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Abstract

The  Raman  effect  in  the  X-ray  wavelength  regime  as  applied  to  spectroscopy  is
described in this chapter: The concepts of these X-ray Raman spectroscopies, (nonreso-
nant) X-ray Raman spectroscopy, and resonant X-ray Raman spectroscopy, better known
under the name resonant inelastic X-ray scattering, have been shortly described, and
this chapter further focuses on (why) using these spectroscopic methods by showing
some current applications of these techniques. As well, some possible future applica-
tions are mentioned.

Keywords: X-ray Raman spectroscopy, resonant inelastic X-ray scattering (RIXS), syn-
chrotrons, X-ray free-electron lasers, X-ray absorption spectroscopy, X-ray emission
spectroscopy

1. Introduction

Raman spectroscopy studies are commonly employed in the UV and visible light (UV-VIS)
regime, making use of an easily available monochromatic UV-VIS (laser) incoming beam and
measuring energy losses (or energy gains) related to vibrational and rotational states of the
system of interest. As such, Raman spectroscopy is used in chemistry to provide fingerprints
by which molecules can be identified. The principle of Raman spectroscopy is the Raman effect
of a photon upon interaction with matter: when a photon is scattered from an atom or molecule
(or crystal), a small fraction of the scattered photons are scattered by an excitation, with the
scattered photons having an energy different from that of the incident photons. In most cases,
the scattered energy is lower, which is called Stokes Raman scattering, and in the less common
case, when the scattered energy is increased, it is called anti-Stokes Raman scattering. Thus,
Raman relies on inelastic scattering (Raman scattering) of monochromatic light, usually from a
laser in the visible, near-infrared, or ultraviolet range.
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However, based on the basics of the Raman effect mentioned above, there is no reason why
the Raman effect should not be present in other wavelength regimes, and this chapter deals
with the Raman analogues in the X-ray regime: X-ray Raman spectroscopy (XRS) and resonant
X-ray Raman spectroscopy or the more commonly used term resonant inelastic X-ray scattering
(RIXS). This chapter provides details concerning this X-ray regime Raman spectroscopy being
not only a fingerprint for molecules but even an element-dependent electronic structure
fingerprint. In general, X-ray spectroscopies may supply electronic structure information on
element-specific oxidation and spin states.

As well as for the UV-VIS regime, XRS and RIXS can deal with vibrational or phonon energy
losses and/or gains, which will only be shortly discussed in Section 3. Besides, since X-ray
photons have much higher energy than UV-VIS photons, one may observe much bigger energy
losses, which will be explained in detail in Section 3. Some applications of XRS will be covered
in Section 4. In Section 5, RIXS will be explained and Section 6 shows some applications of
RIXS spectroscopy. But at first we take a step back in Section 2, where some basics on X-ray
spectroscopies in general are covered.

2. Some basics about X-ray spectroscopies – absorption spectroscopy

While moving in the wavelength regime from UV-VIS to X-rays, one must realize that X-ray
photons have substantially more energy than UV-VIS photons. Whereas UV-VIS photons
above certain energy can excite valence electrons into the conduction band, the energy of X-
ray photons can be applied to excite core electrons into the conduction band. In general, the
unit electronvolt (eV) is used in X-ray spectroscopies, which corresponds to 1 eV = 1.60210 ×
10−19 J = 8065.73 cm−1. As for other absorption spectroscopies, X-ray absorption spectroscopy
(XAS) is a matter of measuring the difference between the intensity of the incoming beam and
transmitted beam following the Lambert–Beer’s law:

μy
t 0I I e-= (1)

where t is the sample thickness and μ is the absorption coefficient. It is the transmitted intensity
and I0 is the incoming intensity. For XAS, the absorption coefficient μ gives the probability that
X-rays will be absorbed. At most X-ray energies, the absorption coefficient is a smooth function
of energy, with a value that depends on the sample density ρ, the atomic number Z, atomic
mass A, and the X-ray energy E roughly as:

4

3
ρZμ
AE

» (2)

The strong dependence of μ on both atomic number Z and energy E is a fundamental property
of X-rays. With X-ray spectroscopies, one can gain information about selected elements by
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choosing the right X-ray energy range; due to the high energy of X-ray photons, these photons
may lead to the excitation of core electrons to unoccupied levels. The energy of these core
electron levels is determined by the type of element. That is, in a nutshell why X-ray absorption-
related spectroscopies are element-specific. As an example the X-ray transmission of cobalt
and iron is shown in Figure 1 for sample thicknesses of 0.2 μ. The energy level of the iron 1s
core level is at about 7112 eV (black dotted line in Figure 1), and the energy level of the next
neighbor in the periodic table cobalt 1s lies at about 7709 eV (red solid line in Figure 1) as can
be seen from the decrease in the transmission of X-rays around this energy. A difference of 600
eV is substantial keeping in mind that 1 eV corresponds to 8065.73 cm−1.

