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Abstract
The excitation of solid materials with femtosecond optical pulses induces non-equilibrium states
that are interesting for both fundamental and application-related reasons, as their properties can
be quite different from those generated by e.g. thermal excitation or chemical doping. However,
once several degrees of freedom such as electronic and lattice excitations, or multiple compo-
nents in a heterostructure, couple strongly, analyzing the resulting ultrafast dynamics on femto- to
picoseconds requires element-sensitive spectroscopy on these timescales. This Topical Review dis-
cusses how new insights into ultrafast charge and energy transfer dynamics in solids and at inter-
faces can be gained from time-resolved soft x-ray absorption spectroscopy (XAS). The state-of-
the-art of the pump-probe XAS method at large scale facilities, namely synchrotron Femtoslicing
sources and x-ray free electron lasers, is reviewed, with an emphasis on the opportunities and
challenges of the respective facilities that motivate new methodological developments. For three
selected material systems, it is then shown how XAS with femtosecond time resolution, in con-
junction with theoretical calculations, is able to reveal and characterize non-equilibrium states
by analyzing the transient electronic structure as well as lattice excitation via characteristic, time-
dependent spectral features. Finally, future opportunities through the further development of
laboratory-based soft x-ray sources and the combination of time-resolution with non-linear XAS
are presented.

1. Introduction

Gaining insight into electronic, spin and lattice excitations in solids is interesting not only from the
standpoint of fundamental science, but the development and optimization of technological applications
as well. Understanding the excitation, transport and relaxation of charge carriers is highly relevant for
electronics, spintronics, catalysis and photovoltaics, to mention just a few examples. Most devices are
based on heterostructures, where two or more solid layers of different materials are combined. In het-
erostructures, charge, spin and energy transfer processes occur at interfaces, which determines function-
ality but also increases the degrees of freedom that need to be considered.

The fundamental timescales of these processes lie in the femtosecond (fs) to picosecond (ps) time
range. For example, electronic lifetimes in transition metals are in the range of a few fs to some tens of
fs for energies close to the Fermi level [1]. Charge transport in the ballistic range proceeds with veloc-
ities on the order of nm fs−1 [2–4]. In ferromagnetically ordered metals, electron lifetimes and charge
transport become spin-dependent [2, 4, 5]. The resulting superdiffusive spin transport has been iden-
tified as one origin of the ultrafast demagnetization of metallic ferromagnets [4, 5], which occurs on
several 100 fs timescales [6], together with spin-flip scattering mediated by spin–orbit coupling [7, 8].
Electron–phonon coupling subsequently leads to energy transfer from optically excited electrons to the
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lattice within few hundreds of fs to several ps [9]. Consequently, accessing these processes experimentally
relies on pump-probe techniques using optical, x-ray or electron pulses with correspondingly ultrashort
durations as probes.

Since femtosecond ultrashort pulsed optical lasers became available, close to four decades of suc-
cessful experiments unraveling these ultrafast processes in the time domain have been performed. These
advances have been achieved through methodological developments in different pump-probe experi-
ments such as, for example, transient optical absorption spectroscopy, time-resolved (tr) non-linear opti-
cal spectroscopy including (magnetization-induced) second harmonic generation (SHG) and two-photon
photoemission spectroscopy. With ultrashort pulsed electron, hard and soft x-ray sources, ultrafast elec-
tron and x-ray diffraction as well as time-resolved x-ray absorption spectroscopy (XAS) and x-ray mag-
netic circular dichroism (XMCD) have further been developed. These experimental advances have gone
hand in hand with theoretical developments. Applicable methods range from comparably simple rate
equation models [10, 11] or other model-based approaches to atomistic simulations and ab initio meth-
ods like time-dependent density functional theory (TDDFT) [7].

At the core of experiments performed in the time domain lies the classification of different micro-
scopic processes according to their timescales or corresponding rates of change. Electronic and spin
excitations are often separated from excitations involving the movement of the ion cores, i.e. phonons,
via different characteristic timescales [6]. The two-temperature model (2TM) [10] and its extension to
spin dynamics, the three-temperature model [11], are frequently employed for this purpose. However,
these models rely on two fundamental assumptions, namely that the different baths representing the
electron, lattice and spin temperatures are in internal thermal equilibrium, and that coupling between
two of those baths involves a single coupling constant. One or both of these assumptions might in
fact not be met: For example, lattice excitations are often assumed to be thermal, in the sense that
they can be described by one common lattice temperature. However, it has been shown that equilibra-
tion between phonon modes can take several 10 ps even in relatively simple materials like the transi-
tion metal Ni [12]. Preferential interaction of optically excited charge carriers with so-called strongly
coupled optical phonons in oxides or two-dimensional materials [13] is a further source of phonon
non-equilibrium.

This motivates the use of spectroscopic information in the domain of frequency (or wavelength
or photon energy) in time-resolved experiments. Competing interactions can thus potentially be sep-
arated by their different spectral signatures. Furthermore, spectroscopic observables that are spe-
cific to surfaces or interfaces, or to different components in a heterostructure, via interface-sensitivity
respectively element-sensitivity are highly desired. Thereby, coupling of excitations across interfaces
as well as the occurrence of new electronic, magnetic and/or vibrational properties due to hybridiza-
tion at the interfaces of heterostructures can be resolved. Another aspect are materials exhibiting
strong electronic correlations. In some of these materials, the optical excitation of novel, ‘hidden’
long-living or metastable states has been predicted or observed [14, 15]. This again motivates spectro-
scopic techniques which are sensitive to the influence of electronic correlations under non-equilibrium
conditions.

Pump-probe XAS with femtosecond time resolution is a technique which provides this spectro-
scopic information for non-equilibrium states. Ultrafast changes to the electronic population as well as
the electronic structure itself, induced by optical excitation, are probed through resonant x-ray absorp-
tion. The x-ray absorption spectra exhibit characteristic transient modifications that can be linked to
the excitation of different degrees of freedom, namely the electron charge and spin as well as the crys-
tal lattice, through their transient spectral shape. As will be demonstrated in this Topical Review for a
range of material systems, transient spectral shifts allow to identify correlation-induced modifications of
the electronic structure, while broadening is associated with electron repopulation or lattice excitation,
depending on the timescale. In this way, charge and energy transfer can be tracked by means of com-
bined time domain and spectroscopic information in pump-probe XAS at large scale x-ray sources, see
figure 1.

In this Topical Review, I will briefly review the strengths of XAS for the characterization of the ther-
mal ground state and its application in optical pump, XAS probe experiments at large scale facilities that
provide fs x-ray pulses in section 2. An overview over previous work probing electronic, spin and lat-
tice excitations with time-resolved XAS will be given in section 3. Then I will describe for selected cur-
rent examples how pump-probe XAS with fs time resolution reveals new insights into charge and energy
transfer dynamics in section 4 before concluding in section 5 and giving a short outlook on future possi-
bilities in section 6.
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Figure 1. (a) Schematic depiction of generation of fs x-ray pulses at a synchrotron-based Femtoslicing facility. Interaction of
an intense fs laser pulse with a ps electron pulse in a first undulator (modulator) leads to energy modulation of a small ‘slice’
of the electrons, which are then spatially offset in a subsequent bend magnet and produce fs x-ray pulses in a second undulator
(radiator). (b) Schematic depiction of generation of fs x-ray pulses at an x-ray free electron laser. During propagation through a
very long undulator, the SASE process leads to microbunching of the electron pulses and thus coherent radiation of very intense
x-rays. (c) Charge, spin and lattice degrees of freedom in solids with their respective coupling processes (depicted by double-
headed arrows), after the electronic structure is excited through absorption of the pump pulse.

2. Time-resolved XASmethod

2.1. Ground state XAS
XAS is an established method for the characterization of materials in the ground state, i.e. thermal
equilibrium [16–18]. With polarization control of x-rays, dichroism can be exploited to also investigate
ferro-, ferri- or altermagnetic order via XMCD [19, 20] and antiferromagnetic order via x-ray magnetic
linear dichroism (XMLD) [19]. This Topical Review focuses on resonant absorption of linearly polar-
ized x-rays in the soft x-ray range (100–2000 eV photon energy), which includes the K edge of oxy-
gen, the L edges of transition metals and the M edges of rare earths. The soft x-ray range thus covers
transition metal and rare earth ferromagnets as well as transition metal oxides. The corresponding core
level to valence transitions are from 1s to 2p states for the K edge, from 2p to 3d states for the L23 edges
and from 3d to 4f states for the M45 edges. The energies of these transitions are element-specific. XAS
thus provides element- and orbital-sensitivity. Moreover, XAS is a local probe, as it involves the gener-
ation of a core-hole (core-hole exciton). Therefore, it can be applied to amorphous materials and does
not require crystallinity or long-range order. XAS probes unoccupied electronic states, or more precisely
the unoccupied electronic density of states (DOS) modified by the presence of the core hole. Soft x-ray
XAS is typically measured with monochromatic x-rays that are transmitted through or reflected from
the sample. Alternatively, the absorbed x-ray intensity is detected via total or partial electron yield. XAS
in transmission geometry measures bulk or thin film properties while electron yield and reflectivity in
grazing incidence provide surface sensitivity due to limited x-ray penetration respectively electron escape
depth. XAS can roughly be divided into the near-edge x-ray absorption fine structure (NEXAFS) com-
pared to extended x-ray absorption fine structure (EXAFS) [21]. Here, I will mostly restrict myself to
discussing NEXAFS. NEXAFS is also termed x-ray absorption near edge structure (XANES), in particular
in the hard x-ray range.

