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Abstract

X-ray spectroscopy is an effective tool to investigate the properties of a broad range
of systems. With the advent of modern light sources and high resolution detection
techniques, the X-ray Magnetic Circular Dichroism has since its early days evolved into
a powerful method to study the magnetic momenta of many samples. Typical systems
of interest are the 3d transition metals, where the magnetic circular dichroism is usually
studied at the L2,3-edge utilising 2p X-ray absorption spectra. The L2,3-edge of 3d
transitions metals lies in the soft X-ray energy range, which implies some experimental
limitations in the direct 2p X-ray absorption spectra measurement.

1s2p Resonant Inelastic X-ray Scattering on the other hand has become an essential
technique with respect to the investigation of the electronic structure. Since 2p X-ray
absorption spectra and 1s2p Resonant Inelastic X-ray Scattering have the same final
state electron configuration 1s2 2p5 3dN+1, one can take advantage of the hard X-rays
used in 1s2p Resonant Inelastic X-ray Scattering to access soft X-ray information.

The essential differences between the spectra obtained in 1s2p Resonant Inelastic
X-ray Scattering and 2p X-ray absorption are illustrated in a series of crystal field
multiplet calculations for the 3d transition metals covering each ground state between
3d0 and 3d9. We discuss in this context the influence of the intermediate state on the
selections rules emphasising its importance when comparing 1s2p Resonant Inelastic
X-ray Scattering and 2p X-ray absorption spectra.

Furthermore, we combine 1s2p Resonant Inelastic X-ray Scattering and the X-ray
Magnetic Circular Dichroism to measure the dichroic behaviour of the half-metal chro-
mium dioxide (CrO2) using hard X-rays. We utilise this new combined approach on
a CrO2 powder sample and complement the measurements with crystal field multiplet
calculations to derive information about its electronic structure. We also performed
the first angular dependent Magnetic Circular Dichroism and Natural Linear Dichroism
measurements on CrO2 thin film samples using the Resonant Inelastic X-ray Scattering
technique, to take advantage of their highly ordered structure of the thin films. The
measurements are then discussed in the final chapter in a qualitative way serving as a
starting point for further studies.
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1 Introduction

Since the discovery of X-ray radiation by W.C. Röntgen in 1895[1] it has given rise to a
great variety of applications. In addition to the early use of X-rays in medicine[2], the
ongoing development of technology and methods has led to various applications from
fundamental research to industrial use. They are nowadays routinely used in archae-
ometry, geology, material research, quality control, biosciences, fundamental research
and even forensics.

Throughout the past decades X-ray spectroscopy has played an important role to-
wards the study of the electronic structure of coordination compounds and transition
metal complexes. The advent of synchrotron light sources has made high flux and high
resolution measurements accessible to researchers world wide.

1.1 X-ray sources

The visible fraction of the electro-magnetic spectrum has a wavelength λ between
780 nm and 380 nm which translates to photon energies of approximately 1.6 eV to
3.2 eV. The energy of X-ray photons is, in comparison to the visible light, relatively
high and lies in the range of roughly 100 eV (soft X-rays) to up to 1MeV (hard X-rays).

There are several methods to produce light with photon energies in this X-ray range.
The first type of an X-ray source, also used by Röntgen, is the cathode ray vacuum tube,
which converts the kinetic energy of electrons into light. The electrons are accelerated
in an electric field of several kilo electron volts onto a metal anode. X-ray tubes with
various target materials, usually tungsten, molybdenum or copper, are still one of the
most common sources used today. The emission is based on two different processes
which relate to two typical features of an X-ray tube spectrum.

The first type is the so-called characteristic radiation, which is based on the photo-
effect leading to an atomic excitation by producing a core hole. This leads subsequently
to one of two relaxation processes: 1.) The radiative decay, which emits a photon or 2.)
non-radiative decay, which is usually connected to the emission of an Auger electron.
The radiative decay is related to the discrete energy levels of the target material, hence
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the name characteristic radiation. Well known examples of a characteristic emission
are the Kα and Kβ lines.
The second type is related to the deceleration of the electron in the atom’s Coulomb

potential of the target (anode) material. The deceleration of the electrons creates a
continuous emission and is also called Bremsstrahlung (german for ‘deceleration ra-
diation’). The energy of the electric potential accelerating the electron beam defines
hereby the maximum energy that can be transformed into radiation (photons). Using
a dispersive element, for example an analyser crystal, one can create a plot of the emit-
ted X-ray intensity over the photon energy to illustrate the composition of the emitted
radiation which we call a spectrum. An example is shown in Figure 1.1.

Figure 1.1: Example of the emission from an X-ray tube with a characteristic emission
and an underlying continuum. Image taken from Basics of X-ray.[3]

1.1.1 Synchrotrons

Due to the fact that the photon beam emitted by X-ray tubes is not directly tuneable
and their intensity is relatively low, synchrotron light sources have been developed.
The basic idea is to accelerate a bunch of electrons to almost the speed of light and

then storing them in a well controlled orbit, in a so-called storage ring. It is well known,
that accelerated and decelerated charges emit electro-magnetic radiation. One of the
first advanced descriptions of this phenomenon was introduced in 1895 by Lorentz.[4]

Exploration of this principle was used in first generation synchrotrons where dipole
magnets were introduced to bend the orbit of a charge traveling at nearly the speed
of light in a sharp curvature. This leads to the emission of light with a rather broad
energy range (white light).
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In a more advanced approach, so-called insertion devices, wigglers and undulat-
ors, have been developed and implemented in subsequent generations of synchrotrons.
These insertion devices consist basically of a series of alternating magnets as shown in
the scheme in Figure 1.2.

Figure 1.2: Schematic view of an undulator showing the alternating magnets with
period λu (1), the incoming electron beam (2) and the emitted cone of
synchrotron radiation (3) (Image taken from Wikipedia[5])

Various types of undulators exist. The APPLE II and Helios[6] undulators are for
example dedicated helical insertion devices. They have two rows of magnets on either
side and can be configured in a way, that they directly emit circular polarised light
containing photons in a pure angular momentum state |~κ+〉 or |~κ−〉. Most undulators
emit a linearly polarised photon beam containing photons, which are in a superposi-
tion state 1√

2
(|~κ+〉+ |~κ−〉).[7] To obtain circular polarised light from the later undulator

type, a diamond crystal as phase retarder can be used to convert the polarisation from
linear to circular, similar to a quarter-wave plate used in optical spectroscopy. This
approach is convenient for beamlines that do not have a dedicated helical insertion
device, but apart from a significant reduction of the transmitted flux it also implies a
large uncertainty with respect to the polarisation rate.[8]

To generally describe the emission of the insertion device one uses the undulator
condition.i It describes whether the emission from the n-th undulator period interacts
in a constructive way with the (n − 1)-th period. In this context one introduces the
dimensionless undulator parameter K which is given as[10]

K =
λu
2π
· e
me

· B
c0

(1.1)

iIt is given here as a scalar expression related via eq. (1.2) only to the emitted wavelength λ
and the rotation symmetric angle of emission γ. To quantify the polarisation of the light one has to
translate both expressions into an x and y component.[9]
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with the undulator period λu, the specific electron charge e/me, the vacuum speed of
light c0 and the magnetic flux density B.
For K > 1 the insertion device is considered to be a wiggler, and for K < 1 it

is called an undulator. The latter case can be interpreted as the wiggling angle α is
smaller than the angle of emission γ−1 as illustrated in Figure 1.3.

-

-

α < 1/γ

1/γ

1/γ

1/γ

Figure 1.3: Illustration of the undulator condition K < 1 where the wiggling angle α
is smaller than the angle of emission γ−1.

If the undulator condition is fulfilled (K < 1), interference effects become important
which then enhance the intensity significantly. Due to the fact that the emission from
each undulator period interacts with the previous one in a constructive way, the emitted
intensity I is proportional to N2, where N is the number of undulator periods involved.
For the case of a wiggler, when K > 1, the intensity I is only proportional to N . From
this one can see that the intensity will increase when the undulator is extended in
length. This is an aspect which is exploited in Free Electron Lasers (FELs).
As described so far, the electrons in the electron bunch are still statistically dis-

tributed which hinders the electrons to emit in a highly correlated way. With the
introduced undulator parameter K, the emitted wavelength λ can be given as[10]

λ =
λu
2γ2

(
1 +

K2

2
+ θ2γ2

)
(1.2)

with the undulator period λu and γ =
(
1− (v

c
)
)− 1

2 as the Lorentz factor. Equation
(1.2) can be interpreted as a resonance condition for the emission with wavelength λ. It
is applicable for both, synchrotrons as well as Free Electron Lasers, while in the latter
case only the emission in forward direction (θ = 0) is being used. FELs take advantage
of the interaction of the emitted radiation with the electron bunch, introducing an
ordered structure to the electrons in the bunch, and thus leading to a highly correlated
emission. This increases the intensity by another factor of N2, where now N is the
number of electrons in an electron bunch. Free Electron Lasers are increasingly being
build and commissioned around the world in recent years, and they are considered as
the next generation light source with a focus on non-linear and ultrafast spectroscopy.

In the present work all measurements were performed with synchrotron radiation
as supplied from various large scale facilities around the world (e.g. SOLEIL, ESRF,
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SLS, DESY). They offer a highly brilliant and high intensity electro-magnetic radiation
across a wide energy range from infrared to hard X-rays and they are well tuneable
to deliver quasi-monochromatic photon beams as they are required for high-resolution
measurements in modern X-ray spectroscopy.

1.2 X-ray spectroscopy

The basic goal of spectroscopy is to unravel the properties of a compound (e.g. nuclear
structure, electronic structure, reactivity, chemical speciation) by interpreting the in-
teraction of electromagnetic radiation (e.g. scattering, absorption and emission) with
a given sample. The general idea is to use the energy dependence of this interaction to
derive information, based on the fact that different parts of the electromagnetic spec-
trum probe different parts of the samples wave function. While the soft low-energy
range (e.g. UV/VIS and soft X-ray) interacts with the states near the ionisation level,
the harder X-ray energy range can interact with the states which lie deeper down to
the 1s core-level.

When a sample is illuminated with X-rays, the incident intensity is attenuated due
to absorption and scattering. The intensity decrease of the electromagnetic radiation
as it passes through a substance is generally described by the

Lambert-Beer law I1 = I0 exp
(
−µρ s

)
(1.3)

where I0 is the incident intensity, I1 is the attenuated intensity after it has travelled the
distance s though the sample. µ is the mass attenuation coefficient and ρ is the density.
The attenuation coefficient is related to the refractive index n(ω) of the absorbing
material. To be more specific, µ is proportional to the imaginary part nc of the complex
refractive index n(ω) = nr − inc, where[11]

nr = 1 +
Ne2

2ε0me

(ω2
0 − ω2)

(ω2
0 − ω2)2 + γ2ω2

and nc =
Ne2

2ε0me

γω

(ω2
0 − ω2)2 + γ2ω2

(1.4)

which also reveals its energy dependence via Eph = ~ω. (With N as number of os-
cillating dipoles, the electron charge and mass e,me, the vacuum permittivity ε0, the
resonance frequency between the states ω0, the frequency of the light ω and the damping
factor γ.) The refractive index is here only given with the linear, frequency dependent
part. In non-linear optics (e.g. Free Electron Lasers) higher orders of the refractive
index become relevant, where it has also a non-linear, intensity dependent component
n = n(ω) + ñ(I) + ... introducing an intensity dependent absorption and scattering.
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Due to the fact that µ is via its energy dependence an element specific quantity,
it is the basis for X-ray Absorption Spectroscopy (XAS). In XAS an electron is
promoted from a lower occupied state into one of the empty states of the system. In
other words, XAS probes the excited states. For the 3d transition metal ions this
corresponds to the empty 3d states and above. The process is in first approximation
spin-conserving which implies only transitions from singlet to singlet, or triplet to
triplet, etc., are allowed. It is often measured in transmission, in which the transmitted
intensity I1 is detected in dependence of the incident intensity I0. Such a measurement
can be performed with polychromatic light covering a broad range of energy, which
then yields a so-called transmission spectrum in a single shot. Depending on the
energy range used to excite the sample it can cover several absorption edges.

A special case of XAS is the X-ray Absorption Near Edge Spectrum (XANES), also
called Near Edge X-ray Absorption Fine Structure (NEXAFS). It uses a monochromatic
incident beam where its photon energy is tuned around an absorption edge, covering a
range of approximately 50−100 eV, while the transmission is recorded in dependence of
the incident energy. Such spectra are special in the sense that they reveal, in the case of
metal K edges a pre-edge structure below the main absorption edge, which is related to
intra-atomic transitions into the empty states below the ionisation level (e.g. 1s→3d).
Furthermore, when the incident energy is larger than the ionisation energy, the emitted
photoelectron has a well defined energy due to the monochromatic excitation. This
leads, via a scattering of the photoelectron on the atoms in its direct proximity, to
interference effects in the photoelectrons wave function. These interferences are visible
as oscillations in the spectrum due to an effectively increased and decreased absorption
cross-section, the so-called fine structure. Measurements at higher energies, more than
100eV above the absorption edge, refer to Extended X-ray Absorption Fine Structure
(EXAFS). Furthermore, the ionisation energy of an ion directly relates to its ionisation
level, such that the position of the absorption edge appears shifted in energy for different
ionisation levels. The pre-edge structure, the oscillation of the intensity due to the
interference effects and the relative position of the absorption edge are often used as a
fingerprint to distinguish different chemical specimens.

An essential requirement for a transmission XAS measurement is the fact that a sig-
nificant fraction of the light must be detectable behind the sample. This implies that
the sample is thin enough (or diluted) to allow a differential detection of the incident
intensity I0 and the transmitted intensity I1. Hence, this method is limited to only a
fraction of samples.

When X-ray radiation with sufficient photon energy E0 is absorbed by the sample it

6



creates a hole in an inner shell. During the subsequent relaxation an electron from a
higher shell will fill the hole and release the energy ∆E. This energy can be released
either by a radiation-free or a competing radiating process. For K edges, for light
elements with Z < 30 the radiation-free Auger process is dominating, while elements
with Z ≤ 30 emit the energy ∆E mostly as photons in a radiating decay.

In the radiation-free process an Auger electron is emitted, having the kinetic energy
Ekin = ∆E−(EB+EA), where EB is the binding energy, and EA is the energy required
to leave the sample. This is explored in the surface sensitive Auger Electron Spectro-
scopy (AES) where the emitted Auger electrons are measured to derive information
about the system under study.

The radiating decay, on the other hand, releases the energy ∆E in the form of a
characteristic photon with the energy ∆E = |E1 − E2| = hν. The emitted photon
is characteristic in energy as it is directly related to the two energy levels E1 and E2

which are participating in the process. This is also called X-ray Fluorescence (XRF)
and is due to the energy dependence element specific and used in many applications
to identify the atomic composition of a given sample.

The connection between the characteristic photon and the electronic structure of
the sample is the basis for X-ray Emission Spectroscopy (XES). The X-ray fluor-
escence emission is usually spin-conserving, implying only transitions like singlet to
singlet, or triplet to triplet, etc. While in XAS the excited states are probed, in XES
a decay is observed and thus it is a technique probing the occupied states (e.g. holes
in a core shell).

Since the X-ray emission requires the creation of a core-hole in an X-ray absorption
process, XES can be described as a two-step photon-in photon-out process. In other
words, XES is a second order process, where the first step is the X-ray absorption of an
incident photon, and the second step is the X-ray emission of a photon with character-
istic energy (e.g. Kα). Though one can create the core-hole also off resonance, where
the excess energy is transferred as kinetic energy to the photoelectron, a nowadays
common method is the resonant excitation of a core state.

This is a specific second order process called Resonant Inelastic X-ray Scattering,
where the X-ray emission spectra are measured as a function of the incident X-ray
energy, yielding a two dimensional spectrum. This approach has proven to be a valu-
able instrument with respect to the investigation of the electronic structure and such
resonant measurements are nowadays routinely performed at the synchrotrons around
the world. As this resonant excitation technique is the basis for the present work, we
will discuss it in detail in section 2.1.
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1.2.1 Radiation damage

Before we discuss the relevant background and theoretical details in the next chapter
we will shortly review an important, but often neglected aspect of X-ray spectroscopy.
Most high-resolution measurements are time consuming and the permanent illumin-

ation of the sample can induce radiation damage, which generally speaking refers to a
change of the sample during the process of the measurement. This is also referred to
as beam damage which essentially means that the energy, which is transferred by the
incident photon beam to the sample, can lead to photon bleaching. Due to the fact
that a chemical compound is in the excited state often highly reactive, the measure-
ment can alter the sample in a way that it changes its chemical composition. Thus
it is important to pay attention to this possibility and monitor the appearance of the
sample before, during and after a measurement.
This can be done for example by a simple visual inspection of the sample, by the

detection of a change of its colour, or by comparing individual snapshot spectra meas-
ured at the beginning and at the end of a time consuming measurement. While a
visual inspection of the sample is trivial and generally done, the monitoring of a colour
change can be accomplished with a UV/VIS spectrometer which is often used for liquid
samples. The later method using snapshot spectra is commonly achieved by compar-
ing different HERFD spectra, because a change of the ionisation level translates into
a change of the ionisation energy, and thus can be recognised by an energy shift of the
absorption edge.

The mechanisms of radiation damage involves multiple pathways which are still not
fully understood. Thus it is still subject to current research and discussed in various
publications.[12,13,14,15,16,17]
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2 Theory

In the present chapter we describe the relevant background and theoretical frameworks
used in this study. This section is organised as follows.

In section 2.1 we describe the theoretical background of Resonant Inelastic X-ray
Scattering and the advantages over conventional X-ray Absorption Spectroscopy. This
includes a subsection summarising the details of the Kramers-Heisenberg formula which
is used to model the two-step RIXS process.

In section 2.2 we discuss the influence of the environment on the metal ion in a
solid state referring to the theoretical framework of Crystal Field Theory. It can be
considered as a simplified model of Ligand field Theory which provides a more detailed
description of metal-ligand bondings under the consideration of molecular orbital the-
ory, according to the concepts in coordination chemistry.

In section 2.3 we summarised the selection rules involved in 1s2pRIXS and 2pXAS.
And in section 2.4 we discuss the required background of the X-ray Magnetic Circular
Dichroism and its detection in 1s2pRIXS.

2.1 Resonant Inelastic X-ray Scattering

In this work we focus on Resonant Inelastic X-ray Scattering (RIXS) measurements at
the K pre-edge of the 3d transition metals, where a 1s core electron is promoted into
the 3d band (electric quadrupole 1sXAS) and the subsequent Kα1,2 decays (electric
dipole 2pXES) are observed. This yields a two-dimensional spectrum, also called a
RIXS map, to which we will refer in the following as 1s2pRIXS.[1,2] In 2pXAS, on the
other hand, an electron is promoted from the 2p shell via a dipole transition into the
3d level. A noteworthy similarity is the fact that in 1s2pRIXS and 2pXAS the final
state has a 2p5 3dN+1 electron configuration.

A comparison of the two-step RIXS process with the direct 2pXAS is illustrated in
Figure 2.1.a, and the term scheme in Figure 2.1.b emphasises the similarity between
the energy transfer ET in 1s2pRIXS and direct 2pXAS via their identical final state
electron configuration 2p5 3dN+1.
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We limit our discussion of 1s2pRIXS to the pre-edge excitonic states and we will
not discuss the 1s2pRIXS plane related to excitations at the main edge and at higher
energies. The 1s2pRIXS plane related to excitations at the edge can be explained from
a convolution of the 1sXAS spectral shape and the 1s2p non-resonant XES spectral
shape.[1,2,3,4]

Most transition metal compounds show a pre-edge structure in K-edge absorption
(1sXAS) which relates to the local and non-local electronic structure as well as the
symmetry of the system under study. Usually the shape of the pre-edge is associated
with the quadrupole transitions from the 1s shell into the local 3d orbitals.
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Figure 2.1: a.) Scheme to compare the different pathways in the two-step 1s2p RIXS
process, composed of the 1sXAS (K pre-edge) and 2pXES (Kα decay)
transitions, and the one-step 2pXAS (L2,3-edge). b.) Term scheme il-
lustrating the analogy between the energy transfer ET in 1s2pRIXS and
2pXAS.

In the case of inversion symmetry, local 4p3d mixing is forbidden by symmetry, but
a non-local mixing of the local 4p orbitals with the 3d orbitals of the neighbouring
ligands (→ non-local) can alter the pre-edge structure and produce additionally so-
called non-local peaks [5,6,7,8,9,10,11] (e.g. TiO2,[8]CrO2

[11]). For example, in the case of
CrO2, the local Cr(4p) orbitals hybridise with the Cr(3d) orbitals of the neighbouring
Cr ions, mediated by the ligands O(2p) orbitals.[11,12]

When there is no inversion symmetry, the quadrupole (1s→3d) and dipole (1s→4p)
peaks can mix locally in the pre-edge, leading to an additional dipole contribution to
the quadrupole peaks. For example, distortions or vibrational excitations can break
the local inversion symmetry of Oh, introducing some local dipole character in the
pre-edge.[13,14,15] In addition, the tail of the much stronger dipole character of the main
edge (1s→4p) overlaps, but the X-ray emission due to this tail absorption can be
subtracted from the 1s2pRIXS spectra. Due to these effects the exact quadrupole and
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dipole contributions in the K pre-edge can be difficult to distinguish in experimental
spectra.
The motivation for 1s2p RIXS has its origin mainly in two aspects:

1. High resolution wave-length dispersive detection of the Kα emission enables for
so-called High Energy Resolution Fluorescence Detected (HERFD) spectra. The
advantage here is the effective suppression of the core-hole lifetime broadening
due to the two step 1s2pRIXS process. In other words, the 1s lifetime broaden-
ing of the intermediate state no longer limits the spectral resolution of K-edge
measurements due to the observation of the 2pXES decays.

2. The final state configuration 1s2 2p5 3dN+1 is identical in 1s2pRIXS and 2pXAS,
which enables to access “L2,3-edge information” with hard X-rays. In other words,
1s2pRIXS enables to study valence shell excitations using an element select-
ive hard X-ray technique, allowing measurements under extreme conditions and
bulk sensitivity. It shall be noted that the different selection rules (quadrupole
vs dipole) and the inclusion of an intermediate state in 1s2p RIXS can lead to
significant differences in the spectra.

In this context we compare in section 4 the two-step 1s2pRIXS process with the dir-
ect 2pXAS (L2,3-edge) spectra for 3d transition metal compounds. Based on crystal
field theory we calculated at least one spectrum for each 3dN ground state, where
N ∈ {0, ..., 9}. In 1s2pRIXS the 1s core-hole created in the first 1sXAS step interacts
only weakly with the valence electrons. Since the 1s shell has no orbital momentum
L, there is no spin-orbit coupling. As we will see this is important when comparing
1s2pRIXS with 2pXAS.[2]

The consequences on the outcome of the spectra for the 3d transition metal series will
be discussed in chapter 4. There we focus on the crystal field effects and the selection
rules to contribute to a better understanding of the fundamentals of 1s2pRIXS. We
aim to give an overview of the general structure of 1s2pRIXS to illustrate its specific
behaviour, but the calculated spectra shall also serve as a reference for future analysis.

2.1.1 Kramers-Heisenberg

In 1s2pRIXS experiments the incident energy is tuned around a resonance related to a
1s→3d transition (1sXAS), implying that the absorbing atom is not ionised, because
the promoted electron stays within a bound state. This excitation is followed by a
subsequent radiative 2p→1s decay (2pXES) where the emitted photons are detected
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with a wavelength-dispersive detector (crystal analyser) reaching in the hard X-ray
range sub-eV resolutions. Often this translates into a bandwidth of less than the
lifetime broadening of the spectral features under study. This is often referred to
as the RIXS sharpening effect overcoming the core-hole lifetime broadening which is
related to the RIXS cross section.[1,16,17]

The RIXS process is described as a two-step photon-in photon-out scheme in which
the incident photons undergo an inelastic scattering around a core resonance followed
by a characteristic X-ray emission. The theoretical modelling of the 1s2pRIXS cross
section σ is achieved with the Kramers-Heisenberg formula for a second order quantum
process which includes the 1sXAS, 2pXES and interference effects:[1,2,16,17,18,19,20,21]

d2σ

dΩ dω
=
∑
|f〉

∣∣∣∣∣∣
∑
|n〉

〈 f |T̂2|n 〉 〈n |T̂1| i 〉
Ei − En + ~Ω + iγn

2

∣∣∣∣∣∣
2

×
γf/2π

(Ei − Ef + ~Ω− ~ω)2 + γ2
f/4

(2.1)

With incident photons of energy Ein = ~Ω, the inelastically scattered photons of energy
Eout = ~ω, and hence the energy transfer ET = ~Ω− ~ω. The two-step process relates
to the two transition operators, T̂1 for the quadrupole 1sXAS and T̂2 for the dipole
2pXES, describing the 1s2pRIXS cross-section σ as transition from the initial state |i〉
into the reachable final states |f〉 via all possible intermediate states |n〉 of the system
with energies Ei, Ef , En respectively. And finally γn and γf are the natural line widths
of the intermediate and final states. This means that the 1sXAS is naturally broadened
by the intermediate state lifetime γn, and 2pXES is naturally broadened by the final
state lifetime γf .[1,2,17]

2.2 Crystal Field Theory

Here we briefly recapitulate the aspects of the Crystal Field Theory that are important
for the present work. Further details can be found in other references.[2,22,23] In the
absence of a crystal field, the initial, intermediate and final states, respectively |i〉,
|n〉 and |f〉, are each described by the corresponding atomic Hamiltonian Hatomic in
spherical symmetry (O3):

Hatomic = Hkin +He/N +He/e +HSO, (2.2)

where Hkin =
∑

N
p2
i/2m is the kinetic energy of the electrons with the momentum p

and mass m, He/N =
∑

N
−Ze2/ri is the electrostatic interaction of the electron i of

charge e at radius ri with the nucleus of charge Z, He/e =
∑

pairs
e2/rij is the electron-

electron Coulomb interaction which is determined by the direct Coulomb repulsion
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and the Coulomb exchange interaction described by the Slater integrals F k and Gk

respectively, HSO =
∑

N ζ(ri)li · si is the spin-orbit interaction on every open shell.[2]

These four terms forming the atomic hamiltonianHatomic, together with a given ground
state |Ψ〉, describe the isolated atom in each state.[23]

The electron-electron interactions of an electronic configuration give rise to multiple
term symbols. The term symbol indicates a total orbital moment L, total spin moment
S and total angular moment J , with |L−S| ≤ J ≤ |L+S|. This is the L.S coupling
scheme or Russell-Saunders coupling, which will be used throughout the present work
(see Table 4.3). In the absence of spin–orbit coupling, all terms with the same L and S
have the same energy, giving an energy level that is (2L+ 1)(2S + 1)-fold degenerate.
When spin–orbit coupling is included, L and S loose their meaning and the terms are
split in energy according to their J -value, each with a degeneracy of 2J + 1. One
can assign to these states a so-called Russel-Saunders term symbol 2S+1XJ , where X
is representing the orbital momentum L. For values of 0, 1, 2 and 3 one writes S, P, D
and F respectively.[23,24] For example, a single electron (or hole) in an s-shell is given
as a 2S1/2 term, and a single electron or a single hole in a p-shell translate into the 2P1/2

and 2P3/2 symbols respectively. The term symbol describes the symmetry aspects, but
it does not say anything about its relative energy.[23] The electron–electron repulsion
and the spin–orbit coupling define the relative energy of the different terms within a
configuration. Here Hund’s Rules offer a convenient way to determine the state lowest
in energy (maxS,maxL,maxJ if more than 1/2-filled, otherwise minJ ).[23]

The total number of states per configuration is a result of all possible permutations
in which the electrons can be placed in an open shell, and it can be calculated via the
binomial coefficients :[23]

3dN :

(
10

N

)
=

10!

N ! · (10−N)!
(2.3)

1s1 3dN+1 :

(
2

1

)
·
(

10

N + 1

)
= 2 · 10!

(N + 1)! ·
(
10− (N + 1)

)
!

(2.4)

2p5 3dN+1 :

(
6

1

)
·
(

10

N + 1

)
= 6 · 10!

(N + 1)! ·
(
10− (N + 1)

)
!

(2.5)

The crystal field multiplet HamiltonianHCF extends the atomic HamiltonianHatomic

with an electrostatic field created by the neighbouring atoms in the solid state:[2]

H = Hatomic +HCF (2.6)

The crystal field hamiltonian HCF = −eφ(~r) contains only the electronic charge e
and the surrounding potential φ(~r). This potential φ(~r) can be written[2] as a series
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expansion of spherical harmonics YLM as shown in (2.7).

φ(~r) =
∞∑
L=0

L∑
M=−L

~r LALMYLM(θ, φ) (2.7)

In other words, the crystal field is a perturbation of the atomic hamiltonian, and
described by a sum of spherical harmonics YLM and the corresponding coefficients
ALM , which need to be determined from the matrix elements 〈3d|φ(~r)|3d〉.[2]

Due to the large number of systems consisting of a transition metal ion surrounded
by six neighbouring atoms, where these neighbours are positioned at each corner of
an octahedron centred around the transition metal atom, we will focus on the case of
the cubic crystal field. The neighbours form a so-called octahedral field, which belongs
to the Oh point group. Thus, we discuss all ions in section 4 in an octahedral (Oh)
symmetry.i Later on in section 5.3 we will also include a distortion of the octahedron
to discuss CrO2 in tetragonal (D4h) symmetry.
In a single electron picture, in a spherical environment (O3) the 3d orbitals, with

l = 3, are fivefold degenerate (2l + 1 = 5). In Oh the cubic crystal field induces a
splitting of the five 3d orbitals into two symmetrically different groups:

1) The 2-fold eg orbitals (z2,x2−y2), point along the metal-ligand bonds and there-
fore relate to σ-bondings with the surrounding ligands.

2) The 3-fold t2g orbitals (xy,xz, yz), which point in between the six metal-ligand
bonds and thus participate in π-bondings.

Figure 2.2 illustrates the splitting between the eg and t2g orbitals, which is defined by
the strength of the crystal field and is described by the parameter 10Dq.[2]

3d

eg → z2, x2 − y2

t2g → xy, xz, yz

6

?

+6Dq
−4Dq

10Dq

Figure 2.2: Crystal field splitting of the fivefold degenerate 3d shell in a spherical sym-
metry (O3), into two symmetrically different groups in an octahedral (Oh)
crystal field. (No spin-orbit interaction included.)

The inclusion of the crystal field changes the symmetry of the multi-electronic term
symbol from spherical symmetry (O3) to octahedral symmetry (Oh) causing the L term

iWe are aware that this is not necessarily true for all 3d transitions metal ions (e.g. CrO2 (Cr4+)
and TiO2 (Ti4+) have tetragonal (D4h) symmetry; Fe2O3 (Fe3+) has C3 symmetry). We make this
simplification since we are aiming to present and discuss the elementary differences for each case in
an analogue and comparable way.
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(S, P,D, etc.) to branch into an Oh irreducible representation (IRREP): S (O3) branches
into an A1 (Oh) symmetry state, P (O3) branches into a T1 (Oh) symmetry state, a
D (O3) branches into a T2 (Oh) and an E (Oh) symmetry state. All the branchings
are given in Table 4.4. Because the point group O3 (respectively Oh) contains the
inversion, a parity information should be added for gerade or ungerade to the term: +

or − for the atomic (spherical) terms, and g or u for the crystal field terms. The 3dN

initial state and the intermediate state 1s1 3dN+1 in 1s2pRIXS are gerade (g), and the
final state 2p5 3dN+1 is, due to the open 2p shell, ungerade (u). In the following, the
parity of the spherical term will be omitted for simplicity.

The relative energies of the Oh IRREPs are calculated by adding the effect of the
cubic crystal field 10Dq to the atomic state energies. The diagrams of the relative
energies with respect to the cubic crystal field, often without spin-orbit coupling, are
known as Tanabe–Sugano diagrams. More generally, we will call them Energy Level
Diagram (ELD). They will appear in section 4 in the context of the quadrupole 1sXAS
because the ELD for any intermediate state in 1s2pRIXS with a 1s1 3dN+1 electron
configuration is the same as the diagram for a 1s2 3dN+1 configuration times the 2A2g

term to include the 1s core hole.

When spin-orbit coupling (SOC) and crystal field are both to be included, there are
in principle two ways to derive the term symbols:

1) First deriving the branching of the uncoupled atomic terms (with L and S) into
Oh symmetry and then deriving the spin-orbit coupling.

2) First deriving the atomic J quantum number in the L.S coupling scheme and
then deriving the branching of the J value into the Oh point group.

Both ways yield the identical final result and the identical ground state for a given
Hamiltonian. (See for example Figure 4.3.)