Figure 1. X-ray transmission for iron and cobalt with thicknesses of 0.2 μm as available from CXRO (henke.lbl.gov/
optical_constants/filter2.html).

One prerequisite for XAS (and as well for many other X-ray spectroscopies) is a widely energy-
tunable X-ray source, and in general, synchrotron radiation is required. Table-top tunable X-
ray sources are coming up as well, but the required brilliance for photon-in photon-out
spectroscopies such as XRS and RIXS is only available at synchrotrons and X-ray free-electron
lasers (X-ray FELs). For an overview of available synchrotrons and FELs, see www.lightsour-
ces.org.

Because the core-level energies are so different for different types of atoms, it means that the
absorption of an X-ray photon is element-specific. In addition, many X-ray spectroscopies are
as well able to identify relative oxidation states (see for example Refs. [1, 2]) and spin states
(see for example Refs. [1, 3, 4]). For the heavier elements, there will be more than one core
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level. For example, for the previously mentioned iron, there is the 1s core level (K-edge), and
2s (L1-edge), and 2p levels (L2,3-edge), and the 3s (M1-edge) and 3p levels (M2,3-edge) may also
be considered as core levels. The word “edge” comes historically from the fact that at certain
X-ray energies, there is a steep change in absorption: these sharp rises in X-ray absorption (or
deep decreases in X-ray transmission as seen in Figure 1) are due to reaching the binding
energy of a certain core level. The edges are named after the excited core-level electron as
indicated in between brackets above (K-edge, L-edge, etc.).

From the chemistry perspective, one would like to use the X-ray edge, which is sharpest with
the best energy resolution or in other words with the best chemical resolution. These “best
chemical resolution edges” appear for all elements between 40 and 1000 eV [5], in the so-called
(VUV to) soft X-ray regime.

In general, X-ray energies above 2000 eV are considered to be part of the hard X-ray regime.
The energy region between 1000 and 2000 eV is some intermediate tender X-ray regime, which
is sometimes considered to be a separate part and sometimes part of either the soft X-ray regime
or the hard X-ray regime. The terms hard X-ray and soft X-ray refer to their penetration depth
in air. Soft X-ray photons below 1000 eV do not penetrate far through air (due to absorption
by CO2, O2, and N2), and that is why in the soft X-ray regime, measurements are normally
performed under vacuum. Hard X-rays do penetrate through air, and in this regime, Röntgen
originally discovered X-ray radiation. As hard X-rays do penetrate through air, experiments
with hard X-rays normally are performed with safety lead shields around the experiment in
order to absorb the hard X-rays and protect the surrounding, for example, the spectroscopists/
scientists from exposure to X-rays.

Note that in hospitals, they actually make use of the penetration depth of hard X-rays for X-ray
CT scans: since bones absorb stronger than other parts of the human body, but still a substantial
part of the incident X-ray beam is completely transmitted through the body, this CT scan tells
you something about bone breaking.

As mentioned previously, the best chemical resolution edges are in the soft X-ray regime and
this X-ray regime has limits on the measurement conditions: in general high vacuum operation
conditions (below 10−7 mbar), although there are developments into operation under milder
vacuum conditions, for example, soft X-ray emission on liquids in the 10−3 mbar regime [6] and
X-ray photoelectron and electron yield X-ray absorption spectroscopy on solids in the 1 mbar
[7–9] to 1 bar regime [10].

In the next section, it will become clear how X-ray Raman spectroscopy circumvents the
constraints of the soft X-ray regime, while still leading to spectra that resemble the soft X-ray
edge with the best chemical resolution.