2.2. Pump-probe XAS
Pump-probe experiments are conducted as stroboscopic measurements, in which an initial, strong pulse
excites the sample in order to induce a non-equilibrium state, and a second, weaker pulse probes the
resulting change to the sample’s properties at a well-defined time delay. In the case of tr-XAS experi-
ments, the pump pulse is typically a femtosecond laser pulse in the infrared, visible or ultraviolet range.
Such stroboscopic experiments require that the detection is gated to a specific x-ray pulse, not the entire
pulse train produced by the electron storage ring or FEL. Therefore, in tr-XAS photons are usually
detected, in contrast to total or partial electron yield common in static XAS. X-ray photon detection can
be performed in transmission or reflection geometry, or alternatively fluorescence is detected. A draw-
back of reflection geometry is the extremely low reflectivity of solid surfaces in the soft x-ray range even
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under grazing incidence, which limits the number of detected photons and thus the achievable signal-
to-noise ratio. Transmission geometry requires thin film samples that are freestanding or prepared on a
substrate that is thin enough to be transparent for soft x-rays, which imposes constraints on the type of
materials that can be studied, or their quality (e.g. crystallinity).

At synchrotrons, pump-probe experiments with ps time resolution employ the native pulse dura-
tion of several tens of ps to ns as well as the so-called low-alpha mode with few ps to 10 ps x-ray pulses.
Shortening the x-ray pulse duration is achieved through the Femtoslicing method, which will be dis-
cussed in section 2.3.1. X-ray free electron lasers (XFELs) based on linear accelerators will be discussed
in section 2.3.2, while the outlook in section 6.1 introduces laboratory-based sources.

2.3. Large scale facilities
Femtosecond time-resolved XAS requires correspondingly short x-ray pulses. While laboratory-based
sources are increasingly becoming available and start to reach the soft x-ray range, as will be discussed in
section 6, large scale facilities remain the primary sources to deliver tunable fs x-ray pulses. The follow-
ing sections will present two different approaches that each offer specific opportunities and challenges,
namely Femtoslicing sources at synchrotrons and XFELs.

2.3.1. Synchrotron femtoslicing sources
Synchrotron radiation sources provide x-ray pulses with native durations of about 70 ps to ns. With
the so-called femtosecond slicing or Femtoslicing technique, much shorter x-ray pulses can be gener-
ated for use in pump-probe XAS experiments. The working principle is the following, see figure 1(a):
A high intensity fs laser pulse interacts with the ps electron bunch in an insertion device (undulator).
When laser and electron bunch are temporally and spatially overlapped and a resonance condition is
fulfilled, a small ‘slice’ of the electron bunch will be modulated in energy and can be split off from the
main bunch in a subsequent dipole magnet [22, 23]. The energy-modulated bunch is of the length of
the fs laser pulse, i.e. on the order of 50–100 fs and will radiate correspondingly short fs x-ray pulses in
a second undulator [23].

This way of generating fs x-ray pulses comes at the cost of a several order of magnitude reduction
in x-ray flux [23], as a) only a small slice of the ps electron bunch radiates x-rays and b) the repetition
rate is limited to that of the amplified fs laser system used for energy modulation, typically several kHz
compared to the e.g. 800 MHz bunch repetition rate at the BESSY II synchrotron. While there is a high
sensitivity to pump-induced changes, since Femtoslicing sources are quite stable sources with low shot-
to-shot fluctuation, the nevertheless long data acquisition times of several hours per transient spectrum
limit the number of parameter sets (e.g. pump fluence, sample thickness or other material changes) that
can be investigated during a typical beamtime of 6–12 12 h shifts, which makes systematic parameter
variations challenging.

When it comes to the time resolution of pump-probe experiments using x-ray pulses generated by
Femtoslicing as a probe, the intrinsic synchronization of pump and probe free of temporal jitter (since
both are seeded by the same laser oscillator) is a strong advantage. The x-ray pulse duration is however
somewhat limited to that of an amplified laser system with mJ pulse energies, which is required to drive
the fs x-ray generation, namely typically 40–50 fs plus pulse stretching by propagation effects in the stor-
age ring as well as due to the monochromator grating [23]. For example, the BESSY II Femtoslicing
source achieves an x-ray pulse duration of about 80–100 fs at the sample position, which results in a
stable time resolution of 120–150 fs when employing a 40–50 fs short pump pulse.

The beamline and experimental setup (endstation) is designed to mitigate the drawback of very low
x-ray flux. At the FemtoSpeX instrument [23] at the UE56/1-ZPM beamline of the BESSY II synchrotron
and electron storage ring in Berlin, Germany, which was employed for the experimental work that will
be described in section 4.1, this is achieved by employing a single x-ray optical element for focusing
and monochromatization: The zone plate monochromator (ZPM) consists of a reflection zone plate
designed for maximum x-ray transmission of the beamline. In order to avoid temporal broadening of
the fs x-ray pulse, the number of illuminated grating lines/mm is restricted and thereby the energy res-
olution is limited to E/∆E= 500 [23]. As the ZPM is the only optical element in the beamline and
the Femtoslicing technique lowers the photon flux by several orders of magnitude, no intensity refer-
ence for normalization can be acquired, which makes spectral analysis in tr-XAS challenging. However
due to alternating pump on/pump off measurements the experiment is very sensitive to pump-induced
changes on the order of 10−3 [24], together with the generally high stability of the source. This made
it possible to achieve a number of groundbreaking results with the BESSY II Femtoslicing source, for
example the first tr-XAS and tr-XMCD experiments on ultrafast demagnetization of Ni [25], separa-
tion of spin and orbital moment dynamics [26, 27], observation of superdiffusive spin currents driving fs
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Figure 2. Schematic view of beam-splitting off-axis zone plate (BOZ) setup at the SCS instrument of European XFEL. The x-ray
beam from the undulator (UND), which is monochromatized (monochromator, MONO; exit slit; ES) and split into three copies
by the BOZ, is transmitted through three windows of the sample (SAM), one of them overlapped with the optical laser (OL), and
then imaged on the DSSC detector. Thereby, intensity-normalized (I0) spectra with and without optical excitation are acquired.
Reproduced from [31]. CC BY 4.0.

demagnetization [28], and resolving the sublattice dynamics in all-optical magnetization switching [29].
In section 4.1, I will review the acquisition of time-dependent spectral information in tr-XAS with this
Femtoslicing source for the element-sensitive analysis of energy transfer dynamics in heterostructures
[24, 30].

2.3.2. XFELs
XFEL sources are based on linear accelerators. While GeV electrons travel through long undulators, see
figure 1(b), they interact with the radiation they themselves generate, which leads to sub-structuring of
the electron bunches, the so-called microbunching [32]. The microbunched electrons radiate in phase,
which leads to amplification of the x-ray intensity (until the process saturates), termed self-amplified
spontaneous emission (SASE) [32]. Thereby, FELs have succeeded in generating extremely brilliant fs x-
ray pulses.

While FELs produce very short x-ray pulses down to the few fs or even attosecond range, the time
resolution in laser pump, XAS probe experiments is however determined by the accuracy of the pump-
probe synchronization, which is limited by temporal jitter due to fluctuating arrival times of the x-ray
pulses. It can be further improved by measuring this arrival time for each x-ray shot and correcting the
pump-probe data accordingly [33, 34]. The time resolution achieved in the FEL work [31, 35–38] dis-
cussed in section 4 was 80 fs, limited by temporal jitter within x-ray pulse trains arriving at 10 Hz repe-
tition rate.

Since the x-ray generation in FELs originates from SASE as introduced above, a process which starts
from random fluctuations, the x-ray pulses exhibit strong shot to shot fluctuations. This requires a
scheme to normalize XAS signals to a pulse intensity monitor, which can for example be a signal from
a transmission gas monitor. A new instrumental development is to employ a normalization mechanism
with x-ray optics [39] in order to achieve high signal-to-noise ratios despite these fluctuations. [31]
shows how such a scheme was implemented at the spectroscopy and coherent scattering (SCS) instru-
ment of the European XFEL in Schenefeld, Germany.

The XFEL radiation coming from the undulator is monochromatized by a variable line space grating
monochromator, followed by the exit slit, see figure 2. The monochromatic but unfocused x-ray beam
impinges on the beam-splitting off-axis zone plate (BOZ), which splits it into three copies with the same
x-ray intensity. These three beams are now transmitted through three separate regions of the sample.
Two of them, namely the outer beams in figure 2, travel through two equivalent regions of the sam-
ple prepared by large area deposition, e.g. sputter deposition or molecular beam epitaxy (MBE). One of
these regions is overlapped with the pump beam from the optical laser, such that the transmitted beams
imaged on the large area DSSC detector [40] correspond to XAS in the optically excited respectively
ground state. Subtracting one from the other directly produces the pump-induced change, see figure 2.
The middle beam is transmitted through a region of the sample array that was masked during sample
deposition, so that only the transmitted x-ray intensity of the subtrate (and potential auxiliary layers
such as a heat sink) is measured, which provides the reference for normalization of the ground state and
pumped spectra to the incoming x-ray intensity. Through this beam-splitting x-ray optics, which provide
a referencing scheme for each x-ray pulse, shot-noise limited femtosecond time-resolved XAS is made
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Figure 3. Ni L3 edge XAS for increasing x-ray fluence as indicated (top curves). Error bars represent 95% confidence intervals
and lines smoothed data. Corresponding simulations of the absorption (bottom curves). The two sets of curves are vertically
offset with respect to each other for clearer display. Reproduced from [41]. The Author(s). CC BY 4.0.

possible at European XFEL [31]. This is combined with the high repetition rate enabled by supercon-
ducting linear accelerators, which further improves the number of detected photons. Herein, the DSSC
detector allows to detect the transmitted x-ray intensity through the sample from every pulse and nor-
malize it with the BOZ scheme.

