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Article history: Capturing the evolving geometric and electronic structure in the course of a chemical reaction or biological
Received 27 November 2013 process is the principal aim of time-resolved X-ray spectroscopies. Recent technological and methodologi-
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cal improvements, such as high repetition rate lasers and femtosecond laser-electron slicing have made
this a reality. The advent of X-ray free electron lasers introduces a paradigm shift in terms of the tem-
poral resolution of X-ray spectroscopies, and offer exciting possibilities for time-resolved second-order
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Non-linear opportunities they offer.

X-ray spectroscopies and non-linear X-ray experiments. In parallel, the improved data quality is making
it increasingly important to accurately simulate the fine spectroscopic details. This has been the driving
force for new theoretical methods permitting a detailed interpretation of the spectra in terms of the
geometrical and electronic properties of the system. In this contribution, we discuss recent experimental
and theoretical developments in ultrafast X-ray absorption spectroscopies (XAS) and explore the new

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ultrafast studies emerged with the implementation of
femtosecond-picosecond linear and non-linear optical spec-
troscopies [1-3] and had a huge impact on our understanding of
chemical reactions, biological functions and phase transitions in
materials owing to their ability to probe, in real-time, the nuclear
motion within these different types of systems. However, for
systems of more than two atoms the link between the optical
domain spectroscopic observables and the molecular structure
is ambiguous and therefore from the early days of ultrafast
spectroscopy much effort was invested to develop methods that
achieve both high temporal (on the femtosecond time scale) and
spatial (on the order on tenths of an angstrom) resolution. Towards
this goal, various groups adopted diffraction methods based on the
use of ultrashort pulses of X-rays [4-6] or electrons [7-10], while
others opted for time-resolved X-ray absorption spectroscopy
(XAS) [11-17].

XAS is particularly attractive because of its ability to deliver
electronic structure as well as geometric information. For the
implementation of time-resolved XAS, third generation light
sources (i.e. storage rings that generate synchrotron radiation) are
most suited because of their wide tuneability, stability and high
photon flux. However, the physics of storage rings limits the X-ray
pulse duration to 50-100 ps. Nevertheless, several exciting results
were gathered on a wide variety of chemical systems [12,13,18-33]
and materials [34-37]. The temporal limitation of storage rings has
been overcome by the laser-electron slicing scheme [38-41] and
the so-called low-alpha modes [42,43], albeit at the sacrifice of pho-
ton flux. The slicing scheme in particular has made it possible to
demonstrate femtosecond XAS of photoexcited molecular species
in solution [44-46]. In parallel, the advent of X-ray free electron
lasers (X-FELs) is starting to yield the first results in ultrafast XAS
[47], which promises to revolutionise the field.

For achieving a full understanding of an experimental spectrum,
theoretical simulations are essential. Such analysis has usually been
performed using multiple scattering (MS) theory, within the lim-
its of the muffin-tin (MT) potential [48] or using multiplet theory
[49,50]. However, while these approaches have provided signifi-
cant insight into the origin of both static and time-resolved spectra
[23,25], the increasing information available from time-resolved
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spectroscopies means that one must go beyond the present approx-
imations and, in an ab initio manner, include the influence of strong
electron correlation [51-56], nuclear dynamics beyond the Born-
Oppenheimer approximation and non-linear effects [57].

In this contribution, we review some of the most recent
advances in both experimental and theoretical approaches for
time-resolved XAS. We broaden the scope by discussing some of the
new opportunities for time domain core-level spectroscopies such
as X-ray emission spectroscopy (XES), and Resonant inelastic X-ray
scattering (RIXS) and the potential impact of femtosecond tempo-
ral resolution and high fluxes provided by the X-FELs. This review
is organised in the following way: In the first section, we recall
the basic aspects of core-level spectroscopies. This is followed by a
discussion on X-ray sources used for such experiments. A detailed
summary of the experimental developments is then presented fol-
lowed by an examination of theoretical developments.

2. X-ray spectroscopies
2.1. X-ray absorption spectroscopy

An X-ray absorption spectrum (XAS) is characterised by absorp-
tion edges, which reflect the ionisation threshold of the different
core orbitals, shown schematically in Fig. 1. The physical processes
and information content have been presented in detail in a number
of books and review papers [58,59,48,50] and we will therefore not
discuss them in detail here. Briefly, for a particular edge, an electron
is initially excited to empty or partially filled orbitals just below the
ionisation potential (IP) yielding information about the unoccupied
density of states. The energy of the absorption edge provides infor-
mation about the oxidation and spin state of the absorbing atom.
Just above the edge (<50eV), in the X-ray Absorption Near-Edge
Structure (XANES) region, the low photoelectron energy (i.e. long
de Broglie wavelength) implies that the photoelectron undergoes
multiple scattering (MS) events. XANES therefore contains infor-
mation about the three-dimensional structure around the absorb-
ing atom, i.e. bond distances and bond angles. At higher energies,
in the Extended X-ray Absorption Fine Structure (EXAFS) region,
single scattering (SS) events usually dominate, as the scattering
cross section of the photoelectron decreases increasing energy.
This region delivers information about coordination numbers and
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Fig. 1. Schematic energy level diagrams of XAS (a), non-resonant XES (b) and resonant XES (c).
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Fig. 2. Sketch of a typical time-resolved XAS setup for the study of liquid samples.
The continuously-refreshed sample can be a flow capillary, a flow-cell, or a high
speed liquid jet. At is the time-delay between the laser pump and X-ray probe
pulses.

bond distances of the first coordination shell around the absorbing
atom.

The simplest and most common method of measuring the
X-ray absorption coefficient is X-ray transmission, shown schemat-
ically in Fig. 2. Using a tuneable monochromatic X-ray beam
(A2/2~0.015%) both the transmitted (I7) and incident (Iy) X-ray
signals are measured as a function of incident photon energy. The
X-ray linear absorption coefficient ©(€2), at a particular incident
photon energy €2 is then derived from the Beer-Lambert law:
A®) = u(@)-d=1n (). (1)
where d represents the sample thickness. In principle, u(€2) refers
to the total absorption coefficient of the sample, which includes
not only the absorbing atom, but also the environment in which it
is contained, along with Compton scattering. The absorption coef-
ficient is calculated using Fermi’s Golden Rule:

Ff/ZT[
(Er — E;— nQ)* + T2/4

W~ 1 1 Hin i x (2)

f

describing the transition from an initial state (i) with energy E;
to a final state (f) with energy Ey. Hiye is the interaction Hamiltonian,
typically within the dipole or dipole + quadrupole approximation,
n<2 is the energy of the incident photons and I’y is the core-hole
lifetime broadening.

When extended to the time-domain as shown schematically in
Fig. 2, the XAS signal at a particular X-ray energy and pump-probe
time delay (At) is recorded twice, alternating between the signal
from the excited sample (pumped) and that from the unexcited
sample (unpumped). A zero measurement is also made by reading
the detector signal in the gap where no X-rays are present, which
is then subtracted off the corresponding X-ray signal to compen-
sate for any drifts over time of the data acquisition baseline. The
transient spectrum is then expressed as the difference between the
pumped (excited) minus the unpumped (ground state):

AI(Q7 t) =f' [q)(t)lpumped(g) - Iunpumped(Q)]a (3)

where f is the photolysis yield and ®(t) represents the quantum
yield of the product, whose time dependence reflects decay pro-
cesses. This general methodology also applies for the second-order
spectroscopies discussed in the proceeding section.

2.2. Second-order X-ray spectroscopies

X-ray absorption spectroscopy provides insight into the unoc-
cupied valence orbital of a particular system and, through the above
ionisation resonances, insight into the geometric structure around

the absorbing atom. However, the advent of intense X-ray sources
and high-resolution detectors is making it possible to perform X-
ray emission (XES) or X-ray Raman spectroscopy. In this case the
incident photon is absorbed and the emitted or scattered photon is
detected meaning that such spectroscopies must be treated within
second-order perturbation theory [60].

These second-order spectroscopies (also called photon-
in/photon-out [61,62]) have spawned a whole range of approaches,
and while the yields are much smaller than signals from traditional
transmission XAS, they are able to probe both the unoccupied
and occupied molecular orbitals, obtain soft X-ray L-edge, M-edge
and UV-vis excitations using hard X-rays, perform site selective
and/or range-extended EXAFS [63-65] and record high-resolution
spectra proportional to the X-ray absorption spectrum. Impor-
tantly, the low scattering cross sections of these spectroscopies
has so far restricted their use in time-resolved studies, however
the increased available photon flux at 3rd-generation storage
rings using high repetition rate schemes or of the X-FELs means
that time-resolved second-order spectroscopies are emerging as
powerful tools in coordination chemistry.

For spectroscopies based upon the detection of scattered
(fluorescent) photons, the spectra are represented using the
Kramers-Heisenberg equation [66-68]:

2
(f1HineIn) (n|Hineli)
—E; —En —hQ — il

F(Q, ) = Z

f
y Ff/27T
(Ei — By + hQ - fw)’ + T2 /4

(4)

where A2 and Aw are the incident and emitted photons, respec-
tively and E;, Ep, Ef are the energies of the initial, intermediate and
final states. I'y and I’y are the lifetime broadening associated with
the intermediate and final states.

Eq. 4 describes the absorption of a photon, forming an interme-
diate state n from the ground state i, before it decays into a final
state f. This second-order process can be described as absorption
and emission processes that are coherently coupled. One effect of
this coupling is that interference between different intermediate
states can alter the spectral weights. However, in the case of hard
X-rays, these are generally small and the interference terms can be
neglected. Under this approximation Eq. 4 becomes:

(f | Hine 1) (1 Hig )
Ei—En+hQ —iln

F(Q,w) = ZZ
f n

Ff/ZJT
x . (5)
(E; — Ep + hQ2 — hw)” + F)%/4
S {1 HineIn)? (M1 Hine 2
4 (E; — En + hQ2)* + T2/4
Ty/2
x s/2m (6)

(E; — Ef + 5 — haw)” + T2 /4

This describes a non-coherent process in which the absorp-
tion matrix elements from initial state i to intermediate state n
is weighted by the emission matrix element. An example of this is
total fluorescence yield (TFY) spectroscopy, in which the total flu-
orescence from the sample is collected, without energy resolution
as a function of the incident photon energy [69,70]. This approach
can be advantageous when the signal of interest contributes only
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Fig. 3. The K shell emission lines in CuO (right) [80] and a schematic (left) of the transitions. The strongest lines are the K, and K, , which correspond to transitions from
the 2p;; and 2py, levels, respectively. The Kf; 3 lines are 3p — 1s transitions and at higher emission energy the Kf,5/Kp" transitions form the so-called valence-to-core

emission lines.

a small fraction to the total absorption, or when the sample trans-
mission is very large.

