beamline. (A) Coherent SXR continua generated with 1.85- and 2.1-um driving pulses. Overlaid as vertical
lines are the positions of accessible K (black) and L (blue) absorption edges. (B) The excellent stability of the attosecond source. The integrated number of counts per 40-s
frame over 16 h fluctuates maximally by 3%. (C) Power spectrum of the integrated counts within the 1% bandwidth at the C K-edge (284 eV) (orange) compared to the one
of a hypothetical shot noise limited source (violet). HHG, high-order harmonic generation; FT, Fourier transform.

1.85-pm and a 2.1-pm pulse. The bandwidth of the attosecond
pulse generated using a 1.85-pm driving pulse spans the entire
SXR water window and has an experimentally retrieved tem-
poral duration of 165 as [35]. As seen from the x-ray spectrum
obtained from the 2.1-pum pulse, using a longer driving wave-
length allows for the production of x-ray with energies extending
well past the oxygen K-edge. This extremely broad bandwidth
enables x-ray absorption studies over multiple edges simulta-
neously (see Fig. 6). Vertical black and blue bars overlaid with
the spectrum in Fig. 2A indicate the positions of principle
K- and L-edges, respectively.

The exploitation of atto-XANES measurements for time-
resolved applications requires high spectral stability for the
entire duration of the measurement, typically on the order of
several hours. To this end, Fig. 2B shows the long-term stability
of the SXR attosecond beamline for 16 h where the residual
fluctuations amount to 3%. This measurement clearly shows
that a tabletop attosecond SXR source is perfectly capable for
long-term measurements and user operation.

To more explicitly examine the noise performance for our
x-ray source, we calculate the power spectrum taken overa 1%
bandwidth around the carbon K-edge and compared to a simu-
lated Poisson distribution, shown in Fig. 2C. An integration
time of 40 s was used for each acquisition, and the total
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measurement took place over 31 h. The analysis reveals that
the noise present in our source deviates strongly from the ideal
white noise behavior for frequencies lower than 10~ Hz, but
that for higher acquisition frequencies, some overlap is achieved.
This indicates that shot noise can be limited to the primary
contribution to the signal-to-noise ratio (S/N). We note that it
has been shown that both dark noise and readout noise can
be reduced to the 107 level or below [60] in transient X-ray
absorption studies, leaving photon-shot noise often the pre-
dominant contributor; see also [61].

Having discussed the stability of the source, we turn to an
investigation of focusability and SXR wavefront. The high-pressure
phase-matching condition, described above, to generate high-
flux attosecond pulses, also has a clear effect on the wave-
front of the x-ray pulse. Wavefront mismatch between pump
and probe pulses in a time-resolved experiment can cause
undesired effects, such as nonuniform sampling of the process
under investigation and loss of temporal resolution. It is
thus crucial to ensure the spatial quality of the SXR beam
generated via this extremely nonlinear optical process. To
investigate the spatial quality of the SXR beam and its propa-
gation, we performed a wavefront analysis measurement
utilizing a Hartmann wavefront sensor for the SXR spectral
range [62,63].
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In particular, the wavefront quality, divergence, and astig-
matism were measured as a function of backing pressure in the
HHG gas cell and with respect to the ideal conditions for
maximum SXR flux generation. For this investigation, isolated
attosecond pulses, with a spectrum ranging from 200 to 400 eV,
were generated in neon, with a backing pressure scanned
between 2 and 5 bar. Further measurements were also per-
formed using argon as a generating medium. The Hartmann
wavefront sensor is placed 20 cm after the x-ray focal plane.
Figure 3A to D shows the measured wavefront at various neon
backing pressures. For values between 3 and 4 bar, minimal
distortion of the wavefront is observed. Consequentially, this
pressure regime also corresponds to the optimum conditions
for maximizing x-ray photon flux. For pressures lower than
3 bar or higher than 4 bar, the wavefront of the beam is distorted.
This can be further appreciated in Fig. 3E. The measurement
exhibits unequal beam aberrations as a function of the backing
pressure. This is analyzed in terms of the retrieved Zernike
coefficients dominated by both astigmatism coefficients that
are indicative of the amount of astigmatism present. These
results demonstrated that the pressure corresponding to the
optimal conditions for the highest conversion efficiency is also
critical in obtaining the lowest wavefront distortion and astig-
matism and, thus, for a good focusing on the target for meas-
urements. Interestingly, these measurements also show that the
results are general, i.e., gas and wavelength independent.
Finally, we retrieve a beam size of 15 pm at a central wavelength
of 4 nm, with an M’ value of better than 20 and an estimated
root mean square of 5.7 nm.