While high repetition rates in the few kHz to 100 kHz range increase the number of detected x-ray
photons and thus in principle improve the data quality and ability to measure small transient signals,
they come with a drawback. In case the optical laser (pump pulse) impinges on the sample at the same
repetition rate, the time between subsequent laser pulses in the stroboscopic experiment might not be
long enough for the pump-induced changes to relax entirely. The material under investigation thus does
not recover its ground state before the next pump excitation, and long-living states, such as thermal lat-
tice excitation or polaron formation, build up over the course of the measurement. Such long-living pro-
cess complicate the extraction of actual fs transient events and/or change the state of the sample such
that different physical processes occur or it is in a different phase, e.g. an elevated lattice temperature
due to permanent heating. These effects are particularly pronounced for thin films on x-ray transparent
freestanding substrates such as Si3N4 membranes, which are commonly used for XAS in transmission
geometry. The reason for this is the poor thermal conductivity across the interface to the membrane as
well as its typical thickness of 50–200 nm only. [38] shows that long-living effects, which persist beyond
the repetition rate of stroboscopic XAS experiments, can be identified and characterized through careful
data analysis procedures and modeling.

The above described setup has been used for the work reviewed in sections 4.2 and 4.3. Moreover, it
allows for the investigation of more dilute systems: [36] analyzes thin solid films of spin crossover com-
plexes through time-resolved XAS resonant at the Fe L3 edge of the central Fe ion of the complex and
thereby reveals an intermediate state in the optically induced low to high spin transition on femtosecond
timescales in this dilute molecular system.

2.4. Non-linear XAS
At very high x-ray intensities, non-linear effects beyond one-photon (linear) absorption of x-rays start to
occur [42]. XFELs provide such high peak intensities with > 1010 photons per pulse combined with fs
pulse duration. One should firstly make sure not to induce non-linear effects or even sample damage in
linear XAS when XFEL pulses are used as a probe in fs pump-probe experiments. This partly motivates
an x-ray fluence dependent analysis of XAS. Going beyond these practical considerations, non-linear
effects [42] similar to those established in the visible and infrared range can be exploited to gain phys-
ical information.

Modifications of the XAS fine structure linked to electronic and spin excitations have indeed been
observed in the soft x-ray absorption of metallic thin films at very high x-ray fluences [43]. Engel et al
[41] provides a further example for such effects. Figure 3 displays L3 edge absorption spectra of a thin
Ni film taken at the SCS instrument of European XFEL with a variation of the BOZ scheme introduced
in section 2.3.2, however employing only two x-ray beams measuring the sample absorption respectively
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an intensity reference for normalization of the former signal. Through focusing the x-ray beams with the
BOZ, see figure 2, it is possible to reach extreme fluences up to 60± 20 mJ cm−2. The x-ray fluence is
adjusted by translating the sample along the x-ray propagation direction, thus moving into or away from
the focal spot, which is on the order of µm.

Figure 3 shows XAS measured with x-ray pulses of 30 fs full width at half maximum duration [41].
When the x-ray fluence is increased, clear fluence-dependent changes to the spectrum are visible. These
changes consist of a broadening in the pre-edge region and an intensity decrease and shift of the main
absorption feature, see figure 3. With the help of rate model simulations of the x-ray induced electron
excitation and subsequent scattering [41], these features can be understood as an effect of increased
valence occupation with increasing x-ray fluence, which saturates the Ni L3 edge resonant absorption,
in conjunction with the excitation of valence holes and attendant shift of the chemical potential during
the interaction of the x-ray pulse with the material.

3. Non-equilibrium XAS of solids: state of the art

Transient XAS with femto- or picosecond time resolution at synchrotron and free electron laser facilities
has been developed over the previous three decades, in parallel to optical, photoelectron or other pump-
probe spectroscopy methods, in order to analyze electronic, spin and lattice excitations in solid materials.
The following sections will briefly review these experimental achievements. While similar developments
have occurred in the non-equilibrium XAS of materials in the gas or liquid phase, this area of research is
not a topic of interest for this Topical Review; the reader is referred to corresponding reviews [44–47].

3.1. Probing electronic excitations
XAS in general probes the unoccupied electronic structure of solids. This suggests that transient changes
to the electronic occupation driven by optical excitation in pump-probe experiments, e.g. a redistri-
bution of electrons and holes, are reflected in the time-dependent x-ray absorption spectrum as well.
Moreover, the electronic states, or band structure, of a solid might itself undergo changes in the non-
equilibrium state after pump excitation, which can be expected to alter the x-ray absorption spectrum
too. Such effects have previously been investigated in metals, semiconductors and strongly correlated
oxides. Information on the non-equilibrium dynamics is derived from transient spectral signatures in
XAS, and the time-dependence of these features.

Figure 4 depicts different excitation processes and the resulting transient modification of a generic
transition metal L3 edge x-ray absorption spectrum schematically. Electronic structure changes like an
energetic shift of the 3d states likewise lead to a shift in the x-ray absorption spectrum. In a simple pic-
ture, optically induced changes in the electronic occupation can generally manifest in two ways: An ini-
tially non-thermalized hole population opens new channels for transitions from the core level into unoc-
cupied states, which manifests as additional absorption features, as depicted for a pre-edge feature in
figure 4. Such an energetically localized transient signature is more likely for a semiconducting or insu-
lating solid, as in metals electron and hole scattering times are on the order of fs, thus leading to a rapid
thermalization of electron and hole population. In metals, a thermalized electronic population follows
a Fermi distribution, which is energetically broadened at elevated electronic temperatures. The atten-
dant redistribution of unoccupied states then leads to increased absorption at photon energies below the
absorption edge, respectively decreased absorption at or above the edge, compare figure 4.

In the transition metal ferromagnet Ni, a transient shift of the L3 edge x-ray absorption spectrum to
lower photon energies was indeed observed after optical excitation [25]. Along with subsequent experi-
ments on the same material [48], which confirmed the transient redshift and found that it scaled linearly
with pump fluence, i.e. excitation density, these observations were linked to the generation of hot elec-
trons after laser pumping, accompanied by changes to the valence electronic structure, compare figure 4.
Specifically, the spectral changes were reproduced by cluster calculations assuming a reduced 3d− 4sp
hybridization, which was assumed to be caused by the presence of hot electrons on fs [25] respectively
phonon excitations involving spin-flip processes on ps timescales [48].

Interestingly, qualitatively similar observations of transient shifts of core level absorption edges cou-
pled with increased absorption in the pre-edge region were made in rather different excitation regimes,
namely upon plasmon excitation of Au nanoparticles [49] and in the warm dense matter state of Cu
[50–52]. In the former case, the absorption increase was correlated to the presence of hot holes, and
correspondingly the absorption reduction to the filling of previously unoccupied states by hot elec-
trons, after non-radiative decay of the plasmon [49]. In the warm dense matter regime, the elevated
electronic temperature could be determined from the time-dependent spectral shift and broadening on
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Figure 4. (a) Schematic depiction of transition metal 3d density of states and x-ray L3 edge probe transition starting from the
2p3/2 core level. Pump-induced changes in the electronic population are visualized with red shading, while changes in the elec-
tronic structure itself are shown by the red line. The presence of non-thermalized holes is indicated in purple. Note that these
pump-induced changes are depicted in an exaggerated manner for better visualization. (b) Schematic ground state XAS at the
L3 edge (black), transient shift and broadening due to electronic excitation (red) respectively additional absorption due non-
thermal holes (purple).

few ps timescales [50], while the 3d band shifts on sub-ps timescales [52]. The observation of increased
pre-edge absorption and energy shifts in resonant tr-XAS of metals thus appears to be a general feature
linked to the generation and redistribution of electronic population at elevated electronic temperatures.

In the rare earth ferromagnet Tb, transient changes at the M5 edge were found to originate from 4f
multiplet excitations caused by inelastic scattering of 4f and 5d electrons [53]. A subsequent analysis of
the M5,4 branching ratio found that these excitations alter the total angular momentum J in the non-
equilibrium state after optical excitation [54]. These observations link to the probing of spin excitations
with tr-XAS, which will be further discussed in section 3.2.

In semiconducting Ge thin films, the photo-generation of non-equilibrium electrons and holes
accompanied by band shifts was probed simultaneously at the M5,4 edge through spectral shifts and
broadening [55]. Coming to layered materials, time-resolved XAS at the carbon K edge of semi-metallic
graphite showed, through a mapping between the absorption spectrum and the unoccupied DOS, asym-
metric dynamics above compared to below the Fermi level [56]. The thus extracted electron and hole
relaxation times revealed strongly enhanced charge carrier lifetimes in the region of flat bands due to
the suppression of carrier-carrier scattering [56]. Common features among these experimental findings
can be related to the above discussed transient redshift in transition metals, as both observations results
from pump-induced changes to the electronic occupation. The sensitivity of XAS to electrons and holes
in metals and semiconductors thus appears to be similar, while noting that in semiconductors these are
two separate charge carrier populations, i.e. electron and hole populations in the conduction respectively
valence bands, in contrast to metals. In the latter material class, transient XAS reflects transient redistri-
bution of population throughout the whole vicinity of the Fermi level.