2.2.1. Non-resonant X-ray emission

X-ray emission probes the photons emitted by an electron refill-
ing a core hole created by the incident photon, and therefore it is
able to probe the electronic structure of the occupied orbitals. For
non-resonant X-ray emission (NXES), the incident photon energy is
much greater than the Fermi energy and a core electron is ejected
into the continuum, as shown schematically in Fig. 1b. In this case
the spectral weights are largely independent of the incident photon
energy and the lifetime broadening of the spectrum corresponds to
Fn+[‘f [71].

Fig. 3 shows the K emission spectrum of CuO, i.e. the fluo-
rescence after creation of a hole in the Cu 1s orbital, which is
characterised by a number of distinct resonances. The strongest
lines are the Koy and Koy, which correspond to transitions from
the 2p3); and 2pqp, levels, respectively. These, so-called core-to-
core transitions are commonly employed to retrieve fluorescence
yield XAS (see Section 2.2.3). At higher emission energies lie the
3p — 1s transitions which form the KB, 3 lines. These are nearly an
order of magnitude weaker than the K, transitions. Higher still are
the KB, 5/KB” transitions, which form the so-called valence-to-core
emission lines. They involve the relaxation of the valence electrons
into the core-hole, and are much weaker due to a poorer overlap
of initial and final wavefunctions. These transitions provide strong
sensitivity to the chemical environment of the scattering atom,
and in particular the ligand orbitals and bond distances [72-79]
and therefore their implementation in time-domain experiments
will yield important information about the changes of the valence
electron density in an ultrafast chemical process.

2.2.2. Resonant X-ray emission

If the incident photon energy is tuned below the ionisation
potential to the energy of an unoccupied orbital as shown in Fig. 1c,
resonant X-ray emission (RXES) occurs. Compared with NXES, the
spectral shape and intensity of RXES spectra are dependent on the
nature of the transition that is excited (pre-edge, white line, etc.)
[81,67,82-84].

If the incoming photon resonantly excites a core electron into
an unoccupied level, which then decays back to its initial core
state, the emitted photon will have the same energy as the incom-
ing one (although different polarisation and wave vector) yielding
resonant elastic X-ray scattering [85,86]. In this case the total scat-
tering intensity must also incorporate second-order absorption and
emission processes (Eq. (4)), responsible for the so-called anoma-
lous scattering amplitude [86]. This introduces abrupt changes to
the intensity of the diffraction peaks around resonances within
the material. This approach can be seen as combining XAS and

X-ray diffraction in a single experiment, where the X-ray direction
yields spatial information, while the spectroscopic part, through
the anomalous scattering amplitude, provides sensitivity to the
electronic states of the system and in particular to charge, orbital
and spin ordering phenomena [87]. This approach requires both
long-range order within the sample and precise control over the
macroscopic sample orientation with respect to the incident X-
ray beam, and consequently is most widely used for problems in
condensed matter physics.

Alternatively if the incoming and outgoing photon energies
are not equal, an energy transfer to the system occurs [89-93].
This is called both resonant X-ray emission spectroscopy (RXES)
[62] and resonant inelastic X-ray scattering (RIXS) in the litera-
ture. We will use the term RIXS to refer to such measurements
in the following sections. In RIXS, both the incident and emitted
(or energy transfer) photon energies are resolved and plotted on
a two dimensional (2D) correlation plot. However, RIXS may also
provide direct insight into the momentum dependence of the tran-
sitions. By recording both the energy and momentum of the emitted
photons (momentum-resolved RIXS), it is possible to obtain infor-
mation about the spatial dispersion of the fundamental excitations
[68,50,67,94]. Such methodology has been widely used to study
charge transfer, dd transitions [95], magnons [96] and phonon exci-
tations [97].

Fig. 4 shows the 2p3j,-3ds, RIXS plane of the photocatalytically
active di-platinum complex [Pty (P,0sH>)4]*~ (PtPOP) measured in
solution in the two most commonly used presentation formats:
XAS vs XES and XAS vs Energy transfer. This measurement was per-
formed by scanning the incident X-ray energy through the Pt L3
X-ray absorption edge (11.56 keV) and using a von Hamos geome-
try dispersive X-ray spectrometer [88] to measure the Loy X-ray
emission (9.44 keV). By resolving both the incident and emitted
photon energies, this approach is able to simultaneously measure
the occupied and unoccupied density of states around the resonant
core excitation. In addition, the energy transferred corresponds to
elementary excitation of the final state within the material, which
can include such low-energy collective excitations as phonons or
plasmons in the solid state [67], and charge-transfer or ligand-field
excitations in molecular systems [52,98].

2.2.3. High-resolution X-ray absorption spectra

Eq. (5) shows that when interference effects are neglected, the
signal is related to the product of the squared absorption and emis-
sion spectra and provides the opportunity to obtain the absorption
spectrum by monitoring emission processes. While this does not
always hold (see Ref. [99]), it does in the case of hard X-ray spec-
troscopies. For achieving a high-resolution spectrum the most
commonly adopted approach is high energy resolution fluores-
cence detection (HERFD) [93]. Here, the spectrum is recorded at a
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Fig. 4. RIXS measurements of the di-platinum complex [Pty(P,0sH;)4]*~ measured in solution around the Pt L3-edge using a dispersive von Hamos spectrometer [88]. (a)
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fluorescence detection (HERFD) signals at three X-ray emission energies, corresponding to horizontal slices in (a) and diagonal slices in (b). Note the sensitivity of the HERFD
signal to the chosen emission energy. (d) Comparison between the total fluorescence yield (TFY) and HERFD signals, illustrating the increased energy resolution possible

with the HERFD technique.

fixed emission energy as a function of incident photon energy. This
corresponds to a horizontal line in Fig. 4a, where the signal is plot-
ted as incident vs outgoing photon energies, and a diagonal line in
Fig. 4b where the outgoing energy is plotted as a function of energy
transferred to the system (€2 — w). In this case the spectral width
is dominated by the lifetime broadening of the final state hole and
is therefore sharper than a XAS spectrum recorded in transmission
or total fluorescence yield mode [100-102,89,82,103]. Although,
as shown in Eq. (6), both I'y and I'; contribute to the band width
of the HERFD spectrum, when the outgoing photons are detected
at a constant emission energy and T';>»> I'y, the broadening of the
former (I';) has little effect on the overall width. This is shown
schematically in Refs. [100,104].

Fig. 4d shows a comparison between the TFY and HERFD sig-
nals measured on PtPOP. The HERFD signal clearly shows that
the primary XAS peak at 11.575keV is composed of two transi-
tions, while the shoulder on the blue side of the main peak is a
discrete transition, allowing a more accurate comparison to the-
oretical calculations [105]. The drawback of measuring a single
emission energy is demonstrated in Fig. 4c where the HERFD sig-
nal measured at three different emission energies is presented.
By changing the emission energy by small amounts (~0.5eV), the

HERFD signal shifts in energy and introduces intensity changes in
the relative features of the spectrum, meaning that care must be
taken when assigning importance to absolute energies and inten-
sities in a HERFD spectrum. In relation to time-resolved studies,
for such spectra it is not known a priori if the initial excitation will
cause a shift in the emission lines or a change in intensity of the
emission spectrum. Thus recording only the constant emission at a
particular energy can distort the obtained spectrum. It is therefore
always desirable to measure the full RIXS plane. This can also apply
in the case of ground state spectra [82].

Finally, a new approach for achieving lifetime-broadening
suppressed XAS spectra is the high resolution off-resonant spec-
troscopy (HEROS) [106,88,107]. This approach can be thought
of as analogous to HERFD, however crucially the incident pulse
energy is below the lowest transition energy as depicted in Fig. 5.
In this case, the transitions only occur by virtue of the effect of
the core-hole lifetime broadening (i.e. the Heisenberg uncertainty
principle). This effect was first observed in Ref. [108] and later
theoretically explained [109], however the small cross-sections
(0HEROS |0 aBs~1078 Vs ORixs [0aps~1073) limited its use until
sufficient photon fluxes could be achieved. Regarding both static
and time-resolved measurements, its main advantage is that when
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combined with a dispersive spectrometer [106,88,107], it becomes
possible to obtain a XANES spectrum in a single measurement.

3. Sources of X-ray pulses

The past 30 years witnessed rapid development in both the
peak brilliance and temporal resolution of X-ray sources, making
it possible to perform experiments that only a few short decades
earlier were inconceivable. X-ray absorption and second-order
spectroscopies are now routine experimental techniques, capable
of providing unparalleled electronic and structural information on
a wide variety of systems. With the continuing improvement in
X-ray sources, more and more flux-demanding measurements are
achievable.

For time-resolved XAS the requirement for wide tuneability, sta-
bility and high photon flux made third generation light sources
the most suited, despite the limitations to temporal resolution.
Consequently, although able to achieve femtosecond X-ray pulses,
table-top laser plasma sources [110,111] which are isotropic, of
limited energy tunability and unstable from pulse-to-pulse have
been limited to X-ray diffraction [112,5,113-116], although ultra-
fast XAS with them has also been demonstrated [117,118] and
progress continues [119-121]. Therefore although these types
of sources provide promise that the goal of a table-top X-ray
free electron laser will one day be possible [122], they are still
very much in the development phase and will not be discussed
further.

3.1. High-harmonic generation sources

A recent technique that has attracted significant attention is
high-harmonic generation (HHG) where an ultrashort laser pulse is

focused into a gas jet, resulting in the emission of high energy pho-
tons [123-125]. This technique produces photons in the soft X-ray
(200-1000eV) and vacuum-ultraviolet (VUV) range (10-200eV).
The soft X-ray pulses can contain 10'# photons per second in a
1% bandwidth and can achieve sub-femtosecond temporal reso-
lution [126]. HHG sources for time-resolved core-level absorption
spectroscopy are increasingly being used in the VUV-XUV range
for studies in the gas phase [127], liquids [128,129], and in solids
[130,131].

3.2. Storage rings

Storage rings, which are also called synchrotrons, provide an
intense source of high photon energy synchrotron radiation, mak-
ing them ideal for performing X-ray spectroscopy [132]. In general
terms storage rings produce high-energy photons by passing rel-
ativistic electrons through strong magnetic fields, forcing them to
change direction. The acceleration results in the emission of elec-
tromagnetic radiation. The magnetic fields can be applied using
a variety of devices including bending magnets, super-conducting
bending magnets, wigglers, and undulators [133]. From a user per-
spective each of them has different characteristics and results in
different X-ray sources for experiments.

Bending magnets generate a broad spectrum of photons, which
extends out to the X-ray regime. The maximum X-ray flux in a
bending magnet X-ray spectrum depends on the magnetic field
strength of the magnet, the electron energy in the storage ring and
the collection angle in the horizontally divergent beam. Undula-
tors and wigglers consist of periodic arrays of permanent magnets,
which force the electrons into an oscillatory trajectory as they
pass through them. The result is a well collimated, spatially
intense beam of X-rays. In general undulator beamlines produce
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the highest spectral brilliance, with average photon fluxes exceed-
ing 1012 photons/s. These so-called insertion devices also generate
higher-order harmonic photons, which allows them to be used at
higher photon energies, albeit with a loss in X-ray flux.