P =3 bar

A P=2bar B

Having discussed the spatial aspect of generation and
refocusing, we now turn to the temporal synchronization.
For attosecond-resolved measurements, recording temporal
dynamics requires the locking (or tagging) of the phase relation
between the pump pulse and the probe with subcycle resolution
over the course of the entire measurement. This has remained
a notoriously difficult prospect, particularly in the SXR regime
where measurements typically require several hours to several
days of continuous data collection. To explicitly demonstrate
the capability of our beamline to track subfemtosecond dynamics,
we show the results of a measurement that requires subcycle
locking of pump and probe to reveal the dynamics of the auto-
ionizing states of argon around the L, ;-edge (see Fig. 3) [64].
In the vicinity of the 2p~" threshold, well visible in the Ar static
transmission spectrum (see Fig. 4A) are the autoionizing states
4s (244.2 eV), 5s/3d (247.0 eV), and 5s/3d (249.2 eV). Here,
the sub-2-cycle, 1.85-pm pump pulse dresses the atomic sys-
tem, thus dynamically changing its L-edge. Figure 4B highlights
2 of the most prominent effects of the time-resolved differential
measurement: the appearance of a light-induced state at
246.0 eV and an AC Stark shift on all the 3 absorption lines,
particularly on the 5s/3d state at 247.0 eV. Instantaneous tem-
poral evolution of the pump pulse (in particular, of its electric
field squared) imprinted on the AC Stark shift of the 5s/3d
states is well resolved, as well as the amplitude oscillations with
3-fs periodicity (twice the frequency of the pump pulse) of the
light-induced state Fig. 4C. The ability to clearly reveal the field-
dressed dynamics in Ar with attosecond resolution clearly
demonstrates the extremely high phase stability and phase
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Fig. 3. Hartman wavefront measurements of the attosecond SXR wavefront for different HHG conditions. (A to D) Wavefronts and (E) the Zernike coefficients indicative of
beam astigmatism. We find the lowest wavefront distortion between 3 and 4 bar, with 3.25 bar being the optimal pressure for the high-harmonics conversion efficiency. This

pressure also results in lowest astigmatic aberrations (E).
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Fig. 4. Attosecond XANES L, ;-edges in argon. (A) Time-integrated XANES of Ar shows the static transmission structure and allows to identify the relevant L, ; transitions
(highlighted by dotted lines). (B) Attosecond time-resolved, differential absorption measurement with the 165-as SXR pulse as probe and a 1.85-um pump pulse at a peak
intensity of 10™ W/em?, resolved with a 0.5-fs step size. (C) Line-outs from (B) around the 2p,/,'5s/3d state reveal quantum beats, and a Fourier analysis (inset) reveals a

distinct contribution twice the frequency of the pump pulse.

synchronization between a sub-2-cycle pump and an atto-
second SXR probe.

Electronic and Structural Information Retrieval
with Atto-XANES

Atto-XANES, as described in the previous section, enables, for
the first time, ultrafast time-resolved and multiedge core-level
SXR absorption spectroscopy at the K- and L-edges of the
elemental building blocks of highly relevant molecular and solid-
state systems. In the following section, we present several results
detailing the ability to use such spectroscopic measurements
to extract detailed electronic and structural information.