3. X-ray Raman spectroscopy

X-ray Raman Spectroscopy (XRS) or nonresonant inelastic X-ray scattering (NIXS) is a
spectroscopy that makes use of the Raman concept as sketched in Figure 2; there is a mono-
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chromatic incoming X-ray beam with energy E0, and the scattered X-rays are measured as
function of the emitted energy Ef. The incoming and scattered X-rays do not have to directly
correspond to an X-ray edge; however, the Raman energy loss ΔE due to a scattering event
may be related to some core-level excitation (or to phonon excitation like in typical Raman
spectroscopies).

Figure 2. Schematic representation of the X-ray Raman process.

Note that in this scattering process, there are other events which are much more likely, elastic
(Rayleigh) scattering and Compton scattering (see for example the relative intensities in
Figure 1 of Ref. [11]). Initially, the low cross section of XRS made this technique impractical,
but intense new X-ray facilities, third-generation synchrotrons and X-ray free-electron lasers
(FELs), and improvements in X-ray optics helped XRS to become an interesting spectroscopic
tool.

XRS is a technique that retains the experimental advantages of hard X-ray measurements, for
example, deeper probing depth implying more realistic samples, less beam damage due to
lower scattering cross section, experiments in a gas or liquid environment or under higher
pressures, while revealing the information equivalent to the soft X-ray XAS. In particular, for
K-edges of the light-weight elements, which have really low VUV to soft X-ray energies as
their edge, leading to a substantial low penetration depth, XRS can circumvent the problems
related to soft X-rays. The difference between XRS and XAS is the transition operator. In XAS,
the electronic transition can be approximated as a dipole transition, while for XRS also higher-
order transitions (quadrupole) are allowed, depending on the q-vector, related to the angle
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between incident and scattered X-rays. At low values for q, only dipole transitions are allowed,
so far low-q XRS compares well with XAS. For high-q, higher-order transitions are present in
XRS, which will be shortly discussed in the next section.

XRS, RIXS, and nonresonant X-ray emission spectroscopy (XES), where RIXS and XES will be
discussed in more detail later on, are second-order optical processes where the excitation and
de-excitation processes are coherently correlated by the Kramers-Heisenberg formula depicted
here:

(3)

Where ℏω and ℏΩ are the energies of the incident X-ray and emitted/scattered X-ray energy,
respectively. j, i, and g present the final, intermediate, and ground states, respectively. T1 and
T2 represent the radiative transitions by incident and emitted photons, and Γi represents the

spectral broadening due to the core-hole lifetime in the intermediate state. δ is the energy
conservation of the process with difference in the ground state energy plus the X-ray emitted
energy with the final state energy plus the incident X-ray energy. As this formula shows there
is a dependence on the core-hole lifetime, which can be made use of to study core-hole state
dynamics in RIXS spectroscopy (discussed later in Section 6).

In electron spectroscopies, a spectroscopy equivalent to XRS exists, which is called electron
energy-loss spectroscopy (EELS). Both XRS and EELS give information similar to XAS, but
because the transitions in XRS and EELS occur in a different way, the transition operator is
different. However, at low momentum transfer (low q-vector), the transition operator in EELS
and XRS can be approximated as a dipole operator, and in that case, the spectral shape agrees
with XAS.

XRS can be measured in two modes: (A) the direct analogue of common Raman spectroscopy:
a monochromatic X-ray beam is used and the emitted X-ray beam is measured as function of
energy loss (or emission energy). (B) The emitted X-ray energy is fixed and the incoming X-
ray beam is varied, the so-called inverse energy scan technique. Currently, mode B is applied
more often since it is easier to change the incoming monochromatic energy than the settings
of the emission spectrometer for different emission energies; however, with dispersive X-ray
emission spectrometers [12], mode A may become the standard mode, which would be
beneficial for (femtosecond) time-resolved studies with X-ray FELs.

Besides the use of XRS as some correspondence spectroscopy to XAS, one can also measure
low-loss features such as phonons (vibrations for molecules) and plasmons as with traditional
Raman spectroscopy. In this meV energy-loss scale, the technique is actually often called as
NIXS or IXS. The advantage of NIXS compared to traditional (UV-VIS regime) Raman
spectroscopy is that the X-rays penetrate deeper in materials than UV-VIS photons, so the
energy loss obtained related to phonons and plasmons with NIXS might give a more bulk-like
picture of the phonon and plasmon behavior of the system of interest. As well a wider energy
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and momentum space can be probed with synchrotron radiation. This NIXS will not be
discussed further, one is referred to Refs. [13–16].