The creation of holes in the valence band of a photo-excited lead halide perovskite was found to
induce transient Br K pre-edge features [57]. Considering the timescale of ! 100 ps, it is likely that these
charge carriers are already trapped by polaron formation, which typically takes place on few ps or even
sub-ps timescales [58, 59]. Polaron formation was indeed found to be the origin of other transient fea-
tures in the same experiment [57], as will be discussed in section 3.3.

Hot charge carrier relaxation in Co3O4 has been monitored at the Co M2,3 edges [60]. In Fe2O3, a
transient oxidation state change after optically driven ligand-to-metal charge transfer was identified in
Fe M2,3 edge tr-XAS [61], followed by the relaxation of the charge transfer excitation and transition into
a polaron state [59, 61]. These findings were confirmed by Fe L3 edge tr-XAS [62], while the decay of
the valence hole within 200 fs was tracked by O K edge tr-XAS [63]. Trapping of photo-generated holes
in TiO2 was analyzed via Ti L2,3 and O K edge tr-XAS [64]. The tr-XAS technique was also applied to
the investigation of charge carrier dynamics following optically induced ligand-to-metal charge trans-
fer in CuWO4 [65] and LaFeO3 [66]. The observation of charge carriers trapped by polaron formation,
i.e. combined electronic-structural excitations, through tr-XAS, connects to the sensitivity of tr-XAS
to phonons, which is treated in more detail in section 3.3. It should be noted that different points of
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view toward such a combined electronic-structural excitation are found in the literature, depending if
the interpretation of the respective transient spectra is more closely linked to electronic versus structural
changes.

In transient x-ray linear dichroism spectroscopy at the Zn K edge of ZnO nanorods, a separation of
non-thermal from thermal contributions was performed by means of a comparison with temperature-
dependent EXAFS spectra, thus revealing the presence of free electrons in the ZnO conduction band
[67]. This work demonstrates that a suite of x-ray spectroscopic techniques can work together to iso-
late specific charge carrier populations, as the transient EXAFS measurements also ruled out structural
distortions associated with trapped carriers [67]. Follow-up time-resolved XAS experiments at the Zn K
and L3 edges of ZnO thin films showed that transient blueshifts at the core level excitonic resonances
are tunable through the excitation density, indicating that they are sensitive to excited free carriers via
changes in the Coulomb screening [68].

The analysis of electronic excitations through tr-XAS has also been applied to two-dimensional mate-
rials. Semiclassical theory predicts that attosecond transient XAS is sensitive to photoinduced changes
of the Berry connection or curvature in graphene [69, 70] and hexagonal boron nitride [71], possibly
enabling the tracking of topological phase transitions [72] as well as valley-selective excitations [73, 74].
Experimentally, electron–hole relaxation [75] as well as inter- and intraband charge carrier dynamics in
MoTe2 have been analyzed by tr-XAS [76]. In WS2, hole relaxation and recombination dynamics was
studied [77], while in WSe2 also a phonon-mediated band shift on the timescale of the hole relaxation
was observed [78]. Signatures of charge density wave excitations were found in transient XAS of TiSe2
[79].

Femtosecond tr-XAS has in recent years emerged as a new tool to address dynamical interactions
in strongly correlated materials. In the cuprate superconductor La1.905Ba0.095CuO2, the O K and Cu
L3 edges both showed a transient redshift of features associated with the upper Hubbard band (UHB)
after photo-excitation, from which a renormalization of the on-site Coulomb repulsion at the Cu sites
of about 140 meV was concluded, while the energy position of a O K edge feature related to the Zhang-
Rice singlet stayed constant [80]. In the charge transfer insulator NiO, transient changes in the O K tr-
XAS that are only present within the 150 fs duration of the pump pulse were assigned to the dynamical
Franz–Keldysh effect [81], while spectral modifications that persist beyond this ultrashort timescale were
linked to magnon excitation [82]. Recently, the orbital selectivity of resonant soft x-ray scattering was
exploited to investigate charge ordering phenomena in an infinite-layer correlated material [83]. Further
examples for the manifestation of electronic correlations and transient modifications of electronic screen-
ing in tr-XAS will be discussed in detail in sections 4.2 and 4.3.

3.2. Analysis of spin excitations
X-ray absorption methods are generally sensitive to spin excitations in two ways: First, via x-ray mag-
netic circular or linear dichroism, which probes long-range ferro- or ferrimagnetic order respectively
antiferromagnetic order as well as magnetic moments induced by electronic hybridization at interfaces
[19, 20], secondly through spectral signatures in XAS that are sensitive to the spin state of a molecule
or solid [84]. Correspondingly, time-resolved XMCD and XMLD have been employed for the analysis
of pump-induced magnetization dynamics [4, 85], while optically driven changes to the spin state have
been investigated with transient XAS [84].

XMCD refers to the difference in the absorption of circularly polarized x-rays for right and left cir-
cular polarization direction, or respectively opposite orientation of the magnetization vector for fixed
circular polarization direction. It measures the projection of a ferro- or ferrimagnetic sample’s magnetic
moment on the x-ray propagation direction, for the specific element which is resonantly probed at a
core-level resonance. The so-called XMCD sum rules allow to derive spin and orbital moments by mea-
suring XMCD [86]. Consequently, in time-resolved XMCD experiments the data of interest are time-
dependent XMCD signals proportional to spin and orbital moments, or the values of these moments
which are calculated from sum rule analysis, in combination with the element-specific magnetization
dynamics.

Transition metal ferromagnets have been investigated with time-resolved XMCD in a complementary
manner to the transient XAS experiments discussed in section 3.1. Pioneering experiments by Stamm
et al verified the optically induced demagnetization of Ni by tr-XMCD [25]. Subsequent work employing
the XMCD sum rules [26, 27] found that spin and orbital angular momentum decreases concurrently
during ultrafast demagnetization.

The element-specificity of the core level transitions involved in XMCD have been proven particu-
larly useful for an element-sensitive probing of optically induced demagnetization in ferromagnetic alloys
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like NiFe [87] or magnetization switching in ferrimagnetic alloys like GdFeCo [29], as well as the com-
petition between spin transfer and spin flip processes in Heusler alloys [88]. In elemental rare earths
and their alloys, the influence of the strength of the 4f orbital spin-lattice coupling [89, 90] and of the
type of magnetic order [91] on the timescale of optically induced demagnetization were revealed. In fer-
romagnetic heterostructures, tr-XMCD with femtosecond time resolution made it possible to analyze
optically driven spin-dependent charge currents [28, 92] by element-selectively probing different lay-
ers into which currents are injected or generated from. Layer-selectivity via tr-XMCD has recently also
been employed to characterize magnetization switching by optically driven spin currents [93]. Moreover,
the acceleration of magnetization dynamics in ferromagnet/antiferromagnet bilayers [94] as well as het-
erostructures with antiferromagnetic coupling through spin transfer [95] was investigated through fs tr-
XMCD. Recently, an optically induced magnetic moment increase linked to the valence band spin tex-
ture in two-dimensional magnetically ordered materials was predicted to be detectable via fs tr-XMCD
[96]. It should be further noted that pump-probe XMCD at synchrotrons can also be employed to ana-
lyze spin pumping after radio frequency spin wave excitation, for example in ferromagnet-topological
insulator-ferromagnet heterostructures [97].

Lastly, optically induced changes to the magnetic order could be revealed through XMCD in tran-
sient reflectivity: In ferromagnetic BaFeO3, an ultrafast demagnetization acceleration with increasing exci-
tation density was found and linked to an increased susceptibility of the insulating oxide to demagneti-
zation in the course of a photo-induced insulator-to-metal transition [98]. The observation of a transient
ferromagnetic XMCD signal at the L3 edge of antiferromagnetic Mn in Co/Mn multilayers during opti-
cally driven demagnetization of Co, tracked via its L3 edge tr-XMCD, was explained by spin-dependent
charge transfer at the interfaces [99]. The combination of tr-XMCD at the Fe L3 edge and tr-XMLD at
the Co L2 edge of Fe/CoO bilayers revealed that hot electron transfer at these ferromagnet/antiferromag-
net interfaces mediates ultrafast demagnetization [100]. A fuller overview over ultrafast spin dynamics in
solids, including their characterization by x-ray techniques, is provided by recent reviews [4, 101–103].
The interaction of spin dynamics with signatures of electronic band structure changes will be discussed
for an exemplary case in section 4.2.

Other than x-ray magnetic dichroism in materials with long-range magnetic order, time-resolved
XAS has been employed for the analysis of spin-dependent excitations, namely transient spin state
changes in spin-crossover materials in the solid phase. The XAS fine structure of the central transi-
tion metal ion in this material class typically exhibits a characteristic line shape linked to the spin state.
Consequently, these signatures can be employed to track the evolution of the spin state after perturba-
tion by, e.g. a femtosecond optical pulse [84, 104].

In LaCoO3, an optically induced spin state transition was probed through resonant XAS of all con-
stituents of the oxide [105, 106], finding a laser-driven metallization, which stabilizes within 3 ps [106]
at the La M edges and O K pre-edge as well as spin-related spectral changes at the Co L and O K edges
[105]. An optically pumped charge transfer excitation in nickel ferrite was found to result in charge car-
rier localization due to polaron formation, which in turn induced a transient spin state change within
≈300 fs through modifications of the Ni crystal field splitting [107]. For this and the preceding case, the
element- and site-specificity of resonant tr-XAS was crucial to gain insight into the complex evolution of
the non-equilibrium state in oxides.