The order in which the derivation should be done is related to the relative weights
of the spin-orbit coupling and the crystal field terms in the Hamiltonian. In the initial
state of 1s2pRIXS, the 3d spin-orbit coupling ζ3d is small (a few tens of meV) compared
to usual values of crystal field splitting 10Dq (a few eV). As a result, in cases with
neglectable spin-orbit interaction, the mixing between the spin and the orbital momenta
is weak and thus L and S can still be used to describe the initial state. Similarly, for
the intermediate state, where the 1s core-hole with L = 0 does not contribute any
spin-orbit interaction. Therefore, in these cases, the L.S coupling is achieved after
the crystal field branching. Further details on the L.S coupling scheme can be found
elsewhere.[25,26]
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In section 4 we are focussing on the 3d transition metal ions represented by a series
of cases with a ground state electron configuration ranging from 3d0 to 3d9. Depending
on the number of 3d electrons, the value of the total spin S varies between 0 (minimum)
and 5/2 (maximum). The branching for each value of S in Oh is given in Table 4.4.
The L.S coupled term, also called J -value IRREP, in Oh symmetry is obtained from
the direct product of the L IRREP and the S IRREP. For this calculation the direct
product tables Table 4.5, Table 4.6 and Table 4.7 can be used.

On the contrary, in the final state configuration the strong spin-orbit coupling ζ2p
of the 2p hole, with values ranging from 2.8 eV to 13.5 eV for 3d transition metals, is
dominant. This induces a strong mixing between the spin and orbital momenta and
resulting in L and S not being good quantum numbers anymore. Instead the total
angular momentum J must be used to describe the final states. The effect of the Oh

crystal field is added as the corresponding branching of the atomic J -value IRREP.
The obtained IRREPs are either A1u, T1u, Eu, T2u, A2u for integer S or J , and E1/2u,
F3/2u, E3/2u for half-integer values of S or J . The branching for each value of S or J
is given in Table 4.4.

As we will see across the 3dN series in section 4, the information of L, S and J are
important for the description of the ground state of the initial state electron config-
uration when comparing the one step 2pXAS with the two-step 1s2pRIXS selection
rules (see section 2.3). Therefore, in an Oh crystal field, we will indicate the uncoupled
atomic term (with L and S) along with the total angular momentum J -value IRREP
using the following notation: 2S+1L [J ]. We illustrate this here with an example for
Ni2+ (3d8) with the atomic ground state term 3F (O3).

3F Oh−−−−→ 3A2g + 3T1g + 3T2g (2.8)

Note, the spin multiplicity should be kept and is part of the term symbol because
spin-orbit coupling is not yet included. The 3A2g symmetry represents in this case the
state being lowest in energy and it is therefore the ground state term. In the next
step we derive the total angular momentum J IRREPs in the L.S coupling scheme
(S = 1 → ⊗T1g ) for the three terms derived in (2.8):

3A2g ⊗ T1g = T2g (splitting of the 3A2g term due to 3d SOC) (2.9)
3T1g ⊗ T1g = A1g + Eg + T1g + T2g (splitting of the 3T1g term due to 3d SOC) (2.10)
3T2g ⊗ T1g = A2g + Eg + T1g + T2g (splitting of the 3T2g term due to 3d SOC) (2.11)

In (2.9) we find the total angular momentum IRREP T2g as ground state for the
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example Ni2+ (3d8) in an octahedral crystal field. To summarise all this information
in a condensed form we write:

3A2g

[
T2g

]
(2.12)

This translates as: “term without SOC with S and L [term with SOC using J ]”

In other words, in (2.12) the term 3A2g is before the inclusion of SOC, where the spin
multiplicity is 3 and the orbital momentum is given as A2g. And the T2g term is the
symmetry after spin-orbit interaction has been included, hence the spin multiplicity is
dropped. The later is also identified as J -value IRREP.

Finally, we note that charge transfer effects (e.g. the interaction with a 3dn-1L
configuration) are neglected but their relative importance will be mentioned where
appropriate. To model the local effects of charge transfer, we use a reduction of the
Slater coefficients as approximation.[22] This is for example required for CrO2 where a
non-local interaction and the double-exchange mechanism must be considered.

2.3 Selection Rules

The selection rules are the constrains that define the possibility of a transition between
two states with a given transition operator. That is to say, for 1s2pRIXS the selection
rules are the conditions for which the matrix elements 〈 f |T̂2|n 〉 and 〈n |T̂1| i 〉 in the
Kramers-Heisenberg equation (2.1) are non-zero. The operators T̂1 and T̂2 describe the
interaction of the photon with matter. They are defined by the interaction Hamiltonian
Hint = e

me

∑
N ~p · ~A, where ~p is the momentum of each charge and ~A is the vector

potential ~A = ~A0 ·ei(~k·~r−ωt) of the electromagnetic field of the light. The vector potential
~A is through ~E = −i~k × ~A related to the amplitude of the electric field ~E, which is
parallel to the polarisation of the photon ~ε. The electromagnetic interaction term
(~ε · ~p) ei~k·~r can be decomposed in a multipole expansion (Taylor series):[27,28]

(~ε · ~p) ei(~k·~r) = (~ε · ~p)
[
1 + i(~k · ~r) − 1

2
(~k · ~r)2 + ...

]
(2.13)

= (~ε · ~p) + i(~ε · ~p) (~k · ~r) − 1

2
(~ε · ~p) (~k · ~r)2 + ... (2.14)

The first term of this decomposition is the electric dipole and the second term is
the electric quadrupole term. Further details can be found in the book Core Level
Spectroscopy of Solids [2] and elsewhere.[18,27,28,29]

When the spin-orbit coupling is neglected (or weak) the orbital momentum L and
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the spin momentum S can still be considered as good quantum numbers. Due to the
electric dipole operator being the first-order term of this decomposition, the result is
that the orbital angular momentum quantum number L can only change by a value
of 1. Thus the electric dipole selection rule translates to ∆L = +1 or −1. Because
the electric quadrupole operator is the second-order term of this decomposition, the
resulting selection rule translates to ∆L = −2, 0 or +2.[23] Since the transitions are in
this case spin-conserving (∆S = 0) only L changes.

When spin-orbit interaction is to be considered, the total angular momentum J =

L + S must be used. This implies for the electric dipole transitions ∆J = +1, 0

or −1 (with J = 0 → J = 0 forbidden). For the second-order term, the electric
quadrupole transitions, this implies ∆J = −2, −1, 0, +1 or +2. As a result, the
transition operator T̂1 of the 1sXAS absorption step promoting an electron from 1s to
3d (∆L = +2) is an electric quadrupole term, and this step is forbidden as an electric
dipole transition. On the contrary, the transition operator T̂2 for the 2pXES decay
from 2p to 1s (∆L = −1) is an electric dipole term. Similarly, the transition operator T̂
of the 2pXAS absorption step from 2p to 3d (∆L = +1) is also an electric dipole term.

These selection rules, defined in spherical symmetry, translate into the point group
symmetry of the absorbing ion. In cubic symmetry (Oh), the selection rules of each
operator depend on its symmetry properties. The electric dipole operator (first-rank
tensor) behaves as the J = 1 IRREP (O3) and branches into T1u in Oh. The elec-
tric quadrupole operator (second-rank tensor) behaves as a J = 2 IRREP (O3) and
branches in Oh into T2g ⊕ Eg (see Table 4.4). The transition matrix element between
two states |i〉, |f〉 with the IRREPs Γi and Γf and the transition operator T̂ is non-zero
if the direct product Γi ⊗ ΓT̂ contains Γf , where ΓT̂ is the IRREP of the transition
operator. In other words, the final state IRREPs Γf accessible via the transition op-
erator T̂ are given by the direct product Γi ⊗ ΓT̂ . The selection rules are derived from
the direct product tables for the Oh point group (see Tables 4.5, 4.6 and 4.7).

The selection rules will be commented in more detail for each case of the 3dN series
discussed in section 4. Magnetic and natural dichroisms, which which are intrinsic
properties from the crystal and not from the point group of the absorbing transition
metal ion,[30] will be discussed in the sections 5 and 6.

2.4 X-ray Magnetic Circular Dichroism

The X-ray Magnetic Circular Dichroism (XMCD) refers to the observation of a dichroic
absorption behaviour when measuring an X-ray Absorption Spectrum (XAS) with cir-
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cular polarised light in the presence of a longitudinal magnetic field. Experimentally
the XMCD is the difference between the absorption measured with left circular polar-
ised (LCP, ") and right circular polarised (RCP, !) light. Though also the opposite
definition (!−") is being used by some groups as it implies only a multiplication by
"−1", we use the definition given in equation (2.15).

XMCD = µ" − µ! (2.15)

The measurement of the circular dichroism is a powerful spectroscopic technique to
determine the magnetic moments of a ferro-magnetic sample. The technique was first
introduced by Schütz et al.[31] in 1987.

The magnetic moment is related to two contributions, the magnetic spin moment
µspin and the magnetic orbital moment µorbit.[32,33,34] The magnetic spin moment µspin
is related to the exchange interaction,[34] and a result of an imbalance between the
number n↑ of electrons with spin up (↑), versus the number of electrons n↓ with spin
down (↓). It can be described with the following equation

µspin = −gµB
~
〈Sz〉 = µB(n↑ − n↓) (2.16)

where g ≈ 2 is the Landé factor of the electron and µB is the Bohr magneton.[32]

For the 3d transition metals, the orbital magnetic moment µorbit arises from the spin-
orbit interaction,[34] which is significantly smaller (∼ 50meV) than the local exchange
interaction (∼ 1 eV).[32] It is defined as

µorbit =
µB
~
〈Lz〉 (2.17)

Hence, for 3d transition metals the magnetic moment is dominated by the magnetic
spin moment µspin (e.g. Cobalt µorbit = 0.14µB and µspin = 1.64µB).[32,33]

For the L-edge there are so-called sum-rules, which enable under certain conditions[2]

to derive quantitative information about the magnetic spin and the magnetic orbital
momenta from an XMCD measurement.[2,32] The sum-rules are essentially a set of
three integral equations:[2,32,35,36] 1) an integral over the XAS, which is proportional
to the average number of empty valence states, due to the fact that XAS probes the
excited state 2) an integral over the MCD, which is proportional to the average orbital
momentum 3) two separate integrals over the spin-orbit split L2- and L3-edge which is
used to derive the spin moment from the difference of the two integrals.

While the first two integrals can in principle be applied to any XAS and MCD
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spectrum, the later requires the edges to be sufficiently separated by the spin-orbit
interaction.[2,32,35] Apart from other limitations,[2] this explains why the sum-rules are
typically applied to the L2,3-edge. For some cases the application to the 1sXAS allows
to derive information on the orbital magnetic moment µorbit,[37] but one has to pay
attention whether one is looking at dipole or quadrupole transitions.[35] Huang et al.
derived from MCD measurements at the L2,3-edge a magnetic orbital momentum of
Cr in CrO2 of µorbit = −(0.06 ± 0.02)µB.[37,38] A comparison to the total magnetic
moment of µtotal ≈ 2µB of CrO2 seems to confirm that the orbital magnetic moment is
significantly smaller.[39,40,41] For higher-order spectroscopies, such as the two-step RIXS
process, the derivation of such rules is significantly more complex due to the presence
of the intermediate-state.[1] In cases of a specific geometry and where the RIXS meas-
urements are not sensitive to the emitted photon polarisation, the sum rules differ
only by some numerical factors.[42] A detailed description of the sum-rules, and their
limitations, can be found in Core Level Spectroscopy of Solids,[2] and elsewhere.[32,35,43]

Since the K-edge is not spin-orbit split, when an MCD is observed in 1sXAS, it is
a result of the spin-orbit and exchange interaction in the 3d shell and the fact that
XAS probes the final state. The spin-selectivity of the light can then be understood
as parallel or anti-parallel interaction between the helicities. The right hand circular
polarised photon interacts with the electron spin parallel to the magnetic field (spin up),
and the left hand circular polarised photon interacts with the electron spins anti-parallel
to the magnetic field. An approximated and simplified scheme for the absorption from
an s-shell (1s, 2s,...) into the spin-orbit split conduction band is shown in Figure 2.3.

a) b)

~B

~k

RCP

zj
zj

zj

~k

LCP

zj
zj

zj
Figure 2.3: Simplified scheme to illustrate the dichroic absorption of circular polarised

light by an s-shell (L = 0, e.g. 1s, 2s,...) and the electron spin ~s either
parallel or anti-parallel to the magnetic field ~B. a) An incident photon
with ~k|| ~B and right hand circular polarisation (RCP) only interacts with
an electron when its spin ~s is parallel to the magnetic field ~s || ~B. b) A
photon with a left hand circular polarisation (LCP) can only interact with
an electron when its spin ~s is anti-parallel to the magnetic field ~s ||- ~B.
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This is a simplified picture, because, one the one hand, the polarisation momentum
of the photon is coupled to the electron spin via spin-orbit coupling, and, on the other
hand, spin-orbit coupling, crystal field and exchange effects can induce a mixing of the
states, enabling transitions into “the other” spin-subband. Furthermore is the order
not fixed as it depends on the specific electron configuration (→Hund’s rules)

Due to the spin-orbit coupling of the 3d shell being small (few meV), this hinders
an application of the spin sum-rule in 1sXAS of 3d transition metal ions. Neverthe-
less, measurements with circular polarised light at the K-edge can be used to separate
quadrupole from dipolar transitions.[11,35,44]

Now we will formally describe the MCD in terms of symmetry and selection rules.
Looking in the direction of the beam, parallel to the propagation vector ~k of the light,
right circular polarised (RCP, !) light means the electrical field rotates clockwise; while
a rotation counter clockwise is called left circular polarised (LCP, ") light. Though
it is not uniquely defined, we follow the convention used by Schütz,[31] Stöhr[32] and
others as it can be intuitively remembered (RCP: right hand, LCP: left hand, thumb
in direction of the beam then the fingers show rotation of the field vector).

In the following we use the description of the circular polarised light and the spher-
ical harmonics to empirically derive the selection rules for the quadrupole absorption.
The left (") and right (!) hand circular polarised photon beams, propagating in
z-direction (~k||~ez), can be described using the following cartesian vectors:

~ε" =
1√
2

1

i

0

 ; ~ε! =
1√
2

 1

−i
0

 ; ~k =

0

0

1

 ; ~r =

xy
z

 (2.18)

Together with the quadrupole term in equation (2.14) one can use the vectors in
(2.18) to derive the corresponding transition operators T̂" and T̂!, for the left and
right circular polarised light respectively, as:[45]

LCP : T̂" ∝
(
~ε" · ~r

)
·
(
~k · ~r

)
=

1√
2

(
x+ iy

)
z (2.19)

RCP : T̂! ∝
(
~ε! · ~r

)
·
(
~k · ~r

)
=

1√
2

(
x− iy

)
z (2.20)

Analogue to the classical dipole emitter, the electric dipole transition operator can
be decomposed into three polarisation components, which can be related to the three
2p orbitals. The quadrupole transition operator on the other hand has in total five
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symmetry components. In other words, the electric quadrupole operator transforms
into five irreducible representations which can be represented in spherical harmonics.
Their symmetry properties can be illustrated using the five 3d orbitals as shown in
Figure 2.4.

x2 − y2

|2 -2〉

xz

|2 -1〉

z2

|2 0〉

yz

|2 1〉

xy

|2 2〉

3d Orbital :

|LM〉 :

Figure 2.4: The 3d orbitals and their respective spherical harmonics |LM〉.

A comparison of the description of the two transition operators for the left and right
hand circular polarised light as derived in the expressions (2.19) and (2.20) with But-
ler’s Point group symmetry applications: Methods and Tables [46] enables to assign the
two circular polarisations to the spherical harmonics |2 1〉 and |2 -1〉 respectively.i

The section of the table with the spherical harmonics for L = 1 and L = 2 as repro-
duced from Butler and the corresponding association with the polarisation components
of the dipole and quadrupole transition operators is summarised in Table 2.1.

L NL |LM〉 polarisation

1
√

3

4π
· 1

r

|1 1〉 = −
(

1/
√

2
)(
x+ iy

)
LCP dipole

|1 0〉 = z linear
|1 -1〉 = +

(
1/
√

2
)(
x− iy

)
RCP dipole

2
√

15

8π
· 1

r2

|2 2〉 =
(

1/2
)(
x+ iy

)2

|2 1〉 = −
(
x+ iy

)
z LCP quadrupole

|2 0〉 =
(

1/
√

6
)(

3z2 + r2
)

linear
|2 -1〉 = +

(
x− iy

)
z RCP quadrupole

|2 -2〉 =
(

1/2
)(
x− iy

)2

Table 2.1: Spherical harmonics using the form YLM = |LM〉NL reproduced from Table
16.2 in Butler[46] and the assigned polarisation components.

The quantum numbers L and M appearing in the spherical harmonics enable to
translate the five symmetry components of an electric quadrupole absorption into the

iNote, the additional minus sign in front of the |2 1〉 term appears when the cartesian polarisation
vectors are transformed into first rank spherical tensors as discussed by Brouder et al.[30]
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selection rules for polarised light.[27,47] Here, in the case of 1sXAS-MCD, we are primar-
ily interested in the two circular polarisations with ∆mJ = +1 and ∆mJ = −1, which
correspond to left and right hand circular polarised light.

∆L = +2, ∆S = 0, ∆J = 0,±1,±2, ∆mJ =



+2,

+1, LCP

0, linear

−1, RCP

−2,

(2.21)

Where L, S, J and mJ are the quantum numbers of an atomic-like state. In 1sXAS an
electron is promoted from the 1s core orbital with l = 0 into the 3d band with l = 2.
Hence, this is an electric quadrupole transition (1s→3d), changing the total orbital
angular momentum of the atom/ion by ∆L = +2.

The selection rules given in (2.21) can then be used to illustrate the resulting 1sXAS-
MCD transitions in a termscheme for the 3d transition metals as shown in Figure 2.5.

1sXAS-MCD

3d

J = 5/2

mJ
+ 5/2
+ 3/2
+ 1/2
− 1/2
− 3/2
− 5/2

J = 3/2
− 3/2
− 1/2
+ 1/2
+ 3/2

1s J = 1/2 + 1/2
− 1/2

6

6

6

6

∆
m

J
=
−

1

∆
m

J
=
−

1

6

6

6

6

∆
m

J
=

+
1

∆
m

J
=

+
1

RCP (!) : ∆mJ = −1

mJ = − 1/2 → mJ = − 3/2

mJ = + 1/2 → mJ = − 1/2

LCP (") : ∆mJ = +1

mJ = − 1/2 → mJ = + 1/2

mJ = + 1/2 → mJ = + 3/2

Figure 2.5: Scheme to illustrate the quadrupole 1sXAS-MCD transitions from 1s→3d
with left hand (LCP) and right hand (RCP) circular polarised light.

The term scheme in Figure 2.5 shows only the LCP and RCP absorption transitions
with ∆m = +1 and ∆m = −1 respectively. The other transitions are omitted here to
illustrate only the transitions contributing to the MCD signal. The order of the mJ

values for the J = 3/2 shell in inverted due to the 3d spin-orbit interaction. Further-
more, also the order of the J = 3/2 and J = 5/2 shells is not fixed. Here one should
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recall Hund’s rules to find the correct order for a specific electron configuration. (e.g.
for Cu2+ (3d9) Hund’s rule (max J) predicts the J = 5/2 shell to be lowest in energy.)

This also emphasises again that in 1sXAS-MCD the dichroism has its origin in the
separation of the 1sXAS final state. The 1sXAS absorption of RCP light (!) reaches
the final states with J = 3/2, 5/2 and m = − 1/2, − 3/2, while the 1sXAS absorption of
LCP light (") reaches the final states with J = 3/2, 5/2 and m = + 1/2, + 3/2. The 3d
states with m = ± 5/2 states are not reachable with the LCP or RCP light in 1sXAS.

2.4.1 1s2pRIXS-MCD

While an XMCD measured in direct 2pXAS or 1sXAS transmission consists of a single
step, the 1s2pRIXS process is a two-step photon-in photon-out process as described
in section 2.1. This two step RIXS process makes also the MCD measurement in
1s2pRIXS-MCD more complex with some additional aspects to be discussed.

In principle one can use the circular polarised light in both steps: 1.) The 1sXAS step
using circular polarised light to populate the RIXS intermediate state spin-selectively,
and 2) in the 2pXES step, where the emission can have different polarisations, which
one can in principle also select with polarisation filters. Apart from the experimental
challenges to detect the emission of LCP and RCP separately, one can expect a strong
angular dependence of the polarisation, which could yield additional information.
In the measurements performed in this study, we have used LCP and RCP light only

for the incident beam triggering a spin-selective absorption (1sXAS-MCD). Thus, we
only populated the 3d states reachable via ∆mJ = ±1 from the ground state, but
detecting all possible 2p decays, Kα1 and Kα2 respectively, in an unpolarised manner
without any additional filters in the emission channel.
In Figure 2.6 we illustrate the two corresponding term schemes for the 1sXAS-MCD

and for 2pXES decay channels with the corresponding energy transfer states. In the
case of the 2pXES emission (3d→2p), the transitions are dipole allowed for which the
selection rules can be summarised as:[47]

∆L = −1, ∆S = 0, ∆J = 0,±1, ∆mJ =


−1, LCP

0, linear

+1, RCP

(2.22)

To separate and emphasise the different polarisations in the 2pXES decay channel,
the LCP (∆mJ = −1) and RCP (∆mJ = +1) decays are colorised, and the linearly
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Figure 2.6: The term scheme on the left illustrates the transitions in the quadrupole
1sXAS-MCD with left hand (LCP) and right hand (RCP) circular polarised
light. The scheme on the right shows all possible 2pXES (dipole) decays,
Kα1 and Kα2, and all polarised energy transfers in 1s2pRIXS-MCD. The
scheme only illustrates the possible transitions and is not using the correct
energy scale (e.g. 2p SOC is often 100x larger than 3d SOC).

polarised transitions with ∆mJ = 0 are shown in grey. In principle the intermediate
states populated in 1sXAS-MCD can each decay in either of the three possible dipole
polarisations. This is illustrated in the 2pXES term scheme on the right in Figure 2.6.
A similar scheme, though for the special case of 2p resonant photoemission on CuO
with a 3d9 ground state, is shown in FIG. 3 in a paper from Tjeng et al.[48]

It should be noted that the value of ∆mJ for the circular polarisations changes the
sign for LCP and RCP when comparing the absorption and the emission case.[49] It
also shows that additional polarisation filters in the detection channel can be used
to select specific final states and thus enable to derive additional information of the
electronic structure. Furthermore, one can see here that the dichroism measured in
this 1s2pRIXS-MCD approach is governed by the RIXS intermediate state, because
its population also controls the possible decays observed in 2pXES (∆J = 0,±1,
∆mJ = 0,±1). Overall 1s2pRIXS-MCD is a powerful extension to the well established
XMCD offering new degrees of freedom for future studies.
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2.4.2 Para- and Ferromagnetism

Solid state samples showing a non-zero XMCD are required to have a macroscopic net
magnetic moment. In the following we will shortly summarise the two important types
of magnetism, paramagnetism and ferromagnetism, where the individual ion has a per-
manent magnetic dipole moment, and how that translates into a macroscopic magnetic
moment via a magnetic ordering.

Paramagnetism refers to materials like aluminium. Its magnetic moments have
their origin in unpaired electron spins resulting in a local magnetic moment. They can
be aligned in a external magnetic field, but this order disappears when the external field
is removed. In other words, the individual ions have a permanent magnetic moment
but they are in the absence of an external magnetic field randomised and averaged out
on the macroscopic scale (cf. Figure 2.7.i).

Ferromagnetism refers to materials like iron or cobalt. They also have a permanent
magnetic moment, but ferromagnets can retain the magnetic order when the external
magnetic field is removed. In other words, the magnetic coupling between the indi-
vidual ions is strong enough to order the individual moment resulting in a macroscopic
magnetic moment (cf. Figure 2.7.ii & iii).

The difference is illustrated in Figure 2.7 showing the Hysteresis curves for both
cases displaying the magnetic flux density B over the applied magnetic field H. Shown
on the right in Figure 2.7.i - iv is the magnetic order in the absence of an external
magnetic field.

i)

ii) & iii) individual moments average

i) 6 6 6 6 6 6 6 ∅
ii) 6666666666

iii) 6
?
6
?
6
?
6
?
6
?

iv) 6
?
6
?
6
?
6
?
6
?

∅

Figure 2.7: Left: Hysteresis curves for a paramagnet and a ferromagnet. Right: Illus-
trations of the magnetic order in the absence of an external magnetic field:
i) Paramagnet, ii) Ferromagnet, iii) Ferrimagnet, iv) Anti-Ferromagnet[50]
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Illustrated in Figure 2.7.i is a paramagnet where the magnetic order is randomised
resulting in a vanishing macroscopic magnetic moment. The ferro- and ferrimagnets,
shown in Figure 2.7.ii and iii respectively, are similar in the sense that both retain
a macroscopic magnetic moment without an external field. In an anti-ferromagnet
as shown in Figure 2.7.iv, the moments align in an anti-parallel order, such that the
individual moments cancel out to a vanishing macroscopic net moment. This illustrates
that also ferri- and anti-ferromagnets are similar, but in this example the ferrimagnet
has two moments with different magnitude, such that a small net moment remains.
More complex alignments are also possible in ferro- or ferrimagnets, where the moments
are ordered with a certain angle (φ 6= 180◦) between each other, but their macroscopic
net moment is always a non-zero.[50]

The magnetic coupling between each individual ion is mediated by an exchange field,
also called molecular magnetic field or Weiss field after Pierre Weiss who first imagined
such field.[33,50] The exchange field also does not enter into the Maxwell Equations as
there is not density ~j related to B via ∇ × ~H = 4π

c
~j.[50] This interatomic exchange

interaction must not be confused with the intraatomic exchange interaction described
by the Slater coefficients G0, G1, . . . , referring to the interaction in a multi-electron
configuration. The characteristic quantity of a ferromagnet is its Curie temperature Tc,
which is a measure for the strength of the coupling between the ions, and thus also a
measure for the strength of the molecular magnetic field.

The "thermal noise" at temperatures T > 0K induces a randomness on the orient-
ations, which distorts the magnetic moments (spins) from being all parallel, as it is
the case at T = 0K.[51] This noise competes with the magnetic exchange interaction
between the individual magnetic moments in the ferromagnetic phase until T = Tc is
reached, and for T > Tc the alignment of the magnetic moments enters the paramag-
netic phase. In other words, the system is ferromagnetic for T < Tc, and ferromagnets
become paramagnetic for temperatures T > Tc.[51]

The connection between the magnetisation M and the temperature in a ferromag-
net for temperatures T > Tc (paramagnetic phase) is described by the Curie-Weiss
Law.[33,50,52,51] It accounts for the collective interaction between the ions as explained
above via the inclusion of Tc, describing the magnetic susceptibility χ for temperatures
T > Tc using the material-specific Curie constant C:

M = χH =
C

T − Tc
H (2.23)

The Curie constant C can be written as C = N
g2µ2

B

3kB
J(J+1), where g is the Landé factor,

µB is the Bohr magneton, kB the Boltzmann constant, and N is number of ions per unit
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volume described by the angular momentum quantum number J .[53] Equation (2.23)
fails when it approaches the singularity in the magnetic susceptibility for T → Tc. For
T < Tc the system enters the ferromagnetic phase (spontaneous magnetisation).[34,50,52]

Relation between H and B
The magnetisation ~M = χ ~H of a material is described by the magnetic susceptibility
χ, with 0 < χ� 1 for paramagnets and 1� χ for ferromagnets.[52,54]

~B = µ0(1 + χ) ~H = µ0( ~H + ~M) (2.24)

where µ0 is the vacuum permeability. While in vacuum the magnetic flux density ~B

is directly proportional to the magnetic field ~H via the equation ~B = µ0
~H.[54] For

simplicity we will just speak of the magnetic field, even though it will refer in most
cases to the magnetic flux density B.
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3 Paper: Quanty4RIXS

This chapter is a reproduction of the manual for Quanty4RIXS published under the
title Quanty4RIXS: A program for crystal field multiplet calculations of RIXS and
RIXS-MCD spectra using Quanty.[1]

While the first calculations in this study were using the CTM4XAS program to create
the XAS and XES matrices, the discovery of some bugs and the rather complicated
procedure to calculate 1s2pRIXS-MCD spectra has lead to some further developments.
A result of this work is the Quanty4RIXS software that is based on Quanty. This has
several advantages, where the platform independence and the flexibility of Quanty
based calculations are just two examples.

Another important advantage of the usage of Quanty is that one can freely define
the Hamiltonian and transition operators, which is useful especially for the calculation
of RIXS-MCD spectra. As discussed in section 2.4, the MCD in 1s2pRIXS is measured
with circular polarised light in the quadrupole 1sXAS step. In this case one can define
the LCP and RCP transition operator using spherical harmonics, which can be dir-
ectly translated into the corresponding IRREPs for the 1sXAS transitions in Quanty,
and thus enabling to investigate the different contributions in a native way. Further-
more this freedom to define the transitions operators in Quanty enables to separate
the transition operators into an "Eg and T2g IRREP", which can be directly related to
the transitions into the eg and t2g orbitals. (c.f. Figure 4.13 in section 4.3.2)

In this paper we provide some initial instructions for the Quanty4RIXS program
written in MATLAB®. The program assists in the calculation of 1s2pRIXS and
1s2pRIXS-MCD spectra using Quanty. Furthermore also 1sXAS and 2p3d RIXS cal-
culations in different symmetries can be performed. It includes the Hartree-Fock values
for the Slater integrals and spin-orbit interaction for several 3d transition metal ions
that are required to create the .lua-scripts containing all necessary parameters and
quantum mechanical definitions for the calculations. The program can be used for free
and is designed to allow for further adjustments of the scripts.
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3.1 Introduction

This paper provides a first guidance and explanations on the usage of the Quanty4RIXS
program for the calculation of Resonant Inelastic X-ray Scattering and RIXS Magnetic
Circular Dichroism (RIXS-MCD) spectra. Quanty4RIXS is related to the CTM4XAS
program[2] through the underlying crystal field model, though the computational ap-
proaches are fundamentally different.
CTM4XAS is primarily used to calculate one-dimensional XAS or XES spectra based

on the Cowan approach.[3,4] Quanty4RIXS on the other hand, is specifically designed to
calculate two-dimensional RIXS and RIXS-MCD maps taking advantage of the Green’s
function approach used by Quanty which we explain in section 3.2. For further details
on the underlying physics and modelling we refer to the corresponding publications
from Haverkort et al.[5,6,7,8]

Quanty4RIXS is a Graphical User Interface (GUI) simplifying the creation of the
.lua-script which is used as input file for Quanty. The .lua-script created can either be
executed directly on the local machine using Quanty4RIXS to initiate the calculation,
or the .lua-file can be saved and transferred to a high-performance computer to run the
calculation. The program is written in MATLAB® and the source codes are published
’as is’ to make it available to the scientific community. It can be altered and adjusted
to meet your own requirements as long as the original author (Patric Zimmermann,
Utrecht University, 2017 ) is mentioned along subsequent versions.

3.1.1 Setup

To run the program MATLAB® version 2016a or newer must be used. In older ver-
sions some GUI elements are not present leading to errors. To enable the program to
start the calculations locally Quanty must be installed on the local machine. To get
the latest version and more information on the usage of Quanty in the .lua-scripts
visit http://www.quanty.org.

Quanty4RIXS needs several files which are stored in the repository directory as shown
in Figure 3.1. This repository folder is called Quanty4RIXS and its path should be on
a Mac the user’s home directory /Users/<username>/Quanty4RIXS/ or on Windows
C:\Quanty4RIXS\. The configuration file Quanty4RIXS/Resources/Quanty4RIXS.cfg
in the repository stores the paths to the Quanty binary and all settings, therefore the
folder’s permissions must be set to allow write access.

If the repository folder or the Quanty binary is not found in the default path the
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Figure 3.1: Quanty4RIXS repository folder containing the necessary files.

program will ask on first startup for the paths which can then be selected accordingly.

3.2 The RIXS Approach in Quanty

In this section, we describe the approach taken in the underlying program Quanty for
the computation of RIXS spectra upon calling the CreateResonantSpectra() func-
tion. Quanty is an exact diagonalization program designed to take advantage of the
sparse operators and wavefunctions present in many correlated electron problems.