We first like to show a comparison between the (non-time-
resolved) measurement at a synchrotron light source and our
attosecond beamline. We note that the majority of measure-
ments at synchrotron facilities employ total electron yield
(TEY), which measures the generated free electron current,
while scanning the input x-ray energy, rather than the direct
optical absorption, thus assuming that the TEY is reminiscent
of the optical absorption. Figure 5 shows a comparison of
95-nm highly oriented pyrolytic graphite measured in our
beamline to that of a TEY measurement performed at the Nano
Magnetism Unit beamline at the ALBA Synchrotron. Graphite
consists of equally oriented graphene layers, bound through
Van der Waals forces, where the carbon atoms form a hexagonal
lattice. The XANES structure at the carbon K-edge arises from
the dipole-allowed transitions from the 1s core-shell to the
unoccupied ¢” and 7" states that define the conduction band
(CB) of graphite. These 2 CB states are clearly distinguishable
in the x-ray absorption profiles in Fig. 5A and B. In the former,
the basal plane is oriented at 40° with respect to the linearly
p-polarized x-ray pulse, while in the latter is normal to the x-ray
beam. As can be seen, the 7" peak at 284 eV is present for the
40° orientation while not for the 0°. This is due to the selective
probing of bands with different orbital characters, here the
in-plane sp,-hybridized and the out-of-plane p,-orbitals. A
strong qualitative agreement between the results of TEY and
attosecond x-ray is achieved, with the primary variation arising
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only from the x-ray spectrograph resolution used for each mea-
surement. This result benchmarks our spectroscopic technique
against the well-established one from large-scale facilities. Further
results showing the sensitivity of atto-X ANES to the various orbital
contributions of graphite’s DOS, as well as the retrieval of the char-
acteristic bonding distances, can be found in [40].

A distinct advantage of K-edge spectroscopy is that the
absorption is directly proportional to the unoccupied DOS.
Figure 5C nicely highlights this by showing how the absorption
spectrum of graphite can be easily retrieved as the product
of a Fermi-Dirac distribution and the DOS, convolved with a
Voigt profile to account for both the 1s core-hole lifetime
broadening and spectral resolution of the x-ray spectrograph
(T =350 K and E, = 284.75 eV). The DOS is obtained from
density functional theory provided by the Quantum Espresso
package [65]. The excellent agreement between fit and the
experimental data not only proves the power of K-edge absorp-
tion spectroscopy to probe the unoccupied DOS but also opens
the possibility to a reverse-fitting algorithm and retrieval of
electronic temperatures and Fermi energy of an excited system
as function of the delay between pump and probe.

As already mentioned, a new capability of the broad band-
width associated with the shortness of the attosecond pulse is
the possibility to perform atto-X ANES measurements, simul-
taneously covering multiple absorption edges at the same
instant in time. This can offer enormous advantages in probing
the nonequilibrium electronic dynamics within the band struc-
ture of solid-state materials. Figure 6 shows the x-ray absorp-
tion spectra of hexagonal boron nitride and titanium disulfide
(TiS,), measured in the atto-X ANES beamline at The Institute
of Photonic Sciences.

As in the case of graphite, the lattice structure of hexagonal
boron nitride consists of individual hexagonal layers bound
through Van der Waals interactions, and its CB contains ¢” and
7" states. Figure 6A shows that these states are revealed in the
x-ray absorption profile in both the boron K-edge, near 193 eV,
and the nitrogen K-edge, near 400 eV. A peculiarity of the
system is that the top of the VB (x) is primarily composed
of nitrogen 2p orbitals, while the bottom of the CB (z") is
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Fig.5. Static x-ray absorption spectra from highly oriented pyrolytic graphite graphite. Benchmark comparison between the static x-ray absorption spectrum of a 95-nm-thick
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primarily composed of boron 2p orbitals [66]. Hence, thanks
to the ultrabroad bandwidth of the attosecond pulse, atto-
XANES provides the ability to track the optical excitation from
specific VBs to specific CBs in real time [66]. A further example
is given in Fig. 6B by the x-ray absorption profile of the tran-
sition metal dichalcogenide TiS,. Transition metal dichalco-
genides are an exciting class of 2D materials in which correlated
carrier properties could be exploited for novel optoelectronic
functions or for high-density energy storage [3,5,6,67-70]. The
properties of these materials nearly exclusively arise from the
partially filled d-orbitals, which also exhibit strong spin-orbit
coupling. Because the CB of TiS, has a predominantly Ti 3d
character, it can be probed at the Ti L, ;-edge at around 460 eV.
The VB is instead mainly composed by mixed sulfur 3s and 3p
states; thus, it can be accessed at the S L, ;-edge at 160 eV. We
have recently shown this aspect with full time-resolved atto-
XANES at the Ti L, ;-edge [58].