At an X-ray spectroscopy beamline, the X-ray photons are gen-
erally monochromatised using a crystal monochromator to a AE/E
bandwidth of 0.01-0.03% [134]. This energy resolution is on the
order of an eV in the hard X-ray regime, which is less than the
typical core hole lifetime broadening in an X-ray spectrum. It is
possible to use higher diffraction orders from the monochroma-
tor crystals, allowing higher energy resolution measurements for
techniques such as momentum-resolved RIXS [67], where the scat-
tering direction of the X-ray photon is also resolved, or Inelastic
X-ray Scattering (IXS)[135]. The monochromatic X-rays can then be
focused onto the sample using reflective achromatic X-ray optics,
such as Kirkpatrick-Baez (KB) mirrors [136,137]. Another approach
is energy dispersive XAS (EDXAS) where one uses an incident poly-
chromatic beam, which is then either dispersed after the sample
[138,139] or focussed using a curved crystal onto the sample, result-
ing in a spatially dispersed spectrum after the sample [140]. Both
of these dispersive XAS techniques have also been used for time-
resolved measurements [141,142], with the primary constraints
being that only a transmission XAS measurement is possible and
a two-dimensional detector is required.

The fill pattern of the electrons within the storage ring deter-
mines the time structure of the X-ray pulses. This consists of
electron bunches separated by a few nanoseconds, with an entire
revolution of the ring taking hundreds of nanoseconds to microsec-
onds depending on the size of the storage ring (see Fig. 6). When
a slow detector is used, the X-ray flux appears as a continuous
stream of photons. By reading out the detector on timescales of
milliseconds or seconds, the evolution of a sample can be recorded.
If a faster detector is used the individual X-ray pulses can be
observed (see Fig. 6), which allows the experiment to monitor
sample evolution on much faster timescales. If the X-ray pulses
are to be used in a pump-probe experiment, where the sample
is initially excited using an ultrashort laser pulse and then sub-
sequently probed after some adjustable time delay, it is necessary
to isolate the X-rays from a single X-ray pulse. This can either be
done using very fast detectors with sub-ns time resolution, or by
taking advantage of the ability of storage rings to control the elec-
tron fill pattern within the storage ring. An example of such an
approach is shown in Fig. 6 where the Swiss Light Source uses a
500 MHz radio-frequency source as the fundamental structure for
its fill pattern. Bunches 1-400 are filled with 1 mA of electrons,
and bunches 401-480 are left unfilled as an ion-clearing gap. An

isolated bunch, sometimes called the camshaft, can be placed into
this gap. This allows detectors with a time resolution of 10-20ns
to isolate the X-rays from the isolated bunch. The result is that
measurements can then be performed where the time resolution
is limited to the pulse duration of the isolated bunch, which is usu-
ally <100 ps [24,143,41]. This means that by judicious choice of
detectors, X-ray spectroscopy measurements at storage rings are
capable of covering an extremely broad range of timescales, from
tens of picoseconds out to seconds and beyond [144].

3.3. X-ray free electron lasers

The recent development of X-FELs has revolutionised the field
of ultrafast X-ray techniques [145-147]. These sources consist of a
high-energy (GeV) electron bunch injected into a series of undu-
lators that are hundreds of metres long. The oscillation of the
electrons in the initial part of the undulators causes radiation to
be emitted, as in a 3rd-generation storage ring. As the radiation
and electrons co-propagate the radiation field builds up and the
electrons start to interact with the radiation, causing a micro-
bunch structure to appear with the wavelength of the radiation.
This is represented pictorially in Fig. 7. This micro-bunch structure
radiates coherent X-ray photons, the intensity of which builds up
exponentially in a process called self-amplified spontaneous emis-
sion (SASE) until saturation is reached. The intensity increase is
expressed as [148]:

I = Iy exp(Ax) (7)

where x is the undulator length and A is a constant. The result
is an intense, spatially coherent beam of femtosecond X-ray
pulses, which can be used for experiments [149]. This high spatial

o —

Fig. 7. Schematic of microbunching: as the electron bunch traverses the undulator
or wiggler, microbunches are formed, due to the interaction between the travelling
electrons and the previously emitted waves.
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coherence reflects the strong correlation between the phases of the
pulse at different points transverse to the direction of propagation,
i.e. how uniform the phase of the wave front is. The effect of this
high spatial coherence will be most noticeable in diffraction and
imaging experiments [150-157]. Besides spatial coherence [158],
temporal coherence is also important. This describes the corre-
lation between the phases of the pulse at different points along
the direction of propagation. For X-FELs the temporal coherence
length is low due to the fact that the pulses contain more than a
single frequency [149,159,160].

The FLASH VUV-soft X-ray free electron laser located at DESY
in Hamburg has been the prototype for this kind of facility since
it started user operation in mid-2005 [161-163]. It was soon fol-
lowed in 2009 by the Linac Coherent Light Source (Stanford, CA,
U.S.A.), which was the first hard X-ray free electron laser to come
into operation [164]. LCLS now operates both in the soft and hard
X-ray regimes, with experimental stations dedicated to various
fields of research [165-169]. Recently the SACLA X-FEL facility at
SPring-8 in Japan [170-172] and the FERMI@Elettra seeded VUV-
soft X-ray FEL [173,174] also began operation, and several X-FEL
projects are under construction worldwide, including machines in
Germany [175], Korea [176,177], and Switzerland [178,179].

The primary feature of an X-FEL is the enormous number of pho-
tons/pulse (10'1-10'2)ina 10-100 fs pulse, or even sub-fs duration
[180]. This makes their peak brilliance unparalleled. Both SACLA
and LCLS operate at repetition rates of 100-120 Hz, which makes
their average X-ray flux similar to that of 3rd-generation storage
rings. However, because of the spontaneous nature of the SASE
process, the radiation generated by X-FELs has a large variance in
pulse energy (photon flux), photon energy (X-ray spectrum), and
pulse arrival time large pulse-to-pulse fluctuations of these param-
eters. The bandwidth of such a source varies, but is generally in the
range of 0.1-0.5%, and the photon energy instability can occasion-
ally exceed this bandwidth. When a monochromator is inserted
in the beam to perform spectroscopic measurements, the photon
energy instability adds to the X-ray flux instabilities at the sam-
ple position [47]. The most straightforward approach to solving
this problem has been to measure the incident X-ray flux as accu-
rately as possible, allowing these fluctuations to be normalised out
[181,182]. The drawback to this approach is that these intensity
monitors need to be linear over many orders of magnitude of pho-
ton flux, which is difficult to achieve [47]. A second approach is to
acquire as much data as possible in a single measurement, using
techniques such as dispersive XES [183,184], XAS [138,139,142],
and HEROS [185]. Though these approaches help solve the prob-
lems, they introduce further complexities, such as measuring an
accurate incident photon energy spectrum to extract the XAS of the
sample from the unpredictable X-ray spectrum of the incident pulse
[186,139]. The most promising approach to reducing the instabil-
ity of the X-FEL beam at the sample position is to seed the free
electron laser, preferentially selecting a portion of the photon spec-
trum to initiate the lasing process [187]. The result is a significant
improvement in the spectral stability of the X-FEL beam, at a cost
of a factor of approximately 5-10 reduction in photon flux [188].
Though the seeded X-ray spectrum is not properly monochromatic,
as it has a tail that extends a few eV to lower photon energies, it
greatly enhances the pulse-to-pulse energy stability of the pho-
ton beam through a monochromator. It should be emphasised here
that X-FEL facilities are under continuous improvement, and the
operational characteristics vary from facility to facility. The most
laser-like X-FEL currently in operation is the FERMI@Elettra facil-
ity in Trieste, which is seeded and generates VUV laser light up to
100eV [189,174].

Perhaps the most fundamental distinction between storage
rings and X-ray free electron lasers is that storage rings serve
many users simultaneously while X-FELs are dedicated to a single
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Fig.8. Aschematic showing the pulse intensities and temporal resolution of present
and future sources of subnanosecond-pulsed X-rays.

experiment at a time. The advantage to this approach is unprece-
dented cooperation between the facility and the experiment. The
experiment now has fine-grained control over all the machine
parameters, allowing the users to tune the X-FEL to generate pre-
cisely the X-ray beam necessary for the experiment. The obvious
disadvantage to single-user operation of an X-FEL is an enormous
reduction in available measurement time at these facilities, but
this is compensated by the significantly reduced data acquisition
time, resulting from the high brilliance of the source. The approach
taken by the LCLS facility to have simultaneous user operation is a
beam sharing approach where a diamond crystal is used to diffracta
narrow X-ray bandwidth beam for one experimental station while
the second station uses the broad bandwidth beam transmitted
through the crystal [190]. The more expensive approach taken by
the European X-FEL facility (Hamburg) is to have several undula-
tor sections operating simultaneously, allowing the facility to serve
multiple users from a single electron source.

In conclusion, although these 4th-generation light sources are in
their infancy, it is clear that their effect on the field of time-resolved
X-ray science, which is already felt in coordination chemistry
and biochemistry, will be profound and far-reaching. This is most
starkly demonstrated in Fig. 8 showing the comparative peak bril-
liance and temporal resolution of the main X-ray sources discussed
above. In this sense X-FELs are unparalleled.

4. Background of time-resolved X-ray spectroscopies

The first time-resolved XAS measurement was performed by
Mills and co-workers at the CHESS storage ring. They investigated
the recombination of carbon monoxide (CO) to myoglobin (Mb)
after its photodissociation using a green nanosecond laser pulse
[191]. The sample was probed at the iron K-edge (7.12 keV) using
X-ray pulses 160 ps long, operating at a repetition rate of 390 kHz
(2.56 s between X-ray pulses). By clever binning of the total
X-ray fluorescence signals they could monitor the photoexcited
signal around the absorption edge over the full range of the sample
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relaxation (a few s to >10 ms) and recovery of carboxy-myoglobin.
Importantly, as the authors pointed out, the data collection time
and resulting signal-to-noise was controlled not by the sample or
the X-ray flux, but by the laser repetition rate [192].

It took another 15 years, before time-resolved XAS experiments
were implemented again. This time, at higher temporal resolution
(sub-ns) and using more sophisticated laser sources (e.g. ampli-
fied Ti:Sa femtosecond lasers) able to produce pulse energies in the
m] range at kHz repetition rates. In addition, these measurements
took advantage of fast X-ray detectors in transmission and fluo-
rescence to resolve the X-ray pulse structure from the storage ring,
allowing the photons from a single X-ray probe pulse to be selected
electronically [143,24,193]. In this approach, data acquisition is
based on the measurement of transient absorption spectra, i.e. the
difference between the absorption of the excited sample minus
that of the unexcited sample. The XAS signal at a specific X-ray
energy and pump-probe time delay is recorded at twice the laser
repetition rate, alternating between the signal from the excited
sample (pumped) and that from the unexcited sample (unpumped).
The laser ran at 1kHz repetition rate and consequently the X-ray
signal was recorded at 2 kHz. The 1kHz repetition rate is deter-
mined by the excitation laser, which is a regeneratively amplified
Titanium-sapphire (Ti:Sa) laser. These lasers were required to gen-
erate sufficient sample excitation in a sample volume larger than
that probed by the X-rays.