Of relevance for Quanty4RIXS, Quanty calculates the RIXS intensity I for a given
initial state |Ψi〉 as I (ωi, ω, εi, εo) = Fi (ωi, ω, εi, εo) where Ψi is the correlated many
body wavefunction, which is a linear combination over the various arrangements of
electrons in the orbital, and ω = ωi − ωo is the energy transfer between the incoming
(i) and outgoing (o) photons with polarizations εi and εo, respectively.
To calculate the RIXS intensity for a given temperature T one computes the total
intensity as weighted sum over the contributing states as

I(ωi, ω, εi, εo, T ) =
1

Z

∑
i

exp
−Ei
kBT Fi (ωi, ω, εi, εo) (3.1)

where Fi are the RIXS intensities for a given state |Ψi〉 with energy Ei, which is scaled
according to the Boltzmann distribution using its energy Ei, and Z as the partition
function.
With |Ψi〉 denoting a particular initial state of the system with energy Ei determined
by the Hamiltonian H one can describe the RIXS intensity by

Fi(ωi, ω, εi, εo) = − 1

π
Im〈Ψi|Rεiεo

ωi
†G (ω)Rεiεo

ωi
|Ψi〉, (3.2)
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where
G (ω) =

1

ω + Ei −H + iΓ/2
(3.3)

is the RIXS Green’s function with Γ as the final state energy width due to the finite
final state lifetime. The effective RIXS operator Rεiεo

ωi
is given by[9]

Rεiεo
ωi

= T εo†G (ωi)T
εi , (3.4)

where
G (ωi) =

1

ωi + Ei −H + iΓi/2
(3.5)

is the XAS Green’s function with Γi as the RIXS intermediate state energy width due
to the finite core hole lifetime.[9] Hence, the sandwiched expression in equation (3.2)
translates to

Rεiεo
ωi
†G (ω)Rεiεo

ωi
=
(
T εo†G (ωi)T

εi
)†
G (ω)

(
T εo†G (ωi)T

εi
)

(3.6)

which can be explicitly rewritten as

Rεiεo
ωi
†G (ω)Rεiεo

ωi
= T εi†G† (ωi)T

εo G (ω)T εo†G (ωi)T
εi (3.7)

because (ABC)† = (BC)†A† = C†B†A†.

This then describes the entire two-step RIXS process where a core hole is created
by a transition operator T εi and subsequently annihilated locally by T εo† after the life-
time determined by the core hole width Γi. Depending on the type of RIXS studied,
the absorption operator T εi can describe for example a dipole 2p→ 3d or quadrupole
1s → 3d transition. Similarly the emission operator T εo† may induce a 3d → 2p or a
2p→ 1s decay transition.

Quanty first calculates the initial state |Ψi〉 using a Lanczos-based iterative diagonal-
ization. The state |Ψi〉 can be the ground state, or a low energy state that is thermally
populated (a block Lanczos algorithm is used to calculate a set of the lowest energy
eigenstates).[5]

Next, Quanty calculates T εi |Ψi〉 and uses this as a starting wavefunction to diagon-
alise H in a small Krylov basis (usually dimension O (102)).[5] Within this small Krylov
basis, an quick inversion can be performed to obtain G (ωi). This enables to compute
the wavefunction G (ωi)T

εi |Ψi〉 and transform it back to the original (large) basis.

Next, Quanty computes T εo†G (ωi)T
εi |Ψi〉 to replace Rεiεo

ωi
|Ψi〉 in equation (3.2) as
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a starting wavefunction to perform the final Lanczos based diagonalization of H to
obtain the RIXS spectral function for the state |Ψi〉.

For a finite temperature T > 0K or degenerate ground states, the process can be
repeated for different initial states |Ψi〉 and the results weighted and summed as given in
equation (3.1). For this purpose the CreateResonantSpectra() function does accept
also a list of initial states {|Ψ1

i 〉, |Ψ2
i 〉, ...} instead of just one initial state |Ψi〉 as starting

wavefunction. This means that it is repeating the procedure described above, calling
the function internally for each of the different states in the list. The result is then a
combined RIXS map as shown for example in Figure 3.8.

3.3 Using Quanty4RIXS

The program can currently create Quanty input files for XAS, RIXS and RIXS-MCD
calculations with circular polarised light. In other words, it creates a .lua-script with
all the required parameters and definitions which are then used as input for Quanty.
The job can be executed on the local machine or, for more time-consuming jobs, the
script can be saved and then copied to any other computer that has Quanty installed.

In the following we first give a short overview and some instructions on how the GUI
can be used. The main panel of Quanty4RIXS as it looks after start up is shown in
Figure 3.2.

Figure 3.2: Quanty4RIXS main panel

In the main panel one can select the ion configuration and the type of the calculation.
When the 3d transition metal and its ionisation level is selected the three correspond-
ing RIXS electron configurations for the ground state (GS), the intermediate state (IS)
and the final state (FS) are displayed.
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Currently 1sXAS and 1s2pRIXS for hard X-rays, and 2p3d RIXS and 2pXAS calcu-
lations for soft X-rays are implemented. Additionally the expectation values (Observ-
ables) and an energy level diagram (ELDiagram), also called Tanabe-Sugano-Diagram
can be calculated. The Options tick box can be used to adjust the number of micro-
states to be computed, counted from the state lowest in energy.

The values for the energy ranges and the step width used in the calculation can be
chosen and saved via the settings menu (Menu → Settings) as shown in Figure 3.3.

Figure 3.3: Quanty4RIXS settings menu

Here it is advisable to start with a step width dE larger or equal to dE = 0.1 eV,
because the finer the grid is the more points of the spectrum have to be calculated.
Hence, a finer grid will dramatically increase the calculation time and also the required
memory. (We recommend 16GB RAM or more.)
The Multithreading option can be used to split the calculation into two parts. If

activated, a separate .lua file is created for each circular polarisation (LCP and RCP)
which are then calculated in parallel. On multicore systems this significantly reduces
the computation time. When disabled only a single .lua file is created. The option
Auto Load refers to a procedure that automatically loads the result of a calculation in
the plotting panel (cf. section 3.3.6).

Apart from the relevant descriptions of the electron configuration, the Hamiltonians
and crystal field parameters, the script’s header section contains all required atomic
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parameters (spin-orbit, Slater) for the selected 3d transition metal ion. The Settings
panel also allows to save presets for the Slater and crystal field scaling parameters.
The saved parameters are identified by the corresponding ion configuration.

The atomic, crystal field and broadening parameters are discussed in the following.

3.3.1 Atomic parameters

The atomic parameters for several 3d transitions metal ions are stored in the file
RCNparameter.txt. The values in the RCN file, for the slater coefficients for exchange
G0

cv, G1
cv, G2

cv, G3
cv, and Coulomb interaction F0

cv, F2
cv, F4

cv, are the calculated Hartree-
Fock (HF) values. The indices ’cv’ are a placeholder for the corresponding shells, e.g.
1s3d for the 1s2pRIXS intermediate state. The contents of the RCN file have been
calculated in advance with the Cowan’s RCN program which is a part of CTM4XAS[2]

and as described by Cowan,[3] Thole[4] et al. In principle also other ions can be imple-
mented, but this requires adding the relevant information to the RCNparameter.txt

file and also some adjustments to the MATLAB® code. The values can be scaled using
the Atomic Parameter panel as shown in Figure 3.4.

Figure 3.4: Atomic Parameter panel with the values and scaling factors for the Slater
coefficients (Fcv and Gcv) and spin-orbit interaction

Based on empirical knowledge they are usually reduced to 80% of the HF value to
match the atomic values derived in experiments.[2] (e.g. 1.0 in the GUI means 100%

of the HF value; 0.8 means 80% HF empirically equal to 100% atomic value; thus a
scaling of 0.64 set in the GUI corresponds to 64% HF = 80% atomic). The spin-orbit
interaction ζ is not screened and thus a scaling of 1.0 corresponds 100% of the atomic
value.[2] Due to the fact that all calculations only consider local contributions explicitly,
the reduction of the Slater integrals can also be used to approximate hybridisation
effects (e.g. charge-transfer) as described by de Groot.[10]
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3.3.2 Crystal field parameter

The panel for the Crystal field parameter shown in Figure 3.5 can be used to select a
symmetry and set the corresponding crystal field parameters.

Figure 3.5: Crystal field parameter panel with symmetry and crystal field values.

The corresponding crystal field calculations are all done with Quanty. Currently
available symmetries are Oh, D4h, C4 and C3v. To be precise, since Oh and D4h are
higher symmetry subsets of C4 symmetry, those three symmetries are all calculated in
C4 and the reduction to higher symmetry is achieved by setting some parameters to
zero. The crystal field parameter in Oh is 10Dq, in D4h and C4 symmetry additionally
Ds and Dt are nonzero. The parameter M 6= 0 represents the magnetic exchange
field (molecular magnetic field) implying C4 symmetry. (Note, the default is ~k||z|| ~M .)
If not modified the crystal field values are identical in the ground state, intermediate
and final state, ticking the box below enables to change them individually. The explicit
calculation of charge transfer (CT) is not yet implemented, but as mentioned in section
2.2, it can be approximated by a reduction of the Slater integrals.

The crystal field parameter panel also displays an approximated single-electron term
scheme for the chosen crystal field parameters in C4 symmetry to illustrate the splittings
of the 3d shell (the formulae can be found in elsewhere[11]).

3.3.3 Broadening

In the Broadening panel shown in Figure 3.6 the user can choose the broadening values
in eV, given as full width at half maximum (FWHM).

Figure 3.6: Broadening panel in Quanty4RIXS

The ground state has an infinite lifetime, thus no natural broadening is applicable.
The given broadening values are, together with the other parameters, written to the
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header section of the .lua-file. The experimental broadening is in the current version
not used for the calculation, only the natural broadenings are applied to the spectra as
parameter in the Green’s function approach (cf. Section 3.2). But since all values are
written to the script, when needed, one can adjust the script to add an experimental
broadening as convolution between the natural spectrum and a Gaussian.

3.3.4 Creating a .lua-script file

The creation of the .lua-scripts for Quanty is based on the module-templates in the
programs repository folder as shown in Figure 3.1. The subdirectory Quanty contains
several module-templates as .lua-files, each containing a specific section to be used
used to assemble the final script. In principle these files can be altered as needed. Some
parts of the final script are dynamically created by the program, so one has to ensure
a consistent naming of all used variables. The Resources folder contains the atomic
parameter file RCNparameter.txt as discussed in section 3.3.1 and the configuration
file Quanty4RIXS.cfg for the program. Hence the repository folder is crucial for the
creation of the scripts.

With GUI mode selected in the main panel, clicking the Run Quanty button opens a
file browser window where the path and filename for the output files must be given.
(Avoid spaces in the path.) Once the folder is chosen the internal function createLUA()

is called which assembles the final .lua-script. Some parts of the .lua-script are
created dynamically based on the selections made in the GUI. Most of the script is
assembled from the sections defined in the module-templates located in the repository
folder. These module-templates can be altered when needed, though advanced changes
are likely to require also some adjustments to the MATLAB® code.
The resulting .lua-script is then saved in the selected folder together with a file

called <filename>_para.mat which holds a copy of the parameters as they are written
to the .lua-script. (The _para.mat file is required for the plotting routines in the
Plotting panel.)

The structure of the final .lua-script is as follows.

1. The header contains the ion and all parameters (e.g. Slater, SOC, CF parameters)
for GS, IS, FS; and the path and filename used for the calculated maps (the path
is convenient when the .lua-script is executed on a HPC computer).

2. Definitions of the polarisations, the XAS- and XES-transition operators, and the
Hamiltonians for the three states (GS, IS, FS) which are defining the entire two
step photon-in photon-out RIXS process.
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3. Dynamic section doing the actual calculations of the spectra, ELDs or Ob-
servables. The Quanty function CreateResonantSpectra() is then calculating
the RIXS spectra, where the Green’s function approach then yields the two-
dimensional RIXS map implying that everything is a ground state property.

Using the final confirmation window the .lua-script is then used to start the calcu-
lation with Quanty. If cancelled the files are just saved allowing to transfer the script
to another computer or make changes to the script.

3.3.5 Running a .lua-script with Quanty

There are two ways to start a calculation with Quanty using Quanty4RIXS. Clicking
the Run Quanty button then triggers either of the following two methods.

1. GUI mode selected in the main panel creates the script and starts the calculation

2. LUA mode selected asks for any prepared .lua-script to be executed with Quanty

Method 1 was already mentioned in the previous section, where it directly starts the
calculation based on the selections made in the GUI. Method 2 is meant as simple
click& run approach for any .lua-script that has been created with the GUI before or
elsewhere. In this case the Run Quanty button opens a directory window where the
user can select a prepared .lua-script for Quanty. This can be used to run a .lua file
that was altered manually or to run an arbitrary .lua-script for Quanty that was not
created with the GUI. The selected file is then use as input file for Quanty. (Note, this
may render the plotting procedure discussed in the following not to work anymore.)

3.3.6 Plotting the results

In this part we introduce the Plotting panel which is shown in Figure 3.7.

Figure 3.7: Plotting panel in Quanty4RIXS

Due to the complex file structure of the calculated RIXS maps when more than one
microstate is involved, one has to split the resulting data for each microstate and sum
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them accordingly. This enables for example to quickly review and compare all micro-
states at once, and to easily realise a normalised linear combination before considering
a Boltzmann distribution to model a temperature dependency. To achieve this one can
calculate and use the expectation values (Observables) to determine the scaling factors
for each microstate (see equation (3.1) in section 3.2).

Figure 3.8 shows a raw RIXS map with 10 microstates as it is calculated by Quanty.
One can see that in the raw data each individual RIXS map, for each microstate, is
merged into one big map showing all microstates at once (we call them here ’Mul-
timap’).

Figure 3.8: Arbitrary example for a 1s2pRIXS calculation with 10 microstates

The XAS projection onto the incident energy axis (bottom in Fig. 3.8) directly
reveals that not all microstates yield the same RIXS map. (Note, the values on the
incident energy axis are for a Multimap just indices and not energy.)

Tthe plotting panel enables the user to quickly review the result if the calculation
and each individual microstate without the need to write a complex plotting routine.
For that purpose sliders were added. They can be used to either choose how many
microstates are used to join the maps (Join Maps). This will equally add all RIXS
maps up to the given microstate. With Split Multimap selected, it can also be used to
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split the raw data and plot only one specific microstate. In spite of the various plots
possible, all plots are rather rudimentary because its primary purpose it to quickly plot
the calculated RIXS and RIXS-MCD maps for review.

An example of one individual 1s2pRIXS map using the join function is shown in
Figure 3.9.

Figure 3.9: Arbitrary example for a single 1s2pRIXS map

The RIXS map shown above is the total RIXS as sum of the the left (LCP) and
right circular polarised light (RCP), where each is the sum

∑
i ψi over the lowest 9

microstates ψi (with i ∈ {1, ..., 9}) and therefore represents a possible variant of the
3T1g ground state symmetry (3 · 3 = 9) of a Cr4+ ion.

Furthermore, also the Magnetic Circular Dichroism (MCD) can be calculated. Due
to symmetry considerations the calculations are performed in spherical coordinates.
As discussed in section 2.4, the LCP and RCP can each be directly represented by a
single operator, each corresponding to one spherical harmonic operator Ym

l (r):

MCD = LCP -RCP =̂ Y1
2(r)− Y−1

2 (r) (3.8)

An arbitrary example of such a 1s2pRIXS-MCD map together with the projections
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onto its axes is shown in Figure 3.10.

Figure 3.10: Example for a 1s2pRIXS-MCD map of the K pre-edge for a Cr4+ ion

The shown RIXS-MCD map corresponds in this example to only the first microstate
|ψ1〉. Subsequently, for an accurate modelling a linear-combination of all involved
microstates is required. For calculations at ambient conditions (T > 0K) it is appro-
priate to use the Boltzmann distribution to produce a reasonable result (equation (3.1)
in Section 3.2).

Here one can use the Observables option to compute the expectation values of the
Hamiltonian 〈 Ĥ 〉 to obtain the relative energy of each microstate, determining the
Boltzmann coefficients. Using the Observables option one can calculate the quantum
mechanical expectation values of any defined operator Ô for each micro state |ψi〉:

〈 Ô 〉 = 〈ψi|Ô|ψi〉 (3.9)

Another example are the expectation values 〈 Ŝz 〉 for which Figure 3.11 shows a plot
for the lowest 10 microstates for the three RIXS steps (the ground, intermediate and
final state; GS, IS, FS). Several observables are already implemented to be be directly
computed. They include for example 〈Ŝz〉, 〈L̂z〉, 〈Ĵz〉, 〈Ŝ2〉,

∑
i〈l̂i · ŝi〉 and others.

In principle any operator that is defined in the script can be used to calculate its
expectation value. When required additional operators can be defined for this purpose.
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Figure 3.11: Example plot of the expectation values (Observables) showing the values
of <Sz> for the lowest 10 microstates for the three RIXS steps.

We also used this to compute the Tanabe-Sugano-Diagrams, and the splittings of the
states due to the spin-orbit interaction, the crystal field and the exchange interaction
as shown in chapter 4 and chapter 5.

3.4 Concluding Remarks

Finally we hope that the above descriptions are helpful for those who want to use the
software. We want to explicitly point out that adding more or changing the exist-
ing .lua modules in the repository is possible as long as the variable names are used
consistently. Simple changes can be implemented without the need to adjust the MAT-
LAB code, while more advanced changes like for example adding other symmetries will
require also changes to the Quanty4RIXS routines.
The complete MATLAB source code for Quanty4RIXS, the repository folder and a

folder with all dependency graphs (as PDF) illustrating the connection of all functions
has been published at https://git.science.uu.nl/P.Zimmermann/Quanty4RIXS/.
To have full access a guest account can be created, please contact us to get an account.
The code has been thoroughly tested on Apple OS X 10.11 and in part also on

Windows 7. In principle it should be working on any operating system as long as the
setup requirements described in section 3.1.1 are met. We recommend to use OS X,
because it has in shown a better performance and less memory consumption.
All sources are made available ’as is’ and it can be altered to your own liking as long

as a reference to the original author (Patric Zimmermann, Utrecht University, 2017 )
is given. For subsequent scientific work we appreciate citation of the corresponding
paper.[1]
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4 Paper: RIXS series for 3dN

transition metals

This chapter reproduces the essential parts of a paper which has been published by
Hindawi in the Journal of Spectroscopy. The title of the paper is 1s2p RIXS calcula-
tions for 3d transition metal ions in octahedral (Oh) symmetry.[1]

In this paper we present a series of 1s2p Resonant Inelastic X-ray Scattering cal-
culations for 3d transition metal ions in octahedral symmetry. The calculations are
performed in octahedral (Oh) symmetry using crystal field multiplet theory. We dis-
cuss the crystal field effects and the selection rules with respect to the 1s2p RIXS
pre-edge and compare their final state energies with the corresponding 2p X-ray Ab-
sorption Spectrum. The calculations provide a detailed understanding of 1s2p RIXS
and serve as a basis for the future analysis of experimental spectra and also as a start-
ing point for calculations that add additional channels including the non-local peaks.
Especially mixing effects induced by SOC play a role as they can enable for additional
(weak) transitions into otherwise non-accessible states.

4.1 Introduction

Throughout the past decades, X-ray spectroscopy has played an important role towards
the study of the electronic structure of transition metal complexes. The advent of syn-
chrotron light sources and continuing improvements of the insertion devices has made
high flux and high resolution measurements accessible to researchers world wide. Es-
pecially the second order Resonant Inelastic X-ray Scattering process, where the X-ray
emission spectra are measured as a function of the incident X-ray energy, has proven
to be a valuable instrument with respect to the investigation of the electronic structure.

Aiming for a better general understanding of the two-step 1s2pRIXS and its relation
to the direct 2pXAS, we performed a series of crystal field multiplet calculations for
3d transition metal compounds covering each ground state between 3d0 and 3d9. Due
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to the fact that 1s2pRIXS and 2pXAS yield the same final state electron configur-
ation 1s2 2p5 3dN+1 both types of spectroscopy are assumed to give access to similar
information. Comparing the 1s2pRIXS and 2pXAS spectra reveals significant differ-
ences, which are related to the different selection rules due to the involvement of the
intermediate state in the two-step RIXS process. This is the motivation for this paper
emphasising the differences between the two spectroscopies primarily in regard to the
different symmetries and selection rules involved.

4.2 Calculations and Computational Details

All calculations are done using the framework of crystal field multiplet theory, which
is a multi-electronic, semi-empirical approach initially developed by Thole et al.[2] and
further established by Butler and Cowan.[3,4] It takes into account all the 3d-3d, 1s-3d
and 2p-3d electronic Coulomb interactions, as well as the spin-orbit coupling ζ on every
open shell of the absorbing atom (e.g. 2p SOC ζ2p and 3d SOC ζ3d in 1s2pRIXS).

All spectra were calculated using Quanty which uses second quantisation and the
Lanczos recursion method for the exact diagonalisation and Green functions to cal-
culate the spectra.[5,6] This method enables to avoid the explicit calculation of the
intermediate and final states, which are only defined with their respective Hamilto-
nian. Each of these many-body states is described by a linear combination of Slater
determinants.[5] The atomic electronic interactions are parametrised by the Slater in-
tegrals, which are reduced to 80% of the Hartree-Fock values. The later has empirically
proven to correspond to the actual atomic values. For the spin-orbit coupling para-
meters ζ2p , ζ3d , the Hartree-Fock calculated values are used. All calculations are done
in octahedral symmetry (Oh) and the crystal field is defined by the crystal field para-
meter 10Dq. The same value is used for the initial, intermediate and final state. The
influence of the crystal field splitting is investigated by varying the parameter 10Dq
from 0 eV up to a few eV. The symmetry IRREPs of the labels of the final states in
Oh point group are obtained using the CTM4XAS program.[7] The natural broadenings
γn = 0.5 eV and γf = 0.25 eV for the intermediate state and final state were applied
respectively.

All RIXS intensities are given as calculated by Quanty. They reflect the total absorp-
tion as sum over the five quadrupole basis components and the three dipole emission
polarisations and thus imply an isotropic spectrum. When needed one can in fact also
compute the scattered photons as percentage of the incident beam in dependency of a
given experimental setup. The 2pXAS spectra are scaled for best comparison for each
case. The energies Ein and Eout are given by Quanty relative to the centre of gravity
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for each of the three states in 1s2pRIXS, being the 3dN, 1s1 3dN+1 and 2p5 3dN+1 con-
figuration. Thus also the ET = 0 eV position of the energy transfer ET = Ein −Eout is
based on the centre of gravity and ET does not reflect the real energy transfer.

More details on the method can be found elsewhere[8,6,9,5] and the references therein.
The calculations are performed for a temperature of T = 300K as described in the
following.

4.2.1 T=300K approximation - Boltzmann distribution

The multi-electronic ground state at ambient condition is a linear combination of an
ensemble of N microstates ψi with i ∈ {0, ...,N − 1}. In general, the Coulomb and
spin-orbit interactions as well as crystal field effects can induce a mixing of different
states, leading to complex multi-electronic states involving many microstates. For ex-
ample, a 3d5 configuration has in total 252 microstates, but only N = 6 microstates
form in high-spin the atomic multi-electronic ground state 6S (O3) (Table 4.1).

At absolute zero (T = 0K), formally, only the state ψ0 lowest in energy is popu-
lated. Thus the calculated spectra result from a linear combination of each contribut-
ing state, weighted according to their respective population, because for temperatures
T > 0K higher states are also partially occupied. The population is described with
the Boltzmann distribution . It gives the population probability pi for each state
ψi in dependency of its relative Energy Ei − E0, with E0 = E(ψ0) being the energy
of the lowest microstate ψ0, and absolute temperature T . It is given (with Boltzmann
constant kB) as:

pi = 1
a

exp
[
− (Ei−E0)

kBT

]
with a =

N∑
l=0

exp
[
− (El−E0)

kBT

]
(4.1)

In the present case the Eigenvalues calculated with Quanty from H|ψ〉 = E|ψ〉 give
the energies Ei for each microstate ψi, which are used in equation (4.1) to compute the
coefficients pi for the Boltzmann linear combination.

For example Ti3+ 3d1 has the atomic ground state 2D with N = 10 microstates.
In other words, the single 3d electron can be in 10 different states. In an Oh crystal
field this ground state branches without 3d spin-orbit interaction into two crystal field
terms: 2D Oh−→ 2T2g⊕ 2Eg. The term 2T2g represents the multi-electronic ground state
in Oh formed as linear combination of N = 6 microstates. For 3d1 the 2T2g term is
lowest in energy as can be seen in the single electronic picture: |t1

2g e0
g〉. As opposed to
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the 2Eg with |t0
2g e1

g〉 in 4 possible microstates.

Furthermore, it should be noted that the N microstates forming the multi-electronic
ground state are a priori not degenerate. For Ti3+ the lowest 10 microstates are
partially degenerate. With 3d spin-orbit interaction included the microstates are
spread in a 4:2:4 ratio, corresponding to the terms F3/2, E5/2 and F3/2 respectively.
In other words, the lowest four microstates ψ0,ψ1,ψ2,ψ3 are degenerate in energy
(E0 = E1 = E2 = E3), and the two states ψ4,ψ5 are degenerate (E4 = E5), as well
as the remaining 4 microstates ψ6,ψ7,ψ8,ψ9 (E6 = E7 = E8 = E9). Hence, the 10

microstates, which are related to the atomic multi-electronic ground state 2D (O3),
and split by the crystal field and spin-orbit interaction, are spread over three different
energy levels. The six microstates forming the 2T2g (Oh) term are only spread over
two different energies (Figure 4.19).

If not stated otherwise, we only use the lowest crystal field term for the Boltzmann
linear combination (e.g. 2T2g for Ti3+), the next multi-electronic term higher in energy
(e.g. 2Eg for Ti3+) is neglected. This approximation relates to the fact that in general
the second multi-electronic term has a relatively small contribution in most cases.

4.3 Didactic Examples

In this section we discuss three model systems as didactic examples in detail before
the results for the remaining 3dN series (with N ∈ {1, ..., 7}) are discussed in a more
summarising manner (Section 4.4). Here we will emphasise the elementary differences
between the atomic (O3) and the crystal field (Oh) case to illustrate the effects with
respect to the selection rules. Furthermore, we compare the results due to the different
possible pathways in the direct one-step 2pXAS and the two-step 1s2pRIXS and the
corresponding spectra. As didactical examples we use the following three cases:

• 3d9 Cu2+ - Single open shell with only a single hole in each state (Section 4.3.1).

• 3d0 Ti4+ - Two peaks in the 1sXAS split by the crystal field 10Dq (Section 4.3.2).

• 3d8 Ni2+ - A common ’model system’ often used in education (Section 4.3.3).

We aim to assign the symmetry labels to the relevant peaks in the 1s2pRIXS spectra
and compare the 2pXES to the well understood L2,3-edge(2pXAS) spectra.[10]
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4.3.1 3d9 - divalent copper Cu2+

In this part we investigate the elementary differences between 1s2pRIXS and 2pXAS
for a divalent copper ion Cu2+ with a 3d9 ground state. Each successive step of the
1s2pRIXS process has an electronic configuration with only one open shell and a single
hole in the 3d, 1s and 2p shells respectively.

1s2p RIXS: 1s2 2p6 3d9 ∆l=+2−−−−−−→
1s XAS

1s1 2p6 3d10 ∆l=−1−−−−−−→
2p XES

1s2 2p5 3d10

2p XAS: 1s2 2p6 3d9 ∆l=+1−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
2p XAS

1s2 2p5 3d10

We first describe the atomic case of an isolated ion without any crystal field. The
electronic configuration of the initial state of Cu2+ is 1s2 2p6 3d9. In spherical sym-
metry (O3), the 3d spin-orbit coupling (SOC) ζ3d induces the splitting of the 10-fold
degenerate ground state 2D (10 microstates) into two multi-electronic states 2D5/2 (O3)
and 2D3/2 (O3), defined by J = 5

2
(ground state) and J = 3

2
respectively.

These two states are separated in energy by ∆E = 5
2
ζ3d . The electronic configuration

of the 1s2pRIXS intermediate state of Cu2+ is 1s1 2p6 3d10, which corresponds to
the 2-fold degenerate state 2S1/2 (O3) with J = 1

2
.

The electronic configuration of the final state in 2pXAS and 1s2pRIXS of Cu2+

is 1s2 2p5 3d10, which splits due to the 2p spin-orbit coupling ζ2p into J = 3
2
(lowest

energy state) and J = 1
2
separated by 3

2
ζ2p . This is summarised in the scheme in

Figure 4.1.
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Figure 4.1: Atomic case: Term scheme (with SOC; no crystal field) comparing the
two-step (1sXAS, 2pXES) 1s2pRIXS and the one-step 2pXAS pathways
for Cu2+. The sum over all J -multiplicities (2J+1) yields the total number
of microstates per configuration.

Since the ground state of the initial state is J = 5/2, the electric dipole absorption
operator (2p XAS) enables only to reach the J = 3/2 final state (∆J = −1). In
1s2pRIXS, the selection rules of the electric quadrupole absorption for 1sXAS (∆J =

0,±2) enable to reach the intermediate state J = 1/2. The subsequent electric dipole
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emission (2pXES) enables to reach both J = 1/2 and J = 3/2 final states. As a
result, for an isolated Cu2+ ion in spherical symmetry, the 2pXAS shows only one
peak, while the 1s2pRIXS shows two peaks.

� -
L3 edge (P3/2) and L2 edge (P1/2) separated by 2p SOC

L2-edgeL3-edge

Figure 4.2: Calculated atomic 1s2pRIXS map with 2pXES projection for an isolated
Cu2+ (3d9). Notice the 2pXAS (L2,3-edge) (dashed red) has only one peak,
because only the final state with J = 3/2 can be populated. See also
Figure 7.3 in Core Level Spectroscopy of Solids.[8]

In the vertical direction, the Kα1 and Kα2 decays (2pXES) appear as two separate
peaks. These two peaks are separated by the 2p SOC ζ2p ≈ 13.5 eV, corresponding to
the two resonant emission transitions from intermediate state with J = 1/2 to the final
states with J = 1/2, 3/2.

Considering a cubic (octahedral) crystal field

When the absorbing ion is embedded in a solid state, one has to take into account
the crystal field potential created by the surrounding atoms. In the following we will
assume an octahedral (Oh) crystal field described by the parameter 10Dq.

In a single electron picture, this crystal field induces the splitting of the 3d states into
t2g and eg. In the multi-electronic formalism (neglecting the 3d spin-orbit coupling in
first approximation), the 2D term of the initial state branches in the Oh point group
into the 2Eg (|t6

2g e3
g〉) and 2T2g (|t5

2g e4
g〉) terms . Thus the multi-electronic ground state

(at T = 0K) is 2Eg (Oh). The intermediate state term 2S (O3) branches in an octa-
hedral crystal field into 2A1g (Oh) symmetry.

In the Oh point group, the electric quadrupole 1s XAS operator has T2g and
Eg symmetries. We derive the selection rules from the product table (Table 4.5) for the
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first step of the 1s2pRIXS process.

2Eg ⊗ T2g = 2T1g ⊕ 2T2g (4.2)
2Eg︸ ︷︷ ︸

1s2 3d9

⊗ Eg︸︷︷︸
1s XAS

= 2A1g ⊕ 2A2g ⊕ 2Eg︸ ︷︷ ︸
accessible intermediate sstates

(4.3)

From the equations (4.2) and (4.3) it becomes obvious that many symmetries are
in principle accessible via 1sXAS from the multi-electronic ground state symmetry
2Eg (Oh). In spite of the fact that many symmetries are in principle reachable via a
quadrupole 1sXAS transition starting from the ground state symmetry 2Eg (Oh), the
electronic structure of a Cu2+ ion only offers 2A1g (Oh) symmetry leading to a single
peak in the 1sXAS projection.

While spin-orbit coupling was neglected in this last step, it must be included in
the description of the final state with the 2p core-hole to understand the complete
1s2pRIXS process, and to be able to compare it with the 2pXAS. Using the L.S-
coupled terms obtained above in the atomic case, we derive their respective branchings
in octahedral crystal field (Oh).

The initial state ground state 2D5/2 (O3) branches in octahedral symmetry (Oh)
into E5/2,g⊕F3/2,g (Oh). The ground state at T = 0K is Eg

[
F3/2,g

]
(Oh). The effects of

the 3d spin-orbit coupling ζ3d and the Oh crystal field parameter 10Dq are illustrated
in Figure 4.3.

(O3) (Oh) (Oh) (Oh)

2D

2D3/2

2D5/2

F3/2

E5/2

F3/2

T2g

Eg

2D

Figure 4.3: Initial state term schemes for Cu2+ (3d9) illustrating the effect of the
3d SOC ζ3d and Oh crystal field 10Dq and the resulting splittings of the
atomic ground state term 2D.

The intermediate state term 2S1/2(O3) branches in an octahedral crystal field (Oh)
into E1/2,g (Oh). The final states 2P3/2 (O3) and 2P1/2(O3) branch respectively into
F3/2,u (Oh) and E1/2,u (Oh). In octahedral symmetry, the electric dipole operator has
T1u symmetry and thus using the product table (Table 4.7), we find the reachable final
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states in the subsequent electric dipole emission (2pXES):

E1/2,g ⊗ T1u = E1/2,u ⊕ F3/2,u (4.4)

The direct 2pXAS starts from the F3/2,g ground state yielding with the T1,u IRREP
the reachable final state terms:

F3/2,g ⊗ T1,u = E1/2,u ⊕ E5/2,u ⊕ 2 F3/2,u (4.5)

Altogether, this demonstrates that due to the crystal field, both final states can be
probed by 2pXAS and 1s2pRIXS.
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initial state

2Eg
F3/2g

3d SOC−−−−−−−→

intermediate state

2A1g
E1/2g

3d SOC−−−−−−−→

final state

E1/2u

F3/2u

2p SOC

1s→3d
XAS -

T2g ⊕ Eg

2p→1s
XES

-
-

T1u

2p→3d
XAS

-

-T1u

Figure 4.4: Multi-electronic term scheme for 3d9 Cu2+ comparing the 1s2pRIXS and
direct 2pXAS pathways. Where SOC (S = 1/2) → ⊗E1/2 is included the
spin multiplicity is omitted.