4. Some applications of X-ray Raman spectroscopy

4.1. In situ X-ray spectra of light elements

XAS of light elements, such as lithium (Li), boron (B) and carbon (C), occurs in the soft X-ray
energy range at about 60, 180, and 280 eV, respectively. In general, XAS can be measured in
transmission, electron, or ion yield or fluorescence yield mode. Due to the path lengths of soft
X-rays, transmission X-ray absorption measurements in this soft X-ray energy range of 50–300
eV are very difficult. The electron yield mode of XAS is an alternative surface-sensitive measure
for the standard transmission XAS mode. Concerning in situ XAS studies, it can as yet only be
performed at the mbar to bar pressure range, for example, as shown in Refs. [7, 9]. Fluorescence
yield XAS probes deeper into the sample, but this probe has very low yield for soft X-ray
energies and may suffer from saturation effects in concentrated systems. At the same time, the
incoming X-ray probe of 60–280 eV does not penetrate deep enough and still mostly surface
is probed with fluorescence yield XAS. With XRS, one is able to measure more bulk-like
properties of light elements [11]. There are a few dedicated XRS setups in the world, where I
would like to mention a setup at the European Synchrotron Radiation Facility (ESRF) [17, 18]
and another setup at the Stanford Synchrotron Radiation Lightsource (SSRL) [19, 20].

As an example, we discuss XRS measurements performed on (nanosized) LiBH4 hydrogen
storage materials [21, 22] at the setup of SSRL [19]. For those experiments, the XRS scans were
performed using the inverse energy scan technique with a fixed analyzer energy of 6462.20 eV
(mode B mentioned in Section 3). The XRS spectra of this example were measured using 25
detector crystals with an average q-vector of 1.3 atomic units, implying essentially pure dipole
transitions, while this dedicated XRS setup had many more detector crystals (at that time 40)
which may allow as well higher-order transitions [19], see next sections, but for these studies
the other detector crystals were covered. The main additional reason besides the issues
mentioned at the beginning of this subchapter for performing XRS experiments on these
hydrogen storage materials was that the samples need to be under humid-free environment,
and with hydrogen release as well as the pressure is rising, measurements with soft X-rays
would be difficult. This example showed that it is possible to study the electronic properties
of Li, B, and C of bulk and LiBH4-carbon nanocomposites (LiBH4-C) during de-hydrogenation
and the first step of re-hydrogenation.

In particular, for nanocomposites, this is important since there are no many techniques, like
XRD used on the bulk samples, able to grasp the electronic structure information on such small
and often amorphous materials. In addition, XRS was used to study the decomposition of
NaBH4–C nanocomposites (shown in the ESI,† Section S10 of Ref [22]). Note that XRS studies
on the lithium edge have as well become relevant for other lithium systems [23] and battery
applications, in situ de- and re-charging [20]. On the other hand, there are other borohydrides
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where the B K-edge XRS (and in addition the Mg L-edge XRS) has recently been measured for
another possible hydrogen storage material, Mg(BH4)2 [24].

4.2. Materials under pressure and in the liquid phase

Although the previously mentioned hydrogen storage materials were only under 1 bar of
nitrogen/hydrogen, XRS is also applied in studies with even higher pressures to study the
effect of it on materials [25], for example, on iron to gain information on the behavior of it in
the inner core of earth [26]. In these higher-pressure studies, phonon scattering is often studied
with XRS [27, 28] (NIXS or IXS mentioned in the previous section) to study pressure-induced
phase transitions and how the phonon spectrum changes. Since XRS is applied in the hard X-
ray regime, it is also easier to get electronic structure measures, similar to direct XAS, on liquid
phase systems [29, 30].

4.3. Higher-order electronic transitions

In Section 3, it was mentioned that XRS and XAS may give similar results, but with XRS one
is as well able to obtain higher-order transitions above the dipole transition. It has been shown
in Ref [31] that octupole transitions can be observed in XRS on rare earth phosphates RePO4

with Re = La, Ce, Pr, and Nd. In this respect, XRS might potentially be used in measuring
otherwise spectroscopically unavailable excited states or “optically dark states.”