In thin molecular films of spin-crossover complexes, fs tr-XAS enabled the tracking of the crossover
from a low to a high spin state through the time-dependence of the absorption change at the respective
spectral features of the Fe L3 edge of the central iron ion, and thus revealed an intermediate state dur-
ing optically induced spin state switching [36]. Element-sensitive transient XAS with the approx. 70 ps
time resolution of the BESSY II synchrotron allowed to distinguish the degree of charge delocalization
of different spin states in mixed-valence complexes [108]. For a more extensive discussion of the ultra-
fast dynamics of spin-crossover complexes probed with x-ray techniques, the reader is referred to recent
reviews [84, 104].

3.3. Sensitivity to lattice excitations
While lattice excitations in solids are typically probed with time-resolved x-ray [109–111] or electron
diffraction methods [112], time-resolved XAS is also sensitive to them. Such a sensitivity is more estab-
lished in the EXAFS region [21, 113, 114]. However, near-edge transient fine structure changes can
be employed to analyze excitations that involve ion core motion as well, as will be discussed in the
following.

Figure 5 gives an overview over possible contributions by schematically showing how a generic oxy-
gen K edge x-ray absorption spectrum can be modified by different excitations of the lattice degree of
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Figure 5. (a) Schematic depiction of oxygen 2p density of states of an oxide and x-ray K edge probe transition starting from the 1s
core level. Changes in the electronic structure mediated by incoherent lattice excitation respectively polaron formation are visual-
ized red respectively purple. Note that these transient changes are depicted in an exaggerated manner for better visualization. (b)
Schematic ground state XAS at the K edge (black) and transient shift due to polarons or other structural modification (purple)
respectively broadening due to incoherent lattice excitation (red).

freedom. Incoherent lattice excitation involves an average displacement of the ion cores from their equi-
librium positions, which can be understand as disorder that leads to broadening of electronic states, and
consequently broadening of the XAS fine structure [30]. Such XAS changes can also be explained by
extending the model picture behind EXAFS, i.e. the interaction of the outgoing photoelectron wavefunc-
tion with the motion of the neighboring ion cores, into the NEXAFS region [30]. In contrast, the trap-
ping of photoexcited charge carriers involving polaron formation, or other structural changes in which
bonds lengths or angles are transiently changed, might renormalize transitions and thus lead to shifts in
the x-ray absorption spectrum, compare figure 5.

In practice, it might in fact be difficult to distinguish these contributions, with a comparison to
time-resolved diffraction experiments and/or static temperature-dependent XAS being beneficial for
assigning spectral signatures. Similar spectral signatures as observed in temperature-dependent experi-
ments suggest thermal lattice excitation, while a comparison of the relaxation times in transient XAS to
those found with complementary time-resolved diffraction methods can facilitate an assignment to lat-
tice as opposed to purely electronic excitation. In the lead halide perovskite CsPbBr3, such an approach
was indeed applied to distinguish polaron formation from thermal excitation and a thermally induced
structural phase transition [57]. By means of a comparison to temperature-dependent spectra, polaron
formation at Br centers upon optical excitation was identified via distinct transient lineshape changes
of the Br K edge [57]. Furthermore, the resulting bond distortion was quantified through a comparison
with band structure calculations [57], which highlights the potential of tr-XAS to deliver quantitative
information on non-equilibrium states in conjunction with theory. In earlier experiments, the verifica-
tion of the formation of reduced and structurally distorted sites assigned to small polaron formation in
iron oxide nanoparticles had been strongly dependent on a qualitative comparison with simulations of
the transient Fe K edge spectra [115]. In TiO2 nanoparticles, a transient redshift of the Ti K edge within
≈300 fs was linked to trapping of photo-excited charge carriers, in conjunction with transient changes
of pre-edge features, which originate from weakly allowed 1s-3d transitions that are strongly sensitive
to local lattice symmetry [58]. The combination of time-resolved XANES at the Ce L3 edge with tran-
sient EXAFS provided further insights into polaron formation in CeO2 [116]. Here, the transient XANES
changes were explained by a mixture of oxidation state changes and thermal lattice excitation, while
an expansion of the Ce-O distance consistent with polaronic distortion was concluded from tr-EXAFS
[116].

Polaron formation has been observed with tr-XAS in a wider class of materials and at lower x-ray
photon energies than the just discussed hard x-ray tr-XAS results [57, 58, 115, 116]. In Fe2O3, a tran-
sient redshift of the Fe M23 edges in the extreme ultraviolet (XUV) range, which followed an optically
induced charge transfer excitation (compare section 3.1), was linked to small polaron formation [59].
The simultaneous sensitivity to tr-XAS to electronic excitation and structural distortion made it possi-
ble to track the sequence of excitations by the timescale of the decay of spectral features associated with
the charge transfer state respectively appearance of the polaron state features. Similar observations in the
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transient Ni M23 edge XAS of NiO likewise were assigned to small polaron formation [117]. This and
other recent developments in tr-XAS, increasingly employing laboratory-based x-ray sources, highlight
the ability of tr-XAS to probe coupled electronic and structural dynamics [118].

Angle-dependent resonant x-ray reflectivity has been employed to perform depth profiling of ferro-
magnetic films and therefore conclude on the generation of transient strain or lattice expansion during
optically induced magnetization dynamics [119, 120]. Exploiting magnetic circular dichroism at core
level resonances allowed to simultaneously probe the depth dependence of the pump-induced mag-
netization changes [119]. Transient changes in the magnetization-independent reflectivity at the Ni L3
edge indicated that ultrafast demagnetization of a thin Ni film is accompanied by a transient strain wave
involving a lattice compression of up to 1% perpendicular to the sample surface within ≈200 fs, fol-
lowed by expansion of a similar magnitude on few ps timescales [119]. Similar experiments at the Fe L3
edge of a thin Fe film revealed an inhomogeneous sub-ps demagnetization along the depth of the film as
well as a subsequent thickness oscillation driven by a coherent strain wave [120].

Together, these results demonstrate that tr-XAS is sensitive to incoherent lattice excitation, polaron
formation and transient strain, i.e. coherent acoustic waves. The simultaneous tracking of electronic
structure and/or spin dynamics with tr-XAS, i.e. under the exact same experimental conditions, is a
strong benefit of the technique, since it avoids experimental uncertainties arising from the comparison
of measurements performed at different facilities or laboratories with potentially varying excitation con-
ditions or sample properties. An exemplary analysis of incoherent lattice excitation with time-resolved
XAS will be discussed in the next section 4.1.

4. Exemplary insights from time-resolved XAS

4.1. Non-equilibrium energy transfer dynamics in metal/insulator heterostructures
4.1.1. Motivation
Solid heterostructures, consisting of two or more thin films or atomically thin layers of different mate-
rials, are the basic building blocks of many applications in (opto-)electronics and spintronics. Their
functionality depends on charge and energy transfer processes between their components, i.e. across the
interface(s) of the heterostructure. While the understanding of fundamental processes, namely electron–
electron and electron–phonon scattering leading to charge carrier thermalization and energy transfer to
the ion cores, has been advanced significantly through pump-probe experiments, simulations and ab ini-
tio theory over the last decades, as introduced in section 1, open questions remain when going from
bulk materials to heterostructures: On which timescale and via which processes is energy transferred
across the interface? Is the transfer mediated by electrons, phonons, or both? The latter is particularly
relevant if one or more layers of the heterostructure are insulating or semiconducting, as the injection
of charge carriers across the interface can be inhibited depending on the matching, or hybridization, of
the electronic structure of the constituents. The interface properties are also likely to play a role, through
electronic and vibrational hybridization as well as the interface morphology, e.g. roughness or interdiffu-
sion, which affect scattering processes.

These questions touch on the problem if assuming thermalized distributions, as for example done
in the commonly used 2TM [10], is valid on femto- to picosecond timescales after optical excitation.
The presence of multiple components means that more scattering channels across heterostructure inter-
faces are open compared to bulk. Scattering and transfer processes within the layers and between them
might also compete, further complicating the view. With respect to the lattice degree of freedom, it was
moreover recently found that non-equilibrium in the phonon system can persist for a comparatively long
time, as anharmonic processes leading to phonon-phonon scattering and thermalization take tens of ps
[12].

In the following, I will review how the element-sensitivity of tr-XAS can disentangle the optically
induced dynamics in different components of a metal/insulator heterostructure, including energy transfer
processes across the interface between them [24, 30]. Crucially, both the spectral shape of the transient
XAS features and their time dependence provides information on the nature of these processes.

4.1.2. Results and discussion
The investigated model metal/insulator heterostructure consists of 8 repetitions of a Fe/MgO double
layer with Fe and MgO thicknesses of 2 nm each. The samples were prepared by MBE as polycrys-
talline layer stacks on Si3N4 substrates for transmission XAS measurements (see section 2.2). Notably,
the interface characterization by Mössbauer spectroscopy showed that intermixing between Fe and MgO
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Figure 6. (top) Experimental scheme of UV pump, tr-XAS respectively ultrafast electron diffraction (UED) probe experiment
with exemplary UED respectively XAS data shown on the very right. In both experiments, the probe beams are transmitted
through the Fe/MgO heterostructure sample. (bottom) XAS before (dashed) and after UV pump (solid lines) at the O K (blue)
and Fe L3 (red) absorption edges, with the pump-induced change at the indicated pump-probe delays∆t. Reprinted (figure)
with permission from [24], Copyright (2019) by the American Physical Society.

at the interfaces is limited to a monolayer thin region only [24]. Therefore, a possible influence of inter-
face morphology and roughness on the dynamics discussed in the following can be minimized. Further
details on the sample preparation and characterization are given in [24].