The corresponding calculations show that for sufficiently large values of 10Dq both
final states can be reached in both spectroscopies, 2pXAS and 1s2pRIXS. The result
is shown in the following Figure 4.5.

L3 edge L2 edge

Figure 4.5: Calculated 1s2pRIXS map for 10Dq = 3.0 eV with 2pXES projection for
Cu2+ (3d9) for 10Dq = 3.0 eV. The 2pXES appears identical to the 2pXAS.
The mixing induced by the crystal field symmetry breakdown enables to
populate the J = 1/2 and J = 3/2 final states in direct 2pXAS.
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The RIXS projections for various values of 10Dq show almost no difference in both
directions (XAS & XES). It is noteworthy that the 2pXAS (L2,3-edge) approaches the
two peaks in the 2pXES-projections for large 10Dq values. This is due to the crystal
field (10Dq) affecting the spin-orbit interaction altering the 2pXAS selection rules.
In other words, the L2 edge probes in 2pXAS the amount of J = 3/2 character in the

ground state. In the atomic case (10Dq = 0.0 eV) with spherical symmetry (O3) and
at absolute zero (T = 0K), the ion is pure J = 5/2 (D5/2). In octahedral Oh symmetry,
on the other hand, an increasing crystal field (scaled via 10Dq) mixes more and more
J = 3/2 character from the D3/2 into the ground state, resulting in a continuous visible
increase of the L2 peak in 2pXAS.
And finally, it can be seen that the single particle limit with two peaks is reached in

both cases, 1s2pRIXS and 2pXAS respectively. The intensity ratio of the two peaks
of 2 : 1 is given by the degeneracy of the 2P1/2 (O3) and 2P3/2 (O3) final states. As
we have seen, this example illustrates how crystal field effects are altering the selection
rules, and thus adding intensity to the L2-edge in 2pXAS as well as in 1s2pRIXS.

1s2pRIXS experiments of 3d9 systems

Experimental 1s2pRIXS spectra of CuO have been published by Hayashi et al.[11] They
show the 1s2p X-ray emission spectra from excitation energies before the K-edge and
through the edge to the continuum. As such they observe the transition from resonances
in the Lorentzian tails to non resonant 1s2p XES. At the excitation energy at the pre-
edge, the two-peak 1s2pRIXS spectrum is visible, in addition to the background from
the main edge.[11]
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4.3.2 3d0 - tetravalent titanium Ti4+

In the following we discuss the differences between 2pXAS and 1s2pRIXS for the case
of tetravalent titanium (Ti4+). Here, the initial state configuration 1s2 2p6 3d0 has
no partially filled shells. This is interesting because the resulting selection rules are
straightforward: The nature of the probed final states reflect the nature and symmetry
of the transition operators. The transition into the intermediate state promotes a 1s
electron into the 3d band yielding a 1s1 2p6 3d1 electron configuration. The final state
in 1s2pRIXS and 2pXAS is in this case 1s2 2p5 3d1.

1s2p RIXS: 1s2 2p6 3d0 ∆J=±2−−−−−−→
1s XAS

1s1 2p6 3d1 ∆J=0,±1−−−−−−−→
2p XES

1s2 2p5 3d1

2p XAS: 1s2 2p6 3d0 ∆J=0,±1−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
2p XAS

1s2 2p5 3d1

The 3d0 case enables to describe the effect of the crystal field on the intermediate
state, the interferences in the 1s2pRIXS process and the more complex multi-electronic
effects in the final state. It provides an extent to L2,3-edgeconsiderations of 3d0 ions
previously described in.[10]

Atomic case with spin-orbit coupling

We start again with the case of an isolated Ti4+ ion (3d0) where the effect of the
solid state (i.e. crystal field) is neglected. The initial state configuration of Ti4+ is
1s2 2p6 3d0. Since all shells are full, S = 0 and L = 0, the L.S coupled total angular
momentum is J = 0 and the initial state symmetry is the totally symmetric term 1S0.
The electronic configuration of the intermediate state in 1s2pRIXS of Ti4+ is

1s1 2p6 3d1, corresponding to the total orbital angular momentum L = 2 and total spin
angular momentum S = 0 or S = 1 giving the Russel-Saunders terms 1D and 3D
(2 · 10 = 20 microstates). Considering the spin-orbit interaction in the L.S coupling
scheme, one obtains J = 2 for the 1D term and J = 1, 2, 3 for the 3D term as shown
in Figure 4.6.

1D

3D

-S = 0 J = 2

-

-

-

1D2

3D1
3D2
3D3

S = 1

J = 1

J = 2

J = 3

O3
SOC−−−→ O3

Figure 4.6: Splitting of the intermediate state spin singlet and triplet terms 1,3D
due to 3d SOC ζ3d for a Ti4+ ion into D1, D2 and D3. States accessible in
1sXAS are shown in blue. The existing terms with J = 1 or 3 cannot be
populated and thus do not contribute to the spectrum.

The splitting of these four terms (1D2, 3D1, 3D2, 3D3) is defined by the 3d SOC ζ3d

and exchange interaction G2
sd, which are both small (32meV and 46meV respectively).
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The calculated energy splitting is ∆E = 92meV and is beyond the reach of current
experimental resolution and not resolved in our calculations discussed here. The electric
quadrupole transition of the 1s XAS (∆J = ±2) enables to reach the intermediate
states with J = 2 (shown in blue in Figure 4.6).

Though 3d SOC ζ3d is non-zero, it is small and thus transitions to the spin triplet
term 3D2 will be weak, such that the 1s XAS is dominated by the transition in the spin
singlet term 1D2.

The final state electronic configuration is 1s2 2p5 3d1 with two partially filled shells
that have to be accounted for; the 2p and the 3d shell. The total orbital angular
moment L of the final state electronic configuration is L = 1, 2, 3. The total spin
angular moment S of the final state electronic configuration is S = 0, 1. This gives in
the atomic case the spin singlet and triplet terms 1,3P, 1,3D and 1,3F.
As previously described by de Groot et al[10] when spin-orbit interaction is neglected

the selection rules for the electric dipole transition in 2pXAS with ∆S = 0 and ∆L =

±1 allow only to reach the singlet 1P term from the 1S initial state, leading to one
peak only (the L2-edge). The transitions into the spin triplet term 3P (L3-edge) would
have zero intensity. But in fact the strong 2p spin orbit-coupling ζ2p in the final state
(J is used) leads to three peaks; two of them forming the L2 and L3 edges, and a third
weak peak related to triplet transitions.
The derivation of the total angular momentum J of the final state electronic config-

uration in the L.S coupling scheme yields the term symbols summarised in figure 4.7.
The direct electric dipole transition in 2pXAS with ∆J = 0,±1 (J = 0 → J = 0

forbidden) starts for Ti4+ from the total symmetric term 1S0 term, which allows to
reach all final states with J = 1 (P1 and D1, marked with a red circle in Figure 4.7).
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J = 4

O3
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Figure 4.7: Splitting of the final state terms 1,3P, 1,3D and 1,3F due to the 2p spin-orbit
interaction in Ti4+.

The L2 and L3 edges are separated by the 2p spin-orbit coupling ζ2p corresponding
to transitions into the 1P1 (L2 edge) and 3D1 (L3 edge) terms. More precisely, from the
squared matrix elements we find the second peak is dominated by 3D1 contribution of
60%, adding 36% of 1P1 and 4% of 3P1 character. The small third peak in the 2pXAS
is related to transitions into the 3P1 terms (Figure 4.9).Though the resolution chosen
in our calculations does not reveal them as individual peaks, the direct Coulomb and
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exchange terms are not negligible. As discussed by de Groot et al[10] they lead to a
splitting of the L2,3-edge into three absorption lines including a redistribution of the
intensities.
In the 1s2pRIXS process, the 2pXES decays with ∆J = 0,±1 starting from the

intermediate states with J = 2 (D2) and enables to reach the final states with J =

1, 2, 3: P1,2, D1,2,3 and F2,3 (terms shown in green Figure 4.7). Terms with J = 0 or 4

cannot be populated in either case and thus do not contribute to the spectrum. With
this, one can draw for Ti4+ the atomic term scheme with spin-orbit coupling for the
two-step 1s2pRIXS and the one-step 2pXAS process as shown in Figure 4.8.
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initial state intermediate state final state
Figure 4.8: Atomic term scheme with spin-orbit coupling for 3d Ti4+ comparing the

two-step 1s2pRIXS and the one-step 2pXAS pathways. The two 1s XAS
transitions are separated by the small 3d SOC, Coulomb and exchange in-
teractions, hence the splitting is small. The direct dipole transitions in
2pXAS can only populate the final states with J = 1, while the dipole
decays in 2pXES can reach final states with J = 1, 2, 3.

The intermediate state is the key element when comparing the direct 2pXAS and
1s2pRIXS. It enables to access additional terms in the 1s2pRIXS final state, adding
multiple visible peaks in the energy transfer direction as shown in Figure 4.9. But in
both cases J = 0 and J = 4 are not possible to reach.

L3 edge L2 edge

Figure 4.9: Calculated 1s2pRIXS map with 2pXES projection and the 2p XAS
(L2,3-edge) for an isolated Ti4+ (3d0) ion in O3 symmetry.
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In summary, so far we have discussed the effect of the spin-orbit coupling in the
atomic case in spherical symmetry (O3), but neglecting any crystal field. This can
describe the 1sXAS with only one visible peak due to transitions into the 1D2 inter-
mediate state term. The 3d spin-orbit coupling ζ3d and exchange interaction Gsd lead
to small splittings which are not visible in this plot. Furthermore, the small 3d SOC
induces some mixing, and thus adding weak transitions into the 3D2 term.
The splitting of the 2p XAS is dominated by the large 2p SOC ζ2p separating the L2

from the L3 edge, e.g. the spin singlet and the triplet states. The 2p XES on the other
hand consists of transitions from the intermediate state with J = 2 IRREP (mostly
1D2) into the final states with J = 1, 2, 3 IRREPs resulting is multiple visible peaks in
the energy transfer direction. All final state terms are also split by the exchange and
direct Coulomb interactions, Gpd and Fpd respectively.

Considering an Oh crystal field

We now consider the effect of an octahedral Oh crystal field. The totally symmetric
initial state term 1S0 branches in Oh into 1A1g[A1g]. Formal consideration of an Oh

crystal field and 3d spin-orbit interaction leads to the branching of the intermediate
state terms 1D and 3D into eight terms. The scheme in Figure 4.10 illustrates these
branchings of the terms due to an Oh crystal field and the 3d spin-orbit interaction ζ3d
(S = 0→ ⊗A1g, and S = 1→ ⊗T1g ).
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Figure 4.10: Branching of the intermediate state terms 1D and 3D due to 3d SOC
and an Oh CF. Symmetries accessible in the quadrupole 1s XAS step
(GS→IS) are shown in blue.

In spite of several available intermediate state terms, starting from the initial state
1A1g and using the T2g and Eg IRREPs, representing the quadrupole 1s XAS op-
erator, and the product table (Table 4.5) reflecting the orbital momentum selection
rules, one finds the accessible intermediate state symmetries.

67



1A1g ⊗ T2g = 1T2g (4.6)
1A1g︸ ︷︷ ︸
1s2 3d0

⊗ Eg︸︷︷︸
1sXAS

= 1Eg︸ ︷︷ ︸
accessible terms

(4.7)

In other words, from the totally symmetric ground state A1g (Oh) only the Eg (Oh)
and T2g (Oh) symmetries can be reached in the intermediate state via a quadrupole
1sXAS transition. Hence, for sufficiently large values of 10Dq, relative to the broad-
enings used in a calculation (or the experimental resolution in a measurement), two
distinct peaks can be observed in the 1sXAS projection. Because the 3d spin-orbit
coupling ζ3d is small the transitions to the spin singlet intermediate states are domin-
ating (i.e. matrix elements are the largest), while the transitions via the J = 2 IRREP
from triplet 3D should be weak. The 1sXAS is dominated by transitions to the Eg and
T2g terms from the 1D2.

T2g Eg

Figure 4.11: Calculated 1sXAS projections of a 1s2pRIXS for Ti4+ (3d0) scaling the
octahedral crystal field parameter 10Dq from 0.1 eV to 3.0 eV with an
energy level diagram as overlay. The splitting of the 3d level into the two
peaks T2g and Eg due to the crystal field is visible.

In an Oh crystal field, the final state IRREPs with J = 0, 1, 2, 3 and 4 (see Figure
4.8) branch respectively into the L.S-coupled terms: A1u, T1u, Eu⊕T2u, A2u⊕T1u⊕T2u

and A1u⊕ Eu⊕ T1u⊕ T2u. The 2pXES in 1s2pRIXS from the two intermediate state
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terms T2g and Eg, described by the electric dipole IRREP T1u, leads to:

T2g ⊗ T1u = A2u ⊕ Eu ⊕ T1u ⊕ T2u (4.8)

Eg︸︷︷︸
1s1 3d1

⊗ T1u︸ ︷︷ ︸
2pXES

= T1u ⊕ T2u︸ ︷︷ ︸
accessible final states

(4.9)

It is noteworthy that only the intermediate state with T2g symmetry can access in the
2pXES decay the A2u and Eu final state symmetries. The T1u and T2u final state
terms are however accessible from both T2g and Eg intermediate state symmetries.
Furthermore, we note that the intermediate state symmetry A1u is not reachable as
final state symmetry and will therefore not contribute to the 2pXES spectrum. On the
other hand, in 2pXAS the possible final states must have T1u symmetry, otherwise the
transition matrix element equals zero. As can be seen from the branchings of J (O3) in
and octahedral crystal field (Table 4.4), the T1u IRREP can be reached not only from
the J = 1 IRREP, but also from the J = 3 and J = 4 IRREPs. This results in only
seven possible T1u IRREPs in Oh symmetry, or, in other words, only seven final states
are reachable among the 60 available. The 2pXAS spectrum consists, in principle, of
seven lines, as can be seen in Figure 4.13, where the calculated spectra for 3d0 Ti4+ for a
crystal-field splitting of 10Dq = 2.1 eV are shown. While only spin singlet states would
be reached in absence of 2p SOC, the consideration of the strong spin-orbit coupling
in the final state induces a mixing of the spin singlet and triplet states. This weakens
the spin selection rule ∆S = 0 allowing transitions into former spin triplet states (e.g.
3T2u, 3T1u, 3Eu and 3A2u). The term scheme in Figure 4.12 summarises the different
pathways in 1s2pRIXS and 2pXAS for 3d0 Ti4+. The accessible 1s2pRIXS final state
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3d SOC−−−−−−−→

intermediate state

1Eg

1T2g
Eg

T2g

3d SOC−−−−−−−→

final state

T2u

T1u −→ L2,3-edge
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2p SOC
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Figure 4.12: Multi-electronic term scheme comparing the 2pXAS and the 1s2pRIXS
pathways. The two quadrupole 1sXAS transitions with T2g and Eg sym-
metry lead to two different intermediate state symmetries. The subsequent
dipole decays (2pXES) with T1u symmetry yield multiple 1s2pRIXS fi-
nal state symmetries. The direct 2pXAS (L2,3-edge) transition with T1u

symmetry can only access the T1u symmetry in the final state.
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terms are given in equation (4.8) and (4.9). While, as discussed above, the 2pXAS can
only reach final states with T1u symmetry (A1g ⊗ T1u = T1u).

Similarly to the case discussed in section 4.3.1 (3d9 Cu2+), comparing the final states
it becomes clear once again that the key element are the intermediate states from which
the 2pXES decays, and thus enables to reach more final states when compared to the
direct 2pXAS.

This overall results in the 1s2pRIXS maps shown in Figure 4.13. The total RIXS
map is decomposed into the Eg and T2g quadrupole absorption components. The
selective absorption towards each intermediate state is obtained.

- -

A1g

T2g

A2u

Eu

T2u

T1u

- -

A1g

Eg

T2u

T1u

Figure 4.13: (top) Calculation of the 1s2pRIXS spectra for 3d0 Ti4+ (10Dq = 2.1 eV)
separated into the quadrupole components Y m

l (with m = 0, 1 and l = 2)
in spherical symmetry. They translate into the T2g and Eg IRREPs de-
scribing the quadrupole 1sXAS transitions. The term scheme insets illus-
trate the corresponding pathways. (bottom) The corresponding 2pXES
projections onto the energy transfer axis for the two quadrupole compon-
ents and the calculated 2pXAS (L2,3-edge).
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The 1s2pRIXS spectra calculated for each of the two absorption peaks are shown
(top in Figure 4.13). Experimentally, this dichroic behaviour has been observed for Ti4+

in cubic oxides such as the prototypal SrTiO3.[12] The 60 final states are labeled with
their total angular IRREP (bottom), which enables to see that both, the 1s2pRIXS
and 2pXAS, probe the T1u final state symmetry.
We further observe that within the four main peaks in 2pXAS, the first peaks of

the L3 (at ET ≈ −3.5 eV) and of the L2 (at ET ≈ 2 eV) are stronger via the T2g

absorption channel of the 1s2pRIXS than the Eg and vice-versa: the second peak of
the L3 (ET ≈ −1 eV) and of the L2 (at ET ≈ 4.5 eV) are stronger via the Eg absorption
channel of the 1s2pRIXS than via the T2g. This can be understood in a single electron
picture with the crystal field splitting of the final state: the lower states of the L3 edge
contains the 3d single electron in the t2g orbitals while the higher energy states have
the 3d electron in the eg orbitals, and similarly for the L2 edge.[13]

1s2pRIXS experiments of 3d0 systems

Experimental 1sXAS spectra (e.g. HERFD) of titanium oxides in the solid state often
show more than two peaks in the pre-edge, which contradicts the result shown in Figure
4.11. The reason is that there are additional dipole transitions at energies overlapping
with the quadrupole pre-peaks. These dipole peaks are related to so-called non-local
peaks, where the local 3d character is hybridised with the 4p states of the neighbouring
titanium atoms.[14] In addition, we note that for high valent ions such as Ti4+, charge
transfer is important for the detailed description of the 2pXAS and 1s2pRIXS spectral
shape.[13]

Experimental 1s2pRIXS experiments have been published on TiO2 by Glatzel et
al.[15] and Kas et al.[16] The 1s2pRIXS planes show the quadrupole pre-edges and the
non-local peaks. The 1s2pRIXS cross section at the first quadrupole peak shows three
peaks in qualitative agreement with the t2g calculation in Figure 4.13. Bagger et al.
analysed the quadrupole and dipole RIXS separately.[17] We note that the ionic limit
as calculated in Figure 4.13 is likely to be reached by 1s2pRIXS experiments at the
K-edge on divalent calcium systems (Ca2+), including octahedral CaO and cubic CaF2.
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4.3.3 3d8 - divalent nickel Ni2+

In this part we investigate the elementary differences between 2pXAS and 1s2pRIXS
for a divalent nickel ion Ni2+ (3d8). As we will show, the electronic configurations of
the different steps of 1s2p RIXS present strong analogies with the case of Ti4+, the
main difference being is the nature of the initial state. We start again with the atomic
case by deriving the J -values as IRREPs.

1s2p RIXS: 1s2 2p6 3d8 ∆J=±2−−−−−−→
1s XAS

1s1 2p6 3d9 ∆J=0,±1−−−−−−−→
2p XES

1s2 2p5 3d9

2p XAS: 1s2 2p6 3d8 ∆J=0,±1−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
2p XAS

1s2 2p5 3d9

The electronic configuration of the initial state of Ni2+ is 1s2 2p6 3d8 with two holes
in the 3d-shell. The multi-electronic interactions lead to 45 states spread across the
terms: 3F, 3P, 1G,1D and 1S.[8] In spherical symmetry (O3), the atomic ground state
is 3F (L = 3 and S = 1). The 3d spin-orbit coupling ζ3d ≈ 0.1 eV induces the splitting
of the 3F term into the three terms:

3F 3d SOC−−−−−−−→ 3F2,
3F3,

3F4 (4.10)

From those three IRREPs with J = 2, 3, 4 the 3F4 term with J = 4 is the ground
state term symbol.

The electronic configuration of the intermediate state in 1s2pRIXS of Ni2+ is
1s1 2p6 3d9 (one hole in the 1s shell and one hole in the 3d shell) which translates into
the two terms 1D and 3D (2·10 = 20 microstates). It is noteworthy that this is identical
to the intermediate state of Ti4+ described above (section 4.3.2) due to the electron-
hole equivalency. The 3d spin-orbit interaction splits the two terms into the 1D2 (for
S = 0) and 3D1, 3D2, 3D3 (for S = 1) Russel-Saunders terms. The resulting splittings
distribute the four terms in energy over ∆E ≈ 0.25 eV for which the 1sXAS will appear
only as a single peak due to the resolution chosen in our calculations, analogue to the
Ti4+ atomic case.
The difference in the 1sXAS step in 1s2pRIXS between the 3d8 Ni2+ and 3d0 Ti4+

case arises from the spin multiplicity of the initial state. In both cases, the electric
quadrupole absorption leads to a J = 2 intermediate state. Due to the small 3d spin-
orbit coupling (ζ3d = 0.1 eV ), the spin multiplicity is mostly conserved in the transition
and the absorption from the spin triplet initial state of Ni2+ leads to the 3D2 state.
For Ti4+ on the other hand, mainly the 1D2 term is reached.
The electronic configuration of the final state in 2pXAS and 1s2pRIXS of Ni2+

is 1s2 2p5 3d9. This is again strictly analogue to the final state of Ti4+. The final
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state configuration corresponds to several atomic terms (1,3P,1,3D,1,3F) which are split
further due to the strong 2p spin-orbit coupling ζ2p = 11.5 eV. The total symmetry
final state terms are represented with integer J -values ranging from J = 0 to J = 4.
The detailed splittings were given above in Figure 4.7 in section 4.3.2.

Only final state terms with J = 1, 2, 3 are formally accessible in the 1s2pRIXS
from the intermediate state with J = 2 via 2pXES decays (∆J = 0,±1). The direct
2pXAS (with ∆J = 0,±1) on the other hand can only reach final state terms with
J = 3 or J = 4 from the ground state with J = 4. Altogether, the selection rules for
the atomic case can be summarised as:

1s2p RIXS: J = 4
∆J=±2−−−−−−−−−→
1s XAS

J = 2
∆J=0,±1−−−−−−−−−−→
2p XES

J = 1, 2, 3

2p XAS: J = 4
∆J=0,±1−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
2p XAS

J = 3, 4

This is also illustrated in the combined term scheme shown in Figure 4.14.
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Figure 4.14: Atomic term scheme with spin-orbit coupling for Ni2+ comparing the

two-step (1s XAS, 2p XES) 1s2p RIXS and the one-step 2p XAS path-
ways. Here it should be noted that the two IS term are only separated
by the small 3d SOC ζ3d Note that the final state is similar to Ti4+.
Non-accessible terms (e.g. final states with J = 0) are omitted for clarity.

The calculated 1s2pRIXS of an isolated Ni2+ ion (O3) is compared to the 2pXAS
in Figure 4.15. The transitions are labelled with the dominant contribution of corres-
ponding final state terms. The four peaks in the 2pXAS (three in the L3 and one in
the L2) correspond to the J = 3 and J = 4 IRREPs. It is noteworthy here that the
3F4 final state term is special in the sense, that it can be accessed only in 2pXAS, but
its population via 1s2pRIXS is forbidden. Hence, in 2pXAS the peak at ET ≈ −4 eV
is related to the J = 4 IRREP (dominated by 3F4). While in 1s2pRIXS the peak
at ET ≈ −4 eV in the 2pXES decay relates to transitions in to the final state IR-
REP J = 2 (mostly 1D2). In other words, though it seems that the same peak at
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ET ≈ −4 eV appears in the 2pXAS as well in the 2pXES decay in 1s2pRIXS, it is in
each case related to a different final state IRREP.

L3 L2

Figure 4.15: Calculated 1s2pRIXS for an isolated Ni2+ ion (3d8) representing the
atomic case. The projection of the total 1s2pRIXS map onto the energy
transfer axis is shown together with the 2pXAS (L2,3-edge) in dashed red
and the corresponding sticks spectrum.

Closer inspection of the sticks reveals that the 3F3 term does not appear as dominant
contribution, but instead the 1F3 term appears twice. This is due to the fact that the
atomic terms loose their meaning when spin-orbit interaction is included. Then J = 3

becomes the identifying IRREP which is formally a linear combination of 1F3, 3D3 and
3F3. Here it happens to be the case that the 1F3 contribution is dominant in two J = 3

IRREPs. As expected, the J = 0 IRREP (dominated by the 3P0 term), as well as
the J = 1 IRREP (3P1, 3D1 terms) have no contribution to the 2pXAS spectrum.
Furthermore, transitions into the J = 2 IRREPs (P2, F2, F2 terms) are not appearing
in 2pXAS.
In the 2pXES decay, the J = 2 IRREPs have a much stronger contribution to the

spectrum. Those peaks, related to the final state IRREPs J = 2, show in this example
the largest difference between the 2pXAS and 2pXES as can be seen in Figure 4.15.

Considering an Oh crystal field

The crystal field splitting in Oh symmetry of the atomic terms of the initial state
configuration of Ni2+ (1s2 2p6 3d8) is well-known and described with the Tanabe-Sugano
diagram. The ground state atomic terms symbol 3F splits into 3A2g, 3T2g, and 3T1g and
gives 3A2g as the octahedral crystal field ground state. The inclusion of the 3d spin-
orbit coupling (S = 1→ ⊗T1g) translates the ground state term as 3A2g⊗T1g = T2g.
Thus the crystal field ground state of 3d8 Ni2+ including 3d spin-orbit interaction is
3A2g [T2g] (Oh).
The crystal field splitting of the 1s2pRIXS intermediate state of Ni2+ is analogue

to Ti4+ as the 1,3D terms split into 1,3Eg ⊕ 1,3T2g. From the ground state symmetry
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3A2g (neglecting 3d SOC), the 1s XAS IRREPs T2g and Eg enable to reach only 3T1g

and 3Eg intermediate state symmetries:

3A2g
⊗T2g−−−−→ 3T1g (4.11)

3A2g
⊗Eg−−−−→

1s XAS
3Eg (4.12)

In other words, the intermediate state term 3T2g cannot be reached by the electric
quadrupole 1sXAS absorption. Hence, only the 1sXAS IRREP Eg leads to an existing
intermediate state symmetry 3Eg. This is illustrated in Figure 4.16.

1,3Eg 1,3T2g

Figure 4.16: 1sXAS projections of the calculated 1s2pRIXS map for Ni2+ (3d8) show-
ing only one peak as the T2g term is not reachable. The red lines indicate
the energy levels of the intermediate state.

As a result, the 1sXAS projection of the total 1s2pRIXS map will consist only of
transitions into the 3Eg intermediate state symmetry, because the quadrupole 1sXAS
transition into the 3T2g intermediate state term is forbidden. We note that the spin
singlet and triplet intermediate states are only separated by a few meV by the 3d spin-
orbit, Coulomb and exchange interactions (e.g. ζ3d ≈ 0.1 eV). Therefore, the 1sXAS
transitions appear as a single peak due to the resolution chosen in our calculations.

The single peak observed in the 1sXAS step for 3d8 Ni2+ is a first important difference
with 3d0 Ti4+, which arises from the different nature of the initial state term. This can
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be further understood in a single electron picture: Since the two holes of the initial
state of Ni2+ are in the eg orbitals, the excited 1s electron can only go to the empty
eg orbitals (3Eg intermediate state). On the contrary, in the case of Ti4+ (section
4.3.2), both eg and t2g orbitals are empty, leaving both Eg and T2g intermediate state
symmetries accessible.
When the crystal field (10Dq) is large with respect to the other electronic interac-

tions, such as the 3d spin-orbit interaction ζ3d , the 1sXAS step of the 1s2pRIXS can
be described well with the non-coupled IRREPs (L and S are good quantum numbers).
When the crystal field is weak or when the electronic interactions are stronger, such as
the ζ2d spin-orbit, it is necessary to use the L.S-coupled terms. The spin-orbit coupling
translates the intermediate state terms into the same total angular symmetry terms as
for Ti4+ (see Figure 4.10). From this it is evident that the intermediate state offers four
different symmetries A2g, Eg, T1g and T2g from which the 2pXES decays can occur.
The branching in octahedral symmetry of the final state of Ni2+ is again analogue

as Ti4+ (see section 4.3.2). Those terms translate in an Oh crystal field to the ungerade
symmetries: A1u, A2u, Eu, T1u, T2u. The dipole 2pXES decays in 1s2pRIXS from the
intermediate state terms give:

Eg
⊗T1u−−−−−→ T1u ⊕ T2u (4.13)

T1g
⊗T1u−−−−−→ A1u ⊕ Eu ⊕ T1u ⊕ T2u (4.14)

T2g
⊗T1u−−−−−→
2pXES

A2u ⊕ Eu ⊕ T1u ⊕ T2u︸ ︷︷ ︸
accessible FS terms

(4.15)

From that we find that in 2pXES all final state symmetries can be reached.
For 2pXAS the dipole transition (T1u) starts from the T2g ground state.

T2g
⊗T1u−−−−−→
2pXAS

A2u ⊕ Eu ⊕ T1u ⊕ T2u︸ ︷︷ ︸
accessible FS terms

(4.16)

From that we find that the reachable 2pXAS final states can have A2u, Eu,T1u or
T2u symmetry. In other words, all intermediate terms, except those with A1u, can be
reached in 2pXAS. This is identical to the third case of the RIXS as described above
in Eq. 4.15. The difference between the transition matrix elements of XAS and RIXS
can result in different intensities.
The comparison between the 2pXAS and 1s2pRIXS selection rules is summarised

in the scheme in Figure 4.17. Comparing this case with the case of Ti4+ in an Oh

crystal field enables to highlight the crucial influence of the ground state symmetry. We
conclude with the calculated 1s2pRIXS maps and a comparison with the corresponding
2pXAS as shown in Figure 4.18. The calculations reveal two aspects: First, we notice
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Figure 4.17: Multi-electronic term scheme for 3d8 Ni2+ comparing the 1s2pRIXS and
direct 2pXAS pathways. Populating the T2g intermediate state would
require a two electron transition in 3d8.

L3 L2

Figure 4.18: Calculated 1s2pRIXS for Ni2+ (3d8) for 10Dq = 0.9 eV. As can be seen in
the map reflecting the quadrupole IRREP T2g (top left) the contribution
to the spectrum is non-zero because of the small 3d spin-orbit interaction
leading to a weak mixing of the states. But the T2g contribution is about
186 times weaker and thus neglectable.
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the direct 2pXAS and the 2pXES final state spectrum have a similar appearance. This
can be explained with the term scheme in Figure 4.17 illustrating that the 2pXES and
the direct 2pXAS probe similar finals state terms. Second, we note that the intensity
of the contribution to the 1s2pRIXS via the quadrupole T2g IRREP is two orders of
magnitude weaker than the contribution via Eg 1sXAS IRREP. According to the strict
L = ±2 selection rule (e.g. when neglecting 3d spin-orbit coupling), no transitions arise
from the T2g absorption. However, the 3d spin-orbit interaction ζ3d is in fact nonzero,
though small. Hence, when looking at the total angular momentum IRREPs of the
intermediate states (e.g. the terms including SOC) and the 1sXAS selection rules
shown in expression (4.11), it appears that some intermediate states can be probed by
T2g operator. In other words, the small but non-zero 3d spin-orbit coupling ζ3d induces
some mixing such that the contributions to the spectrum via the 1sXAS IRREP T2g

will be non-zero but weak. A direct comparison of the two 1sXAS transitions with T2g

and Eg symmetry shows that the T2g spectrum multiplied by 186 is almost identical
to the Eg spectrum (Figure 4.18).