4.4. Summary

In summary, XRS has been mostly used for (in situ) electronic structure studies on light
elements as the alternative to XAS, and there is a strong focus on materials under high-pressure
conditions. In general, XRS studies may become important as well for studies on (heteroge-
nous) catalysts under (close to) industrial operation conditions, because of the advantage of
the edge with best chemical resolution without the constraints of the soft X-ray regime
(vacuum). As well, XRS is used to gain understanding of the momentum space of phonons of
materials of interest (which was not covered in this section).

5. RIXS

Resonant X-ray Raman spectroscopy is now more commonly known as RIXS, but other terms
such as resonant X-ray fluorescence spectroscopy (RXFS) and resonant X-ray emission
spectroscopy (RXES) have also been used in the past. With RIXS, the incoming X-ray photon
energy corresponds (or is close) to an X-ray edge in contrast to XRS. The RIXS process is
schematically shown with an one-electron scheme in Figure 3 next to schematically shown
XAS and XES process. The first step of the RIXS process is the same as the XAS process. The
second transition is emission from some state, and here it is shown as emission from an
occupied state. The XES process is similar to that second step. The processes of RIXS are here
only shortly described. For more details on (theory of) RIXS one is referred to Refs. [1, 32–35].
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However, for RIXS, the excited electron can relax back into the core hole (elastic emission) and
in parallel create an additional excitation from the occupied valence into the unoccupied
valence with some energy loss related to this valence excitation as opposed to XES: following
the X-ray excitation, subsequent X-ray emission may take place (side-note: Auger decay is
stronger than emission decay in the soft X-ray regime). There are a few possibilities that the
excited electron decays itself (participator decay channel), which may lead to elastic X-ray
scattering, but the excited electron could also have traveled over some excited potential energy
surface during the core-hole lifetime which may lead to emission to a vibrationally excited
state. Another option for the participator channel is that the excited electron decays itself and
transfers energy to an electron in the valence band which gets excited into some unoccupied
state (e.g., a so-called charge transfer state or a valence-valence excitation). Also an electron
from the valence band (spectator decay channel) may decay instead of the excited electron
(participator channel). This may lead effectively to the same final situation from this one-
electron picture of Figure 3.

Figure 3. Schematic representation of the different core spectroscopies: X-ray absorption spectroscopy (XAS), resonant
inelastic X-ray scattering (RIXS), and (nonresonant) X-ray emission spectroscopy (XES). FE indicated the Fermi level.
Solid horizontal lines indicate unoccupied states within the system, while the dotted line indicates a virtual state for
electrons (“free electrons”). Red lines indicate incident and emitted radiation.

So, Figure 3 showed the XAS, XES, and RIXS processes by single-electron movements.
However, one should think about these processes in total energy terms. The case for the
combination of XAS, RIXS, and XES is shown in Figure 4.

As simplified above, RIXS is a combination of XAS (the absorption of the photon) and XES (the
emission of a photon), and Figure 4 shows that with RIXS it is then possible to reach excited
states of the material. Here it is not stressed what kind of excited states these are, since this can
be any type of excited state. That means that with RIXS (and sufficient resolution in the
emission spectrometer) one can obtain information on electronic excited states (e.g., dd
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excitations in 3d-materials) but as well on vibrationally and magnetically excited states [36].
The figure does not show energy gains (anti-Stokes Raman), but in principle this is possible if
the system before the X-ray excitation is already in an excited state.

Figure 4. Total energy scheme of the processes of X-ray absorption (XAS), X-ray emission (XES) and resonant inelastic
X-ray scattering (RIXS) with X-ray absorption resonances and the continuum as possible excitation channels (inter-
mediate state for RIXS/XES) and final states for RIXS at different energy (energy loss) than the original ground state.

In the earlier days of RIXS, Butorin showed advantages of the RIXS technique, such as clear
band showing allowed dd excitations compared to EELS and UV-VIS absorption spectra where
dd transitions often appear as weak structures [37]. RIXS spectroscopy gained increased
interest with the advances on the brilliance of synchrotrons and X-ray free-electron lasers as
well as advances in more efficient detectors. More information on RIXS and its capabilities can
be found in Refs. [5, 38, 39].