These schemes allowed time-resolved measurements during
normal user operation and required no specialised hardware,
such as a fast X-ray mechanical chopper [194]. The experimental
measurements include results on the dynamics of photoin-
duced structural changes in Ru and Fe polypyridine complexes
[28,25,23,26], in Ni-porphyrins [195] and in Cu-diimine complexes
[19,18]. However the general conclusion to be drawn from these
measurements is that they require significant acquisition times
(typically tens of hours), to ensure meaningful signal-to-noise
ratios (S/N). In addition, the necessary sample concentrations were
generally high (tens to hundreds of mMol), which excluded bio-
logical systems, that can be dissolved to at most a few mMol. In
order to overcome these limitations, a number of developments
were undertaken, which we present in the following sections.

5. Recent experimental developments

5.1. The high repetition rate scheme for picosecond XAS

As previously described, one of the limitations to performing
time-resolved laser pump/X-ray absorption probe measurements
ata storage ring has been the enormous mismatch between the rep-
etition rate of the femtosecond amplified pump laser (1 kHz) and
the storage ring (typically MHz), which has limited the data acqui-
sition rate of the experiments. To overcome this, we implemented
a scheme based on high repetition rate pump lasers allowing
over an order of magnitude improvements in the achievable S/N
in time-resolved XAS measurements [196]. Similar developments
followed at other 3rd-generation light sources [197-199]. Impor-
tantly, besides the reduced acquisition times for XAS, these new
schemes open perspectives for picosecond second-order core-level
spectroscopies such as X-ray emission spectroscopy (XES), and
resonant inelastic X-ray scattering (RIXS), which have low cross
sections.

The setup at the SLS (Villigen) uses a high-repetition rate, high
average power Nd:YVOy, laser running at 520 kHz, i.e. half the repe-
tition rate of the SLS (1.04 MHz). This represents the most efficient
use of all the available isolated hybrid pulses, but the laser repeti-
tion rate can also be decreased if required due to sample relaxation
times (>1 ps) or if higher laser pulse energies are desired. Using this
setup, we demonstrated [196] an increase of the signal-to-noise
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Fig.9. Time-resolved XAS of [Fe(bpy)3]?* in aqueous solution measured at the Swiss
Light Source using high-repetition rate pump-probe techniques. (a) ground-state
(low-spin) XAS measurement (black line) and transient XAS signal (laser on XAS
- laser off XAS) measured 50 ps after excitation (purple markers). (b) zoom of the
pre-edge region showing the ground-state (black line) and transient XAS (purple
markers) signals.

From Ref. [196].

ration (S/N) per scan by a factor of ~25, resulting in greatly reduced
data acquisition times and the ability to measure dilute samples
in the mMol range. In addition, the laser delivers 10 ps pulses at
wavelengths of 1064 nm, 532 nm, 355 nm or 266 nm, rather than at
400 nm, as delivered by 1 kHz amplified femtosecond lasers. This is
especially pertinent for chemical and biological systems that tend
to have strong absorption bands in the green.

Fig. 9 shows the time-resolved XAS of [Fe(bpy)s]?* (iron(Il) tris-
bipyridine) in aqueous solution recorded at the Fe K-edge (7.1 keV)
using the high-repetition rate pump-probe scheme. The effect of
the increased S/N is observed in the improved quality of the usu-
ally weak EXAFS modulations, which is very useful for a precise
structural analysis of the excited state. It also becomes possible to
resolve the changes in the pre-edge transitions, which are weak
because they are dipole forbidden [200], and could not be observed
using the 1 kHz scheme [26]. This yields deeper insight into the elec-
tronic structure changes that are caused by the optical excitation.
Our present set-up has since been used to study heme proteins in
physiological solutions [ 196], excited state relaxation of iron, ruthe-
nium, rhenium, and copper complexes [196,201-203] and metal
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Fig. 10. Left: Normalised Re Ls-edge transient XAS signal of a 30 mM solution of
[ReBr(CO)3;(bpy)] in N,N-dimethylformamide (red markers) measured 630 ps after
excitation with 355 nm The ground-state XAS is also shown for comparison (blue
line) with features labelled A-F. Inset: zoom into the near-edge region to show
the details of the transient XAS. Right: The corresponding normalised Br K-edge
transient XAS signal measured on the same sample under the identical conditions.
The ground-state XAS is also shown for comparison (red line).

Figures reproduced from Ref. [201].

oxide nanoparticles [204]. Similar schemes at other storage rings
have been used to investigate a nickel-porphyrin complex (NiTMP,
Ni(Il)-tetramesitylporphyrin) dissolved in toluene [197], previ-
ously studied by Chen and co-workers [195,20], and the melting of a
Gessingle crystal [198]. The latter demonstrates that high-repetition
rate XAS techniques may also be applied to solid samples, though
care must be taken to minimise sample damage.

The benefits of our high-repetition rate pump-probe set-up are
highlighted in two examples shown in Figs. 10 and 11. Fig. 10a
and b shows the steady-state and picosecond time-resolved spectra
of [ReBr(CO)3(bpy)] at the Re L3-edge and Br K-edge, respectively
[201]. Upon excitation into the lowest CT state, the system relaxes
to the triplet state faster [205] than the temporal resolution of
the experiment (>50 ps) and therefore we probe the relaxed triplet
state. Our transient spectra, at both the Re L3- and Br K-edge, exhibit
new pre-edge absorption peaks at 10.531 and 13.473 keV, which
are attributed to the Re 2p3;,—5d and the Br 1s — 4p transitions,
respectively, accompanied by a blue shift of the edge. These obser-
vations arise from the creation of a hole in the highest occupied
molecular orbital, which has a mixed character between Re and
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Fig. 11. (a) Static (black) and 50ps transient Cu K-edge XANES spectra of
[Cu(dmp),;]* in acetonitrile (purple). Prominent features in the ground-state XAS
are labelled A-D. (b) 50 ps transient Cu K-edge XANES spectra of [Cu(dmp);]* in
acetonitrile (purple) and dichloromethane (green) [203]. In all cases the transient
spectra have been normalised to the largest difference.

Br [206]. Consequently, photoexcitation of this complex causes a
charge transfer from the Re-Br moiety to the bpy ligand, and the
long lived triplet state formed is best described as a metal/ligand-
to-ligand charge-transfer (MLLCT) state.

Fig. 11 shows the static and picosecond X-ray absorption
study at the Cu K-edge of [Cu(dmp),|* (dmp =2,9-dimethyl-1,10-
phenanthroline) dissolved in acetonitrile and dichloromethane
[203]. Previous studies have reported that the phosphorescence
lifetime is significantly shortened in electron donating solvents
[207] and concluded that this quenching is due to complexation
of a solvent molecule that most likely occurs at the metal cen-
tre. However, our transient spectra are remarkably similar for both
solvents (Fig. 11b), and the spectral changes can be rationalised
using the optimised excited (triplet MLCT) state — the optimised
ground state structure of the complex. Contrary to previous claims
[208,209], the excited-state XAS spectra do not show evidence of
exciplex formation at the metal centre that was invoked to explain
the luminescence quenching. This is confirmed by MD simulations,
which indicate only a weak interaction between the Cu and the sol-
vent, as shown by the distance between the two, which is ~3.5-4 A,
The strength of this interaction is comparable to a weak hydrogen
bond and therefore, it undergoes rapid exchanges with the bulk
solvent [203]. We concluded that instead of exciplex formation, the
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XES. Close to 40% HS excitation was achieved in these experiments.

The figure has been reproduced from Ref. [199].

lifetimes and solvent-dependent quenching of [Cu(dmp);]* can be
rationalised in terms of the energy gap between the ground and
3MLCT states, and the weak transient solvent interactions, already
present in the ground state.

5.2. Picosecond second-order X-ray spectroscopies

The ability to exploit close to all of the photon pulses from a
storage ring offers the possibility to implement photon-greedy X-
ray spectroscopies in the picosecond domain. Indeed, second-order
approaches such as XES or RIXS, which detect the outgoing fluores-
cence, are challenging due to the low count of emitted photons.
However, they are powerful tools for simultaneously probing the
occupied and unoccupied density of states and the spin of the emit-
ting atom.

The photon flux associated with 3rd generation light sources has
led to significant interest in these techniques. The first demonstra-
tion of picosecond XES was achieved by Vanko et al. [210] using the
Fe Kor1 » (2p—1s) emission to probe the spin cross-over in photoex-
cited [Fe(bpy)s]%*. This experiment was carried out using a 1kHz
pump laser and the acquisition times were long. It was recently
repeated (see Fig. 12) probing both the Ko and KB emissions using
a high repetition rate setup [199], highlighting the power of the
high repetition rate scheme as well as sensitivity of XES for deter-
mining the occupation of 3d orbitals, or more precisely, the number
of unpaired electrons.

Towards pushing RIXS into the time-domain, Fig. 13 shows
the RIXS spectrum of solid [Fe(phen);(NCS),] (phen=1,10-
phenanthroline) in its low-spin (left) and thermally-excited
high-spin (middle) states, with the difference between them
shown on the right. The RIXS spectrum of aqueous [Fe(terpy),]?*
(terpy=2,2":6',2"-terpyridine) before and after laser excitation is
shown below. Both plots show that while for the LS case there
is a single resonance, there are three for the HS state, indicat-
ing a more complex electronic configuration following the spin
crossover transition[200,212,213]. These changes translate into the
ones found in resonances that are less distinguishable in traditional
time-resolved XAS due to the lifetime broadening and the overlap
of the peaks on the X-ray absorption axis (see Fig. 9).

5.3. Femtosecond XAS at storage rings

As already mentioned, the physics of storage rings limits the
X-ray pulse duration to tens of ps. In order to reach fs timescales,
the laser-electron slicing scheme was implemented at 3rd genera-
tion storage rings [38-41]. Briefly, a high pulse energy femtosecond
laser is overlapped in time and space with the electron bunch in the
storage ring and co-propagated through a specially designed wig-
gler (modulator). The wiggler optimises the interaction between
the electrons and the laser pulse, resulting in a modulation of
the electron energies in a femtosecond slice. The electrons then
proceed through a dispersive region of the ring, separating them
spatially as a function of energy, and are sent through an inser-
tion device (undulator), generating fs X-ray pulses. The latter can
then be spatially isolated using a combination of X-ray optics and
slits. The result is a femtosecond X-ray pulse at the end of the
beamline, with all the advantages inherent to the beamline (fixed-
exit, double-crystal monochromator, microfocussing KB mirrors,
experimental setup, etc.). The stability requirements for XAS is ful-
filled with the slicing source, however due to the fact that the
electrons modulated in energy represent only a 100fs slice out
of a typically 100 ps electron bunch, the X-ray photon flux gen-
erated by these sources at a given energy is very low, which has
made XAS experiments difficult. For ultrafast X-ray diffraction mea-
surements [214-222], these sources have been used with success
since one can use a broader bandwidth incident spectrum, at the
expense of energy resolution, without any measurement degrada-
tion.