1s2pRIXS experiments of 3d8 systems

Experimental 1s2pRIXS spectra of 3d8 NiF2 and molecular Ni(II) complexes have
been published by Glatzel et al.[18,19] Within the resolution of the measurement, the
NiF2 spectrum is exactly reproduced by the crystal field calculation.[18]

4.4 1s2p RIXS for other 3dN Configurations

In this section the remaining 3dN configurations (N ∈ {1...7}) are discussed in a more
condensed manner. Furthermore, for the systems with a 3d4, 3d5, 3d6 and 3d7 ground
state, a high spin (HS) and a low spin (LS) case is presented. This is due to the fact
that the crystal field splitting energy (10Dq) and the pairing energy in those cases
are competing. In other words, for sufficiently large values of 10Dq the ground state
changes from high spin to low spin. Subsequently, this affects the possible transitions
within those systems and hence the resulting spectra will have a different appearance.[8]

For each ion in high spin we are choosing a 10Dq value matching roughly the empir-
ically found "0.5 − 0.6 eV per valency" approximation for transition metal oxides. To
illustrate the differences, we additionally select for 3d4 to 3d7 a sufficiently large value
of 10Dq to obtain the corresponding spectra for a low spin configuration. The used
crystal field values (10Dq) are summarised in Table 4.1.
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GS Ion Ground State Terms # of MS # of GS 10Dq in eV

3dN O3 Oh

(
10

N

)
HS HS LS HS LS HS LS

3d0 Ti4+ 1S 1A1g [A1g] 1 1 0.0, 2.1
3d1 Ti3+ 2D 2T2g [F3/2g] 6 10 1.5
3d2 Cr4+ 3F 3T1g [Eg] 9 45 2.1
3d3 Cr3+ 4F 4A2g [F3/2g] 4 120 1.5
3d4 Mn3+ 5D 5Eg [A1g] 3T1g [A1g] 10 9 210 1.5 3.9
3d5 Fe3+ 6S 6A1g [F3/2g] 2T2g [E5/2g] 6 6 252 1.5 3.9
3d6 Fe2+ 5D 5T2g [T2g] 1A1g [A1g] 15 1 210 0.9 3.0
3d7 Co2+ 4F 4T1g [E1/2g] 2Eg [F3/2g] 12 4 120 0.9 3.0
3d8 Ni2+ 3F 3A2g [T2g] 3 45 0.9
3d9 Cu2+ 2D 2Eg [F3/2g] 4 10 0.0, 3.0

Table 4.1: Summary of the ground state terms, number of microstates and crystal field
values (10Dq) for all ions used in our calculations.

As we have seen already throughout the didactic cases in section 4.3, the 2pXES
decays are always described with the dipole IRREP T1u. As this will be used in the
following sections in a rather repetitive manner, we summarise all the reachable final
state symmetries for any given intermediate state symmetry, derived from the product
Table 4.6, in the equations (4.17) to (4.24).

A1g ⊗ T1u = T1u (4.17)

A2g ⊗ T1u = T2u (4.18)

Eg ⊗ T1u = T1u ⊕ T2u (4.19)

T1g ⊗ T1u = A1u ⊕ Eu ⊕ T1u ⊕ T2u (4.20)

T2g ⊗ T1u = A2u ⊕ Eu ⊕ T1u ⊕ T2u (4.21)

E1/2g ⊗ T1u = E1/2u ⊕ F3/2u (4.22)

E5/2g ⊗ T1u = E5/2u ⊕ F3/2u (4.23)

F3/2g ⊗ T1u = E1/2u ⊕ 2F3/2u ⊕ E5/2u (4.24)

As can be seen above, the first five equations, (4.17) to (4.21), relate to intermediate
states with an even number of electrons in open shells (e.g. integer S-value). The
bottom three equations (4.22) to (4.24), on the other hand, relate to intermediate
state symmetries with an electron configuration having an odd number of electrons
in open shells (e.g. half-integer S-value). In the following we prefer to refer to these
equations instead of repeating them every time in each of the following cases.
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4.4.1 3d1 ground state system e.g. Ti3+

In the previous cases, the splitting of the ground state electronic terms was leading to
a single term, e.g. 2Eg [F3/2g] (Oh) for Cu2+ (3d9) or 3A2g [T2g] (Oh) for Ni2+ (3d8). In
the following we discuss the 3d1 ground state configuration representing for instance
the case of a Ti3+ ion.

1s2p RIXS: 1s2 2p6 3d1 ∆J=±2−−−−−−→
1s XAS

1s1 2p6 3d2 ∆J=0,±1−−−−−−−→
2p XES

1s2 2p5 3d2

2p XAS: 1s2 2p6 3d1 ∆J=0,±1−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
2p XAS

1s2 2p5 3d2

As will be shown below, the 3d1 case is an interesting transition towards the other
transition metal ions, as it enables to explore two aspects in the RIXS: i) The influence
of the spin-orbit splitting of the ground state leading to the contribution of several
terms for T > 0K; And ii) the effect of the multi-electronic interactions of the 3d shell
in the intermediate and final states of 1s2pRIXS. The atomic case will not be detailed
and we will only discuss the influence of the Oh crystal field.
The initial state electronic configuration 1s2 2p6 3d1 only contains a single electron

in the 3d shell. It is noteworthy that this electronic configuration is analogue to the
initial state of Cu2+: the atomic ground state term is 2D, which splits into 2D5/2 and
2D3/2 by the 3d spin-orbit coupling (see Table 4.3). In Oh crystal field, the 2D term
splits into 2T2g for |t12g e0

g〉 and 2Eg for |t02g e1
g〉.

(O3) (Oh) (Oh) (Oh)

2D

2D3/2

2D5/2

F3/2

E5/2

F3/2

Eg

T2g
2D

Figure 4.19: Initial state term schemes illustrating the effect of the 3d SOC ζ3d and
an Oh crystal field 10Dq on the splittings of the atomic ground state term
2D of 3d1.

The difference with Cu2+ (3d9) is that the ground state term of Ti3+ (3d1) is 2T2g

(6 microstates). When considering the 3d spin-orbit coupling ζ3d , this term splits into
the two total symmetry irreducible representations (IRREPs) F3/2g (mixing of 2D5/2

and 2D3/2) and E5/2g (from 2D5/2 term), where F3/2g is the lowest. This is summarised
in Figure 4.19, which shows the splittings of the ground state Russel-Saunders term
2D with SOC and a Oh crystal field. It should be compared with Cu2+ (Figure 4.3).
Furthermore, we note that due to the small 3d SOC in the initial state (ζ3d = 19meV),
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the splitting of the ground state 2T2g is only 28meV. Thus for temperatures T > 0K,
the second IRREP should also be included according to the Boltzmann population.
For instance, at T = 300K, the Boltzmann population of the F3/2g (4-fold degenerate)
is 86% and 14% for the E5/2g (2-fold degenerate). The contribution of the second term
E5/2g is thus small but not entirely negligible.

The intermediate state electron configuration 1s1 3d2 (2 · 45 = 90 microstates) is
equivalent to the initial state of Ni2+ coupled to the 1s core-hole.[8] The atomic terms
are 2,4F, 2,4P, 2G and 2S (Table 4.3). Because the Coulomb exchange Gsd is small,
the splitting between the doublet and the quartet spin states is small and beyond the
accessible energy resolution.
Using Table 4.4 one finds the branchings of the atomic states in an Oh crystal field.
The resulting Oh term symbols for a 1s13d2 configuration are 2,4A2g, 2,4T2g, 2,4T1g, 2A1g

and 2Eg. The energy splitting of these Oh crystal field terms is qualitatively similar
to the Tanabe-Sugano diagram of 3d2. In the particular case of Ti3+, the result of the
calculation is given in Figure 4.20 where the 1sXAS projections are shown together
with the crystal field terms assigned.

Because the 3d spin-orbit coupling is weak one can neglect it in first approximation,
the spin conservation leads to the 1sXAS being dominated by transitions into the spin
doublet states, while the matrix elements of the transition to the spin quartet terms
are much smaller. Thus we will therefore focus on the doublet spin states.

2T2g
⊗T2g−−−→ 2A1g ⊕ 2Eg ⊕ 2T1g ⊕ 2T2g (4.25)

2T2g︸ ︷︷ ︸
GS

⊗Eg−−−−→
1sXAS

2T1g ⊕ 2T2g︸ ︷︷ ︸
reachable IS terms

(4.26)

This shows that in an Oh crystal field, starting from the 2T2g ground state, the 1sXAS
operators T2g and Eg enable to reach all even terms except the 2A2g IRREP. This
results in numerous multiplet states reached in the intermediate state of 1s2pRIXS.
The 1sXAS projections in Figure 4.20 show the splitting of the peaks due to the
scaling of the crystal field parameter 10Dq. We note that the 2A2g (2F) does not
get any intensity in the absorption step of 1s2pRIXS in agreement with the 1sXAS
selection rules as found in the expressions given in (4.25) and (4.26).

The previous didactic examples (section 4.3) demonstrated the necessity to consider
the L.S-coupled terms to describe the 2pXES transitions to the final state in 1s2pRIXS
and the 2pXAS. In the intermediate state, the Oh total symmetry IRREPs of the
doublet spin states are obtained by coupling the reachable orbital IRREPs with the
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spin IRREP (S = 1/2→ ⊗E1/2g):

A1g ⊗ E1/2g = E1/2g (4.27)

Eg ⊗ E1/2g = F3/2g (4.28)

T1g ⊗ E1/2g = E1/2g ⊕ F3/2g (4.29)

T2g ⊗ E1/2g = E5/2g ⊕ F3/2g (4.30)

The result shows that all three odd total symmetric IRREPS E1/2g, F3/2g, E5/2g are
reachable in the intermediate state. In other words, all three odd IRREPs are contrib-
uting to the 2pXES decays.

Figure 4.20: Influence of the Oh crystal field on the 1sXAS projection of the calculated
1s2pRIXS spectra for Ti3+ (3d1) with ELD overlay. A comparison to
the calculated 1sXAS projections shows on the one hand, that neglecting
3d SOC in this step is a valid approximation. And on the other hand it
confirms that a quadrupole transition from the 2T2g ground state sym-
metry can reach A1g, Eg, T1g and T2g symmetries, but the A2g symmetry
does not contribute to the spectrum.

The final state configuration 1s2 2p5 3d2 contains 6 ·45 = 270 microstates due to the
hole in the 2p shell. The atomic terms symbols span from S to H with spin doublets
and quartets and J values ranging from 1/2 to 11/2.[8] In an Oh crystal field, these
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terms branch into the three IRREPs E1/2u, F3/2u and E5/2u (Table 4.4). The 2pXES
dipole transition IRREP T1u gives the transitions from the three intermediate state
symmetries into all three final state symmetries as given in the expressions (4.22) to
(4.24).

For the direct 2pXAS, as mentioned above, the two ground state terms F3/2g and
E5/2g are to be considered due to the small splitting. This leads with the dipole
transition IRREP T1u also to all three final state symmetries:

E5/2g
⊗ T1u−−−−→ E5/2u ⊕ F3/2u (4.31)

F3/2g
⊗ T1u−−−−→
2pXAS

E1/2u ⊕ 2F3/2u ⊕ E5/2u (4.32)

It becomes obvious that the selection rules enable to reach all three final state IRREPs
in both cases: 2pXAS and 1s2pRIXS. This is summarised in the combined term
scheme shown in Figure 4.21.
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Figure 4.21: Multi-electronic term scheme for Ti3+ (3d1) comparing the 1s2pRIXS and
direct 2pXAS pathways. Where SOC is included the spin multiplicity is
omitted as its meaning is lost in that case.

Although, it seems that all the final state symmetries can be reached in both cases,
2pXAS and the 2pXES in 1s2pRIXS, the calculated spectra shown in Figure 4.22
demonstrate that the RIXS intermediate state enables to select some specific final
states. According to the combined term scheme in Figure 4.21, the intermediate states
2T1g, 2T2g and 2Eg enable to reach all final state symmetries. However, because the
first term 2T1g corresponds to the excitation of the 1s electron into the t2g orbitals,
the final states probed resonantly with RIXS are mainly the lower energy part of the
states, corresponding to the "t2g part" of the spectra. The intensity arises mainly from
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T1g T2g T1g T1g T1g A1g T1g T1g A1g

Figure 4.22: Calculated 1s2pRIXS spectrum for Ti3+ (3d1) for 10Dq = 1.5 eV shown
together with some selected CIE slices. The sticks spectrum at the bottom
illustrates the distribution of the three final state terms E1/2u, F3/2u and
E5/2u with respect to the emissions.

the T2g absorption operator. The 2T2g intermediate state selects higher energy final
states equally probed by the T2g and Eg 1sXAS operators. The second term 2T1g

(from 2P atomic term symbol) corresponds to the absorption to the eg orbitals and is
consequently probed by the Eg absorption operator and corresponds to the "eg part"
of the final states. The intermediate state 2A1g (from 2S atomic term symbol) only
gives a very weak absorption via the T2g quadrupole operator in agreement with the
selection rules as given in (4.25). This intermediate state only decays to E1/2u (see
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for example the final state peak at ET ≈ 8.3 eV) and F3/2g (at ET ≈ 2 − 3 eV). Such
intermediate state-selection is identical for the L3 and L2 edges. This is similar to the
results obtained for Ti4+ where the "t2g and eg parts" of the final states are selected
with the intermediate state of RIXS.

1s2pRIXS experiments of 3d1 systems

Experimental 1s2pRIXS spectra of 3d1 V4+ ions in TiO2 have been measured by
Bordage.[20] However, the experimental resolution does not allow to compare the data
in detail with the calculations as shown in Figure 4.22.
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4.4.2 3d2 ground state system e.g. Cr4+

In this part we present the elementary differences between 2pXAS and 1s2pRIXS for
the case of tetravalent chromium (Cr4+). First we gather the relevant information
analog to the previous cases which are then summarised in a combined termscheme
illustrating the transition paths in 1s2pRIXS (1sXAS, 2pXES) and the direct 2pXAS.
The electronic configurations involved here are:

1s2p RIXS: 1s2 2p6 3d2 ∆J=±2−−−−−−→
1s XAS

1s1 2p6 3d3 ∆J=0,±1−−−−−−−→
2p XES

1s2 2p5 3d3

2p XAS: 1s2 2p6 3d2 ∆J=0,±1−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
2p XAS

1s2 2p5 3d3

In the following, we will discuss this case with respect to the influence of the SOC
in the intermediate state leading to a significant increase of the number of possible
1s2pRIXS final states. The atomic case will not be detailed and we will only discuss
the influence of the Oh crystal field for 10Dq = 2.1 eV.

The initial state electron configuration 1s2 2p6 3d2 corresponds to the atomic ground
state term 3F (O3) with 45 microstates. It translates in an Oh crystal field (without
3d SOC) into a 3T1g ground state symmetry with 9 microstates. By including 3d SOC
ζ3d we find the further splittings of the 3T1g ground state term (S = 1→ ⊗ T1g) :

3F4 (O3)
CF−−−→ 3T1g (Oh)

SOC−−−→ A1g ⊕ Eg ⊕ T1g ⊕ T2g (Oh) (4.33)

From these terms Eg lies lowest in energy, hence the ground state is 3T1g [Eg] (Oh).
The intermediate state configuration 1s1 3d3 with 2 · 120 = 240 microstates trans-

lates into the atomic term symbols 3,5F, 3,5P, 3H , 3G, 3D and 3P (Table 4.3). Using
Table 4.4 one finds the branchings of the atomic states in an Oh crystal field. The
resulting Oh term symbols are 3,5A2g, 3,5T2g, 3,5T1g, 3A1g, 3A2g, 3Eg, 3T1g and 3T2g.
However, the Coulomb exchange Gsd is small, hence the splitting between the triplet
and the quintet spin states is small and beyond the accessible energy resolution. The
energy splittings of those terms is qualitatively similar to the Tanabe-Sugano diagram
of a 3d3 electron configuration.
Because the 3d SOC is weak, the spin is conserved leading to the 1sXAS transitions

being dominated by transitions into the spin triplet states, while the matrix elements
of the transition to the spin quintet terms are weak. Thus, we will focus on the spin
triplet symmetries.

3T1g
⊗T2g−−−−→ 3A2g ⊕ 3Eg ⊕ 3T1g ⊕ 3T2g (4.34)

3T1g
⊗Eg−−−−→

1sXAS
3T1g ⊕ 3T2g︸ ︷︷ ︸

accessible IS terms

(4.35)
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As can be seen from the results found in (4.34) and (4.35), starting from a 3T1g ground
state all but the 3A1g intermediate state symmetries can be reached via the quadrupole
1sXAS. The 1sXAS projections of the 1s2pRIXS for 10Dq ranging from 0.1 eV to
3.0 eV are shown in Figure 4.23.

Figure 4.23: Effect of the Oh crystal field on the 1sXAS projections of the calculated
1s2pRIXS spectra for Cr4+ (3d2). The corresponding ELD overlay illus-
trates the distribution of the reachable intermediate state terms contrib-
uting in 1sXAS.

For the 2pXES decays in 1s2pRIXS however the inclusion of SOC is again required.
Using the T1g IRREP (S = 1→ ⊗ T1g) and the direct product table (Table 4.5) one
finds the intermediate state symmetries including 3d SOC ζ3d as also shown in the
combined termscheme in Figure 4.24.

3A2g ⊗ T1g = T2g (4.36)
3Eg ⊗ T1g = T1g ⊕ T2g (4.37)

3T1g ⊗ T1g = A1g ⊕ Eg ⊕ T1g ⊕ T2g (4.38)
3T2g ⊗ T1g = A2g ⊕ Eg ⊕ T1g ⊕ T2g (4.39)

The subsequent 2pXES starts from any of the intermediate state symmetries found in
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the expressions (4.36) to (4.39). The possible 2p XES final state symmetries are all
even symmetries as given in the expressions (4.17) to (4.21).

The final state (1s2 2p5 3d3) contains 6 · 120 = 720 microstates due to the hole in
the 2p shell spanning J from 0 to 7. In an Oh crystal field, these terms branch into the
five total symmetry IRREPs A1u, A2u, Eu, T1u and T2u. In other words, all existing
FS symmetries can be reached in the 2pXES.
Also, for 2pXAS spin-orbit interaction is crucial. Thus starting from the 3T1g [Eg]

(Oh) ground state, and using the T1u IRREP we find that only T1u and T2u IRREPs
are reached, which makes a drastic difference between 2pXAS and 1s2pRIXS. The
selection rules for a 3d2 ground state system are summarised in Figure 4.24 showing
all reachable state symmetries.
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Figure 4.24: Multi-electronic term scheme for Cr4+ (3d2) comparing the 1s2pRIXS and
direct 2pXAS pathways. Where SOC is included the spin multiplicity is
omitted as its meaning is lost in that case.

According to the electric quadrupole selection rules derived in (4.34), the A2g and
Eg intermediate state symmetries are only reachable via the quadrupole T2g IRREP.
This is confirmed in Figure 4.25 (RIXS maps) where the low energy peak at Ein =

−2.25 eV appears only in the RIXS map corresponding to the T2g IRREP. The t2g
and eg components appear well separated with i) the t2g components probed by the
T2g absorption giving two intense and narrow peaks at ET ≈ −6.5 eV and ii) the eg
components probed by the Eg absorption and leading to a larger group of final states
spread in energy between ET = −5 eV and 0 eV. Furthermore, it can be noted that
the X-ray emission spectra (2pXES) are here overall very rich. The corresponding
sticks in Figure 4.25 illustrate how dense the reachable final states are distributed. We
observe that the 2pXAS and 1s2pRIXS differs mainly in the low energy final states:
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Figure 4.25: Calculated 1s2pRIXS spectrum for Cr4+ (3d2) for 10Dq = 2.1 eV. The A2g

intermediate is in agreement with the selection rules only populated via the
T2g 1sXAS IRREP. The slices have been scaled to a comparable intensity
to enhance their character. The bottom plot compares the Integrated
Incident Energy (IIE) 2pXES with the 2pXAS (L2,3-edge).

The 1s2pRIXS enhances the final states below ET ≈ −2.5 eV to which the 2pXAS
transition matrix elements are weak. We note that the 1s2pRIXS spectra which are
the closest to the 2pXAS spectrum are those obtained at the higher energy transfers
at ET > 0 eV.

Considering now the quantitative influence of the natural broadening as principle
limit of any experimental spectrum it becomes clear that an experimental separation
of the final states is impossible. However, high-resolution RIXS measurements enable
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to extract CIE-slices similar to the illustrated examples shown in Figure 4.25.
And finally we illustrate the behaviour of the 2pXES decay projections for different

crystal field values 10Dq = 0.1 eV...3 eV in Figure 4.26.

Figure 4.26: Effect of the Oh crystal field on the 2pXES projections of the calculated
1s2pRIXS spectra for Cr4+ (3d2).

1s2pRIXS experiments of 3d2 systems

Experimental 1s2pRIXS spectra of 3d2 CrO2 have been published by Zimmermann
et al.[21] Analysis of the magnetic circular dichroism (MCD) of the 1s2pRIXS revealed
that the pre-edge structure that is visible in the 1s2pRIXS plane is dominated by a
non-local contribution. The MCD data reveals the real quadrupole peak, but due to
its low intensity and limited resolution it does not allow to compare the quadrupole
peak to the spectra calculated in Figure 4.25.
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4.4.3 3d3 ground state system e.g. Cr3+

The electronic configurations involved for a 3d3 ion are summarised below:

1s2p RIXS: 1s2 2p6 3d3 ∆J=±2−−−−−−→
1s XAS

1s1 2p6 3d4 ∆J=0,±1−−−−−−−→
2p XES

1s2 2p5 3d4

2p XAS: 1s2 2p6 3d3 ∆J=0,±1−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
2p XAS

1s2 2p5 3d4

For 3d3 systems such as Cr3+ the initial state configuration 1s2 2p6 3d3 (120 mi-
crostates) translates in Oh to a 4A2g ground state (4 microstates). With 3d SOC
(S = 3/2 → ⊗ F3/2g) the ground state of a 3d2 ion is thus 4A2g [F3/2g] (Oh) (Table 4.7).

The intermediate state terms (420 microstates) contain spin sextets, quartets and
doublets and orbital momentum ranging from S to I. They split in Oh crystal field
as the Tanabe-Sugano diagram of 3d4 systems. Those terms, neglecting 3d spin-orbit
interaction, branch into multiple Oh terms:

2,4,6T2g,
2,4,6Eg, 2,4T1g,

2,4A2g and 2,4A1g (4.40)

For 1s XAS, the weak spin-orbit coupling in the 3d shell results in spin-conserving
transitions from the ground state 4A2g to the spin-quartet intermediate states with
quadrupole IRREPs 4T1g and 4Eg:

4A2g
⊗T2g−−−→ 4T1g (4.41)

4A2g
⊗Eg−−−−→

1sXAS
4Eg (4.42)

This illustrates, though many symmetries exist in the intermediate state, only the
transitions into the T1g and Eg symmetries contribute to the spectrum, as can be seen
in Figure 4.27.
Again, as detailed throughout the examples above for the 2pXES decays consider-

ation of 3d SOC is again required. Hence we give the splitting of the two reachable
intermediate state terms 4T1g and 4Eg due to SOC (S = 3/2 → ⊗ F3/2):

4T1g ⊗ F3/2 = E1/2 ⊕ E5/2 ⊕ 2 · F3/2 (4.43)
4Eg ⊗ F3/2 = E1/2 ⊕ E5/2 ⊕ F3/2 (4.44)

Here it is noteworthy that both IS terms (4T1g and 4Eg ) are branching into the same
three symmetries: E1/2, E5/2 and F3/2

The final state (1s2 2p5 3d4) contains 6 · 210 = 1260 microstates due to the hole in
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Figure 4.27: 1sXAS projections of a calculated 1s2p RIXS spectrum for Cr3+ (3d3)
with ELD.

the 2p shell. The atomic term symbols, obtained by coupling the 3d4 atomic terms
with 2P, span from S to K with spin doublets, quartets and sextets and J values from
1/2 to 15/2. A detailed list can be found in the book Core Level Spectroscopy of Solids [8]

(p. 103). The important information is that these J values branch in Oh into the three
odd IRREPs E1/2u, F3/2u and E5/2u.

As derived in (4.43) and (4.44), the 2pXES decays in 1s2pRIXS start from either of
the three intermediate state symmetries E1/2g, E5/2g and F3/2g and can reach E1/2u, E5/2u

and F3/2u final state IRREPs. The transitions are again given in (4.22) to (4.24).

The direct 2pXAS final states terms are similar though it starts from the F3/2g ground
state symmetry.

F3/2g
⊗T1u−−−−−→
2pXAS

E1/2u ⊕ E5/2u ⊕ 2F3/2u (4.45)

Altogether, the reachable final state terms are the same in 1s2pRIXS and the dir-
ect 2pXAS, the selection rules and the corresponding transitions yield different results.

The selection rules are summarised in the term scheme shown in Figure 4.28.
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Figure 4.28: Multi-electronic term scheme for Cr3+ (3d3) comparing the 1s2pRIXS and
direct 2pXAS pathways. Where SOC is included the spin multiplicity is
omitted as its meaning is lost in that case.

The calculated 1s2pRIXS maps and some CIE slices together with the corresponding
1sXAS for Cr3+ (3d3) for a crystal field of 10Dq = 1.5 eV are shown in Figure 4.29. As
can be seen from the corresponding RIXS maps, from the A2g ground state symmetry
the quadrupole T2g IRREP populates only states with T1g symmetry, while the quad-
rupole Eg IRREP populates only intermediate states with Eg symmetry. The 4T1g

(4H) intermediate state symmetry correspond to the electronic configuration with four
3d electrons in the t2g orbitals and as a result the corresponding final states (between
ET ≈ −5 eV and −2.5 eV) are reached in the RIXS. These states correspond to spin-
quartet final states and are weak in 2pXAS. The first 4Eg IRREP intermediate state
(Ein ≈ −0.6 eV) leads to final states between ET ≈ −5 eV and −2.5 eV, which corres-
pond to the eg part of the final states with (t2g)3(eg)1. The other 4Eg intermediate
state symmetries at Ein ≈ 2.35 eV and 3.5 eV lead to higher energy final states, where
it is the RIXS spectrum of 4Eg (ET ≈ 3.5 eV) that resembles more to 2pXAS. This
is consistent with the fact that the atomic term of this intermediate state is similar
to the atomic term of the ground state (4F) leading to similar 1s2pRIXS and 2pXAS
spectra.

1s2pRIXS experiments of 3d3 systems

Examples for 3d3 are systems like Cr3+ and Mn4+. Experimental 1s2pRIXS spectra
of a number of 3d3 Cr3+ systems has been published by Frommer et al.[22] Thomas
et al. (unpublished) compare Cr(III)(acac) and Cr2O3 with 1s2pRIXS crystal field
multiplet calculations, equivalent to Figure 4.29. Cr(III)acac is well reproduced by the
crystal field multiplet calculations. In the case of Cr2O3 additional intensity due to the
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Figure 4.29: Calculated 1s2p RIXS spectrum for 3d3 Cr3+ for 10Dq = 1.5 eV

non-local peak overlaps with the second pre-dge peaks in the 1s XAS. Experimental
1s2pRIXS spectra of MnO2 have been published by Glatzel et al.[23] Mn4+ is a cova-
lent system dominated by charge transfer. As such the 1s2pRIXS is dominated by
fluorescence and the 1s2pRIXS resonances calculated here are not visible as separate
features.
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4.4.4 3d4 ground state system e.g. Mn3+

The electronic configurations involved in this example are summarised below:

1s2p RIXS: 1s2 2p6 3d4 ∆J=±2−−−−−−→
1s XAS

1s1 2p6 3d5 ∆J=0,±1−−−−−−−→
2p XES

1s2 2p5 3d5

2p XAS: 1s2 2p6 3d4 ∆J=0,±1−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
2p XAS

1s2 2p5 3d5

This is the first case in which the crystal field splitting energy (10Dq) and the pairing
energy in those cases are competing. Thus, as shortly discussed in the introduction
notes for section 4.4, the ground state can have a high spin or low spin configuration.

3d4 system in high spin (quintet ground state)

The initial state electronic configuration is 1s2 3d4 (210 microstates) having in high-
spin the atomic ground state term 5D. In an Oh crystal field, the 5D ground state
splits into the 5Eg (|t22g e2

g〉) and 5T2g (|t32g e1
g〉) terms, where 5Eg is lowest in energy.

The inclusion of spin-orbit interaction (S = 2→ ⊗ (Eg ⊕ T2g)) yields the following
splittings in the initial state:

5Eg ⊗ (Eg ⊕ T2g) = (A1g ⊕ A2g ⊕ Eg)⊕ (T1g ⊕ T2g) (4.46)

The ground state 5Eg splits due to 3d SOC into several symmetries from which the
term A1g is lowest in energy, hence the ground state is: 5Eg [A1g] (Oh).

The intermediate state with 1s1 3d5 (2 · 252 = 504 microstates) corresponds to
the atomic terms of 3d5 coupled with the 1s core-hole. This gives spin-multiplicities
ranging from 1 to 7. Using Table 4.4 one finds the branchings of the atomic states in
an Oh crystal field which are analogue to the Tanabe-Sugano diagram of 3d5. Because
the 1sXAS is spin-conserving, only quintet intermediate states are reached in the ab-
sorption from the quintet high-spin ground state (5Eg). The atomic quintet terms are
5S, 5D, 5F, 5G and 5P, which correspond to the crystal field terms 5A1g, 5A2g, 5Eg,
5T1g, and 5T2g respectively.
Starting from the 5Eg ground state term, Table 4.5 gives the reachable intermediate

state symmetries:

5Eg
⊗ T2g−−−→ 5T1g ⊕ 5T2g (4.47)

5Eg︸ ︷︷ ︸
GS

⊗ Eg−−−−→
1sXAS

5A1g ⊕ 5A2g ⊕ 5Eg︸ ︷︷ ︸
(accessible IS in high spin)

(4.48)

The result is that all quintet intermediate state symmetries can be reached in 1sXAS.
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This is confirmed in Figure 4.30 where in high spin only terms with a quintet com-
ponent contribute to the spectrum. Furthermore it can be seen, that the high spin
configuration is maintained up to a crystal field of 10Dq ≈ 2.8 eV.

Figure 4.30: 1sXAS projection of a calculated 1s2pRIXS map for Mn3+ (3d4) with the
corresponding ELD. The high spin to low spin transition at approxim-
ately 10Dq ≈ 2.85 eV can be recognised. In fact there are two HS→LS
transitions: In the ground and the intermediate state.

The inclusion of the 3d spin-orbit interaction (S = 2 → ⊗ (E ⊕ T2)) yields the
corresponding splittings in the intermediate state:

5A1g ⊗ (Eg ⊕ T2g) = (Eg ⊕ T2g) (4.49)
5A2g ⊗ (Eg ⊕ T2g) = (Eg ⊕ T1g) (4.50)
5Eg ⊗ (Eg ⊕ T2g) = (A1g ⊕ A2g ⊕ Eg) ⊕ (T1g ⊕ T2g) (4.51)
5T1g ⊗ (Eg ⊕ T2g) = (T1g ⊕ T2g) ⊕ (A2g ⊕ Eg ⊕ T1g ⊕ T2g) (4.52)
5T2g︸ ︷︷ ︸

IS terms

⊗ (Eg ⊕ T2g) = (T1g ⊕ T2g) ⊕ (A1g ⊕ Eg ⊕ T1g ⊕ T2g)︸ ︷︷ ︸
IS terms including 3d SOC

(4.53)

Subsequently, the 2pXES decays can start from any of these terms.
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The final state (1s2 2p5 3d5) contains 6 · 252 = 1512 microstates due to the hole in
the 2p shell spanning J from 0 to 8. In an Oh crystal field, these terms branch into
the five total symmetry IRREPs A1u, A2u, Eu, T1u and T2u. In other words, all even
symmetries exist in the final state. The reachable final state terms in 2pXES are found
again with the dipole IRREP T1u as summarised in the equations (4.17) to (4.21). In
short, all existing final state symmetries are also reachable in the 2pXES decays in
1s2pRIXS.

The situation is very different for the direct 2p XAS. Starting from the A1g total
symmetry IRREP term, and using the T1u dipole IRREP, only final states with T1u

symmetry are reachable.
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Figure 4.31: Multi-electronic term scheme for Mn3+ (3d4) in high spin comparing the
1s2pRIXS and direct 2pXAS pathways. Where SOC is included the spin
multiplicity is omitted.

The calculated 1s2pRIXS, separated into the contributions via the quadrupole IR-
REP T2g and Eg, together with some slices is shown in Figure 4.32.

A comparison of the RIXS maps in Figure 4.32 with the results found in the expres-
sions (4.47) and (4.48) confirms the 1sXAS selection rules. As predicted in expression
(4.47) the quadrupole IRREP T2g populates the intermediate state symmetries 5T1g

and 5T2g. While expression (4.48) showed for the quadrupole IRREP Eg only the
intermediate state symmetries 5A1g, 5A2g and 5Eg can be reached.