In order to track the energy flow in the Fe/MgO heterostructure, the pump photon energy is chosen
in the UV range, namely 4.7 eV [24]. With this photon energy, hot electrons are excited that are ener-
getic enough to in principle cross the charge transfer gap of 3.8 eV from the Fe Fermi level to the MgO
conduction band [121]. This photon energy is much less than the MgO band gap, such that, together
with the still moderately high incident pump fluence of ≈20 mJ cm−2, MgO is not directly excited by
either one- or two-photon-absorption [24]. The initial excitation is therefore localized in the Fe layers of
the heterostructure.

The element-sensitivity of tr-XAS at the BESSY II Femtoslicing facility (see section 2.3.1) is then
exploited to separate the optically induced dynamics in the Fe respectively MgO layers via resonantly
probing the Fe L3 respectively O K edges in transmission geometry, see figure 6. The O K edge shows an
intensity reduction or broadening of the absorption peak, while the derivative-like transient signature at
the Fe L3 edge hints at a redshift, i.e. a shift of the absorption edge to lower photon energies. An initial
interpretation of the pump-induced changes can be made via the timescales of excitation and relaxation.
First of all, the timescales of the pump-induced changes are clearly different at the Fe L3 compared to
the O K edge, see figure 7, with the maximum change at the Fe L3 edge being reached at about 200 fs
after optical excitation, while the transient change at the O K main absorption peak still builds up at
that delay and finally saturates at around 1 ps. Keeping the energy level alignment in the Fe/MgO het-
erostructure introduced above in mind, it is consequently the case that the excitation of the MgO lay-
ers does not occur via injection of hot electrons, as the transient change at the O K main absorption
peak only becomes prominent when that at the Fe L3 edge already relaxes, due to thermalization of hot
electrons and electron–phonon scattering (compare figure 7). The hot electrons with an initial excess
energy of up to 4.7 eV are thus unable to cross the charge transfer gap before relaxing towards the Fe
Fermi level. For strengthening the assignment of the underlying processes based on their timescales, a
comparison with complementary ultrafast electron diffraction (UED) is highly beneficial. UED probes
the mean-square atomic displacement, i.e. incoherent lattice excitation, of the Fe layers at the diffraction
peak chosen here [24]. The direct comparison of tr-XAS and UED in figure 7 confirms that the excita-
tion of MgO, as probed by the O K main absorption peak, proceeds on the same timescale as incoherent
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Figure 7. Pump-induced change in XAS at the O K edge main peak (top) and pre-edge feature (middle) as well as the Fe L3 edge
(bottom). Mean-square atomic displacements of Fe from UED are shown as green solids lines in comparison. Reprinted (figure)
with permission from [24], Copyright (2019) by the American Physical Society.

lattice excitation of Fe. With ab initio calculations of the vibrational DOS at the Fe/MgO interface [24],
these lattice excitations can be assigned to hybrid interface phonon modes that provide an additional
channel for hot electrons in Fe to couple to and thus transfer energy not just to phonon modes in the
bulk of Fe but also across the interface into MgO.

This finding shows that a) dynamics in different constituents of a heterostructure can indeed be
tracked through the element-sensitivity of tr-XAS and b) reasonable inferences on the underlying pro-
cess can be drawn from the timescales alone. Moreover, the transient XAS signatures themselves pro-
vide further information. This becomes evident with a deeper analysis of the transient change at the O K
edge. Employing the native x-ray pulse duration of ≈70 ps of the BESSY II synchrotron enables a more
systematic analysis of the O K edge fine structure changes at 90 ps [30], when the whole heterostruc-
ture can safely be considered thermalized at a common, elevated lattice temperature. The O K edge fine
structure exhibits an intensity decrease of the absorption peak and filling in of the valleys, i.e. an over-
all broadening of the near-edge features [30]. This broadening increases linearly with increasing pump
fluence, which corresponds to an increasing lattice temperature after equilibration, compare the inset of
figure 8. By means of DFT using the alloy analogy model [30], the O K edge spectra are calculated and
shown in figure 8 in comparison with the experimental pump-induced change at 90 ps delay. Through
the good correspondence of experiment and theory, transient broadening as a spectral signature can be
linked to lattice excitation and calibrated with an absolute temperature increase (with respect to the ini-
tial temperature of 300 K) with the help of theory. Crucially, this finding demonstrates the sensitivity
of transient XAS to lattice excitations also in the near-edge region, not only the EXAFS region, where
sensitivity to lattice motion is more established [21, 113, 114]. A comparison of the above discussed O
K edge tr-XAS at 90 ps (figure 8) to the sub-ps dynamics shown in figure 6 indicates through a similar
spectral broadening that the transient change indeed originates from lattice excitation, namely the inter-
face phonon modes which extend into MgO and are excited by hot electrons in Fe.

As a last aspect of the MgO tr-XAS, it is notable that the O K pre-edge feature exhibits a markedly
slower dynamics than the main absorption peak, see figure 7. A further comparison with the timescale
of thermalization of the whole heterostructure derived from UED [24] as well as the slower dynamics
at the Fe L3 edge starting from ≈1 ps (see figure 7) indicates that this transient change stems from the
thermalization of the whole heterostructure, i.e. the equilibration of the lattice temperature between
the Fe and MgO layers. The O K pre-edge feature originates from hybridized electronic states at the
Fe/MgO interface, while are particularly sensitive to lattice expansion due to their energetic position
close to the Fe Fermi level [24]. This observation thus shows the potential to use more detailed spec-
troscopic information for interface-sensitivity, even though XAS in transmission geometry as used here is
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Figure 8. (top) O K edge spectra for the indicated lattice temperatures calculated by DFT using the alloy analogy model (solid),
together with a modeled intensity decrease of the XAS fine structure based on the 300 K spectrum (dotted lines). The inset shows
the linear relation between XAS intensity decrease and temperature change. (bottom) Experimental (black) and calculated (red
line) change in XAS for a lattice temperature increase of 450 K. Reprinted (figure) with permission from [30], Copyright (2021)
by the American Physical Society.

in principle a bulk probe. Moreover, it demonstrates that energy transfer occurs on different timescales
involving different phonon modes, which implies that the phonon system is not in thermal equilibrium
on sub-ps timescales when high energy, hybrid interface phonons mediate energy transfer from Fe to
MgO. From several ps onwards, lower energy phonons then mediate the thermal equilibration of the
whole heterostructure.

In addition, the presence of the interfaces to MgO also influences the magnetization dynamics of
the Fe layers after optical excitation: Monitoring the ultrafast demagnetization at the Fe L3 edge with fs
time-resolved XMCD reveals an increasing magnitude of the magnetization decrease with decreasing Fe
thickness (at otherwise constant excitation conditions and sample properties) [122]. This effect is linked
to a local weakening of the spin order at the Fe/MgO interfaces, which becomes increasingly significant
for Fe layers thinner than 10 nm, compared to the bulk-like properties of thicker layers [122].

The transient redshift at the Fe L3 edge (figure 7) can, since XAS probes the unoccupied elec-
tronic DOS, intuitively be linked to excitation of hot electrons: The absorption of the pump pulse shifts
electronic population into previously unoccupied states, while holes are generated below the Fermi
level, thus transiently changing the final states available for the L3 edge transitions (compare figure 4).
However, the limited energy resolution in these experiments performed at the BESSY II Femtoslicing
source (see also section 2.3.1) obscures the full spectral information. Transient spectral shifts will thus
be addressed in greater detail with the help of XFEL tr-XAS experiments in the following sections, for a
transition metal ferromagnet in section 4.2 and for an oxide in section 4.3.

In the work reviewed in this section, tr-XAS has been employed to analyze ultrafast dynamics at the
interface of a solid heterostructure that has been extensively studied over the last decades. More recently,
dynamic processes at interfaces between layered materials, such as transition metal dichalcogenide het-
erobilayers, have come into focus due to the versatility of this material class and the possibility to tune
electronic excitations, in particular interlayer excitons [123], and even exploit twist angles to gener-
ate Moiré superlattices [124]. Transient XAS is likely to contribute to the analysis of charge and energy
transfer processes in such heterobilayers in the future, especially since it was already applied to single
layers [76–79].

4.2. Ultrafast charge and spin dynamics in metallic ferromagnets
4.2.1. Motivation
Electron dynamics in the transition metal ferromagnets Fe, Ni and Co have been studied extensively
with various pump-probe methods. It is now well established that, after optical excitation, the initially
non-equilibrium electron distribution first thermalizes via electron–electron scattering and then the
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excess energy is transferred to the lattice through electron–phonon coupling. The non-equilibrium in
the electronic system is accompanied by a transient, sub-ps reduction of the magnetization termed ultra-
fast demagnetization [6, 11]. Due to the exchange-split band structure, electronic lifetimes become spin
dependent [1]. This leads to spin-dependent charge transport out of the ferromagnetic layer or probed
sample volume [4, 125], which consequently constitutes one contribution to ultrafast demagnetization.
In addition, spin-flip scattering processes mediated by spin–orbit coupling [8] and electron–phonon
scattering [126] take place. These processes go hand in hand with a transient redistribution of the elec-
tron population during transport and scattering. In addition, electronic structure changes occur under
non-equilibrium conditions [127]. While the influence of electronic correlations on the ground state
properties of transition metal ferromagnets is well known, their possible role on fs timescales has mostly
been neglected, with the exception of a recent discussion of memory effects in ultrafast demagnetization
[128].