6. Some applications of RIXS

6.1. Soft X-ray RIXS on cuprates

In the early days, soft X-ray RIXS with moderate resolution was performed a lot on standard
compounds such as manganese oxide (MnO) [37, 40], cobalt oxide (CoO) [40], and nickel oxide
(NiO) [40–43]. Interestingly, in the soft X-ray regime when the SAXES spectrometer [44] became
available with a much better energy resolution, and the general improved resolution was
established on MnO [45], CoO [46], and NiO [47], high-energy resolution RIXS was focused
mostly on the Cu L-edge of high-temperature superconductors (HT-SC) and representative
HT-SC model compounds and as well with some measurements at the oxygen K-edge to gain
understanding of superconducting properties related to phonon, magnon, and electronic
structure, for example, Refs [48–52] for Cu L-edge and Refs. [53, 54] for the oxygen K-edge
RIXS of HT-SC (model) compounds.
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Nowadays, with more high-resolution RIXS spectrometers becoming available with even
advanced features [55], high-resolution soft X-ray RIXS studies toward other 3d- (e.g., iron
selenides, manganites, nickelates, or cobalt), 4d-, and 5d-metal (e.g., iridium) materials and to
4f-materials are expected for investigations into solid-state applications like superconductivity
(FeSe-related), multiferroics, topological insulators, etc.

6.2. RIXS on metal organics – hard X-ray RIXS: 1s2p and 1s3p RIXS

In general, organic materials suffer from the X-ray probe, for example, the X-rays create beam
damage. Hard X-rays have a lower cross section with metallic components in metal organics,
such as proteins and homogeneous metal-containing catalysts than soft X-rays. In order to
decrease the chances of beam damage, hard X-ray RIXS is often applied on these biologically/
homogeneous catalysis relevant materials, especially focusing on properties concerning the
active metal center of these systems.

In line with XRS, hard X-ray RIXS can also be used to study the edges with best chemical
resolution indirectly [56, 57]. For example, for iron one can excite the (pre-)K-edge (1s core hole
with excitation into the 3d-shell-related states) and probe the Ka (2p emission) or Kb (3p)
emission. In these cases, the final state of the RIXS process is similar to the normal 2p XAS or
3p XAS (a hole in the 2p/3p and an additional electron in 3d). The emission resembles then the
normal 2p (3p) XAS measured in the soft X-ray regime, but the spectrum measured via 1s2p
(1s3p) RIXS may have additional features [58] due to quadrupole and monopole contributions,
since with RIXS as a two-photon process the dipole selection rule has to be twice taken into
account.

6.3. RIXS on simple semiconductors: electron-phonon coupling, band gap properties

In the hard X-ray regime, RIXS has been applied as well to study electron-phonon interactions
of cuprates by focusing on the phonon progression [59], and in essence, the same technique
can be performed in soft X-ray RIXS with high-energy resolution as long as there are not too
many different phonon modes interfering. In the soft X-ray regime, electron-phonon scattering
properties have been analyzed by measuring both RIXS and X-ray emission spectroscopy (XES)
with a relatively low-energy resolution RIXS spectrometer [60] compared to the current
standard as function of temperature for silicon and silicon carbide.

Resonant inelastic X-ray scattering and X-ray emission are very often applied in a similar
fashion. Above certain energies, for example, well above the X-ray resonances, in the ionization
regime, when one observes emitted X-ray photons, one speaks simply of normal XES.

By applying the combination of RIXS and XES, one could get (relative) measures on the angular
and crystal momentum transfer due to electron-phonon scattering. This gives you an average
electron-phonon scattering picture, so it is perfectly fine if there are many phonon modes.
Comparing the different results on these compounds, a form of silicon carbide (6H-SiC)
showed a much stronger electron-phonon scattering effect than pure silicon for both crystal
momentum transfer and angular momentum transfer [61, 62]. In Figure 5, comparison of
calculated silicon partial density of states (DOS) of 6H-SiC with the difference in XES as
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function of temperature with reference to room temperature is given. One sees that as function
of temperature, the XES difference shows a decrease related to s-DOS and an increase related
to p-DOS, while the core hole is of 2p character. In general, s-(and d-)DOS is expected in the
XES with a Si 2p core hole and the increase in p-DOS with temperature is therefore a measure
for the amount of angular momentum transfer events in the core-hole lifetime.