3d4 in low spin (triplet ground state)

For large crystal field energies (10Dq), the initial state electronic configuration 1s2 3d4

has a low-spin (LS) ground state. The atomic Russel-Saunders term 3D translates
into a 3T1g ground state with 9 microstates. The inclusion of 3d SOC (S = 1→ ⊗ T1g)
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T1g T1g A1g Eg A1g Eg

Figure 4.32: Calculated 1s2pRIXS map for Mn3+ (3d4) with a crystal field fo 10Dq =
1.5 eV reflecting the high spin case. As can be seen by the two RIXS
maps (top left and middle), the contributions are in agreement with the
predicted symmetries found in (4.47) and (4.48).

yields the initial state splittings:

3T1g ⊗ T1g = A1g ⊕ Eg ⊕ T1g ⊕ T2g (4.54)

The ground state 3T1g splits due to 3d SOC into several symmetries from which the
term A1g is lowest in energy, hence the low spin ground state is: 3T1g [A1g] (Oh)

The intermediate state electron configuration 1s13d5 is the same as described
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above in the high-spin case, however the higher crystal field results in different energies
for the intermediate state energy levels as shown in Figure 4.33. In the low-spin case,
the initial state (3T1g) being a spin-triplet, the spin-conserving 1sXAS only reaches
spin-triplet intermediate state symmetries:

3T1g
⊗ T2g−−−→ 3A2g ⊕ 3Eg ⊕ 3T1g ⊕ 3T2g (4.55)

3T1g︸ ︷︷ ︸
GS

⊗ Eg−−−−→
1sXAS

3T1g ⊕ 3T2g︸ ︷︷ ︸
(accessible low spin IS)

(4.56)

Here all intermediate state terms, except A1g are reachable in 1sXAS. The exclusion
of the orbital symmetry term A1g, due to the different ground state term, is a first
notable difference with respect to the high-spin case.

Figure 4.33: 1sXAS projection of a calculated 1s2pRIXS map for Mn3+ (3d4) in low
spin.

Applying the 3d spin-orbit coupling (S = 1→ ⊗ T1g) to the reachable intermediate
state terms yields all even total angular momentum IRREPs:

3A2g ⊗ T1g = T2g (4.57)
3Eg ⊗ T1g = T1g ⊕ T2g (4.58)
3T1g ⊗ T1g = A1g ⊕ Eg ⊕ T1g ⊕ T2g (4.59)
3T2g ⊗ T1g = A2g ⊕ Eg ⊕ T1g ⊕ T2g (4.60)

The final states (1s2 2p5 3d5) are identical to the high-spin case regardless of the
crystal field effects, offering five total symmetry IRREPs A1u, A2u, Eu, T1u, and T2u.
For the 2pXES decay we find again from the expressions (4.17) to (4.21) that all

even symmetries (A1u, A2u, Eu, T1u and T2u) can be reached. In 2pXAS, starting from
the A1g total symmetry term, and using the T1u IRREP we find that only T1u final
state IRREPs can be reached. The selection rules are summarised in the combined
term scheme in Figure 4.34.
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Figure 4.34: Multi-electronic term scheme for Mn3+ (3d4) in low spin comparing the
1s2pRIXS and direct 2pXAS pathways.

An example calculation for the low spin case (10Dq = 3.9 eV) of Mn3+ (3d4) is shown
in Figure 4.35. This example is the first case here in which the crystal field energy
(10Dq) and the pairing energy are competing to induce a low spin configuration for
sufficiently large values of 10Dq. In the present case of Mn3+ (3d4) we see the high-
spin to low-spin transition at around 10Dq ≈ 2.85 eV as is observable in the 1sXAS
projection shown in Figure 4.30.

One difference between the low-spin and high-spin Mn3+ is the spin state of the
ground state. The result is that in the HS, the 1s XAS absorption reaches the spin-
quintet IS, while for the LS case, it reaches the spin-triplet IS. This results in different
final states being probed regardless of the effect of the crystal field. In the low spin
case, the intermediate state is separating the two quadrupole components T2g and Eg
(top Figure 4.35). Although the projected 1s2pRIXS and the 2pXAS present close in-
tensities across the final states, the calculations show that by choosing the 1s2pRIXS
incident energy Ein, one can select specific intermediate states.

We observe that the quadrupole T2g IREEP can reach only one 3T2g (3I) intermediate
state symmetry, while it cannot be reached with the quadrupole Eg operator. This is
consistent with the corresponding electron configuration of the 3T2g IRREP in the 3d
shell: |t5

2g e0
g〉

The quadrupole Eg IRREP enables to reach only the intermediate state spin-triplets
at higher energy. Consequently, it appears that in the case of low-spin Mn3+, depending
on the RIXS intermediate states that are probed, one can either enhance the transitions
into the t2g orbitals of the final states or the transitions into the eg orbitals.
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Figure 4.35: Calculation of a 1s2pRIXS and 2pXAS for Mn3+ (3d4) for 10Dq = 3.9 eV
in low spin. Only the intermediate state symmetry T2g is populated via
the quadrupole T2g IRREP. All CIE slices from the RIXS map representing
the quadrupole T2g IRREP are essentially only showing the tails from the
T2g symmetry as Ein ≈ −0.65 eV.

1s2pRIXS experiments of 3d4 systems

Experimental 1s2pRIXS spectra of a number of 3d4 Mn3+ systems have been pub-
lished by Glatzel et al.[23] for Mn2O3 and also for a series of molecular complexes that
serve as reference systems for photosystem II. The pre-edge 1s2pRIXS resonances can
be separated well from the main peak. The 1s2pRIXS plane of Mn(III)acac[23] is similar
to the calculated plane in Figure 4.35.
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4.4.5 3d5 ground state system e.g. Fe3+

In this part we present the elementary differences for the case of an Fe3+ ion (3d5) (Mn2+

analogue). First we gather the relevant information analog to the previous case(s) which
are again summarised in a combining term scheme illustrating the transition paths in
1s2pRIXS (1sXAS, 2pXES) and 2pXAS. The electronic configurations involved in
this case are summarised below:

1s2p RIXS: 1s2 2p6 3d5 ∆J=±2−−−−−−→
1s XAS

1s1 2p6 3d6 ∆J=0,±1−−−−−−−→
2p XES

1s2 2p5 3d5

2p XAS: 1s2 2p6 3d5 ∆J=0,±1−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
2p XAS

1s2 2p5 3d6

Also, in 3d5 ground state systems like Fe3+ or Mn2+ high-spin to low-spin transitions
can be observed. Thus, for large values of 10Dq the ground state changes from 6A1g

for |t3
2g e2

g〉 to 2T2g for |t5
2g e0

g〉.

Fe3+ (3d5) in high spin (sextet ground state)

The initial state configuration 1s2 3d5 (252 microstates) has in high-spin the ground
state term 6S (Table 4.3) branching in Oh into a 6A1g symmetry (6 microstates). The
spin-orbit interaction

(
S = 5/2→ ⊗

[
F3/2g ⊕ E5/2g

])
yields the following splittings of the

ground state term:

6A1g ⊗
[
F3/2g ⊕ E5/2g

]
= F3/2g ⊕ E5/2g (4.61)

Here the term F3/2g lies lowest in energy, thus the ground state is: 6A1g [F3/2g] (Oh).
However, the splitting is small (few meV) and thus also the E5/2g term would contribute
weakly in a measurement.

The intermediate state with 1s1 3d6 (2 · 210 = 420 microstates) gives the atomic
terms with spin-multiplicity from 0 to 6 and orbital momentum from S to I. The Oh

crystal field splits these terms analogue to the classic Tanabe-Sugano diagram of 3d6.
In 1sXAS, due to the weak 3d SOC and starting from the 6A1g ground state, only
sextet spin terms 6T2g and 6Eg arising from the only atomic sextet spin term 6D are
reached (Table 4.5):

6A1g
⊗ T2g−−−→ 6T2g (4.62)

6A1g︸ ︷︷ ︸
GS

⊗ Eg−−−−→
1sXAS

6Eg︸ ︷︷ ︸
reachable IS

(4.63)

The corresponding 1sXAS projections for a 3d5 system with 10Dq between 0.1 eV
and 4.2 eV are shown in Figure 4.36. It is noteworthy that this situation presents some
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Figure 4.36: 1sXAS projections for Fe3+ (3d5) with the corresponding ELD. Notice
the high spin to low spin transitions in the ground and intermediate state
between 10Dq ≈ 3.0 eV and 3.3 eV.

similarities with the case of 3d0 (Ti4+). In both cases, the excited 1s electron can go
either into the t2g orbitals or the eg orbitals. The drastic difference is that for 3d5, all
spin-up orbitals are full in the total symmetric IRREP 6A1g (Oh).

For the 2pXES decay, spin orbit interaction is again crucial. Hence, we include
3d spin-orbit coupling

(
S = 5/2→ ⊗

[
F3/2g ⊕ E5/2g

])
for the reachable intermediate state

terms:

6T2g ⊗
[
F3/2g ⊕ E5/2g

]
=

(
E1/2g ⊕ E5/2g ⊕ 2F3/2g

)
⊕
(
E1/2g ⊕ F3/2g

)
(4.64)

6Eg︸︷︷︸
reachable IS

⊗
[
F3/2g ⊕ E5/2g

]
=

(
E1/2g ⊕ E5/2g ⊕ F3/2g

)
⊕ F3/2g (4.65)

Due to the spin (S = 5/2) and the resulting splittings, all three odd IRREPs (E1/2g,
E5/2g, F3/2g) appear more than once. Thus, the 2pXES can decay from any of the three
IRREPs E1/2g, E5/2g or F3/2g. As given in equation (4.22) to (4.24) the dipole IRREP
T1u also enables to reach all three odd symmetries E1/2u, E5/2u and 2F3/2u in the final
state.
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The direct 2pXAS on the other hand starts from the F3/2g ground state term, hence
the reachable final state symmetries are identical to those found in equation (4.24). In
other words, the direct 2pXAS reaches the same final states as the 2pXES decays from
the F3/2g intermediate state symmetry. The resulting overall selection rules for 3d5 in
high-spin are summarised in the combined term scheme in Figure 4.37.
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Figure 4.37: Multi-electronic term scheme for 3d5 Fe3+ high spin comparing the
1s2pRIXS and direct 2pXAS pathways. Where SOC is included (S = 5/2)
the spin multiplicity is omitted.

The calculated 1s2pRIXS maps shown in Figure 4.38 confirm the selection rules as
summarised above. The two RIXS maps corresponding to the two quadrupole IRREPs
T2g and Eg (top left and middle) confirm that the intermediate states are probed
selectively according to the quadrupole transition operator. This means that the eg
and t2g components of the final state can, via the intermediate state, be selectively
probed in 1s2pRIXS.
This example is interesting, because the 1sXAS transitions are identical to the Ti4+

(3d0) case. The ground state is totally symmetric with A1g thus the quadrupole IR-
REPs T2g and Eg populate the corresponding intermediate symmetries (T2g and Eg).
However, there are two important differences:

i) For the high spin configuration of 3d5, all spin-up orbitals are full. Thus only the
spin down electrons can populate the remaining holes in the 3d shell.

ii) The final state electron configuration 2p5 3d6 of Fe3+ has, due to the six electrons
in the 3d orbitals, 6 · 210 = 1260 microstates. This translates into a very rich
and dense sticks spectrum shown below the CIE slices in Figure 4.38.

Finally, we note that the matrix elements of the 2pXAS appear very similar to those
of the resonant 2pXES decays occurring from the 6Eg intermediate state. The total
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Figure 4.38: Calculated 1s2pRIXS spectra for Fe3+ (3d5) for 10Dq=1.5 eV (high spin)

2pXES, shown as Integrated Incident Energy (IIE), reveals notable differences when
compared to the 2pXAS, due to the population from the intermediate state symmetries.

Fe3+ (3d5) in low spin (doublet ground state)

The initial state electron configuration 3d5 translates in low spin to |t5
2g e0

g〉 with
the atomic ground state term 2D (10 microstates). In Oh this translates into a 2T2g

ground state term with 6 microstates. The inclusion of 3d spin-orbit interaction(
S = 1/2→ ⊗ E1/2g

)
yields the following splitting:

2T2g ⊗ E1/2g = E5/2g ⊕ F3/2g (4.66)
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Here, the term E5/2g lies lowest in energy, thus the ground state is 2T2g [E5/2g] (Oh).
The intermediate state configuration 1s1 3d6 is the same as in the high-spin case,
but the higher crystal field results in different energies for the intermediate state en-
ergy levels. In the low-spin case with the spin doublet ground state (2T2g), the spin-
conserving 1sXAS only reaches spin doublet intermediate state IRREPs (Table 4.5):

2T2g
⊗ T2g−−−→ 2A1g ⊕ 2Eg ⊕ 2T1g ⊕ 2T2g (4.67)

2T2g︸ ︷︷ ︸
GS

⊗ Eg−−−−→
1sXAS

2T1g ⊕ 2T2g︸ ︷︷ ︸
reachable IS (low spin)

(4.68)

This means that from the 2T2g ground state the quadrupole 1sXAS can reach all
even intermediate state symmetries, except any A2g IRREPs.

Figure 4.39: Low spin 1sXAS projections (10Dq = 3.3 eV to 4.2 eV) for Fe3+ (3d5)
with ELD. In the single electron picture the 3d shell has either |t6

2g e0
g〉 for

2A1g and |t5
2g e1

g〉 for 4T1g,4T2g respectively.

The reachable intermediate state terms split due to the 3d spin-orbit interaction(
S = 1/2→ ⊗ E1/2g

)
:

2A1g ⊗ E1/2g = E1/2g (4.69)
2Eg ⊗ E1/2g = F3/2g (4.70)

2T1g ⊗ E1/2g = E1/2g ⊕ F3/2g (4.71)
2T2g ⊗ E1/2g = E5/2g ⊕ F3/2g (4.72)

We find all three half valued terms from which the decays in 1s2pRIXS can occur.
The final state (1s2 2p5 3d6) is again identical to the high-spin case regardless of the

crystal field effects, offering the three total symmetry IRREPs E1/2u, E5/2u and F3/2u.
As given in the equations (4.22) to (4.24), the decay paths are formally the same as
in the high spin case reaching all three odd symmetry terms. The differences in the
spectra therefore relate to difference of the intermediate state population via the first
1sXAS step. Again, the intermediate state plays the decisive role.
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For 2pXAS, starting from the E5/2g ground state, only two final state terms are
reachable:

E5/2g︸ ︷︷ ︸
GS

⊗ T1u−−−−→
2pXAS

E1/2u ⊕ F3/2u︸ ︷︷ ︸
accessible FS terms

(4.73)

The results of the selection rules as discussed above are summarised in the combined
term scheme shown in Figure 4.40.
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Figure 4.40: Multi-electronic term scheme for Fe3+ (3d5) low spin comparing the
1s2pRIXS and direct 2pXAS pathways. Where SOC is considered the
spin multiplicity was omitted.

The calculated 1s2pRIXS map for a low spin case (10Dq = 3.9 eV) is given in Figure
4.41. In the top left RIXS map in Figure 4.41 it appears that the quadrupole IRREP
T2g enables to reach only the first fully symmetric 2A1g intermediate state symmetry.
This term corresponds in the single electron picture to a |t6

2g e0
g〉 configuration of the

3d shell, where all the t2g orbitals are occupied. The spin doublet emerges solely from
the core hole in the 1s shell. The 2pXES decay reaches two final states corresponding
to the t2g orbital full and a hole in the 2p shell, relating to one in the L3 and one in the
L2. In the multi-electronic picture these two peaks correspond to the 2A1g ⊗ 2P final
states. It is noteworthy that this peak is not reached in the L2 edge via the 2pXAS.
This can be explained in the single electron picture of the initial state, which contains
only one hole in the t2g. The L2 edge does not get a peak because it would require
a spin-flip to fill the t2g hole with an electron from the 2p shell. In 1s2pRIXS, these
two peaks arise only from the decay of the 2p shell electron into the 1s shell, which is
possible for both L3 and L2. The higher energy range of the final states are reached
via the intermediate state probed by the quadrupole Eg IRREP (1sXAS operator).
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Figure 4.41: Calculated 1s2pRIXS spectra for Fe3+ (3d5) for 10Dq=3.9 eV in low spin

1s2pRIXS experiments of 3d5 systems

Examples of 3d5 systems include Mn2+ and Fe3+. Experimental 1s2pRIXS spec-
tra of MnO have been published by Kas et al.[16] Compared with the calculations in
Figure 4.38, the intensity ratio of the T2g and the Eg peak is inverted in experiment,
with the Eg peak at [6540, 638] eV having the largest intensity. The same observation
can be made for the Fe3+ systems Fe2O3 and iron impurities in MgO.[18] The tetra-
hedral Fe3+ contains a single 1s2pRIXS feature, reproduced by the calculations. The
1s2pRIXS of a series of iron minerals have been published by Vercamer in his PhD
thesis.[24] The 1s2pRIXS spectrum of octahedral low-spin compounds Fe(III)(tacn)
and Fe(III)cyanide have been measured and reproduced in multiplet calculations by
Lundberg et al.[25]
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4.4.6 3d6 ground state system e.g. Fe2+

In this part we present the elementary differences between 1sXAS and 1s2pRIXS for
the case of Fe2+ (3d6; Co3+ analogue). As in the previous cases, first we gather the
relevant informations which are summarised in a combining term scheme illustrating
the transition paths in 1s2pRIXS (1sXAS, 2pXES) and 1sXAS. The electronic con-
figurations involved are summarised below:

1s2p RIXS: 1s2 2p6 3d6 ∆J=±2−−−−−−→
1s XAS

1s1 2p6 3d7 ∆J=0,±1−−−−−−−→
2p XES

1s2 2p5 3d7

2p XAS: 1s2 2p6 3d6 ∆J=0,±1−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
2p XAS

1s2 2p5 3d7

As in the previous case, the crystal field splitting energy (10Dq) and the pairing
energy are in competition in a 3d6 configuration. Thus, for sufficiently high values of
10Dq, the ground state changes from high spin 5T2g for |t4

2g e2
g〉 to low spin 1A1g for

|t6
2g e0

g〉.

Fe2+ (3d6) in high spin (quintet ground state)

The initial state electronic configuration is 3d6 (210 microstates) with the atomic
ground state term 5D (25 microstates). In an Oh crystal field, the 5D term splits into
5T2g for |t4

2g e2
g〉 and 5Eg for |t3

2g e3
g〉. The inclusion of spin-orbit interaction (S = 2→ ⊗ (Eg ⊕ T2g))

yields the following splittings:

5T2g ⊗ (Eg ⊕ T2g) = A1g ⊕ Eg ⊕ 2 T1g ⊕ 2 T2g (4.74)

Here the term T2g lies lowest in energy, thus the ground state is: 5T2g [T2g] (Oh)

The intermediate state electron configuration 1s1 3d7 (2 · 120 = 240 microstates)
yields the atomic terms 1,3,5F, 1,3,5P, 1,3D, 1,3G and 1,3H (Table 4.3). Using Table 4.4
one finds the branchings of the atomic states in an Oh crystal field which are analogue
to the Tanabe-Sugano diagram of 3d7. Because the 1s XAS is spin-conserving, only
quintet intermediate states are reached in the absorption, corresponding to the crystal
field terms derived from 5F and 5P: 5A2g, 5T2g, and 5T1g, and 5T1g respectively. For 1s
XAS, starting from the 5T2g ground state term, the reachable high spin intermediate
state terms are:

5T2g
⊗ T2g−−−→ 5A1g ⊕ 5Eg ⊕ 5T1g ⊕ 5T2g (4.75)

5T2g︸ ︷︷ ︸
GS

⊗ Eg−−−−→
1sXAS

5T1g ⊕ 5T2g︸ ︷︷ ︸
reachable IS (high spin)

(4.76)
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The reachable intermediate state terms of Fe2+ (3d6) in high spin are therefore: 5T1g

and 5T2g. In other words, though the 5A1g and 5Eg symmetries are formally reachable
in 1sXAS, the intermediate state does not offer this IRREP to be populated. Further-
more, though an 5A2g IRREP exists, the quadrupole selection rules do not allow it to
be reachable in spin conserving 1sXAS. However, the small 3d SOC may induce some
mixing such that also weak transitions into this IRREP.

Figure 4.42: 1sXAS projections of the calculated 1s2pRIXS spectrum for Fe2+ (3d6)
showing the high spin to low spin transition just above 10Dq ≈ 1.8 eV.

Adding SOC (S = 2→ ⊗ (Eg ⊕ T2g)) to the reachable IS terms leads to the splittings
in the IS:

5A1g ⊗ (E ⊕ T2) = E ⊕ T2 (4.77)
5T1g ⊗ (Eg ⊕ T2g) = (T1g ⊕ T2g) ⊕ (A2g ⊕ Eg ⊕ T1g ⊕ T2g)(4.78)
5T2g ⊗ (Eg ⊕ T2g) = (T1g ⊕ T2g) ⊕ (A1g ⊕ Eg ⊕ T1g ⊕ T2g)(4.79)

We find the decays in 1s2pRIXS can occur from all integer symmetries (A1g, A2g, Eg,
T1g and T2g).
The final state electron configuration 1s2 2p5 3d7 contains 6 · 120 = 720 microstates

due to the hole in the 2p shell spanning J from 0 to 7. In an Oh crystal field, these
terms branch into the five integer total symmetry IRREPs A1g, A2g, Eg, T1g and T2g.
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The 2pXES decays can occur from any of the populated intermediate state terms, thus
the accessible final state terms are again derived with the dipole T1u IRREP as given in
the equations (4.17) to (4.21). In short, all "ungerade" integer IRREPs are reachable
in final state of 2pXES.

In 2pXAS, starting from the T2g total symmetry IRREP term, and using the T1u

IRREP, the reachable final states are again identical to the 2pXES final state term
reachable from the T2g intermediate state IRREP as given Equation (4.21).
Altogether this enables to draw the term scheme for Fe2+ (3d6) in high spin as shown
in Figure 4.43.
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Figure 4.43: Multi-electronic term scheme for Fe2+ (3d6) (high spin) comparing the
1s2pRIXS and 2pXAS pathways. Where SOC is considered the spin
multiplicity is omitted as its meaning is lost.

The result of the calculation for high spin Fe2+ (3d6) for 10Dq = 0.9 eV is shown
in Figure 4.44. We note that the quadrupole T2g IRREP (top left RIXS map in Fig.
4.44) is dominated by transitions into the 5T2g intermediate state symmetry, while
the quadrupole IRREP Eg (top middle RIXS map in Fig. 4.44) leads mostly into the
T1g intermediate state IRREPs. As predicted above, the 1sXAS spectra gain their
intensity only from two intermediate state symmetries, the 5T1g and 5T2g IRREPs.
The 5A2g intermediate state symmetry does not contribute to the spectrum as can be
seen in Figure 4.42.

Fe2+ (3d6) in low spin (singlet ground state)

For a sufficiently large crystal field splitting (10Dq), a 3d6 electronic configuration res-
ults in a low spin configuration with all t2g orbitals fully occupied (|t6

2g e0
g〉). This cor-

responds to the totally symmetric ground state term 1A1g (1 microstate) derived from
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Figure 4.44: Calculated 1s2pRIXS spectra and slices for Fe2+ (3d6) for 10Dq = 0.9 eV
(high spin).

the atomic term 1I (Table 4.3). The inclusion of spin-orbit interaction (S = 0→ ⊗A1g)

gives the total ground state as: 1A1g [A1g] (Oh)

The intermediate state electron configuration (1s1 3d7) is still the same as in the
high-spin case. However, for high crystal fields (10Dq) the order of the intermediate
state energy levels is different in low spin. In the low-spin case, the initial state being a
spin-singlet, the spin-conserving 1sXAS will only reach spin singlet intermediate states
(Table 4.5):
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1A1g
⊗ T2g−−−→ 1T2g (4.80)

1A1g︸ ︷︷ ︸
GS

⊗ Eg−−−−→
1sXAS

1Eg︸ ︷︷ ︸
reachable IS

(4.81)

Although there are 1T2g and 1Eg IRREPs existing in intermediate state, only the 1Eg
derived from the 1G atomic term can be reached. This can be understood from the
∆L = ±2 quadrupole selection rule, which allows only to reach the 1G atomic term
(L = 4) from the 1I atomic ground state term (L = 6). The quadrupole 1sXAS formally
can, according to the selection rules, only reach the 1T2g and 1Eg IRREPs from this
term. But because the transition to the 1T2g intermediate state symmetry would imply
a two-electron transition from |t6

2g e0
g〉 to |t5

2g e2
g〉, it has a very low probability. Hence,

only the 1Eg IRREP from the 1G atomic term is populated and thus adding intensity
to the 1sXAS spectrum.

Figure 4.45: 1sXAS projections of the calculated 1s2pRIXS spectrum for Fe2+ (3d6)
showing low spin part above 10Dq ≈ 1.8 eV only. It reveals only the Eg
symmetry is giving a significant contribution.

For the 2pXES decays in 1s2pRIXS, spin-orbit interaction in the intermediate state
must be considered (S = 0→ ⊗A1g), which leads to the identity:

1Eg︸ ︷︷ ︸
reachable IS

⊗ A1g = Eg (4.82)

The final state electron configuration 1s2 2p5 3d7 is again identical to the high-spin
case regardless of the crystal field effects, offering the five total symmetry IRREPs A1u,
A2u, Eu, T1u and T2u. The 2pXES decaying from the populated intermediate state
term Eg can reach with the dipole IRREP T1u the final state terms T1u and T2u as
given in equation (4.19).

On the contrary, the 2pXAS, starting from the total symmetric A1g ground state
symmetry, can reach only the T1u final state IRREP.
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This again enables altogether to draw the combined term scheme comparing the the
two-step 1s2pRIXS with the direct dipole 2pXAS pathways in Figure 4.46.
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Figure 4.46: Multi-electronic term scheme for Fe2+ (3d6) in low spin comparing the
1s2pRIXS and direct 2pXAS pathways. We note its similarity to the Ti4+

(3d0) case shown in Figure 4.12.

The resulting calculated 1s2pRIXS for Fe2+ (3d6) is shown in Figure 4.47. As already
discussed, the 1s2pRIXS is dominated by the Eg intermediate state symmetry. As
can be seen, the quadrupole T2g IRREP has overall a negligible contribution to the
total RIXS. From the term scheme in Figure 4.46 one can furthermore derive that the
difference between the integrated 2pXES (IIE) and the direct 2pXAS emerges from
the T2u final state IRREP which can only be reached in 1s2pRIXS.

1s2pRIXS experiments of 3d6 systems

A large number of experimental 1s2pRIXS spectra of Fe2+ systems have been pub-
lished. Vercamer measured a large series of Fe2+ minerals in his PhD thesis.[24] The
tetrahedral and octahedral Fe2+ oxides/minerals have been studied and reproduced by
multiplet calculations.[26,27,28] Guo et al[29] studied low-spin Fe2+ cyanide complexes.
Lundberg et al[25] compared these experiments to the tacn-complex and reproduced
the spectra from multiplet calculations. Leidel et al[30] studied iron hydrogenase com-
plexes. Vanko et al[31] studied the time-evolution of the 1s2pRIXS planes. The static
spectra of the low-spin systems [Fe(terpy)2]

2+ and [Fe(bipy)3]
2+, and the laser-excited

spectrum of [Fe(terpy)2]
2+ show a partial transition to a high-spin ground state as is

confirmed in the calculations. In the case of Co3+, all measured systems were low-spin
1A1g. Vanko et al[32] compared an isolated Co3+ complex with a series of cobalt oxides.
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Figure 4.47: Calculated 1s2pRIXS spectrum for Fe2+ (3d6) for 10Dq = 3.0 eV (low
spin)

They nicely show the presence of the non-local peaks as a function of the Co-O-Co
angle.
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4.4.7 3d7 ground state system e.g. Co2+

In this part we present the elementary differences between 1s2pRIXS and 2pXAS
for the case of Co2+ (3d7). First, we gather the relevant information analog to the
previous cases which are again summarised in a combining term scheme illustrating
the transition paths involved. The electronic configurations involved are summarised
below:

1s2p RIXS: 1s2 2p6 3d7 ∆J=±2−−−−−−→
1s XAS

1s1 2p6 3d8 ∆J=0,±1−−−−−−−→
2p XES

1s2 2p5 3d8

2p XAS: 1s2 2p6 3d7 ∆J=0,±1−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
2p XAS

1s2 2p5 3d8

Also a 3d7 system encounters, for sufficiently high values of 10Dq, a change of the
ground state from 4T2g for |t5

2g e2
g〉 (high spin) to 2Eg for |t6

2g e1
g〉 (low spin).

Co2+ (3d7) in high spin (quartet ground state)

For the initial state configuration 3d7 (120 microstates) the high spin ground state
term symbol is 4F (Table 4.3), which branches in Oh into: 4T1g, 4T2g and 4A2g, where
the 4T1g term with 12 microstates is lowest in energy. The inclusion in spin-orbit
interaction (S = 3/2→ ⊗ F3/2g) yields the splitting of the 4T1g term:

4T1g ⊗ F3/2g = E1/2g ⊕ E5/2g ⊕ 2F3/2g (4.83)

The ground state 4T1g splits due to 3d SOC into the three odd symmetries E1/2g, E5/2g

and F3/2g from which the term E1/2g is lowest in energy. Hence, the combined ground
state is: 4T1g [E1/2g] (Oh).

The intermediate state electron configuration is 1s1 3d8 (2 · 45 = 90 microstates).
The atomic terms are 2,4F, 2,4P, 2S, 2D and 2G (Table 4.3). Using Table 4.4 one finds
the branchings of the atomic states in an Oh crystal field which are analogue to the
Tanabe-Sugano diagram of 3d8. The spin-conserving 1sXAS reaches only spin quartet
intermediate states, which corresponds to the crystal field terms issued from 4F and
4P: 4A2g, 4T2g, 4T1g, and 4T1g respectively. Starting from the high-spin ground state
term 4T1g the two quadrupole IRREPs give the reachable intermediate state terms:

4T1g
⊗ T2g−−−→ 4A2g ⊕ 4Eg ⊕ 4T1g ⊕ 4T2g (4.84)

4T1g︸ ︷︷ ︸
GS

⊗ Eg−−−−→
1sXAS

4T1g ⊕ 4T2g︸ ︷︷ ︸
(accessible low spin IS)

(4.85)

The reachable 1sXAS intermediate state terms in high spin are therefore: 4A2g, 4T1g
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and 4T2g. Here it shall be noticed that an Eg symmetry would be reachable by the
quadrupole selection rules, but the intermediate state does not offer any (quartet) 4Eg
symmetries. The 1sXAS projections displayed in Figure 4.48 confirm these findings.

Figure 4.48: 1sXAS projections of a calculated 1s2pRIXS spectrum for Co2+ (3d7)
with ELD. It confirms that in high spin only the quartet terms 4F and 4P
contribute to the 1sXAS. The high spin to low spin transition appears at
approximately 10Dq ≈ 2.2 eV.

Applying the 3d spin-orbit interaction (S = 3/2→ ⊗ F3/2g) to the three reachable terms
yields the splittings in the intermediate state:

4A2g ⊗ F3/2g = F3/2g (4.86)
4T1g ⊗ F3/2g = E1/2g ⊕ E5/2g ⊕ 2 · F3/2g (4.87)
4T2g ⊗ F3/2g = E1/2g ⊕ E5/2g ⊕ 2 · F3/2g (4.88)

The result is that all three half-valued IRREPs appear more than once and hence the
2pXES can decay from any of these terms.

The final state (1s2 2p5 3d8) contains 6 · 45 = 270 microstates due to the hole in
the 2p shell spanning J from 1/2 to 11/2. In an Oh crystal field, these terms branch
into the three total symmetry IRREPs E1/2u, E5/2u and F3/2u. The 2pXES starts from
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either E1/2g, E5/2g or F3/2g and we find (equations (4.22) to (4.24)) that all three odd
terms are also reachable in the 1s2pRIXS final state
The 2pXAS on the other hand, starting from the E1/2g ground state term, can only

reach the E1/2u and F3/2u final state terms (Table 4.6).
The above is summarised below in the combined term scheme shown in Figure 4.49.
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Figure 4.49: Multi-electronic term scheme for Co2+ (3d7) in high spin comparing the
1s2pRIXS and direct 2pXAS pathways. Also the spin multiplicity was
omitted where the spin-orbit interaction is included.