Despite the more stringent requirements for femtosecond hard
XAS studies due to the need of energy resolution (~2eV), it
has still been possible to carry out successful femtosecond XAS
experiments. The first example in solution was the study of ultra-
fast spin-crossover dynamics of [Fe(bpy)s;]%* in aqueous solution
probed at the Fe K-edge after photoexcitation. This measurement
showed that the population of the high-spin quintet state from the
initially populated singlet metal-to-ligand-charge-transfer (MLCT)
state is remarkably fast (<150fs), resolving a long-standing debate
about the population mechanism of the quintet state [44,223]. Later
Pham etal. [45] used fs XAS to probe the transition from hydrophilic
to hydrophobic solvation following electron abstraction from aque-
ous iodide, at the I L; (see Fig. 14) and L3 edges. This study showed
the existence of a short lived I°. . .(H,0) intermediate species with
a single water molecule forming a 3 electron bond with iodine
[224,225].

The Advanced Light Source (ALS, Berkeley, USA) and the BESSY
Il (Berlin) storage rings were the first to implement the laser-
electron slicing in the soft X-ray range. The femtosecond XANES
of the insulator-to-metal phase transition in VO, was investi-
gated [226]. Measurements around the O K-edge (530eV) and V
L3-edge (516eV) made it possible to extract dynamical informa-
tion on the electronic band states near the Fermi level during the
phase transition. The slicing source at the ALS was also used to
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From Ref. [211].

probe the dynamics of liquid water after IR excitation of the O—H
stretching vibration [227]. The measurements on the hundreds
of ps timescale showed changes in the O K-edge XAS consis-
tent with an increase of temperature and pressure in the water
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Fig. 14. Normalised transient L;-edge spectra of photoexcited aqueous iodide at
50 ps (black markers), 300fs (green markers), and 850fs (purple markers) time
delays after excitation. The sub-picosecond transients were multiplied by a factor
of 1.75 in order to match the value of the 50 ps transient at the maximum of the
positive feature. Note the 0.7 eV shift to higher energies of the early time transient
compared to the late time transient.

Reproduced from Ref. [45].

[228-231]. The fs time scans showed the formation of this state
with a time constant of 700fs. This approach was then applied
to a spin-crossover molecule, [Fe(tren(py)s)]?* (tren(py)=tris(2-
pyridylmethyliminoethyl)amine), dissolved in acetonitrile. Ps
measurements at the Fe L, 3-edges [31,232] showed clear evidence
of a smaller ligand field in the high-spin state and reduced inter-
action between the Fe orbitals and the ligands, resulting in a large
shift to lower energies of the absorption edges. Femtosecond mea-
surements using the ALS slicing source revealed a timescale of
formation of the high-spin state of 150 4- 60 fs [46].

The slicing source at BESSY II has been used primarily for
resonant diffraction, XAS, and X-ray magnetic circular dichroism
(XMCD) measurements around transition metal L-edge resonances
(200eV to 1keV) of solids [233-237]. An example is the measure-
ment [233] of photoexcitation of a 15nm Ni thin film where the
transmission XAS signal with linear polarisation showed a 130 meV
shift of the Ni L3-edge to lower energy on a timescale of 120 4+ 50 fs,
followed by a slower relaxation on a timescale of 640fs. They
attributed the fast signal to the electronic response to laser exci-
tation, followed by the slower electron-lattice relaxation time. It
was concluded that the majority of the time-resolved signal stems
from changes in the spin angular momentum (S) and not from the
orbital angular momentum (L) of the 3d electrons, i.e. spin angu-
lar momentum is transfer to the lattice on a fs time scale. These
measurements showed the ability to separate the spin and orbital
angular momentum components on a femtosecond timescale with
elemental sensitivity, and paved the way for future measurements
[236,237].
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In conclusion, the low photon flux of the slicing sources is
the major limitation to their widespread use, especially for mea-
surement of dilute solutions. In addition, despite the perfect
synchronisation between the pump pulse and the sliced X-ray
probe, the data acquisition times caused by the low flux imply long
time drifts, which tend to decrease the time-resolution. Finally,
second-order spectroscopies are excluded with the slicing scheme.

5.4. Femtosecond X-ray spectroscopies at X-FELs

The flux limitations of the slicing scheme has now been over-
come with the advent of X-FELs. The flux is typically 10-11 orders
of magnitude higher than the slicing source, opening new per-
spectives for performing fs X-ray diffraction and spectroscopy
experiments [166], single-shot structural experiments [238-240],
and nonlinear X-ray experiments [241]. Because of the inherent
instability in both the photon energy, the pulse energy, and the
pulse arrival time of these sources, it has not been a straightforward
task to perform time-resolved XAS measurements with them. How-
ever, since its initial operation in 2009, the LCLS has introduced a
number of improvements, such as accurately measuring the timing
jitter between the laser pump and X-ray probe pulses on a shot-
to-shot basis [242,243] or improving the photon energy stability
through hard X-ray self-seeding [188].

Recently Lemke et al. [47] demonstrated the proof of principle
of pump-probe Fe K-edge XAS measurement performed at the LCLS
on an aqueous solution of [Fe(bpy)3]%*. The results are consistent
with the measurements made using the FEMTO slicing source at
the SLS [44] and in the UV [244]. However, due to timing jitter the
time-resolution was poorer than the latter. The recent introduction
of the LCLS ‘timing tool’, which measures the timing jitter between
the laser and the X-rays, should allow measurements with <100 fs
time resolution [242]. However, this measurement also highlights
the difficulty of accumulation techniques for X-FEL experiments,
which is made challenging by the large intensity fluctuations and
detector nonlinearities [47]. Consequently, there is great interest in
single shot techniques [139]. A recent example as discussed above
is the high energy resolution off-resonant spectroscopy (HEROS)
combined with a wavelength-dispersive type spectrometer based
on the von-Hamos geometry [88], which has recently been demon-
strated at LCLS [185].

The demonstration of the feasibility of time-resolved XES at
3rd-generation light sources offers much promise for their imple-
mentation in the femtosecond regime at X-ray free electron lasers,
thanks to the three orders of magnitude shorter pulse duration
and ten orders of magnitude increases in the flux of the pulses. In
addition, these measurements can be simultaneously carried out
with time-resolved scattering on the same samples by placing a 2D
detector behind the liquid jet [199], providing the opportunity to
obtain both the global geometric structure and the electronic struc-
ture around the absorbing atom simultaneously. This approach has
also recently been applied to study photosystem II (PSII). In an ini-
tial paper, Alonso-Mori etal.|[183] obtained energy dispersive X-ray
emission recorded in a shot-to-shot mode probing the electronic
structure of redox-active metal sites, Mn2* and Mni” 4+ of pho-
tosystem II by KB; 3 XES. Later, they combined X-ray diffraction
(XRD)-XES and demonstrated the power of simultaneous global
geometric and electronic structure determination [184], which
offers exciting new directions for time-resolved studies. Impor-
tantly these results demonstrated the power of femtosecond X-ray
pulses on biological samples, as they could show that the samples
were not damaged due to the ultrashort duration of the pulse con-
trary to in the case of previous studies at 3rd generation storage
rings. Indeed, XES was used as to monitor the chemical integrity
of the sample showing that the electronic structure of these metal

sites at room temperature remained intact during the XRD mea-
surement.

Even with these issues, the advantages of X-FELs are substantial
and offer new opportunities for second-order spectroscopies, scat-
tering studies [245-248], and non-linear core-level spectroscopies.
One particularly promising approach is stimulated core-level emis-
sion spectroscopies, which have the potential advantage that, as in
the optical domain, the stimulated process surpasses the sponta-
neous one, with efficiency gains of up to 7 orders of magnitude
[249]. Such experiments require ultrashort, temporally coher-
ent, synchronised two-colour X-ray sources. At present this is a
restriction of the present SASE free-electron lasers which have a
fluctuating spectrum and limited temporal coherence [149,159].
However, using 960eV X-FEL pulses focused onto neon gas,
Rohringer et al. [250] showed stimulated emission from the Ko flu-
orescence line, and the demonstrated lasing has exhibited a more
reproducible spectrum and a much narrower bandwidth than the
SASE X-FEL pulse. Following this, Beye et al. [251] have demon-
strated stimulated X-ray emission of crystalline silicon concluding
that stimulated emission can enhance the detected signal by several
orders of magnitude.

At present, the only possibility to carry out core-level nonlin-
ear spectroscopies [252-254] is at the FERMI@Elettra seeded VUV
FEL [189]. FERMI@Elettra can generate coherent nearly transform-
limited pulses at a repetition rate of 10Hz at wavelengths that
are integer fractions of the seed laser fundamental wavelength
(~260nm), i.e. at 65.0, 52.0, 43.3, 37.1, 32.5, 28.9, 26.0, 23.6,
21.6, 20.0 nm. Because of seeding, the machine is extremely sta-
ble in terms of intensity (AlI/I<0.1) and delivers pulses with
intensities above 200 pJ (for wavelengths >35 nm). The pulse dura-
tion is estimated to be Tpg ~ Teeq *n~ 13, where n is the seed
harmonic number and 7.4~ 180fs. The possibility to perform
non-linear X-ray experiments at FERMI@Elettra on coordination
chemistry complexes has recently been explored and offers promis-
ing prospects [255].

6. Theoretical developments

The progress of experimental techniques for core level spec-
troscopies, outlined above, is unravelling subtle spectral features
implying that high level theoretical approaches are required to
interpret them. For time-resolved experiments, the precision of
the theoretical approaches is particularly pertinent as both the
ground and excited state spectrum must be accurately simulated
to obtain the transient spectrum. At the temporal resolution of
3rd generation storage rings these can generally be considered
quasi-static. This is to say that the response of the system and
surrounding environment occurs within the temporal width of
the X-ray probe and consequently dynamical effects can often be
neglected in the simulations. Therefore the transient spectrum is
simulated as the optimised metastable excited state or product
minus the optimised ground state. In the following sections we
give a brief background to simulating core-level spectra before
outlining some recent developments. We then discuss the future
challenges for the theory, especially in regards to its application
to ultrafast core-hole spectroscopies in which the quasi-static
approximation may break down.