Figure 5. Top: calculated Si s-DOS and p-DOS for silicon carbide (6H-SiC). Bottom: difference in the XES with the XES
at room temperature for 6H-SiC. This figure was adapted from Ref. [62] and is taken with permission.

For insulators and semiconductors, the first electronic energy loss observed in RIXS is directly
related to the (element-specific) band gap, and by combining the information of RIXS with
XAS and XES, one is able to identify the valence and conduction band behavior as a function
of temperature [63, 64], which is important to know for semiconductor applications under
extreme temperature conditions.

6.4. RIXS on liquids and on ions and organic molecules solved in liquid

In general, liquids at synchrotrons are measured by flow cells or liquid jets. For hard X-ray
RIXS measurements, there are in principal no side conditions, but for soft X-ray RIXS meas-
urements, you need to stay below a certain pressure in order to still be able to get X-rays on
the liquid and to measure the emitted X-rays. There are a few setups in the world that can
perform these measurements routinely, for example, the setups explained in Refs. [6, 65]. For
liquids, the soft X-ray regime of RIXS [66, 67] is more important because often you want to
study resonantly the oxygen K-edge and nitrogen K-edges which are at about 500 and 400 eV
in the soft X-ray regime, respectively. Liquid jet RIXS with relatively low-energy resolution
(~500 meV) has now, for example, been successfully employed on liquid and gas phase water
[68, 69], methanol and other alcohols [70], 3d-metal ions solved in water, for example, Mn2+

(and Mn2+ organic complexes) [71] and Ni2+ in water [72], Fe(CO)5 solved in ethanol [73, 74],
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Fe(CN)6 solved in water [74–76], 2-mercaptopyridine solved in water [77] and (models for)
biologically relevant proteins in solution [71, 78–80].

As an example of RIXS on liquids, Figure 6 shows the oxygen K-edge RIXS on resonance and
far above the resonance (nonresonant X-ray emission) for methanol, ethanol, propanol,
butanol, pentanol, and hexanol. It shows the main double-peak structure for all these alcohols,
where the interpretation of this double-peak structure has been under debate for oxygen K-
edge of water. As explained by Schreck et al., the relative ratio of this main double-peak
structure corresponds to the amount of hydrogen bonds (expected from simulations) [70].

Figure 6. From top to bottom: oxygen K-edge on resonance (a) and oxygen K-edge nonresonant X-ray emission (b) of
liquid hexanol, pentanol, butanol, propanol, ethanol and methanol. Figure taken from Ref. [70].

For the more sophisticated RIXS spectrometers with high resolution (~50 meV), flow cells are
preferred in order to keep good vacuum conditions in the overall vacuum chamber and in the
spectrometer. With the first high-resolution RIXS spectrometer available at the Swiss Light
Source [44, 81], RIXS with vibrational-resolved resolution was acquired and analyzed for
water [68] and acetone and the acetone-chloroform complex [82], and for the latter, two systems
ground state potential energy surfaces could be reconstructed from the vibrational progression
observed with vibrationally resolved RIXS.

By combining pump-laser probe-X-ray photons, one can get time-resolved information on
materials. In this case, it is possible that the pump-laser excites the material to some excited
state and the probe X-ray followed by X-ray scattering may lead to anti-stokes RIXS features
(that is features observed at X-ray emission energies higher than the probe X-ray excitation
energy). The first indications have been shown in X-ray free-electron laser experiments on
Fe(CO)5 solved in ethanol [74].
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7. Summary

A short overview of X-ray Raman spectroscopy and resonant X-ray Raman spectroscopy
(RIXS) has been given with special attention to what these element-specific spectroscopies can
contribute to a better understanding of materials, or in other words how chemistry might
benefit from Raman spectroscopy studies in the X-ray regime. Here it was shown that XRS and
RIXS can supply information on (local, occupied, and unoccupied valence) electronic structure
relevant to chemical activity, as well as supplying data to coupling of electronic structure with
vibrational (electron-phonon interaction) and spin structure (electron-magnon interaction). In
addition, with X-ray FELs, XRS and RIXS can be applied to (optically) excited states, and in
particular the shift of these spectroscopies from synchrotrons to X-ray free-electron lasers [83]
may become an important transition for time-dependent electronic and phononic structure
studies. As well, (future) diffraction-limited storage rings will enhance the energy resolution
for XRS and RIXS [84].
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