We conclude this part with the corresponding calculations of the 1s2pRIXS for Co2+

(3d7) for a crystal field energy of 10Dq = 0.9 eV as shown in Figure 4.50. Here it can
be noted that the RIXS map for the quadrupole T2g IRREP (top left) is dominated by
the 1sXAS transitions into the 4A2g intermediate state symmetry which corresponds in
the single electron picture to a |t6

2g e2
g〉 configuration. However, as given in expression

(4.84), it has also contributions into the two T1g intermediate state symmetries though
they are weak with respect to the A2g contribution. The sticks spectrum is here not as
dense as in some of the cases discussed above and this enables to identify also some of
the reachable final state terms. For example, the strong peak at ET ≈ −4.5 eV relating
to the decay from the 4A2g intermediate state symmetry corresponds to the two final
state terms E1/2u and F3/2u. This can be understood considering that the 4A2g branches
due to SOC into a F3/2g intermediate state symmetry, which can reach the above two
final state terms via the dipole T1u IRREP. The quadrupole IRREP Eg on the other
hand shows only contributions into the 4T1g and 4T2g intermediate state symmetries as
predicted in expression (4.85). Finally, it should be noted that the 1sXAS projections
in Figure 4.48 show with increasing crystal field energy 10Dq the branching of the 4F
into the three IRREPs 4A2, 4T2g and 4T1g, while the atomic term 4P translates in an
Oh crystal field only into a 4T1g symmetry.
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Figure 4.50: Calculated 1s2pRIXS spectra for Co2+ (3d7) for 10Dq=0.9 eV (high spin)

Co2+ (3d7) in low spin (doublet ground state)

At high crystal field energies, the 3d7 initial state gives the low spin ground state
term 2Eg (4 microstates) arising from the atomic term 2F, which corresponds to the
electronic configuration |t6

2g e1
g〉. The inclusion of spin-orbit interaction (S = 1/2 →

⊗ E1/2g) yields the subsequent splittings:

2Eg ⊗ E1/2g = F3/2g (4.89)

Hence, the combined ground state is: 2Eg [F3/2g ] (Oh)

The intermediate state configuration 1s1 3d8 is still the same as in the high-spin
case, however the higher crystal field results in different energies for the intermediate
state energy levels. In the low spin case, the initial state being a spin doublet, the
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spin-conserving 1sXAS only reaches spin doublet intermediate state terms (Table 4.5),
which correspond to the crystal field terms issued from 2S, 2P, 2D, 2F, and 2G: 2A1g,
2A2g, 2Eg, 2T1g, and 2T2g. The quadrupole 1sXAS starts from the low spin ground
state term 2Eg revealing the reachable terms:

2Eg
⊗ T2g−−−→ 2T1g ⊕ 2T2g (4.90)

2Eg︸ ︷︷ ︸
GS

⊗ Eg−−−−→
1sXAS

2A1g ⊕ 2A2g ⊕ 2Eg︸ ︷︷ ︸
reachable IS

(4.91)

According to the quadrupole selection rules, from the 2Eg ground state the 1sXAS
transitions can reach all existing spin doublet IRREPs in the intermediate state .
However, because in the low-spin initial state all t2g orbitals are occupied, 1sXAS
transitions can only go into the eg orbitals via the quadrupole Eg IRREP. The trans-
itions into the t2g orbitals with the quadrupole T2g IRREP are less probable as they
require a two-electron transition. In other words, the matrix elements of the quadrupole
Eg IRREP are larger than those of the quadrupole T2g IRREP.

Figure 4.51: 1sXAS projections of the calculated 1s2pRIXS maps for a Co2+ ion (3d7)
with 10Dq = 2.4 eV to 3.3 eV (low spin only).

For the 2pXES decays, inclusion of 3d SOC (S = 1/2 → ⊗E1/2g) is again required,
leading to the following splittings of the five reachable intermediate state terms:

2A1g ⊗ E1/2g = E1/2g (4.92)
2A2g ⊗ E1/2g = E5/2g (4.93)

2Eg ⊗ E1/2g = F3/2g (4.94)
2T1g ⊗ E1/2g = E1/2g ⊕ F3/2g (4.95)
2T2g ⊗ E1/2g = E5/2g ⊕ F3/2g (4.96)

Hence, the 2pXES decays in 1s2pRIXS can occur from any of these three total angular
momentum IRREPs E1/2g, E5/2g or F3/2g.
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The final state electron configuration 1s2 2p5 3d8 is again identical to the high spin
case regardless of the crystal field effects, offering the three total angular momentum
IRREPs E1/2u, E5/2u and F3/2u. For the 2pXES decaying from the populated intermedi-
ate state terms, using the T1u IRREP (Table 4.6) again reveals that all three final state
IRREPs are also reachable. Furthermore, in 2pXAS, starting from the F3/2g ground
state symmetry also all three final states IRREPs are reachable (Table 4.6).

The results according to the selection rules as discussed above are again summarised
in a combined term scheme as displayed in Figure 4.52.
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Figure 4.52: Multi-electronic term scheme for a Co2+ ion (3d7) in low spin comparing
the 1s2pRIXS and direct 2pXAS pathways. Where SOC is included the
spin multiplicity is omitted.

Again, we conclude with an example calculation for a Co2+ ion (3d7 ground state
configuration) with 10Dq = 3.0 eV reflecting the low spin case as shown in Figure
4.53.

It is noteworthy that the quadrupole IRREP T2g is here very weak (10−3) with
respect to the Eg IRREP. This can again be explained with the very small matrix
elements for the two-electron transition that is required to create a hole in the t2g
orbitals. In other words, the quadrupole IRREP T2g populates the intermediate state
symmetries 2T1g and 2T2g only weakly, because both require a hole in the t2g level.

This is also confirmed by the total RIXS map (top right), showing that the overall
result is dominated by the transitions into the three intermediate state symmetries 2A2g,
2Eg and 2A1g, while the 2T1g and 2T2g intermediate state symmetries (top left map in
Figure 4.53) are negligible due to the reason given above. Altogether, the selection
rules for the quadrupole IRREPS T2g and Eg, as shown in Figure 4.53, confirm the
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Figure 4.53: Calculated 1s2p RIXS spectrum for Co2+ (3d7) for 10Dq = 3.0 eV (low
spin)

predicted reachable terms as found in the expressions (4.90) and (4.91).

1s2pRIXS experiments of 3d7 systems

A 300meV resolution 1s2pRIXS experiment on CoO was published by Kurian et
al.[33] The increased resolution revealed new details in the pre-edge fine structure and
it was possible to study the effect of interference effects on the 1s2pRIXS plane.
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4.5 Concluding Remarks

We have presented first three didactic cases, being the Cu2+ (3d9), Ti4+ (3d0) and
Ni2+ (3d8) for which detailed descriptions were given. For those cases, we included
also an atomic calculation without a crystal field to illustrate the effect an octahedral
crystal field has. The didactic cases were chosen as these cases have a low number of
microstates involved (e.g. having an almost full or almost empty 3d-shell). Though
the effort would be significantly larger, when needed one can further separate the
2pXES transitions for the more complex cases discussed in section 4.4. For example,
calculations with an unrealistic low natural broadening (e.g. 1− 2meV) would enable
to do a detailed fingerprint comparison with the sticks spectra allowing to assign the
peaks.

Altogether, we illustrated the effects of an octahedral crystal field and the selection
rules for an example ion for every 3dN ground state case (with N = {0, ..., 9}). Here,
we provide a few selected examples of calculations. For an even better illustration, one
can for example combine the calculated RIXS maps, or combine many slices into short
movie clips where one or more parameters (e.g. 10Dq or SOC) are scaled. For the crys-
tal field parameter 10Dq, such scaling would relate to the corresponding Tanabe-Sugano
diagram, which are also shown throughout this paper for the 1sXAS projections.

An other important aspect is the mixing of the states induced by spin-orbit or ex-
change interactions, as well as the crystal field. Although we have assigned labels to
many states involved in the transitions, those labels represent only the dominant con-
tribution to each state. In reality most states are not pure in their nature as it was
also mentioned for several cases throughout this paper. As can be seen for example
in the Cr3+, Mn3+ or Fe3+ cases, the sticks spectra show a very dense distribution of
states. To give a detailed insight into the structure of the spectra, we have used a
rather small Lorentzian broadening, while any Gaussian broadening was omitted for
all calculations. Hence, when a realistic natural broadening is assumed and an experi-
mental broadening is also considered, one can hardly separate the transitions visible in
one of the complex spectra. Due to the often very small splittings in many cases, the
states appear as a band rather than discrete states. The difference between the final
states probed in 1s2pRIXS versus 2pXAS are emphasised for each 3dN case.

The computational effort is for the complex cases quite time consuming, especially
when aiming for high resolution spectra which are needed when the broadenings are
small. We consider this effort as justified because it can help to get a better under-
standing of RIXS spectra and they can in some cases be also useful to determine for
example the spin state (high-spin vs. low-spin).
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With increasing computational power being available in the future also Monte-Carlo
like calculations can become a favourable approach as one can for example calculate "all
RIXS spectra" for a sufficient section of the parameter space and then select the best
fit. However, it is safe to assume that for most ions such calculations will yield mul-
tiple results making the combination with additional information, especially for more
complex cases, necessary. Although we show the importance of the multi-electronic
excitations in the 1s2pRIXS, the emerging first-principle estimation of the crystal field
parameters will open new opportunities for modelling experimental data.

For each case of the 3dN series, we have discussed the 1s2pRIXS crystal field calcula-
tion in the light of the available experimental data. With few exceptions,[34] 1s2pRIXS
experiments are to date performed with an experimental resolution of 500meV or more.
This resolution does not allow a competitive comparison with 2p XAS regarding the
details of the electronic structure parameters as discussed here. The constant improve-
ments of the experimental resolution in hard X-ray spectroscopy enable to acquire
better and better experimental spectra, where natural broadenings are approached as
the ultimate limit. An overall experimental resolution of 200meV would be necessary
to improve upon the determination of the parameters. Tetravalent systems are dom-
inated by non-local dipole transitions that overwhelm the quadrupole pre-edges. This
makes the analysis of 1s2pRIXS complicated. The best systems to study the details
of the 1s2pRIXS resonances are ionic divalent systems.
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4.A Tables
Altmann Mulliken T/S/K Sugano Koster/Bethe Butler CTM4XAS

A1 A1 A1 A1 Γ1 0 0
A2 A2 A2 A2 Γ2 0̃ ∧0
E E E E Γ3 2 2
T1 T1 T1 T1 Γ4 1 1
T2 T2 T2 T2 Γ5 1̃ ∧1
E1/2 E’ E or E1 E1/2 Γ6

1/2 S0
F3/2 U’ G G3/2 Γ8

3/2 S1
E5/2 E" E’ or E2 E5/2 Γ7

1̃/2
∧S0

Table 4.2: Summary of the different notations in Oh symmetry. T/S/K =
Tanabe/Sugano/Kamimura; though Sugano also uses a variation of this
notation as shown. The CTM4XAS program uses mostly Butler notation,
though the .ora-file translation is listed for ease of use.

Config States Levels GS Excited Terms
3d1, 3d9 10 1 2D -
3d2, 3d8 45 5 3F 3P, 1G,1D,1S
3d3, 3d7 120 8 4F 4P, 2H,2G,2F,2·2D,2P
3d4, 3d6 210 16 5D 3H,3G,2·3F,3D,2·3P, 1I,2·1G,1F,2·1D,2·1S
3d5 252 16 6S 4G,4F,4D,4P, 2I,2H,2·2G,2·2F,3·2D,2P,2S

Table 4.3: Russell-Saunders term symbols for the 3dn free ion configurations giving
the # of states, the # of energy levels and the terms for the given config-
uration. A more detailed list can be found in Core Level Spectroscopy of
Solids [8] (p. 103).

O3 → Oh O3 → Oh

S, L or J → term symbol S, L or J → term symbol
0 (S) → A1

1/2 → E1/2

1 (P) → T1
3/2 → F3/2

2 (D) → E ⊕ T2
5/2 → F3/2 ⊕ E5/2

3 (F) → T1 ⊕ T2 ⊕ A2
7/2 → E1/2 ⊕ F3/2 ⊕ E5/2

4 (G) → A1 ⊕ E ⊕ T1 ⊕ T2
9/2 → E1/2 ⊕ 2F3/2

5 (H) → E ⊕ 2T1 ⊕ T2
11/2 → E1/2 ⊕ 2F3/2 ⊕ E5/2

6 (I) → A1 ⊕ T1 ⊕ E ⊕ 2T2 ⊕ A2
13/2 → E1/2 ⊕ 2F3/2 ⊕ 2E5/2

7 → 2T1 ⊕ E ⊕ 2T2 ⊕ A2
15/2 → E1/2 ⊕ 3F3/2 ⊕ E5/2

8 → A1 ⊕ 2T1 ⊕ 2E ⊕ 2T2

Table 4.4: Branching of the S, L and J atomic terms in an octahedral crystal field
(O3 → Oh).[3] The first columns can be either the orbital momentum L, the
total spin S or the total angular momentum J . The g for gerade and the u
for ungerade must be added to indicate the parity.

In the following the direct products of representations (product tables) in Oh symmetry
are summarised (used for the branchings of SOC and CF)
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Oh A1g A2g Eg T1g T2g

A1g A1g A2g Eg T1g T2g

A2g A1g Eg T2g T1g

Eg A1g ⊕ A2g ⊕ Eg T1g ⊕ T2g T1g ⊕ T2g

T1g A1g ⊕ Eg ⊕ T1g ⊕ T2g A2g ⊕ Eg ⊕ T1g ⊕ T2g

T2g A1g ⊕ Eg ⊕ T1g ⊕ T2g

Table 4.5: Direct products of representations (product table) in Oh symmetry

Oh A1u A2u Eu T1u T2u

A1g A1u A2u Eu T1u T2u

A2g A2u A1u Eu T2u T1u

Eg Eu Eu A1u ⊕ A2u ⊕ Eu T1u ⊕ T2u T1u ⊕ T2u

T1g T1u T2u T1u ⊕ T2u A1u ⊕ Eu ⊕ T1u ⊕ T2u A2u ⊕ Eu ⊕ T1u ⊕ T2u

T2g T2u T1u T1u ⊕ T2u A2u ⊕ Eu ⊕ T1u ⊕ T2u A1u ⊕ Eu ⊕ T1u ⊕ T2u

A1u A1g A2g Eg T1g T2g

A2u A1g Eg T2g T1g

Eu A1g ⊕ A2g ⊕ Eg T1g ⊕ T2g T1g ⊕ T2g

T1u A1g ⊕ Eg ⊕ T1g ⊕ T2g A2g ⊕ Eg ⊕ T1g ⊕ T2g

T2u A1g ⊕ Eg ⊕ T1g ⊕ T2g

Table 4.6: Direct products of representations (cont.) in Oh symmetry (dipole)

Oh E1/2 E5/2 F3/2

A1 E1/2 E5/2 F3/2

A2 E5/2 E1/2 F3/2

E F3/2 F3/2 E1/2 ⊕ E5/2 ⊕ F3/2

T1 E1/2 ⊕ F3/2 E1/2 ⊕ F3/2 E1/2 ⊕ E5/2 ⊕ 2F3/2

T2 E5/2 ⊕ F3/2 E1/2 ⊕ F3/2 E1/2 ⊕ E5/2 ⊕ 2F3/2

E1/2 A1 ⊕ T1 A2 ⊕ T2 E ⊕ T1 ⊕ T2

E5/2 A1 ⊕ T1 E ⊕ T1 ⊕ T2

F3/2 A1 ⊕ A2 ⊕ E ⊕ 2T1 ⊕ T2 ⊕ T2

Table 4.7: Direct products of representations (cont.) in Oh symmetry (SOC). Note
that in this table the parity (g: gerade, u: ungerade) was omitted here as
the table can be used for either case. For accurate labelling the parity has
to be added to the termsymbol, where gerade times gerade equals gerade,
and gerade times ungerade equals an ungerade term symbol.

Note: The total orbital multiplicity is always maintained e.g.:

T1g︸ ︷︷ ︸
(size=3)

⊗ T2g︸ ︷︷ ︸
(size=3)︸ ︷︷ ︸

total size: 3∗3=9

= A2g︸ ︷︷ ︸
(size=1)

⊕ Eg︸ ︷︷ ︸
(size=2)

⊕ T1g︸ ︷︷ ︸
(size=3)

⊕ T2g︸ ︷︷ ︸
(size=3)︸ ︷︷ ︸

total size: 1+2+3+3=9
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5 Paper: RIXS-MCD on CrO2 powder

The contents of this chapter are in essence a reproduction of a paper which has been
published by Elsevier in the Journal of Electron Spectroscopy and Related Phenomena.
The title of the paper is 1s2p Resonant Inelastic X-ray Scattering Magnetic Circular
Dichroism as a probe for the local and non-local orbitals in CrO2.[1]

We have determined the magnetic ground state of the half-metal CrO2 based on 1s2p
Resonant Inelastic X-ray Scattering Magnetic Circular Dichroism experiments. The
two-dimensional RIXS-MCD map displays the 1s X-ray absorption spectrum combined
with the 1s2p X-ray emission decay, where there is a large MCD contrast in the final
state involving the 2p core hole.

Our measurements show that the Cr K pre-edge structure is dominated by dipolar
contributions and the quadrupole peak is invisible in direct K pre-edge absorption.
Using RIXS-MCD, we reveal that the quadrupole 1s3d pre-edge has a large MCD
contrast, which appears at lower energy with respect to the K pre-edge maximum.

We use crystal field multiplet calculations to model the excitonic RIXS-MCD spectral
shape in tetragonal (D4h) symmetry. The RIXS-MCD is strongly sensitive to the
ground state distortion of the Cr4+ sites. The calculations of the RIXS-MCD maps
suggest that the 3d spin-orbit interaction is fully quenched (ζ3d = 0meV) and the
ground state electron configuration must contain a 3B2g (D4h) contribution, which is
required to explain the appearance of the Magnetic Circular Dichroism (MCD) in the
Cr K pre-edge. This is in apparent contrast with the compressed tetragonal distortion.
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5.1 Introduction

The detection of the X-ray magnetic circular dichroism has become a powerful tool for
the element-specific study of the magnetic properties of complex systems. The MCD of
3d transition metal ions is usually studied at the spin-orbit split L2,3 absorption edges
(2p→ 3d) to allow the determination of the spin and orbital magnetic moments using
the sum rules.[2,3]

The L2,3-edges of 3d transition metals are in the soft X-ray range requiring vacuum
conditions, implying that they are difficult for liquid or high-pressure cells. This limits
the number of possible applications and the nature of the samples. The energy of the
K-edge of 3d transition metals lies in the hard X-ray range, but the direct K-edge MCD
signal is weak and the absence of spin-orbit splitting a priori prohibits a quantitative
analysis using the spin sum rules.
Some of the above limitations can be addressed with the novel RIXS-MCD approach,

in which one combines XMCD and resonant inelastic X-ray scattering at the K pre-edge
of 3d transition metals according to the following two-step-model:

1s2 2p6 3dN
" !−−−−→
XAS

1s1 2p6 3dN+1 −−−→
XES

1s2 2p5 3dN+1

The excitation step (X-ray Absorption Spectrum) is performed with circular polarised
light, being either left (lcp, ") or right circular polarised (rcp, !). The detection of the
subsequent X-ray emission spectrum can in principle also be polarisation dependent,
however, for this study no polarisation analyser was used in the XES channel. Figure
5.1 illustrates the process for CrO2.
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Figure 5.1: Atomic term scheme for the 1s2p RIXS-MCD photon-in photon-out process
for a 3d2 electron configuration. Ein and Eout denote the energies of the
incoming and outgoing light, and ET the energy transferred to the system.

RIXS measurements are established to study the electronic structure, while RIXS-
MCD additionally offers magnetic information with the advantage that it enhances the
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contrast of resonant features. The first 1s2p RIXS-MCD experiments have shown that
the RIXS-MCD signal of iron in magnetite can be of the same order of magnitude as
L2,3-edge XMCD.[4,5,6,3] The RIXS-MCD approach can thus be considered as a high
resolution magnetic spectroscopy, while hard X-rays yield bulk sensitivity.

5.1.1 Chromium Dioxide (CrO2)

Chromium dioxide (CrO2) is a half-metallic ferromagnet (TCurie ≈ 390K) which means
that one spin channel is conductive while the other one is insulating. In other words, the
electrons in the occupied Cr(3d) bands in CrO2 show nearly 100% spin polarisation.[7,8,9]

This makes it a promising candidate for future applications in the field of spintronics,[8]

for example as a source for spin-polarised currents, magnetic tunnel junctions or other
magneto-electronic devices that require a large spin polarisation.[10] Potentially it is
even interesting for the recently emerging quantum computers.

CrO2 crystals have a rutile structure as illustrated in Figure 5.2, corresponding to
the center Cr4+ cation being octahedrally coordinated with a coordination number of
6, while each oxygen O2− anion is embedded trigonal planar.[11,7,8,12,9,13] As a rutile it
has a ditetragonal dipyramidal crystal structure belonging to the C4 symmetry class
(spacegroup: P42/mnm).[7,9] Thus CrO2 has inversion symmetry with the metal ion as
inversion center.

Figure 5.2: Rutile crystal structure with metal center and oxygen in red; axes green
and red: a=b=4.421Å, blue: c=2.916Å[7,13]

Various diffraction studies show an axial compression of the Cr octahedron.[14,15,16,17]

This certainly needs to be considered in multiplet calculations to appropriately model
the crystal field effects. Detailed studies show that the ferromagnetic coupling in CrO2

and the distortion of the octahedra are closely related.

This is due to the ferromagnetism in CrO2 being usually explained in terms of a
specific double-exchange mechanism[18,19,20,21] which is related to the existence of
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the combination of a strongly localised state just below the Fermi level and another
dispersed band at higher energy.
More precisely, the Cr(3d) xy orbital is localised in energy and thus not part of the

continuum, hence it is also localised in real space. On the contrary, the Cr(3d) xz,yz
orbitals are more itinerant which is in agreement with the effect of the crystal-field in
the compression case. The latter two orbitals (xz,yz) strongly hybridise in CrO2 with
the O(2p) states mediating the exchange interaction between the Cr ions via the the
double-exchange mechanism.
As Schlottmann states Hund’s rule couples the spin of the localised electron with

that of the itinerant electrons and the hopping becomes correlated.[19] This implies a
strong correlation between the spins of the localised and non-localised electrons.[19]

The metallicity is due to the dispersed bands that hybridise with the O(2p) bands
and cross the Fermi level. This mechanism and the importance of local and non-local
correlations is a subject of active research.[22] In other words, the distortion is crucial for
the double-exchange mechanism and the ferromagnetism of CrO2

[21] which we further
discuss in more detail in section 5.3.1.
In spite of the large number of studies, the electronic structure that induces both

ferromagnetism and metallicity in CrO2 remains to be understood and the origin of
the half-metallic ferromagnetism is highly nontrivial.[23]

It is expected that RIXS-MCD probes specifically the local magnetic contribution
yielding valuable information on the complex electronic structure that leads to metallic
ferromagnetism in CrO2. In RIXS-MCD, transitions involving localised 3d states are
expected to give an enhanced intensity with respect to conventional XMCD, while
those involving delocalised states are not.[5]

RIXS measurements are established to study the electronic structure, while RIXS-
MCD additionally offers magnetic information with the advantage that local features
appear on resonance with enhanced contrast. The bulk sensitivity of 1s2p RIXS-MCD
addresses the common problem of a reduced surface (Cr4+ → Cr3+) in surface sensitive
measurements in the soft X-ray range, as in L2,3-edge XMCD[8,24,25,26,27,28,13,29] or L-
edgeRIXS.[30]

5.2 Technical Details

5.2.1 Experimental setup and measurements

The measured sample used in this study is a commercially available crystalline CrO2

powder (MagtrieveTM) with a density of ρ = 4.85 g
cm3 at 25◦C and a grain size of
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44µm (mesh 325).[31] The powder was milled by hand with mortar and pestle and then
pressed into a pill.

The measurements were performed at ambient conditions (T ≈ 25◦C, p ≈ 1 bar)
at the GALAXIES inelastic-scattering beamline at the SOLEIL synchrotron radiation
facility.[32] The synchrotron radiation was monochromatised using a Si(111) nitrogen-
cooled fixed-exit double-crystal monochromator (DCM) with ∆E/E ≈ 1.4 · 10−4, fol-
lowed by a Pd-coated spherical collimating mirror. The X-rays were then focused to a
spot-size of 30µm (vertical) by 90µm (horizontal) full width at half maximum (FWHM)
at the sample position by a 3:1 focusing toroidal Pd-coated mirror. A vertical Row-
land circle geometry was implemented using a Ge(422) spherical-bent analyser crystal
(R = 1m) which was used to energy-select and focus the emitted X-rays onto a silicon
avalanche photodiode detector.

The overall resolution was found to be FWHM ≈ 0.74 eV or E/∆E ≈ 7700 by
measuring the quasi-elastic line at 5.4 keV, corresponding to the energy of the Cr Kα

fluorescence line. A diamond quarter-wave plate in (111)-orientation with a thickness
of d = 500µm, located immediately after the DCM, was used in order to select between
left (") and right circular polarised (!) light. An electromagnet created a magnetic
flux density ~B of up to | ~B| ≈ 0.7T on the sample.

The setup was aligned in longitudinal geometry[33] with ~k|| ~B||~z as shown in Figure
5.3. The angles of the sample and the analyser with respect to the incident beam were
θ = 45◦ and θ = 90◦ respectively.

Figure 5.3: Scheme of the experimental setup with the sample in orange between the
two poles of the electromagnet. The circularly polarised incident beam in
blue, magnetic field in red and the detected X-ray emission in green. The
detector, an avalanche photo diode (APD), is not shown for clarity.
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Each measurement was performed with alternating polarisation (lcp↔ rcp) for each
data point. All spectra were acquired as incident energy scans with the spectrometer
fixed to detect a given emission energy Eout. For the spectra in Figure 5.8, the emitted
photons corresponding to the Cr Kα1 emission at Eout = 5415.3 eV were detected.
For the RIXS maps the detected emission energies were varied accordingly between
Eout = 5406 eV and Eout = 5423 eV. After completion of a spectrum, the direction of
the magnetic field was reversed and the measurement repeated. This yields two inverse
spectra which are added to minimise noise and reduce systematic errors.
The two-dimensional RIXS maps are displayed either in an emitted energy view with

the intensity I(Ein, Eout), or in an energy transfer view with the intensity I(Ein, ET ).
The incident energy Ein is in both cases the horizontal x axis, and the y axis is either
the emitted photon energy Eout or the energy transfer ET = Ein − Eout. The incident
energy Ein of the experimental spectra was calibrated against a CrO2 reference.[34]

The energies of the emitted photons Eout and energy transfer ET were calibrated with
literature values from the X-ray Data Booklet (http://xdb.lbl.gov/). The intensities
of all spectra are normalised with respect to the sum maximum and given in arbitrary
units (a.u.).

5.2.2 Crystal Field Multiplet Calculations

The quadrupole contribution to the pre-edge structure cannot be accurately repro-
duced with the present DFT-based calculations due to the strong 3d3d correlation
effects that determine the pre-edge spectral shape and also the X-ray emission matrix
elements. Instead, a crystal-field multiplet (CFM) calculation of the 1s2 3d2 → 1s1 3d3

quadrupole transition with subsequent dipole decay 1s1 3d3 → 1s2 2p5 3d3 is applied.

The multiplet calculations are based on the absorption and emission matrices cre-
ated with the CTM4XAS program.[35] It takes into account all the 3d-3d, 1s-3d and
2p-3d electronic Coulomb interactions, as well as the spin-orbit coupling ζ on every
open shell of the absorbing atom and treats the geometrical environment through a
crystal-field potential. All calculations are performed using the C4 point group sym-
metry to take into account the presence of a magnetic field ( ~B||~k). The RIXS process
is modelled with the Kramers-Heisenberg relation[3] using additional scripts written for
this purpose.

The atomic Slater coefficients for the 3d3d Coulomb interaction Fdd are scaled to
65% of the Hartree-Fock values and the 2p3d Coulomb Fpd and the exchange interac-
tions (Gpd, Gsd) are scaled to 52%. This reduction of the Slater integrals is a result
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of the expansion of the wave function due to charge transfer effects and the actual
values used are an empirical result as they show the best results presented here. The
atomic values for the spin-orbit interaction are in the ground state ζ3d = 41meV, in the
intermediate state ζ3d = 54meV and in the final state ζ2p = 5.668 eV and ζ3d = 53meV.

For CrO2, there are some reported values for the crystal-field parameter 10Dq (Ikeno:
2.28 eV,[36] Lewis: 2.5 eV[37]), but we are not aware of any reports for the tetragonal
distortion parameters Ds and Dt. Based on the magnitude of the spatial distortion we
estimate the two distortion parameters, Ds and Dt, to be of the order of tens of mil-
lielectronvolt (meV). The crystal-field parameters (Dq, Ds, Dt) have been varied across
a significant section of the parameter space. Only a few representative maps have been
chosen to illustrate the general appearance for a given ground state. The displayed
calculations refer to the crystal-field splitting parameter 10Dq = 2.347 eV and the dis-
tortion parameters Ds = −0.036 eV, Dt = −0.007 eV for 3Eg and Dt = −0.2 eV for the
3B2g case. The molecular field M reflecting the interatomic exchange interactions is
set to M = 30meV, being estimated with the Curie temperature Tc ≈ 390K.

The following Lorentzian broadenings are applied for the intermediate state (IS)
LIS = 1.2 eV and the final state (FS) LFS = 0.6 eV. Here LFS is an intermediate value
between the two natural broadenings for the 2p3/2 and 2p1/2 final states, corresponding
to the Kα1 and Kα2 emission respectively. As discussed elsewhere,[38,39] the lifetime
broadening of the 2p1/2 shell (Kα2 line, L2 edge) can be up to five times larger with
respect to the 2p3/2 shell (Kα1 line, L3 edge). The experimental (Gaussian) broadening
GIS = 0.7 eV is set to the experimentally acquired FWHM of the quasi-elastic scatter-
ing peak. For the emission, a resolution of GFS = 0.4 eV is used. All broadenings are
given as full width at half maximum.

Finally, the energy calibration for the theoretical maps is not absolute. The calcu-
lated spectra were shifted in both directions for the best agreement with the experi-
mental MCD.

5.3 Crystal-field multiplet structure of CrO2

The CrO2 crystal has a rutile structure and belongs to the spacegroup P42/mnm
(136).[7,9] With the metal ion as the inversion center (inversion symmetry), local pd-
mixing is forbidden, but mixing between different sites is possible. The Cr4+ ions
occupy the six-fold oxygen-coordinated sites with Wyckoff position 2a corresponding
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to D2h point group symmetry.[11,7,8,10,12,9,13] In the ground state, Cr4+ in CrO2 has a high
spin (S = 1) 3d2 electron configuration,[24] which corresponds to the multi-electronic
ground state 3F+ in spherical symmetry (O3) as derived with Hund’s rules. The split-
ting of the atomic multi-electronic state by the crystal-field, through the successive
branchings O3 → Oh → D4h → D2h is illustrated in Figure 5.4.

6

0

E
ne
rg
y

3F+

O3

3A2g

3T2g

3T1g

Oh

3B1g

3Eg
3A2g

3B2g
3Eg

D4h

3Ag

3B3g3B2g3B1g

3B1g3B3g3B2g
D2h

Figure 5.4: Energy splittings of the multi-electronic state 3F+ for Cr4+ (3d2 configura-
tion in high-spin S = 1), for each symmetry for O3 → Oh → D4h → D2h

(local exchange is included, but no spin-orbit or magnetic field is taken into
account). The order of the energy levels shown above is not fixed. It can
be altered in dependency on the specific crystal-field parameters chosen.

In Oh symmetry only one crystal-field parameter Dq (or 10Dq) is needed. D4h sym-
metry requires in total three crystal-field parameters (Dq,Ds,Dt), and in D2h symmetry
five splitting parameters (Dq,Ds,Dt,Dα,Dβ) are required. In Figure 5.5 we illustrate,
in the single-electron picture, the splitting of the atomic 3d2 orbital into the partially
filled and spin-polarised t2g, and the empty eg level in Oh symmetry.
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Figure 5.5: Crystal field splitting of the 3d2 high-spin multi-electronic configuration
3F+ (O3), as derived with Hund’s rules in spherical symmetry (O3), into
the multi-electronic 3T1g (Oh) ground state that is dominated by the |t22g e0

g〉
single-electron configuration in octahedral symmetry (Oh).

For a tetravalent Cr cation (Cr4+), the crystal-field splitting energy 10Dq separating
the t2g and the eg states is estimated (0.6 eV per valency) to be approximately 10Dq ≈
2.4 eV, in agreement with other reported values (Ikeno: 2.28 eV,[36] Lewis: 2.5 eV[37]).
The other parameters introduced by lower point group symmetries describe further
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the splittings of the mono-electronic levels as the consequence from a distortion of the
metal ion site.

5.3.1 Importance of the distortion

For CrO2 there are publications dating back to the 1970s[15] reporting a compression of
the octahedron. The metal-ligand distances in the equatorial plane de and the apical
distances da on the local z-axis can be directly acquired from X-ray diffraction (XRD)
data . The published values are summarised in Table 5.1.

Reference de da de − da
Porta et al[15] 1.910 1.891 0.019
Deng et al[14] 1.914 1.911 0.003
Burdett et al[16] 1.911 1.888 0.023
Baur et al[17] 1.917 1.882 0.035
Average 1.913 1.893 0.020

Table 5.1: Metal-ligand distances in the equatorial plane de and apex direction da for
CrO2 from various sources (all values in angstrom (10−10 m) rounded to the
last given digit).

Though the difference de − da varies between 0.3 pm (0.15%) and 3 pm (1.5%) all
reports in Table 5.1 confirm an axial compression. We note that XRD measurements,
due to relying on Bragg diffraction, are always an average across many coordination
spheres, while the crystal-field model used here is strictly local.

As already pointed out by Korotin et al.,[18] the compression of the Cr octahedron
induces the further splitting of the t2g orbitals.[37,21] As shown in Figure 5.4, a longit-
udinal compression of the z-axis results in the lower point group symmetry D4h and
splits the orbital triplet 3T1g (Oh) ground state into 3Eg and 3B2g (D4h).