In this context, fs tr-XMCD was first exploited to verify and quantize ultrafast demagnetization,
in response to work criticizing time-resolved magneto-optical measurements due to a possible influ-
ence of optical artifacts, i.e. signals of non-magnetic origin [129, 130]. In conjunction with tr-XMCD,
tr-XAS of Ni [25, 27] and CoPd alloy [26] were measured. These experiments were performed at the
BESSY II Femtoslicing source (see section 2.3.1). They demonstrated that the optically driven reduc-
tion of the atomic magnetic moment is genuine [25] (for both spin and orbital contributions [26, 27])
through tr-XMCD, while tr-XAS revealed a transient redshift of the transition metal L23 edges [25, 27]
as observed for the Fe/MgO experiments discussed in section 4.1. However, as could be seen for these
Fe/MgO experiments, Femtoslicing sources are so far limited in the achievable energy resolution and
data quality. This motivates a closer look at transient XAS signatures in transition metal ferromagnets.

Exploiting the strongly improved signal-to-noise ratio as well as time and energy resolution in tr-
XAS experiments at European XFEL through the use of the newly implemented instrumentation [31]
described in section 2.3.2, detailed insight into transient XAS features becomes possible, which allows
for a direct comparison with ab initio theory and thereby the discovery of the influence of electronic
correlations [35].

4.2.2. Results and discussion
Polycrystalline Ni films of 20 nm thickness were prepared by MBE on Si3N4 substrates for transmission
XAS measurements (see section 2.2). More details of the sample preparation and characterization are
provided in [35]. A pump photon energy of 1.5 eV, incident pump fluence of ≈12 mJ cm−2 and pulse
duration of 35 fs was chosen, as these are typical optical parameters for driving hot carrier excitation
close to the Fermi level and the attendant ultrafast demagnetization in transition metal ferromagnets.

These optically induced dynamics are probed at the Ni L23 edges, see figure 9. The corresponding 2p
to 3d transition probes the 3d orbitals in the final state, i.e. the orbitals that carry the major part of the
Ni magnetic moment and whose local correlations are of interest here as discussed above. Employing the
instrumentation at the SCS instrument of European XFEL described in section 2.3.2, it is now possible
to analyze the full spectral information on femtosecond timescales, as it provides fs tr-XAS with signifi-
cantly improved energy- and time resolution compared to earlier Femtoslicing experiments reviewed in
section 4.1.

After optical excitation, the Ni L3 edge exhibits a derivative-like transient change, see figure 9, which
at first glance appears similar to that observed at the Fe L3 edge of Fe/MgO heterostructures [24] (com-
pare figure 6). However, due to the improved energy resolution and increased signal-to-noise ratio, it
is now possible to identify that this transient change is caused by both a redshift and a broadening of
the absorption edge. These two contributions can be extracted and separated through model fits (see
figure 9), which are described in detail in [35, 38]. This hints at two different processes behind the
observed dynamics.

The time dependence of the transient change is shown in figure 10. It reaches a maximum within
the first 400 fs and subsequently relaxes in two steps, with about half of the pump-induced tr-XAS
change receding within approximately 1 ps, and a long-living residual change, which is most likely due
to the slow heat transport out of the excited film (compare section 2.3.2). A comparison with differ-
ent ab initio calculations is made according to the respective time range: At longer times of > 0.5 ps,
density function theory (DFT) with a hot electron distribution, i.e. elevated electronic temperature,
and a reduced atomic magnetic moment that accounts for the optically induced demagnetization [35],
describes both the spectral features and temporal evolution of tr-XAS, see 10.

On timescales < 0.5 ps, a direct comparison of the transient XAS features and TDDFT clarifies the
nature of the initial electron dynamics before thermalization. Considering only the electronic repop-
ulation, which includes spin-flip scattering from the majority to minority spin channel mediated by
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Figure 9. (a) Pump-probe scheme, with transient changes to the 3d4sp bands and their occupation induced by 1.5 eV excitation
(indicated in red) probed by Ni L3 edge tr-XAS. (b) Ground state (blue squares) and pumped (red circles) XAS at 0.4 ps pump-
probe delay. (c) Transient change∆XAS with modeling (green) by a combined spectral shift (dashed) and broadening (dotted
line). [35] (2023), reprinted by permission of the publisher (Taylor & Francis Ltd, www.tandfonline.com).

spin–orbit interaction, fails to describe the pump-induced change ∆XAS. Only when local electronic
correlations of the 3d states, in the form of a Hubbard U, are taken into account as well [35] do the
TDDFT calculations agree with the experimental ∆XAS, see figure 10. With this comparison, the two
processes behind the transient XAS redshift respectively broadening can be identified as band structure
changes due to local correlations respectively electron population changes. Note that the high data qual-
ity achieved with the BOZ setup [31] described in section 2.3.2 makes this direct comparison to ab ini-
tio theory possible. This finding demonstrates the identification of the role of local correlations of the
3d orbitals in the ultrafast demagnetization of Ni and thereby reveals the previously mostly neglected
influence of electronic correlations on the femtosecond electron and spin dynamics in transition metal
ferromagnets.

Having established that the influence of electronic correlations in optically induced dynamics can
be identified with tr-XAS, the next section 4.3 will move to a material with a stronger prominence of
electronic correlations in its properties, namely the charge transfer insulator NiO.

4.3. Optically induced charge transfer dynamics in correlated transitionmetal oxides
4.3.1. Motivation
The material class of transition metal oxides has a high relevance for technological applications but also
showcases fundamental physics of electronic correlations and many-body excitations. For advancing the
fundamental understanding of the properties of this material class, a deeper insight into the processes
after optical excitation is required. Of interest are the charge carrier excitation and relaxation as well as
long-living, or even metastable, states which develop after optical excitation and exhibit properties that
are different from the ground state and cannot be generated through e.g. thermal pathways [14]. One
possibility to induce such states is photodoping, i.e. the generation of excited electrons and holes under
resonant optical excitation [15].

NiO is employed as a model system for characterizing the non-equilibrium state after photodoping in
a strongly correlated transition metal oxide. Due to local electronic correlations, the 3d states split into
lower Hubbard band and UHB. Depending on the energetic position of the ligand (oxygen) 2p band,
the oxide can be classified as a Mott-Hubbard or charge transfer insulator. NiO is thus a charge transfer
insulator [131, 132], in which the direct band gap (optical gap) is given by transitions from O 2p states
to the UHB [133]. The simplified DOS of NiO is shown in figure 11(a).
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Figure 10. (a) Measured (markers) and calculated (solid lines)∆XAS at the indicated pump-probe delays, including TDDFT
calculations without U (dashed) respectively DFT calculations without demagnetization∆M (dotted line). (b) Measured∆XAS
at 852.72 eV (blue squares) in comparison with values extracted from TDDFT (orange circles) respectively DFT calculations
(pink diamonds). [35] (2023), reprinted by permission of the publisher (Taylor & Francis Ltd, www.tandfonline.com).

Figure 11. (a) Schematic depiction of NiO density of states (DOS) with resonant pump, tr-XAS probe experiment at the Ni L3
and O K edges. (b) Ground state (blue squares) and pumped (red circles) XAS at the indicated absorption edges at 0.5 ps pump-
probe delay, with the magnified, vertically offset pump-induced change∆XAS (gray triangles). Green lines are fits to extract the
spectral shift and broadening. Reprinted (figure) with permission from [37], Copyright (2024) by the American Physical Society.

Previous pump-probe experiments on NiO have mostly focused on sub-gap excitation [81, 82]. In
the case of resonant, above-gap excitation the charge carriers were found to relax via Hund excitations
on few fs timescales [133]. This relaxation of the initial charge transfer excitation is followed by polaron
formation on a ps timescale [117]. Strikingly, for a comparatively simple transition metal oxide with

18

www.tandfonline.com


J. Phys.: Condens. Matter 38 (2026) 373001 A Eschenlohr

Figure 12. (a) Time dependence of∆XAS for photodoped carrier density dn= 4.7% and (b) spectral broadening∆Γ respec-
tively shift∆E for increasing dn. (c) Ni L3 ∆XAS calculated by non-thermal multiplet ligand field theory for charge transfer
(CT) and d− d excitations, (d) scaled for comparison with experimental data at 0.25 ps (red circles). Reprinted (figure) with
permission from [37], Copyright (2024) by the American Physical Society.

strong electronic correlations like NiO, that is well-investigated in the ground state, there are still signif-
icant gaps in the understanding of optically induced non-equilibrium states. Time-resolved XAS probes
the unoccupied electronic structure while the element sensitivity of this method also distinguishes the
dynamics at the oxygen ligand and transition metal sites [37]. The high data quality of this experiment
is made possible by the recently implemented instrumentation at European XFEL [31].

4.3.2. Results and discussion
In order to induce photodoping, 37 nm thick NiO films grown by MBE on Si3N4 substrates [37] are
resonantly excited across the direct band gap with a photon energy of 4.7 eV (wavelength 266 nm).
This optical transition corresponds to the excitation across the charge transfer gap from oxygen 2p to
nickel 3d states [133], see figure 11(a). The pump pulse thus generates holes in the ligand orbitals and
increased electronic occupation on the transition metal sites.