6.1. Background to simulating X-ray spectroscopies

Calculating core-hole spectra involves two principal steps. First,
the ground state electronic structure of the system is calculated
(see Section 6.2) and then the effect of the perturbation by the X-
ray pulse is determined (see Section 6.3). For the latter the simplest
approach is the single-particle picture. Here a single electron makes
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a transition from a core orbital to an excited state and the tran-
sition energy corresponds to the energy difference between the
orbitals occupied in the ground and excited states (this obviously
neglects many-body effects). Within this approximation, the major
challenge is the difficulty associated with calculating the final state
wavefunction. This has traditionally been overcome using multi-
ple scattering theory (MST), which can easily calculate unoccupied
states for large excitation energies. Here, Fermi’s Golden Rule (Eq.
(2)) is rewritten in the form of a Green’s functions [48,256-258]:

1 . ,
W(E) —Ejzullé-rG(r, r7; E)e - )i (8)

1

This has the advantage of compressing the sum of the final states
and energy conversing delta function into a Green’s function prop-
agator, G(r, r', E), which can be expressed as contributions of the
absorbing atom (G¢) and the surrounding atoms (G*¢):

G(r,17;E) = G(r, 17; E) + G*(r, 17; E) (9)

G*¢ is then either solved as a sum over MS paths or as a matrix
inversion, i.e. full MS [259]. This gives rise to a short range order
theory, which is advantageous for XAS, as inelastic losses usually
limit the distance probed by XAS experiment to ~6 A around the
absorbing atom.

When strong electron correlations (many-body effects) become
important, as often encountered for L,/3-edge spectra, atomic mul-
tiplet based approaches [260,49] are widely used. Atomic multiplet
theory [261] solves the many-body states by taking advantage of
the nature of the electron-electron interactions, which are splitinto
spherical and non-spherical components. The former is included in
the atomic Hamiltonian and forms the average energy of a partic-
ular electron configuration. The non-spherical part, in conjunction
with spin-orbit coupling, acts as a perturbation and gives rise to
the different terms within atomic configurations [262]. The main
advantage of this approach is its computational efficiency and, for
systems containing symmetry, it often achieves excellent agree-
ment with experimental spectra. However, it does rely on a large
number of semi-empirical parameters which are used to describe
the effects of electron-electron repulsion, the ligand environment
and covalency.

6.2. The ground-state potential

For simulating core-hole spectra there are four main
approaches: i) real space multiple scattering [263-265], ii)
plane waves [266-269], iii) atomic localised basis sets [270-272]
and iv) atomic multiplets [273,274]. As previously mentioned, all
of these calculations first require the determination of the ground
state electronic structure of the system, which is then perturbed
by the X-ray pulse. Here we outline some aspects of each of these
frameworks, highlighting advantages and limitations.

In contrast to quantum chemistry calculations usually based
upon plane waves or atomic localised basis sets, the principal
advantage of MST is that it does not rely on a basis set expan-
sion of the global wavefunction. Instead, the global solution is
expanded in terms of local solutions of the Schrédinger equation
at the energy of interest [275]. The separation of the propagator
(Eq. (9)) into individual scattering sites imposes non-overlapping
cells for the description of the ground state electronic structure and
these are usually approximated as spherically averaged muffin-tin
(MT) potentials. However, while this approximation is sufficient
for the EXAFS region of the spectrum, it often breaks down close
to the edge in the XANES region. These problems are most com-
monly encountered in the case of open structure systems, or when
the absorbing atom is not fully coordinated meaning, in both cases,
that the approximated interstitial region is large [276,277].

The generalisation of MST to full-potential was proposed in
the early 1970s [278,279] and later applied to XAS by Natoli
et al. [280,281]. Recently, Ankudinov et al. [282] and Hatada
et al. [283,284,54] have implemented approaches for MST, beyond
spherical potentials, for which the full potential is partitioned
into non-overlapping cells. Although promising, at present neither
have been widely applied. The most common alternative method
is the finite difference method near edge structure (FDMNES)
approach by Joly [285,263], which enforces no shape restrictions
on the potential. Here the wavefunction is solved on a discretised
three-dimensional grid. Despite significant advantages compared
to calculations within the MT potential, the major limitation is
that these calculations are computationally expensive and in the
absence of symmetry, are difficult to apply to clusters of more than
30 atoms [286].

Methods based on atomic localised basis sets are well developed
and provide highly accurate treatments of the electronic structure.
These approaches are widely used to simulate bound-bound tran-
sitions in core-hole spectra (see Sections 6.3.1 and 6.3.2), however
such basis sets do not generally have the flexibility to be applied to
the higher energy states, i.e. the continuum [287] and in this regime,
plane wave basis sets are more suitable [266-269,288,289]. This
basis set is most widely used for periodic systems, and attractively
its quality is controlled by a single energy-cutoff value. However,
pseudopotentials have to be used for the core levels and the projec-
tor augmented wave method [290] is implemented to calculate the
transition strengths in the absence of the core-electrons. Although
neglecting the core-electrons reduces the computational cost mak-
ing it possible to tackle larger systems, it is important to stress that
it is not easy to transfer pseudopotentials between different com-
putational packages and that they must be tested extensively in
different chemical environments to ensure accurate calculations.
To avoid problems associated with neglecting the core electron, an
alternative is the Gaussian augmented with plane waves (GAPW)
approach [291-294]. Here, a Gaussian basis set is augmented with
plane waves in order to treat the diffuse region of the density. The
advantage in this case is that maintaining a Gaussian atom centre
basis means that this approach can be applied without the need for
pseudopotentials.

6.3. Excited states and many-body effects

The simplest approach for addressing core-excitations is, as pre-
viously mentioned, the single-particle picture. Here only a single
electron makes a transition from a core orbital to an excited state,
and therefore this ignores many-body and charge transfer effects
which can be crucial for an accurate description of the spectrum.
Recently, there has been significant development in approaches
aimed at addressing the limitations of both single-particle and mul-
tiplet approaches, which we will now describe.

6.3.1. Time-dependent density functional theory

Among the most recent approaches for simulating core-hole
spectra is time-dependent density functional theory (TDDFT). This
provides the framework to calculate excited-state energies and
transition probabilities, based upon the result of a DFT calcu-
lation [295-297], and owing to its favourable balance between
accuracy and computational cost has become widely used. The
Linear-response TDDFT (LR-TDDFT), which we will from now on
simply refer to as TDDFT, may be expressed in the form of a Dyson-
like equation written [298]:

X = Xo+ xo(v+fxc) X (10)

where g is the polarisability of the non-interacting system, v is
the Coulomb potential and fx is the exchange-correlation (x-c)
functional, which within the adiabatic approximation is defined as
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82Exc[p]/8p( r)8p( 1) [297]. The description of fi is responsible for
corrections to the independent-particle approach and as its exact
form is unknown, the accuracy of these calculations is determined
by the approximations made within this term.

Both Ankudinov et al. [299] and Bunau and Joly [300] have
implemented approaches, based on the local density approxima-
tion of the x-c functional, within the FEFF and FDMNES codes,
respectively and used it to study the L;;3-edges of some transition
metals compounds. Their results show improvements in the L,:L3
branching ratio compared to the independent-electron approxima-
tion, and its effectiveness especially regarding the less localised 4d
and 5d electrons. However these approaches become insufficient
when the core hole multiplet effect becomes large, mainly in the
case of open 3d-shell systems.

The most common application of TDDFT is within the quan-
tum chemistry community. Here, because the pre-edge region of
XAS predominately involves probing transitions between bound
states below the ionisation potential, they can often be simu-
lated using atom centred gaussian basis sets as implemented in
a number of quantum chemistry codes [270-272,301,302]. Similar
methods based on simple ground state DFT calculations have been
applied to interpret XES transitions, which are also between bound
states [72-79]. Besides a couple of notable exceptions [303,304]
approaches are usually based upon Casida’s formalism [305,297]
(an expansion in electron-hole pairs) written:

(52 ()6 2 6) an

The excitation energies are then computed using this non-
standard eigenvalue equation, where « are the transition
frequencies and X and Y represent excitation and de-excitation
operators, respectively. The matrix elements A;qj and Bjyj, are
written:

Aig jb = (€a — €;)84i jp + (ialjb) + (ialfxclib), (12a)
Biq jb = (ialjb) + (ialfxcljb). (12b)

For a one-electron excitation described as the transitions from
an initial orbital i and final orbital, a, the first term of Eq. (12a)
is the energy difference between the two Kohn-Sham orbitals, the
second represents the Coulomb interaction of the electrons, and the
final is the exchange-correlation energy. Eq. (11) is often solved by
neglecting the B matrix. This is called the Tamm-Dancoff approxi-
mation (TDA) [306] and means that the de-excitation components
of the excited state energies are neglected.

The extension of this to core-excitations is achieved by pro-
jecting onto a manifold of single core-to-valence excitations [307]
and therefore only excitations from, for example, the 1s orbital
are calculated. Besides the restricted excitation space, which intro-
duces a negligible error [308,309], the formulation remains the
same as for valence excitations. Core-hole TDDFT has now been
widely used for simulating static spectra [203,200,310-317] and
evidence of its accuracy is highlighted in simulations of tran-
sient (excited-unexcited) signals [203,200], such as the picosecond
XAS study at the Cu K-edge of a Cu-phenanthroline complex,
[Cu(dmp),]* [203]. The ground state spectrum of this complex
(Fig. 15a) consists of two principal transitions of 1s—MLCT (A)
and 1s — 4p (B), respectively. Fig. 15b shows the transient signal
(i.e. the 3MLCT state - ground state) compared to the experimen-
tal transient 50 ps after photo-excitation. This is characterised by
a weak positive feature (A’) and negative signals corresponding
to the A and B features in the ground state. The positive fea-
ture is due to the 3d hole created by photo-excitation, while the
simulations demonstrate that the loss of features A and B are asso-
ciated with a blue shift of features present in the ground state due
to the photoinduced oxidation state change of the metal centre.
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Fig. 15. (a) The pre-edge region of the spectrum and the oscillator strengths cal-
culated using TDDFT with a 1.89 eV Lorentzian broadening. Inset is the molecular
orbitals for the transition with the largest oscillator strengths for the two features.
(b) The simulated pre-edge transient spectrum (red, 3MLCT - ground-state) using
TDDFT in comparison to the experimental transient (black). Inset is the molecular
orbital for the transition with the largest oscillator strengths for the A’.

Reproduced from Ref. [203].

Despite its ability to simulate both ground and excited state
spectra, it is important to recognise that TDDFT is not a black-box
method and crucial to all simulations is the form of the x-c func-
tional (fyc). The most widely documented limitation of TDDFT is
for charge transfer (CT) excitations, which are underestimated, as
the non-local spatial character of these excitations is not captured
within the inherent local nature of the x—c functionals [318]. Core
excitations, in contrast to valence excitations, are highly localised,
however CT problems can still affect the spectra as recently demon-
strated using simulations of the Mn K-edge pre-edge spectra of
[Mn(IT)(terpy)Cl,][319] and the Fe K-edge pre-edge of [Fe(bpy)s |**
[200]. In such cases hybrid functionals, which incorporate a frac-
tion of Hartree-Fock exchange and therefore non-locality into the
x-c functional, are important. Besides CT, the absolute excitations
energies from core levels are underestimated within TDDFT [320]
and consequently the calculated spectrum must be shifted post-
calculation. This error originates from the incorrect asymptotic
behaviour of the potential arising from the self interaction error
(SIE) [297] and while the relative spacing between the transitions
remains most important, it is desirable to quantify and/or reduce
this error. DeBeer-George et al. [321] have demonstrated, using a
range of model systems, that this error can be calibrated, within the
limit of the same calculation protocol. Alternatively, recent work
has shown that the so-called range separated (RS) functionals can
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Reproduced from Ref. [200].

significantly reduce this problem. Here, the amount of Hartree-Fock
exchange incorporated into the electron repulsion operator is parti-
tioned into short and long-range (SR/LR) components. For core-hole
excitations, a significant improvement can be obtained by includ-
ing a large fraction of Hartree-Fock exchange at short-range which
reduces the SIE for the localised core orbital [322,323,309,200].