These examples highlight the strong benefits of SXR atto-
XANES particularly well, as ultrafast correlations and elec-
tronic dynamics within the bands are simultaneously recorded.
Difficulties such as repeating measurements while scanning
probe photon energies and maintaining experimental condi-
tions are inherently avoided. This is in addition to the uniquely
superior temporal resolving power of atto-X ANES.

The ultimate goal of the time-resolved spectroscopic tech-
nique is to track the flow of energy from the electronic photo-
excitation to the relaxation of the system. Here, attosecond
sources provide unique and powerful new opportunities to any
existing technology. The capacity of breaking new ground with
attosecond technology is evident when considering questions
related to correlated multibody physics such as complex
photon-carrier-phonon coupling in many relevant systems.
While most conventional spectroscopic techniques do not
achieve a simultaneous tracing of electron and lattice dynamics,
a recent investigation by our group demonstrated that K-edge
XANES meets these requirements for the first time [71].

We like to briefly point out some important aspects of the
unique new attosecond capabilities with a further demonstra-
tion of atto-XANES K-edge spectroscopy. The investigation
was conducted on a 25-nm-thick highly oriented pyrolytic
graphite sample, which pushes signal-to-noise requirements of
attosecond sources to the present limit. Less sample thickness
implies a much less pronounced change in absorption, which
needs to be compensated with comparatively long integration
times. However, despite this difficulty, the excellent long-term
stability of our attosecond source and beamline allows for such
a measurement.

Specifically, we optically excite charge carriers in graphite
around the K-point with an 11-fs, 1.85-um pump pulse and
track the subsequent ultrafast carrier excitation in both the CB
and VB. The basal plane of the sample is oriented at 40° with
respect to the linearly polarized SXR pulse to allow for the
ability to probe both the z* and the o* orbitals of the CB
(see Fig. 5). A nonequilibrium state is induced by a delayed
pump pulse with high fluence of 208 mJ/cm®. To perform a
detailed investigation of both the fast electron dynamics and
subsequent phonon excitations, 2 measurements were per-
formed: the first with a subfemtosecond resolution targeting
the rising edge of the signal (first 50 fs) and the second covering
the longer time dynamics of up to 10 ps. Figure 7 shows the
results of this measurement over the first 500 fs. Immediately
obvious are the distinct features near the Fermi energy at

Summers et al. 2023 | https://doi.org/10.34133/ultrafastscience.0004

284 eV in Fig. 7A. At slightly later times, an absorption increase
appears around 292 eV. The aforementioned relation of x-ray
absorption to unoccupied electronic states allows us then to
associate these changes to the ® bonding state (~284 eV) and
the n* (285 eV) and 6* (292 eV) antibonding states. The quick
rise of the w and n* features is comparable with the pump pulse
duration (see Fig. 7B). We have very recently demonstrated
how to retrieve detailed information regarding the carrier-
carrier scattering, enabling to disentangle between holes (r)
and electrons (n*) and to differentiate between impact excita-
tion and Auger heating [71]. Strong electron-phonon coupling
gives then rise to the delayed o* signal that allows to access
both the incoherent and coherent phonon excitations. Its rise
can be modeled with a 3-temperature rate equation model,
while its oscillatory patterns allow to discern between the
coherently excited phonon modes. Overall, the capacity of
K-shell atto-X ANES shows that the direct mapping of the DOS
via the absorption constitutes an ideal probe to investigate
dissipation pathways from the attosecond to the picosecond
time scales, from carrier to lattice dynamics.