The resulting dynamics are probed in an element-sensitive manner through tr-XAS [37], see
figure 11(a). The O K and Ni L3 edges both transiently shift to lower photon energies, see figure 11(b).
Both edges show a transient broadening as well. Shift and broadening are quantified through fits as used
in [35] (compare section 4.2). The results are displayed in figure 12(a): Depending on the absorption
edge and amount of photodoping, the transient redshift lies in the range of 20–40 meV, while the spec-
tra are transiently broadened by about 40–140 meV. These changes evolve to their maximum amount
within < 1 ps and then persist for several ps practically unchanged, see figure 12(a).

A comparison with dynamical mean field theory (DMFT) calculations links the transient redshift
to the underlying physical processes. Using a minimal model for a charge transfer insulator, namely
the Emery or d− p model [37], the reaction of the main XAS absorption peak at the Ni L3 edge to
photodoping is simulated. The calculations reproduce the transient redshift seen in the experiment, with
a similar magnitude in range of several 10 meV for similar amounts of photodoping. The photodoping-
induced shift of the spectrum can now be assigned to local and non-local electronic correlations, mean-
ing modification of the electronic screening at the Ni sites respectively Coulomb interaction between
photodoped electrons in the transition metal orbitals and holes in the oxygen (ligand) orbitals. The latter
effect is termed a Hartree shift [37].

In addition to the transient redshift, a Ni L3 pre-edge feature is visible on < 1 ps timescales, see
figure 12(d). Assigning this transient fine structure requires a more material-specific theory. While the
d− p model employed in the DMFT calculations captures the main transient feature, i.e. a Coulomb-
interaction mediated spectral shift, it is merely a minimal model for a generic charge transfer insulator
and consequently the calculated XAS does not show fine structure specific to NiO. Therefore, multiple
ligand field theory with non-thermal occupations is employed [37]. Through comparison with the cal-
culation of the resulting XAS features from multiplet excitations of charge transfer and d− d character,
figure 12(c), the pre-edge feature can be assigned to d− d excitations, see figure 12(d). It is separated

19



J. Phys.: Condens. Matter 38 (2026) 373001 A Eschenlohr

from the Coulomb interaction induced redshift spectrally and by its time dependence. Compared to the
long-living spectral shifts discussed above, the multiplet feature already relaxes on 1–3 ps time scales
[37]. Overall, these results demonstrate the identification of transient energy shifts due to Coulomb
interaction and their separation from local multiplet occupations resulting from resonant photoexcita-
tion, i.e. photodoping, of the prototypical charge transfer insulator NiO by femtosecond time-resolved
XAS and complementary theoretical calculations.

Since the transient redshift persists on timescales of many ps, compare figure 12, it is likely that this
long-living state involves not just the electronic but also the lattice degree of freedom. Corresponding
lattice excitations are incoherent lattice motion due to electron–phonon coupling as well as polarons,
which are known to form in transition metal oxides after both chemical doping and resonant opti-
cal excitation, i.e. photodoping [117]. Specifically for NiO polaron formation has been observed on 1–
2 ps timescales [117]. The role of lattice excitations can be substantiated by an analysis of the transient
broadening, in particular at the O K edge of NiO, see figure 12. A comparison with tr-XAS at the O K
edge of MgO discussed in section 4.1 is instructive. Here, a similar transient broadening was observed
and linked to lattice excitation [24, 30]. Consequently, the transient broadening at the O K edge of
approximately 100 meV is most likely linked to polaron formation, which involves excitation of longi-
tudinal optical phonons [117].

In addition, the analysis of long-living effects persisting beyond the repetition rate of stroboscopic
tr-XAS [38] (see section 2.3.2) allows to substantiate the identification of polaron formation. Both the
Ni L23 and O K edges show a persistent broadening, which builds up in a non-linear fashion and then
saturates with increasing number of pump pulses in the pulse train of the FEL, i.e. cumulative exci-
tation density. This behavior is distinctly different from the linear increase observed in metallic Ni
films [31, 38], which was linked to lattice heating. Together with the known extremely long lifetimes of
polarons on the order of ns to µs [134], the persistent XAS changes can thus be interpreted as trapping
of excited charge carriers by polarons, which saturates at the Mott limit [135].

5. Conclusions

Femtosecond time-resolved XAS makes it possible to gain new insights into ultrafast charge and energy
transfer dynamics in solids and at interfaces through element-sensitivity as well as the characteristic
shape and time-dependence of transient spectral features, as summarized in figure 4 respectively figure 5
for electronic respectively lattice excitations. In particular, the improved energy and temporal resolu-
tion of tr-XAS at FELs compared to synchrotron Femtoslicing sources allows a direct comparison with
ab initio theoretical calculations, which is highly beneficial for revealing if certain physical processes are
relevant for the dynamics under investigation.

The three different material systems reviewed here show that tr-XAS can characterize non-
equilibrium states in metals, insulators and metal/insulator heterostructures by analyzing the transient
electronic structure via time-dependent spectral features. A particular focus lies on correlation induced
band structure modifications either through a cooperation of ultrafast spin dynamics, mediated by
spin–orbit interaction, and local electronic correlations in the transition metal ferromagnet Ni [35], or
through local modification of screening and non-local Coulomb interaction between photodoped elec-
trons and holes in the charge transfer insulator NiO [37]. Such electronic excitations are distinguished
from lattice excitations via different transient spectral signatures, namely a shift versus broadening of the
near-edge fine structure extracted through fitting procedures. The sensitivity to lattice excitations was
exploited to reveal sub-picosecond energy transfer across the interfaces of Fe/MgO metal/insulator het-
erostructures by coupling of hot electrons in Fe to hybrid interface phonon modes [24].

Overall, technological and methodological advances in tr-XAS at FELs increasingly allow to utilize
the full spectral information also with fs time resolution. Consequently, future experiments will be able
to exploit a systematic variation of x-ray, optical and/or material parameters and increasingly move from
model systems, as discussed in this overview, to more complex materials and heterostructures.

6. Outlook

In the three examples discussed in section 4, all spectra were acquired with linear x-ray polarization.
However, helical undulators for generating circular polarization are available at both Femtoslicing sources
and FELs, offering the possibility to probe spin-dependent dynamics and transient magnetic order. While
time-resolved XMCD has in fact been widely used to analyze ultrafast magnetization dynamics in ferro-
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and ferrimagnets [4, 6, 25, 29], an extension to femtosecond dynamics of antiferromagnetic materials
through XMLD is so far much rarer. Chiral dichroism can further be employed to address the dynam-
ics of chiral materials or transient chiral order induced by THz pumping [136]. Time-resolved XMCD
will also benefit from the improved time- and energy resolution as well as data quality made possible by
FELs, for example with respect to the application of sum rules for a quantitative analysis for spin- and
orbital momenta.

A further recent development enabled by extreme x-ray intensities at FELs is time-resolved resonant
inelastic x-ray scattering in solids, as for example demonstrated in iridates [137, 138], Tb [53], graphite
[139] and NiO [140]. Pushed forward by continuing improvements in the spectral resolution, this tech-
nique makes it possible to directly analyze the temporal evolution of electronic, spin and vibrational
excitations.

I would also like to briefly highlight two methodological developments in recent years: Laboratory-
based sources of ultrashort x-ray pulses pave the way toward greater access to tr-XAS, while the extreme
x-ray intensities generated at FELs enable time-resolved non-linear x-ray spectroscopy.

6.1. Laboratory-based sources
A practical drawback to tr-XAS at large scale facilities, i.e. synchrotron Femtoslicing sources and FELs, is
limited access to beamtime, as these facilities generally only accommodate a single or few experiments at
any given time. With the observation of high harmonic generation (HHG), a laboratory-based alterna-
tive increasingly becomes available. The interaction of high intensity visible or infrared femtosecond laser
pulses with nobles gases induces the emission of ultrashort vacuum ultraviolet pulses, whose energy can
extend up to keV if mid-infrared drivers are used [141]. Since a fs laser serves as driver for HHG, it is
straightforward to use part of the beam as a pump pulse for tr-XAS with intrinsic temporal synchroniza-
tion. The use of such HHG sources for resonant time-resolved absorption spectroscopy and magneto-
optical techniques in the extreme ultraviolet and even soft x-range range is by now fairly well-established
[142].

6.2. Time-resolved non-linear XAS
In the visible and infrared spectral range, non-linear spectroscopy methods such as SHG and sum-
frequency generation (SFG) are established techniques. In particular, SHG spectroscopy provides intrinsic
surface- and interface-sensitivity in centrosymmetric materials, as SHG vanishes under spatial inver-
sion symmetry and thus only occurs where at interfaces where spatial inversion symmetry is broken.
Magnetic contrast in this technique is used to analyze ferro- and antiferromagnetic order, and it can
be further be implemented as the probe in fs time-resolved pump-probe experiments [8]. As seen in
section 4.1, tr-XAS is able to address dynamics at interfaces even if linear x-ray absorption is in gen-
eral a bulk-sensitive probe. As a next step, it will be beneficial to combine the element- and chemical
sensitivity of XAS with interface-sensitivity provided by non-linear spectroscopy through x-ray SHG
spectroscopy.

X-ray SHG and SFG have recently been demonstrated, among other non-linear effects in the x-ray
range [42]. For example, as described in section 2.4, non-linear effects in L3 edge x-ray absorption spec-
tra of Ni at very high x-ray fluences were identified [41]. Combining non-linear XAS and pump-probe
experiments will take advantage of the parameters offered by XFELs, namely the high x-ray intensities
combined with ultrashort pulse duration, necessary to drive non-linear effects and simultaneously ensure
femtosecond time resolution.
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