6.3.2. Post Hartree-Fock methods

Density functional based approaches are sufficient to simu-
late pre-edge spectra, however the one-particle/one-hole (linear
response) approach does not incorporate the necessary physics to
account for multiplet effects arising from electron-electron cor-
relations. In addition, the standard formulation of TDDFT, within
the adiabatic approximation does not include spin-flip excitations
[297], and therefore is usually unsuitable for simulating the Ly3-
edges. Consequently, there has been significant development in
high level ab initio methods for core excitations. Towards account-
ing for these correlation effects, approaches based coupled cluster
theory [324,51,325,326] and Algebraic Diagrammatic Construction
(ADC) have been implemented [327-331]. Alternatively, Config-
uration interaction (CI) methods have also been implemented
[332,53,333,334]. Here, the wavefunction is expressed as a linear
combination of Slater determinants (or configurations):

\V=A0|¢o>+A?|¢?)+A;.b|d>g.”)+... (13)

where the labels i, j represent occupied spin-orbitals in the ref-
erence (®g), usually Hartree-Fock determinant and a, b represent
unoccupied ones. The aim of including multi-configurations,
generated by excitations from the reference wavefunction (e.g.
®¢ and Qng), is to increase the flexibility of the wavefunction.
Full configuration interaction (FCI), where the excitations are
expanded up to all orders, yields the exact wavefunction within
the basis set limit, however it is not realistic as the number of
configurations grows factorially with the number of electrons in
the system. Therefore a truncation of the sum is usually performed,
e.g. up to double excitations (CISD) as shown in Eq. (13). Recently,
Neese and co-workers [53,333] have proposed a combined
DFT and restricted open-shell configuration interaction method
(DFT/ROCIS). Their approach expands the reference wavefunction
into five excitation classes [53] aimed at describing important
correlation effects for a large range of systems and includes spin
flip excitations through quasi-degenerate perturbation theory

[335]. Importantly for transition metal complexes, a Hartree-Fock
reference represents a poor starting point due to the neglect of
electron correlation (mean-field approximation) [335]. To over-
come this, they incorporated restricted open-shell Kohn-Sham
orbitals into the CI matrix, for which the parameters of the mixing
have been obtained from a fit to a test set of molecules, similar
to the approach of Grimme et al. [336,337]. While introducing an
empirical aspect into the approach, this enables calculations on
large systems and its effectiveness has recently been demonstrated
for the L-edge of Vanadium complexes and lattices [338,339] and
the static and picosecond L,j;3-edge of [Fe(bpy)s]?* [200]. The
Ly3-edge ground state spectrum of the latter, simulated using
the DFT/ROCIS method, is presented in Fig. 16. The agreement
with experiment is good and using the high-resolution Fe K-edge
pre-edge spectrum of [Fe(bpy)s]?* (Fig. 16 left) it was possible to
provide an interpretation of the features arising in both spectra
and their relationship with respect to selection rules [200].

For complex systems, which include strong spin coupling, open-
shell states and/or degeneracies, the aforementioned methods
can break-down and a higher level of theory is required. One
such class of methods is the Multi-Configurational Self-Consistent
Field (MCSCF) method [340], among which the most commonly
adopted approaches are Complete Active Space Self Consistent
Field (CASSCF) and Restricted Active Space Self Consistent Field
(RASSCF). Here the spin orbitals are split into inactive and active
subspaces, and the wavefunction is generated by occupying the
active orbitals in all ways, consistent with the desired overall spin
and space symmetry [341], i.e. full CI within an active orbital sub-
space (see Fig. 17a). In choosing only the most important orbitals
for the active space, this method allows a complete set of the
important determinants to be described, while the reduced con-
figuration space limits the computational expense. Using such an
approach, Josefsson et al. [52] presented an extension of RASSCF
and RASPT2 methods to core excitations. This has since been more
widely applied [342,98,343]. RASPT2 is a second order perturbu-
rative correction that incorporates dynamic correlation [344] not
accounted for in RASSCF, which is often important for transition
metals. As shown in Fig. 17, this approach has been successfully
applied to calculate the L,3-edge and RIXS spectra of aqueous Ni2*,
Fig. 17a shows a schematic of the molecular orbitals and highlights
the orbitals incorporated into the active space to correctly describe
the spectrum, which involve Ni 2p and Ni 3d, partitioned into
two subspaces. The L,;3-edge compared to experiment is shown
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Fig. 17. (a) Schematic of the active space of the L,;3-edge of aqueous NiCl,. The Ni 2p and Ni 3d are partitioned into two subspaces. RAS1 contains the Ni 2p orbitals with
at most one hole, whereas RAS2 allows all possible electron permutations in the Ni 3d orbitals. Ligand-to-metal charge-transfer (LMCT) excitations can be accounted for
by introducing ligand orbitals in RAS1 or RAS2. By introducing ligand orbitals in a third subspace RAS3 containing at most one electron, we can also model metal-to-ligand
charge-transfer (MLCT) excitation. (b) Comparison between the experimental XAS of aqueous NiCl, and XAS calculated for Ni2*(H,0)s, with the RASSCF and RASPT2 methods.

Reproduced from Ref. [52].

in Fig. 17b, and in both cases (RASSCF and RASPT2) the agree-
ment with the experimental spectrum is good, however the effect
of dynamic correlation on the Ni 3d orbitals is highlighted in the
relative magnitudes of the peak intensities.

In summary, the RASSCF and RASPT2 approaches to core-hole
excitations highlights that calculating such spectra from first prin-
ciples using high-level quantum chemistry approaches is now
possible. However, it should be stressed that the successful appli-
cation of these approaches requires a careful choice of the active
space, which is not always straightforward. In addition, the com-
putational expense scales exponentially with the size of the active
space and often represents the limiting factor. This also excludes
them for solid state systems. Alternatively the DFT/ROCIS adopts
a somewhat more pragmatic approach by accounting for dynamic
correlation in a semi-empirical manner. Although no longer first
principles, this approach incorporates the correct physics to tackle
spin-orbit coupling and multiplet effects for a wide range of sys-
tems and particularly in the case of larger systems.

Finally, important in the context of recent experimental devel-
opments, is that the <100 fs temporal resolution, as offered by the
X-FELs, implies that the quasi-static approximation will break down

and therefore an explicit description of the excited state dynamics
of the system will be necessary. In this regard an accurate descrip-
tion of the excited state wavefunction must be used as a reference
determinant for simulating the experimental observables. This is
not possible within standard implementations of TDDFT (unless the
excited state is the lowest state of a particle spin multiplicity), as
the excited state is calculated from the response of the ground state
density to a perturbation (by the X-ray field). However, such cal-
culations are feasible within the aforementioned post-Hartree Fock
approaches. Here, the excited state can be addressed by either forc-
ing population of an excited orbital during the self-consistent field
procedure, which might suffice if the excited state of interest was
a pure excitation (i.e. HOMO — LUMO), or by explicitly calculating
the excited state wavefunction from first principles.

6.3.3. Many-body perturbation theory

In the previous two sections, we have discussed approaches
which aim at addressing some of the many-body effects neglected
in the single-particle approximation. We have demonstrated
that TDDFT offers an accurate and computationally efficient
approach for simulating pre-edges, however as a consequence of
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approximations within the x-c functional (fy), it is unable to
account for strong electron correlation effects such as multiplets.
These problems can be solved using post Hartree-Fock methods.
However, these approaches are computationally expensive and
unless a cluster model is used [338], are at present excluded for
solids.

Besides wavefunction and density functional based approaches,
the description of electronic excitations may also be achieved using
many-body perturbation theory, by solving the Bethe-Salpeter
equation (BSE) [345]. Loosely speaking, this approach has similar
characteristics to TDDFT [346,347], and like Eq. (10), may also be
expressed as a Dyson-like equation. However, a number of key dif-
ferences exist (see Ref. [347] for a detailed discussion). In particular,
the BSE involves the propagation of two particles (electron and
hole) and naturally incorporates particle-hole interactions often
required to simulate the fine spectral details of an XAS spectrum.
Such interactions require a non-local and frequency dependent
screened interaction of the electron-hole pair and therefore are
not described within TDDFT by the vast majority of x—c functionals.

Vinson et al. [289,348] have recently presented such an
approach for core-hole excitations. In their approach, the poten-
tial was based upon Kohn-Sham orbitals within a plane-wave
basis [268] and then corrected with a self-energy calculated within
Hedins GW approximation and modelled using the many pole self-
energy (MPSE) model [55]. The spectrum is then calculated using
the core-level BSE approach of Shirley [349,350]. While more com-
putationally challenging than TDDFT, the inclusion of non-local
and multiplet effects is important and using it the authors showed
excellent agreement with experiment for a range of periodic lat-
tices. Indeed, their simulations highlighted not only the limitations
of the MT approximation, but also the role of many-body effects and
the improvements brought about by the MPSE approach [55]. This
has also been applied to simulate the L;;3-edge spectra of several
transition metals with various 3d occupations [348] and to study
the core-hole spectra of liquid and solid water [351].

6.4. The geometric structure: The EXAFS region

The challenge in obtaining a quantitative description of the
XANES region of the spectrum has made the EXAFS region more
attractive for a structural analysis. In this region, typically >50 eV
above the absorption edge, the photoelectron is not sensitive to
the fine details of the potential and the many-body effects can be
accounted for in a phenomenological manner. Thus, this region can
be simulated using the EXAFS equation [59,256,48]:

Ny S2\for(k
X(k) = ZMexp—ZR}//)Ltot(k)exp—Zdzkz Sin(ZkRV + ¢J/)
~ kK
(14)

Here, y is the scattering path index with degeneracy N,.
The half-path distance and the squared Debye-Waller (DW) fac-
tor are represented by R, and o2, respectively. In addition,
fe(k)=If(k)| exp ¥k is the complex backscattering amplitude for
path y, ¢, is the central atom phase shift of the final state and
Mot(k) is the energy-dependent mean free path. S(z) is the overall
amplitude reduction factor which accounts for many-body effects.

Traditionally, the initial step in obtaining a qualitative descrip-
tion of the structure is achieved by a Fourier transform of the EXAFS
signal in k-space [352] which yields a pseudo-radial distribution.
However for systems containing many scattering pathways, which
contribute to the same region of R-space, an unambiguous assign-
ment of the peaks can be difficult.