Aside from the rapid dynamics previously dicussed in the
near-edge absorption regime, we simultaensouly observed the
far-edge region EXAFS. Changes in the EXAFS due to lattice
motion occur at much later delays; hence, we show in Fig. 7C
a delay scan up to 25 ps at delay steps greater than 5 ps. For a
simple impression where to expect changes in the EXAFS, we
resort to simulations with FDMNES [72]. Figure 7D displays
changes in the EXAFS for interlayer separation along the basal
plane and indicates, among more complicated lattice dynamics,
contributions to the measured EXAFS signal. This first time
resolved EXAFS measurement demonstates the ability to use
the extremely high bandwidth from isolated attosecond pulses
to perform time-resolved, near, and extended-edge x-ray absorp-
tion spectroscopy.

Extending K-edge Atto-XANES to Thin Samples
and Novel 2D Materials

Several rapidly advancing research directions in solid-state
physics are related to the understanding of strongly correlated
2D materials. In view of exploring quantum confinement effects
and correlated electron dynamics on the attosecond time scale,
the enticing prospect exists to apply atto-XANES to thin or
few-layer samples. The general requirement of any absorption-
based techniques is finding a balance between achieving suffi-
cient absorption to extract a signal while keeping absorption
minimal to avoid lowering S/N in and self-absorption effects.
A good rule of thumb in XAFS is keeping the sample thickness
such that approximately 1/e of the incoming signal is transmitted
to best optimize the S/N in the absorption measurement. For
example, at the carbon K-edge near 284 eV, this requires a
~100-nm-thick graphite sample. In the preceding section, we
detailed the successful use of a sample with a thickness much
less than the x-ray absorption length in an atto-X ANES measure-
ment. These investigations showcase the feasibility of atto-
XANES to investigate systems already with only a few tens of
layers. The exciting and rapid current development of ultrafast
laser technology, novel phase matching schemes, improved
x-ray optics, and low-noise x-ray photon detectors provide very
exciting prospects to extend atto-XANES measurements into
2D materials. In the following, we point out some aspects of
these developments.

€20z ‘1€ Anc uo Bioaous o' [ds//:sdny wody papeojumoq


https://doi.org/10.34133/ultrafastscience.0004

Ultrafast Science

AA
-0.05 0.00 0.05

295
= —————
9
> 290 -
&
[0}
c
[}
e @
5 m——
*6285_=======__==============
2 -
£ |- T T T @

280

1 v 1 v 1 r 1 v 1
0 100 200 300 400
Delay (fs)

405

AA
-0.02 0.00 0.02

385

365 -

345

Photon energy (eV)

325+

305 1 1 1 1 I
0 5 10 15 20 25
Delay (ps)

004 B To-15fs

0 0 o

1,-454fs
O 0 o

0.02
2
0.0
Vv
-0.02

-0.04 1

0 100 200 300 400
Delay (fs)

405
AA

-0.02 0.00 0.02
385

365

345

Photon energy (eV)

325+

-

305 -t T T T T T
-0.4 0.0 0.4 0.8 12 1.6

Ac (pm)

Fig.7.Time-resolved atto-XAFS measurement in graphite. (A) The differential absorption AA(E) between the XANES spectrum with and without pump pulse on a 25-nm-thick
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region of the same sample, shown for a long-range delay scan to 25 ps. (D) FDMNES simulation of expected changes in the EXAFS for interlayer separation out of equilibrium.