To overcome this, Funke and co-workers [353,354] developed an
approach based on a Wavelet transform (WT). This multi-resolution

analysis enables interpretation of the spectrum as a function of k-
and R, concurrently, yielding a 2D correlation plot in both coor-
dinates (analogous to a time-frequency correlation plot). Owing
to the k-dependence of the back-scattering amplitude [355], it
separates the contributions between different scattering pathways
at the same distance from the absorbing atom and between the
contributions of single- and multiple-scattering events. The WT is
expressed as:

w(a, k) = % /_oo MO (" ;"/) dk, (15)

where the scalar product of the EXAFS signal and the complex con-
jugate of the wavelet (y") is calculated as a function of a and k.. a
is the scaling function, connected to R-space through the relation
a=n/2Rand k' corresponds to the translation of the original wavelet
as a function of the k-vector. We have recently implemented this
method to the case of molecular systems [356] and applied it to
study [Fe(CN)g]*~ and [ReBr(CO)sbpy]. Our results highlighted the
importance of multiple scattering, and both single and multiple
scattering pathways and their relative contributions could be indi-
vidually assigned. We also shed light on the low sensitivity of the
EXAFS spectrum to the Re-halide scattering pathway [201].

Fig. 18 shows the WT approach applied to the Ti K-edge EXAFS
spectrum of anatase titanium dioxide (TiO,) nanoparticles [204].
TiO,, in its anatase crystalline form, is the most promising metal
oxide semiconductor for applications in photocatalysis and solar
energy conversion. The crystalline structure of these nanoparticles
gives rise to many overlapping scattering pathways which can be
distinguished using the WT approach. The principle contribution
derives from the O-Ti scattering of the first coordination sphere
around the absorbing Ti. Indeed, this approach shows a main peak,
with a small shoulder, highlighting the D, structure of anatase
TiO, coordination. The latter is not visible in the Fourier transform.
At larger values of R, the Ti-Ti scattering pathway is observed. In
addition, multiple-scattering contributions (O-O-Ti and Ti-O-Ti)
are found at larger k-values owing to enhanced back-scattering
amplitudes at these k-values [355].

This approach offers an interesting alternative approach to ana-
lyse EXAFS spectra. While still in its infancy, developments should
include a fitting procedure, which one could expect will offer a
more detailed and unambiguous description of the molecular struc-
ture from the EXAFS spectrum. Finally in the context of this review
it should also be extended into the time-domain XAS, for which
changes in the WT could be directly associated with changes of the
structure, offering many potentially exciting opportunities, espe-
cially given the significant improvement in S/N associated with the
previously described experimental developments.

6.5. Simulation of ultrafast dynamics

6.5.1. X-ray spectroscopy

The temporal resolution of 3rd-generation storage rings (~
50-100 ps) means that results are usually quasi-static. Therefore
the experiment probes a metastable state, while the response of the
system and surrounding environment occurs within the temporal
width of the X-rays and consequently can be neglected in the sim-
ulations. For sub-picosecond X-ray absorption spectra, this picture
breaks down and the evolving nuclear dynamics [357] and response
of the environment must be addressed. For the latter this can be
accounted for using molecular dynamics [358-363]. However, for
the former, explicitly simulating the excited state dynamics of the
solute, especially when nonadiabatic effects (i.e. breakdown of the
Born-Oppenheimer approximation) are important is non-trivial.

The excited state dynamics can be studied using either an
explicit description of all nuclear degrees of freedom or a model



62

1.6
1.4
1.2
1.0

0.8

FTLx(k1K)

0.6

0.4+

0.2+

0.0 ) ' '
2

R (A)

Distorted D,, O-Ti{n=2)

Symmetry O-Ti{n=4) -

CJ. Milne et al. / Coordination Chemistry Reviews 277-278 (2014) 44-68

Ti-Ti Ti-0-Ti

< :
<

A

C

T

—~

| Il

10

6
k(A

12

0-O-Ti

Fig. 18. The Fourier transform (upper left) and Wavelet transform of the EXAFS spectrum of anatase TiO, nanoparticles. The important scattering pathways are highlighted.

Hamiltonian. The former typically uses an approximate classical
treatment of the nuclear dynamics, and nonadiabatic effects are
incorporated using Tully’s trajectory surface hopping approach
[364]. Here, owing to the spatially local trajectories, full configu-
rational space dynamics are achieved on-the-fly as the potential
is calculated for a given nuclear configuration as and when it is
required. This has led to these approaches being implemented
with a wide range of electronic-structure methods [365,366]. For
larger systems, the major constraint is the computational expense
of the electronic structure method used and therefore, excited
state molecular dynamics formulated within the framework of
time-dependent density functional theory [367-373]is particularly
appealing. This approach was recently used to study the ultrafast
nonadiabatic dynamics of [Ru(bpy)3 |>* in water [372], for which the
environment was explicitly included within the quantum mechan-
ics/molecular mechanics (QM/MM) framework. The authors found
excellent agreement for the intersystem crossing rate with previ-
ous experimental observations [374]. Alternative approaches have
been proposed by Prezhdo and co-workers [375,376]. Here instead
of explicitly solving the TDDFT equations, the excited states are rep-
resented as the energy difference between the Kohn-Sham orbitals
occupied in the ground and excited sates. This makes it easier to
simulate very large (in terms of both nuclear and electronic degrees
of freedom) systems such charge transfer processes at metal-oxide
interfaces [377]. However, the representation of the excited states
is not rigorous, and therefore the description of the potential and
the coupling between them cannot be improved systematically.
For such molecular dynamics approaches, the principle draw-
backs are the neglect of quantum nuclear effects and that many
trajectories are required to capture all of the possible relax-
ation pathways and to achieve statistical relevance. An alternative
approach is to perform nuclear quantum dynamics, such as the
Multi-Configurational Time-Dependent Hartree (MCTDH) method
[378]. In contrast to standard quantum dynamics approaches, the
MCTDH wavefunction ansatz uses a time-dependent basis. These
basis functions have two principle advantages: (1) Fewer basis
function are required as they are variationally determined. (2) The
functions can be multi-dimensional particles containing more then

one degree of freedom reducing the effective number of degree of
freedom [379]. Using this approach, simulations can achieve ~50
nuclear degrees of freedom and using the multi-layer variant [380]
dynamics have been performed with over 1000 nuclear degrees
of freedom [381]. In contrast to excited state molecular dynamics,
these approaches rigorously include quantum nuclear effects, how-
ever usually require [382,383] that the potential is pre-calculated
and therefore model Hamiltonians are typically used in which only
the most important degrees of freedom are included. In the case
that the dynamics are driven by only a few dominant degrees of
freedom, accurate Hamiltonians can easily be constructed [384],
alternatively for larger more complicated systems more involved
approaches are required [377,385,386].

6.5.2. The nonlinear regime

As previously discussed, the large peak brightness of the X-FELs
offers new possibilities for non-linear core-level spectroscopies. In
the simplest case the presently applied second-order spectroscopes
are enhanced by the stimulated X-ray Raman process. Here, the
probe pulse that excites a core electron also causes the stimulated
emission of a photon offering large gains in the emission intensity
[249,387].

Alternatively, Mukamel and co-workers have worked exten-
sively on proposing new non-linear experiments with X-FEL pulses
involving X-ray pump and probe. For 1D impulsive stimulated
X-ray Raman spectroscopies (1D-SXRS) [388-390,57,391], an
X-ray pulse excites a core electron to an unoccupied orbital. The
core-hole is then filled emitting a photon with a given energy
transfer (2-w) to the system. This creates an excitation within
the system which is then probed using a second X-ray pulse, at
variable time-delay. This approach extends the applicability of
RIXS and in particular owing to the local nature of core-excitations,
by tuning the two pulses to different core-excitations within the
system it becomes possible to prepare a wavepacket around one
atom and probed at another. This has recently been applied to
simulate the energy transfer in metalloporphyrin heterodimers
during a time-delay of 50fs [392]. The authors demonstrated
that the time-dependent signal can reveal an oscillatory electron
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transfer between the two dimers in this model system. The effect
of nuclear motion has also recently been investigated [391]. The
same authors have also recently extended this approach into a
multidimensional technique involving the interaction with three
X-ray pulses [389,393]. However experimentally issues of sample
damage from irradiation by high intensity X-ray pulses will have
to be dealt with. The developments with the VUV FELs [255] will
pave the way for experiments in the hard X-ray regime.

7. Summary and outlook

In this contribution we have reviewed the most recent develop-
ments in X-ray spectroscopies and in the accompanying theories
with a particular focus on applications to time-resolved studies.
In the area of experiments, the high-repetition rate ps XAS/XES
and the fs XAS experiments at X-FELs are the most important
developments. It is clear that the ability to measure high-quality
signal-to-noise ps transient XAS represents a significant improve-
ment over previous efforts. The fact that the high repetition rate
ps pump laser systems are robust and compact has made them a
popular choice for implementation at pre-existing beamlines, as
well as being used in temporary experimental setups at highly
specialised beamlines. Several facilities, including the Stanford
Synchrotron Radiation Light source and the Beijing Synchrotron
Radiation Facility, are working on further implementing high-
repetition rate techniques. Recently Navirian et al. [394] introduced
a high-repetition rate setup at BESSY II using X-ray diffraction as
the sample probe, emphasising the diversity possible at a storage
ring facility. Picosecond XAS will remain a major tool for decades
to come, even after the proliferation of X-FELs. Scientifically, there
are still a host of issues to understand prior to going into the fs
time domain. They also offer a better flexibility to test systems
prior to experiments at FELs. They therefore represent comple-
mentary tools to femtosecond XAS/XES measurements performed
at slicing sources and X-FELs in the future [178]. It is interesting
to note that most of the studies based on ps high repetition rate
XAS or femtosecond XAS at X-FELs have so far dealt with coor-
dination chemistry complexes. Not only for benchmarking these
new schemes, but also this is an area where the need for such
sources is most important, as time-domain X-ray spectroscopies
have shown their potential to answer scientific questions that no
other experimental tool could so far address.

As regards theory, the last decade has witnessed huge advances
in approaches for calculating core hole spectra. One-particle/one-
hole approaches, such as TDDFT, can now routinely obtain at least
a qualitative description of the pre-edge region and the continuing
development of new functionals and kernels offers a bright future
for density functional based approaches. When spin orbit coupling
and multiplet effects are important, higher levels of theory such as
post-Hartree-Fock approaches can now be used. Importantly, these
developments means that a hierarchy of computational approaches
for tackling core hole excitations is now evolving and the range of
methods available offer a balance between accuracy and computa-
tional expensive meaning that it is possible to tackle a wide range of
chemically interesting problems. The advent of femtosecond core-
level spectroscopy means that dynamical effects can no longer be
neglected and to achieve a full understanding of experimental data
the excited state electronic and nuclear dynamics must be explic-
itly calculated. The best approach for this remains, at present, an
open question.
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