In addition to generating a comparatively high photon flux
from HHG-based sources, a known challenge for the manipu-
lation of x-ray pulses is the low efficiency of optical elements
due to the low refractive index contrast in the x-ray wavelength
range. However, a number of exciting technological advance-
ments in both source development and much higher efficiency
x-ray optics have been recently demonstrated. On one side,
active development of next-generation, ultrafast laser sources for
driving the HHG process is underway. One hundred-watt-scale
OPCPAs in the SWIR have become commercially available
in the last few years with expected scaling to the 1-kW level
[73-75]. Perhaps even more importantly, the developments of
reflection zone plate-based x-ray spectrometers offer a dramatic
increase in efficiency over current reflection gratings [76].
Additionally, research in better HHG phase-matching schemes
offers promising further increases in the total x-ray flux [77,78].
Using specifications that we deem realistic in the near future,
we perform an estimation of the signal to noise achievable in
transient x-ray absorption measurements on the example of
graphite.

Considering shot noise as the sole source of noise (see
Fig. 2), the total noise present in a transient absorption measure-
ment (A) is given by:
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—= (1)
1
D D
NP =N

where, NP and N, g) are the number of detected photons in the
unpumped case and pumped case, respectively. Propagating
this uncertainty for absorption measurements using the Beer-
Lambert law gives the number of minimum photons (N(‘)“in)

produced by an x-ray source to achieve a desired S/N (/) as:

D _ D
LNy

min _ p2 and 1+ e—aoad
NO pne (1 _ e—aoad) (2)
where 7 is total efficiency of the x-ray photon detection (con-
sidering losses from x-ray optics and x-ray detector efficiency),
a, is the x-ray absorption length, ¢ is the relative modification
of the absorption constant by the pump pulse, and d is the
sample thickness.

Figure 8 shows the signal-to-noise level versus acquisition
time for 4 sample thicknesses. This is calculated using a con-
servative input photon flux of 10” photons/s over 1% bandwidth
and # = 5.0%. The absorption length of graphite is 95 nm at
284 eV, and o = 0.25 is set to match the observed change in
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Fig. 8. Signal-to-noise estimation for few layers of samples as a function of the integration time. (A) Estimated values for different samples thicknesses, according to the
model described in the text. The data shown here consider photon flux of 107 photons/s over 1% bandwidth. (B) The estimated differential absorption signal as function of
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absorption for the results shown in Fig 8 and [71]. As can be
seen, performing atto-XANES measurements, with realistic
acquisition times and S/N, on samples with thicknesses down
to the few or single nanometer is possible. Note that the bulk
x-ray absorption constant was used in this calculation. While
the x-ray absorption in graphene has been demonstrated to
scale linearly with the number of layers over a significant range
of thicknesses [79], it is unclear whether the scaled bulk absorp-
tion to a single layer do not significantly underestimate the
absorption of a monolayer. Additionally, when approaching
this limit, one cannot neglect detector dark noise due to the
increasingly small change in absorption signal level. For further
consideration of the ability to resolve transient absorption fea-
tures, the change in absorption induced by the pump as a func-
tion of sample thickness is shown in the inset of Fig. 8. Overall,
we find that the prospects of leveraging the power of attosecond
XANES for investigations of the plethora of interesting physics
of 2D materials extremely exciting and promising.

Conclusion

The extension of attosecond light sources into the SXR regime
provides a truly unique experimental capability for investigat-
ing ultrafast dynamics in solid-state materials. The ability to
perform true XANES measurements at the K- and L-edges of
a host of highly relevant elements with attosecond temporal
resolution allows for the unambiguous extraction of detailed
electronic structure and charge carrier populations both during
optical excitation and during the subsequent dephasing pro-
cesses and the relaxation into the lattice degrees of freedom.
Perhaps even more important than the real-time temporal
capability of atto-XANES is the capacity of the short attosecond
pulse’s broad coherent bandwidth to probe extensive areas
around and after an edge or even across multiple edges simul-
taneously. The true information content of the full Wigner
distribution of such a measurement has not been exploited yet.
Furthermore, we expect that the technical developments on
both laser front end and detection will make it feasible to apply
the methodology to 2D material systems as well. Some of our
demonstrations show the aforementioned prospects already.
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Atto-XANES and EXAFS provide powerful new tools for
the real-time investigation of correlated multibody physics to
address canonical questions such as superconductivity and
Mott physics and, with direct application to material science,
light harvesting or hydrogen fuel cells and energy storage.
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