In the single particle picture as illustrated in Figure 5.6, a compression of the oc-
tahedron along its z-axis splits the three-fold orbital degenerate t22g level (Oh, two
spin-up electrons in xy, xz, yz) into the b1

2g (D4h) level (xy orbital) and the xz, yz
orbitals subsequently form the formally half-filled and two-fold orbital degenerate e1

g

(D4h) level.[19] In addition, the empty two-fold degenerate eg (Oh) level splits into the
a1g (D4h) level (z2 orbital) and the b1g (D4h) level (x2 − y2 orbital). Altogether this
yields the multi-electronic ground state 3Eg (D4h) in the compression case. This situ-
ation, with one strongly localised electron in the b2g (D4h) level (xy orbital) and the
second itinerant electron at a higher energy level in the eg (D4h) level is crucial for
ferromagnetic CrO2.[18,14,37,19]
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Figure 5.6: Distortions for a 3d2 configuration yielding the transition from octahedral
(Oh) to tetragonal (D4h) symmetry. This changes the multi-electronic 3T1g

(Oh) ground state into an orbital doublet 3Eg (D4h) in case of a compression,
and it yields the orbital singlet 3B2g (D4h) as the ground state for an axial
elongation (T = 0K, no spin-orbit interaction). For the assignment of the
energys see equations (5.1) to (5.4).

This is of great importance because the double-exchange mechanism between the
Cr ions requires one strongly localised electron in the xy orbital and another delocalised
and dispersed electron in a higher level mediating the magnetic exchange information
(ferromagnetic coupling) via non-local transitions.[19,21,40,18]

The spins of the strongly localised electrons in the xy orbitals of each Cr site are
then coupled via the double-exchange mechanism.[18,20,21] It has been shown that if all
electrons were itinerant, an antiferromagnetic coupling would be favoured[40] making
the compression (meaning the 3Eg groundstate) a requirement to explain the ferromag-
netism in CrO2.[21]

On the contrary, in the case of an elongation of the octahedrons z-axis, the orbital
singlet 3B2g (D4h) becomes the ground state, where the two 3d electrons are in the e2

g

(D4h) level (xz, yz orbitals) as shown in Figure 5.6. In this case, the two electrons are
not treated differently, making one localised and one delocalised electron impossible
in the elongation case. Hence, the ferromagnetism in CrO2 and the distortion of the
octahedra are due to this connection closely related.

These considerations highlight that the nature of the Cr site distortion and the
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relative energies of the electronic levels of the Cr4+ ion have a subtle, yet critical,
relationship. To approximate the relative energies of the 3d orbitals in the single-
particle picture using the three crystal-field parameters Dq, Ds and Dt in tetragonal
(D4h) symmetry, we use the following set of formulae:[41,42]

Ea1g = +6Dq − 2Ds− 6Dt (dz2 orbital) (5.1)

Eb1g = +6Dq + 2Ds−Dt (dx2-y2 orbital) (5.2)

Eeg = −4Dq −Ds+ 4Dt (dxz, dyz orbital) (5.3)

Eb2g = −4Dq + 2Ds−Dt (dxy orbital) (5.4)

Usually da and de are of the order of angstroms (10−10 m) yielding for |Dq| values
of the order of ∼ 100meV, and |Ds| and |Dt| are usually <100meV. The expressions
(5.1) to (5.4) are an approximation in the sense that they consider the crystal-field
effects due to the Coulomb interaction between the ion and the ligands, but they en-
tirely disregard local spin-orbit and non-local exchange interactions. However, they are
useful to derive the general behaviour in a single-particle picture for a given parameter
set (Dq,Ds,Dt).

Although the exact point group symmetry of the Cr ions is D2h, the D2h splittings
are by far too small to be resolvable in the present experimental data. Furthermore,
the two additional parameters in D2h are essentially unknown, making an evaluation of
the crystal-field parameters difficult. Therefore, in the present study we use D4h sym-
metry as an approximation in all calculations. In other words, the two D2h parameters
Dα, Dβ are implicitly set to zero. For an accurate assessment of the two additional
D2h parameters based on experimental data, a high resolution of a few millielectronvolt
(meV) is required.

Often apical compressions and elongations are discussed as a so-called Jahn-Teller
distortion describing the change of symmetry from Oh to D4h. Jahn-Teller distortions
arise when the ground state energy can be reduced due to the distortion and hence it
has a stabilising effect. However, for CrO2 we note that the point group symmetry is
not due to a Jahn-Teller distortion, because this would induce an axial elongation for a
3d2 system, where in fact an axial compression is observed. An axial elongation due to
Jahn-Teller would lead to the energy stabilised 3B2g (D4h) ground state corresponding
to a double occupied eg level (see FIG. 5.6). In other words, the axial compression in
CrO2 is not a Jahn-Teller distortion, instead another mechanism is required to justify
the stabilisation of the observed compression.
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5.3.2 Cr4+ ground states 3Eg (D4h) and 3B2g (D4h)

The two multi-electronic states, the 3-fold (spin) degenerate 3B2g (D4h) and the 6-fold
degenerate 3Eg (D4h), have formally the lowest ground state energy, for an elongation
and compression respectively. Hence, at absolute zero T = 0K these are therefore
the corresponding ground states (see FIG. 5.6). However, using only the lowest multi-
electronic ground state 3Eg (D4h) for the expected compression implies a temperature
of T = 0K. The partial term scheme in Figure 5.7 illustrates that the multi-electronic
state 3B2g (D4h), corresponding in the single electron picture to the two electrons in a
|e2
g〉 configuration, is also one of the excited states in the compression case.
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Figure 5.7: Examples illustrating possible 3B2g (D4h) and 3Eg (D4h) contributions in the
compression case. The picture is restricted to the three t2g (Oh) orbitals
(xy,xz,yz) leaving the eg (Oh) orbitals empty yielding a total of 9 micro
states: 6 for 3Eg (D4h) and 3 for 3B2g (D4h).

Comparing Figure 5.6 and Figure 5.7 also shows that possible 3B2g (D4h) contribu-
tions from an excited state in the compression case can be possible. The multi-electronic
ground state GS is in this example an unknown linear combination of the 3B2g (D4h)
and 3Eg (D4h) configurations as schematically formalised in expression (5.5):

GS = α · 3B2g + β · 3Eg (5.5)

However, it shall be clear that this is yet simplified and the real linear combination
directly relates to the exact multiplet structure, and the result therefore depends on
the specific distortion and on the magnetic splitting energies as well as spin-orbit and
exchange interactions. In other words, the linear combination depends on the exact
order and energy splittings of the individual states due to the various interactions.

To consider temperatures T > 0K, the effective spectrum is commonly approximated
as a linear combination of all contributing ground states according to the

Boltzmann distribution pi ∝ exp

(
−Ei
kBT

)
(5.6)

where the occupation probability pi for the multi-electronic state i depends, with the
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Boltzmann constant kB and energy Ei, on the absolute temperature T .

Due to the fact that in CrO2 several energy splittings in the tens of meV lead to
a complex multiplet structure, it is without additional information impossible to de-
termine the exact linear combination of the actual ground state. Additionally, local
and non-local mixing add further difficulties when identifying the ground state charac-
ter. This can be illustrated with energy level diagrams showing the dependency of the
energy levels on the crystal-field parameters Dq, Ds, Dt and M (see FIG. A.2 in the
appendix).

In this study we discuss, based on crystal-field multiplet calculations, the different
characters of the RIXS and RIXS-MCD maps for two characteristic contributions for
the 3B2g (D4h) and 3Eg (D4h) ground states. The crystal-field multiplet approach
without additional charge transfer is a local theory, that we use here to model the effect
of the local point group symmetry on the splittings of the multi-electronic energy levels
of Cr4+ ions (3d2). In other words, we calculate only the local contributions explicitly,
while non-local hybridisation (charge transfer) is approximated by the reduction of the
Slater integrals.[43]

Hence, it is expected that the calculated sum pre-edge spectrum (SUM= " + !)
will lack any intersite transitions or metal-to-ligand charge transfer and will therefore
not be able to reproduce the experimental RIXS map for the sum correctly. However,
it is assumed that RIXS-MCD probes a local property, the local magnetic moment,
and should therefore be well reproducible within a crystal-field multiplet approach.
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5.4 Results and Discussion

5.4.1 Chromium K-edge

The X-ray Absorption Near Edge Structure (XANES) measured with High Energy
Resolution Fluorescence Detection (HERFD) at the Cr K-edge are shown in Figure
5.8. It covers the Cr K pre-edge region and the main edge, corresponding to a 1s
X-ray absorption scan while the spectrometer (analyser angle) remains fixed in order
to detect the Cr Kα1 (Eout = 5415.3 eV) emission that has been calibrated far from
resonance.

pre-edge
structure
BBN

main absorption
edge

-RIXS range� -

Figure 5.8: Experimental High Energy Resolution Fluorescence Detection Magnetic
Circular Dichroism (HERFD-MCD) spectra at the Cr K-edge on CrO2,
for Eout = 5415.3 eV, illustrating the low MCD intensity in the pre-edge
(Ein ≈ 5992 eV) and in the dipole main edge (Ein ≥ 5998 eV).

The dichroism (FIG. 5.8 bottom) confirms the general trend of two inverted MCD
signals for the positive and negative magnetic field direction and it illustrates how
small the MCD signal in the pre-edge region really is. The asymmetry between the
MCD signals for the two magnetic field directions relates mostly to the relative high
noise level as only three scans were averaged. In the following we will look only at the
pre-edge structure with incident energies Ein < 6 keV.

5.4.2 1s2p RIXS-MCD map of CrO2

The sum of both circular polarisations (" + !) yields the 1s2p RIXS map shown in
Figure 5.9.a, and the difference ("−!) results in the experimental 1s2p RIXS-MCD
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map of a crystalline CrO2 powder displayed in Figure 5.9.b.

a.) 1s2p RIXS sum ("+!) b.) 1s2p RIXS-MCD ("-!)

CIE
fig. 5.15

CIE
fig. 5.16

CIE
fig. 5.15

CIE
fig. 5.16

CEE
fig. 5.12

CEE
fig. 5.12

Kα2

Kα1

Kα2

Kα1

Figure 5.9: a.) Experimental 1s2p RIXS sum (" + !) and b.) the corresponding
RIXS-MCD map ("−!) of the CrO2 powder covering the Kα1,2 doublet,
namely the 2p 3

2
→1s (Kα1) and 2p 1

2
→1s (Kα2) decays after absorption in

the Cr K pre-edge. The vertical and diagonal lines highlight the CIE and
CEE slices discussed in this study (see FIG. 5.12, FIG. 5.15 and FIG. 5.16).

The sum (FIG. 5.9.a) shows the typical band-like diagonal orientation for the Kα1,2

fluorescence decays. The experimental 1s2pRIXS-MCD map (FIG. 5.9.b) clearly dis-
plays an intense magnetic circular dichroism for the 2p3/2→ 1s decay channel (Kα1)
around ET ≈ 577 eV. Its vertical orientation indicates a resonant final state (FS) effect,
as opposed to a MCD in horizontal direction would mean resonance on an intermediate
state (IS).

The MCD of the 2p1/2→ 1s decay channel (Kα2) in the upper half of the map is
an order of magnitude less intense with respect to the Kα1 dichroism. The Kα1 and
Kα2 regions both display a weak diagonal dichroic background in the MCD map (FIG.
5.9.b).
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The Kα1 pre-peak maximum in the RIXS map (FIG. 5.9.a) is at Ein ≈ 5995 eV
and ET ≈ 580 eV while the center of the Kα1 MCD appears approximately at Ein ≈
5992.5 eV and ET ≈ 577.5 eV (FIG. 5.9.b). In other words, the position of the intense
Kα1 dichroism, marked with a circle in both maps, is located at approximately ∆Ein ≈
2.5 eV lower incident energy with respect to the pre-peak maximum of the Kα1 emission.

5.4.3 Hysteresis Loops

By choosing a fixed incident Ein and emitted energy Eout corresponding to the pre-peak
dichroism, RIXS-MCD enables to measure element specific hysteresis loops to estimate
the external magnetic flux density B needed for magnetic saturation. For systems with
site-specific features in the RIXS-MCD map this even enables to measure the hysteresis
site-selectively.
In this case three full loops have been measured at an incident energy of Ein =

5992.2 eV, and an emission energy of Eout = 5415.6 eV, corresponding to an energy
transfer ET = 576.6 eV. The experimental data have been fitted with a simple arctan-
gens model

f(x) = a · arctan(c− bx)− d (5.7)

as also used elsewhere.[44] The result is shown in Figure 5.10.

Figure 5.10: Magnetic hysteresis loop of Cr in CrO2, measured in the Cr K pre-edge
near the maximum MCD signal corresponding to the photon energies
Ein = 5992.2 eV and Eout = 5415.6 eV. The error bars reflect the standard
deviation from averaging.

We find that magnetic saturation is reached at a magnetic flux density of approx-
imately | ~B| ≈ 0.25 − 0.3T. The dipole absorption in the main edge (1s → 4p) has a
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substantially larger MCD contrast with a better signal-to-noise ratio (c.f. FIG. 5.8 at
Ein > 6000 eV). However, in order to specifically probe the magnetisation of the 3d
shell, the hysteresis loop displayed in Figure 5.10 has been measured in the Cr K pre-
edge (1s→ 3d), corresponding in the present case to an incident energy Ein = 5992.2 eV
and emission energy Eout = 5415.6 eV (ET = 576.6 eV).

5.4.4 Constant Emitted Energy (CEE) slices

The Constant Emitted Energy (CEE) slices are in the following used to investigate
the Cr Kα1 pre-peak structure. They are comparable to HERFD-XAS and appear as
diagonals in a RIXS map in an energy transfer view I(Ein, ET ). They are identical
to the corresponding horizontal slices in maps in an emitted energy view I(Ein, Eout).
Subsequently, the CEE slices shown as diagonals in Figure 5.9 appear as horizontal
lines in an emitted energy view as displayed in Figure 5.11.

a.) Sum intensity (" + !) b.) MCD intensity ("−!)

CEE CEE

Figure 5.11: 1s2pRIXS and RIXS-MCD maps of the Kα1 region in an emitted energy
view showing the positions of the extracted CEE slices as horizontal lines.

These CEE slices marked in the above figure correspond to the emitted energies
Eout ∈ {5414.5, 5414.75, 5415.0, 5415.25} eV. The extracted slices are shown in Figure
5.12 and immediately reveal that the pre-edge structure consists of at least two visible
peaks. One peak at Ein ≈ 5992 eV which is assigned to the local quadrupole peak
(1s→ 3d) giving rise to the MCD, and another structure centred around Ein ≈ 5995 eV
is interpreted as a non-local peak, whose contribution to the MCD signal is small.

Therefore, the transitions into the spin-polarised t2g will dominate the MCD.[37,45,14]

The empty eg level however can contribute to the MCD only via the exchange splitting
between the spin-up and spin-down eg states. This seems to be consistent with the
MCD appearing at a lower incident energy with respect to the pre-peak maximum as
visible in Figure 5.12.
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Figure 5.12: Constant Emitted Energy (CEE) slices for Eout ∈ {5414.5, 5414.75,
5415.0, 5415.25} eV top: CEE sum slices showing that the Kα1 pre-peak
clearly consists of multiple peaks; bottom: CEE MCD slices revealing the
relative position of the dichroism.

5.4.5 Coupled fitting of sum and MCD slices

Before we calculate the local quadrupole contributions using crystal-field multiplet
theory, we use in this section an empirical Gaussian fitting approach to exploit the
intrinsic connection between the sum (" + !) and MCD ("−!) spectrum.

The extracted sum and MCD CEE slices for the emitted photon energies Eout ∈
{5414.25...5415.50} eV are fitted with an empirical Gaussian model with each peak P
consisting of two Gaussians Gκ with

Gκ(E) := Aκ · exp

[
− (E − Eκ)2

2σ2
κ

]
, (5.8)

one for lcp (") and one for rcp (!). The parameters amplitude Aκ, centroid Eκ and
width σκ are used for fitting. The utilization of two Gaussians per peak enables for
simultaneous fitting of the sum and MCD slice. Thus, the contributions of the first
peak P1 to the sum and MCD are modelled as:

PSUM1 (Ein) := G
1,"(Ein) + G

1,!(Ein) (5.9)

PMCD
1 (Ein) := G

1,"(Ein) − G
1,!(Ein) (5.10)

Obviously PSUM1 (Ein) and PMCD
1 (Ein) are coupled via the two Gaussians G

1," and
G

1,!. One can now assume any number N of peaks Pk with k = 1, 2, ... N to model
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the pre-edge structure. Altogether, the total intensity of the sum ISUM and MCD slice
IMCD is then modeled as:

ISUM(Ein) :=
N∑
k=1

PSUMk (Ein) + Gedge(Ein) (5.11)

IMCD(Ein) :=
N∑
k=1

PMCD
k (Ein) (5.12)

The simultaneous fitting of the equations (5.11) and (5.12) to a pair of sum and
MCD CEE slices introduces the desired and well justified constrains during the fit.
The additional Gaussian Gedge(Ein) in equation (5.11) models a possible background
contribution originating from the dipole main-edge (1s→4p) on the high energy side.

For each pair of Gaussians G
k," and G

k,! the same start values are used, for that
the fits yield the expected small differences matching the experimental dichroism. With
reasonable limits for the 21-dimensional parameter space (7 Gaussians) Monte Carlo
methods were used to find the final result.

For a satisfactory result at least N = 3 peaks are required. This model with N = 3

peaks has been applied to all extracted CEE slices. The fitting result for the emission
energy Eout = 5415 eV is shown as an example in Figure 5.13.

P1 P2 P3

Figure 5.13: Fitting model with three peaks applied to a CEE slice for the emission
energy Eout = 5415 eV. The lcp and rcp components are shown as dashed
lines, the three peaks Pk with k = 1...3 and their contribution to the SUM
and MCD are shown as solid lines.
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The red lines are reproducing the experimental data sufficiently well, while each
component reveals the positions of the three assumed peaks in this model. In short,
all fitted parameters, the amplitudes Ak, centroids Ek and widths σk are consistent
and remain essentially constant throughout all fitted CEE slices (FIG. 5.14.a-c). The
variation in amplitude of the main edge in Figure 5.14.a (black) is due to the lack of
sufficient data for the main edge.

Furthermore, the amplitudes and widths are essentially identical between each po-
larisation, only the centroids of peak P1 and P2 are slightly shifted and thus showing
a relevant contribution to the MCD signal as visible in Figure 5.13. A small contribu-
tion to the MCD from peak P2 is consistent with the presence of the relatively weak
experimental MCD signal for incident energies above Ein ≈ 5992 eV.

Noteworthy is the energy distance ∆Ei = |E2 − E1| between the two centroids of
peak P1 and peak P2, as it is for all fitted CEE slices roughly matching the expected
Oh crystal field splitting with |E2 − E1| ≈ 2.35 eV ≈ 10Dq (FIG. 5.14.d). The third
Peak P3, located another 2.8 eV above P2, seems not to suit the situation of only the
two levels t2g and eg. An overview of the results is summarised in the following four
Figures 5.14.a-d.

(a) Amplitudes Ak (b) Centroids Ek

(c) Peak widths σk (d) Peak difference & ratio

Figure 5.14: Plots (a,b,c) of the three fit parameters and (d) the resulting differences &
ratios calculated for each of the contributing peaks. The obtained results
are consistent and essentially constant throughout all fitted CEE slices.
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The presence and position of the third peak can be explained with a non-local
contribution or inter-site hybridisation. In general, it arises when the local Cr core-
hole, indicated as Cr•, lowers the local 4p level in energy, such that it can hybridise
with a 3d orbital of a neighbouring (→non-local) ion.[46,47] Hence, an isolated metal
ion (e.g. in gases) never shows such non-local peak due to the absence of a non-local
metal ion.
Due to the fact that CrO2 is centro-symmetric, on-site pd-hybridisation is forbidden by
symmetry. Nevertheless, intersite hybridisation between the local Cr•(4p) orbitals and
the non-local Cr(3d) orbitals of the neighbouring ions is possible (cf. FIG. 7 in[46]). In
other words, due to the inversion symmetry of CrO2 the 4p character cannot mix with
3d character locally, but the 4p-3d hybridisation between the local Cr•(4p) and the
non-local Cr(3d) orbital, mediated via the oxygen 2p orbitals, can create an additional
Cr•(4p)–O(2p)–Cr(3d) absorption band creating an additional non-local peak.[46,47,48]

Such a non-local peak is expected to appear at approximately ∆Ein ≈ 2−2.5 eV higher
incident energy with respect to the native quadrupole 1s→ 3d peak.[47,48] This energy
shift ∆Ein is related to the presence of the local 1s core hole affecting only the local
Cr•(4p), but the non-local Cr(3d) level remains essentially unchanged.
All other non-local Cr sites remain essentially unaffected and the pre-edge consists

of two types of transitions:

i) Purely local or onsite transitions i.e. the native quadrupole 1s → 3d peak that
will appear lowest in energy.

ii) Non-local or intersite transitions i.e. from the local 1s shell into the non-local
Cr(4p)-O(2p)-Cr(3d) band, approximately 2.5 eV above the native Cr•(3d) peak.

This non-local mixing and the complex order of the multi-electronic ground states
makes a detailed analysis of the real electronic structure difficult.

Assuming the 3d shell to be separated into the t2g and eg, this implies also two
non-local peaks. For such case we attempted to fit the pre-edge also with four peaks,
but large overlap of two of the four peaks introduces a lot of uncertainty resulting in
more consistent results with only three peaks. Furthermore, the assumed crystal field
splitting 10Dq ≈ 2.3−2.4 eV and the non-local shift ∆Ein ≈ 2−2.5 eV are expected to
overlap in the present case. This translates well as the experimental data only reveal
three peaks as opposed to four.
Considering that only the local quadrupole transition 1s→ t2g is responsible for the

MCD and that it appears at ∆Ei ≈ 2.35 eV lower energy with respect to the peak P2

(FIG. 5.14.d), it seems reasonable to assign peak P2 to the local eg. The band-like
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behaviour of the pre-edge, and the peak P2 being on average approximately twice as
intense as peak P1, both suggests a significant dipole contribution. Overall, we thus
attribute the origin of P2 to an overlap between transitions to the local eg and to
the non-local t2g. This appears consistent with our fitting attempts with four peaks
which suggested that peak P2 could also be modelled with two individual peaks. The
exact order and individual contribution cannot be established from this data alone.
Furthermore the higher intensity of peak P2 is also consistent with the assumption of
two contributing transitions: 1s into the local eg and the non-local t2g.
Cabaret et al have interpreted the Titanium dioxide (TiO2) pre-edge structure in a

similar way.[49] TiO2 has a 3d0 electron configuration, thus in the ground state the t2g
and eg levels are both empty. It has a rutile crystal structure making TiO2 a suitable
compound to be structurally compared with CrO2. They find three peaks (A1, A2, A3)
of which they assign A1 to be of pure quadrupolar nature (1s → t2g). A2 and A3 are
found to be essentially of dipolar nature originating from inter-site 3d4p hybridisation,
with A2 also having a small eg contribution.

To conclude this section, we want to point out that the empirical model used above
should be considered only as a first step. Given that this model only assumes that the
sum (" + !) and MCD (" −!) are coupled via the ±-signs and does not require
detailed knowledge of the sample, the deduced information is non-neglible.

5.4.6 Constant Incident Energy (CIE) slices

A vertical slice extracted from a two dimensional RIXS map is a Constant Incident
Energy (CIE) slice. The CIE slices across the 1s pre-peak are expected to be similar
to conventional L2,3-edge spectra, because the final state 1s2 2p5 3dN+1 is identical in
1s2pRIXS and in 2pXAS. The spectra are not identical because the 1s2pRIXS process
involves the matrix elements for the 1s→ 3d excitation and the 2p→ 1s decay, which
are different from the direct 2pXAS matrix elements. Thus, the MCD CIE slices across
the intense dichroism extracted from the MCD map are expected to be similar but not
identical to conventional L2,3-edge XMCD spectra.[50]

In the following, the CIE slices corresponding to the vertical lines in the two maps
in Figure 5.9 are discussed. The first set of three CIE slices intersecting the intense
Kα1 dichroism in the onsite region, extracted at the incident energies Ein ∈ {5992.25,

5992.50, 5992.75} eV, is displayed in Figure 5.15. As expected, the CIE sum slices in
Figure 5.15 show the typical band-like shift with increased incident energy Ein being
consistent with the diagonal appearance of the Kα pre-edge emission in Figure 5.9.a.
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Figure 5.15: Constant Incident Energy (CIE) slices across the onsite region (vgl. Figure
5.12)for Ein ∈ {5992.25, 5992.50, 5992.75} eV derived from the two maps
in Figure 5.9. top: CIE sum slices showing the Kα1,2 doublet; bottom:
CIE MCD slices with the strong dichroism for the Kα1 emission, while the
Kα2 region appears only weakly dichroic.

The MCD slices, on the other hand, show only minor differences with no energy shift
indicating a resonant (→ excitonic) effect. Only the minima and maxima of the MCD
intensity, at ET ≈ 576.5 eV and ET ≈ 578 eV respectively, vary a bit. This can be
explained with the overlapping diagonal band character which is also visible as weak
diagonal dichroism in the RIXS-MCD map (FIG. 5.9.b).

Another set of four other CIE slices across the intersite region in the maximum of the
Cr Kα1 pre-edge structure, extracted at the incident energies Ein ∈ {5994.50, 5994.75,

5995.00, 5995.25} eV, are displayed in Figure 5.16. The CIE sum slices (FIG. 5.16 top)
are again similar with the typical band-like shift with increased incident energy Ein.
The CIE MCD slices (FIG. 5.16 bottom) show some energy dependent shift, which
indicates that the dichroism in this region is not purely quadrupolar (not excitonic).
The MCD intensities are in this case almost an order of magnitude smaller with respect
to the dichroism measured in the low-energy tail of the pre-peak around Ein ≈ 5992 eV
as shown in FIG. 5.15.

The observed energy shift is consistent with the partially diagonal appearance of
the dichroism in the 1s2p RIXS-MCD map (FIG. 5.9.b) around ET ≈ [580 ± 1] eV.
This may be assigned to the non-local mixing of the 3d states inducing some band-like
character visible as dipole band transitions into the spin-polarised 3d-band. A detailed
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Figure 5.16: Constant Incident Energy (CIE) slices across the intersite region (vgl.
Figure 5.12) for Ein ∈ {5994.50, 5994.75, 5995.00, 5995.25} eV extracted
from Figure 5.9. top: CIE sum slices showing the Kα1,2 doublet; bottom:
CIE MCD slices with a relatively weak dichroism for the Kα1,2 region.

quantitative analysis of the dichroism in this intersite region is difficult due to the
involved intersite 4p3d hybridisation: this aspect goes beyond the local CFM approach,
which does not account for the band structure of the solid and thus it prevents the
calculation of transitions to delocalised levels.
It is noteworthy that overall the Kα2 dichroism shows in this experiment no indica-

tion of a resonating behaviour as opposed to the Kα1 dichroism.

5.4.7 RIXS-MCD ground state character of CrO2

The detailed analysis of the CEE and CIE slices have revealed that the intense dichro-
ism in the experimental RIXS-MCD map in FIG. 5.9.b is dominated by local excitonic
transitions. Therefore, we assume that the local contributions to the pre-edge sum
and that most of the MCD intensity can be calculated within the local crystal-field
multiplet framework.
As discussed above, for ferromagnetic CrO2 an electronic structure corresponding

to an axial compression with one strongly localised and one itinerant electron is re-
quired for the proposed double-exchange mechanism. The energy level diagram in FIG.
5.17 shows the behaviour of the multi-electronic states in the case of the compressed
distortion of the Cr site for a floating magnetic exchange interaction M and without
spin-orbit coupling.
As shown by this diagram, the exchange interaction M removes the threefold spin
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Figure 5.17: Multi-electronic energy level diagram floating the magnetic exchange para-
meterM from 0 to 50meV. The threefold spin degenerate states 3Eg (D4h)
and 3B2g (D4h) are separated at M = 0meV by ∆E = | − 3Ds + 5Dt| =
73meV. The spin degeneracy is then removed due to the magnetic field
(→ Zeeman effect). The circles highlight intersections between the states
indicating a possible mixing between the states and a change of the ground
states order. The dashed line marksM = 30meV used in the calculations.

degeneracy of the 3Eg (D4h) and 3B2g (D4h) terms. The lowest multi-electronic ground
state arises from 3Eg (D4h) and should therefore dominate the spectrum. The energy
∆E separating the 3Eg (D4h) and 3B2g (D4h) at M = 0meV corresponds in this case to
∆E = |−3Ds+5Dt| = 73meV and is therefore also dependent on the specific parameter
set chosen. In this case, the splittings are too large to justify a significant population
of 3B2g (D4h) states only due to thermal excitation (T = 300K  E = kT ≈ 25meV).

It is important to note that the twofold orbital degeneracy of the 3Eg (D4h) state,
leading in total to six levels, is not removed here by the magnetic field scaled with
M . Only the threefold spin degeneracy is removed. This is due to the fact that for
ferromagnets one has to use the Heisenberg exchange coupling [51,52] in the Hamiltonian
in which the magnetic operator Ô is defined without the orbital momentum L:

Ô = Bx · (2 Ŝx) +By · (2 Ŝy) +Bz · (2 Ŝz) (5.13)

Whereas for paramagnets one has to use the usual definition including the orbital
momentum L:

Ô = Bx · (2 Ŝx + L̂x) + By · (2 Ŝy + L̂y) +Bz · (2 Ŝz + L̂z) (5.14)

For both cases, Bx, By, Bz are the components of the magnetic field with Bx = (1, 0, 0)·
M (and By, Bz analog), and Ŝx, Ŝy, Ŝz are the operators for the corresponding spin
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components. For the definition in (5.14) L̂x, L̂y, L̂z are then analogous the operators
for the corresponding orbital components.

As we have to use for the ferromagnet CrO2 the definition in (5.13), this explains
why the twofold orbital degeneracy of the 3Eg (D4h) state is not removed in the energy
level diagram shown in Fig. 5.17 (ferromagnet and spin-orbit interaction off). The 3Eg
(D4h) state will only split into six separate levels (3 for spin, 2 for orbit) when equation
(5.14) is used (paramagnets), or for a ferromagnet with the definition in (5.13) when
spin-orbit interaction is on as shown in the appendix in Figure A.2 top row.

It would go beyond the scope of this study to discuss all calculated RIXS-MCD
maps that were made to find acceptable agreement with the experimental data. Thus,
we present only the calculated maps for some chosen parameter sets as a benchmark
example for the interpretation of the excitonic RIXS and RIXS-MCD features.

5.4.8 RIXS-MCD for 3Eg (D4h) ground states

One example calculation for a RIXS and RIXS-MCD map for 3Eg (D4h) ground state
is shown in FIG. 5.18 and shortly discussed in the following. The general appearance
of the RIXS-MCD map is not similar to the experimental MCD map.

a) SUM ("+!) b) MCD ("-!)

Figure 5.18: Calculated 1s2p RIXS sum and MCD map for a 3Eg (D4h) ground state
with spin-orbit coupling ζ3d = 100%.
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Most notable is that the minimum and maximum of the MCD are more separated
on both axis when compared to the experimental data. Even under the consideration
of the absence of any non-local contributions at higher energies, it appears clear that
the dichroism is not shifted to the low-energy tail of the pre-edge structure as marked
with a circle in the RIXS and RIXS-MCD maps in FIG. 5.9 and as it is better visible
in the CEE slices in FIG. 5.12.

The CIE slices show the Kα1 well reproduced, while the Kα2 dichroism apparently
has the opposite tendency in the calculation (↓↑ ↓↑) with respect to the experimental
data (↓↑ ↑↓). The red and blue arrows correspond to the local minima and local max-
imal in the MCD slice and they emphasise the opposite behaviour of the minima and
maxima in the MCD of the Kα2 region for the comparison between the experimental
and calculation data. The effect is also illustrated with arrows in Figure 5.19 compar-
ing the calculated CIE slice, which is highlighted by the red line in the RIXS MCD
map in Figure 5.18.b, with the experimental slice already shown in Figure 5.15.

??
66

6?
?6

Kα1 Kα2

Figure 5.19: Comparison the MCD CIE slices to visualise the inverted behaviour of
Kα2 MCD with respect to the Kα1 emphasised with arrows indicating the
local minima and maxima. The calculated MCD CIE slice is scaled to
match the experimental intensity.

This behaviour is visible for essentially all calculated 3Eg (D4h) ground states, but
because the experimental Kα2 MCD appears to be mostly due to non-local mixing, an
accurate modelling of the Kα2 MCD is beyond the scope of the present multiplet model.

We have performed many calculations across a significant section of the parameter
space, and none of the parameter sets for a 3Eg (D4h) ground state yields an overall
satisfactory result comparable to the experimental data.

5.4.9 RIXS-MCD for 3Eg (D4h) without spin-orbit interaction

Another set of calculated maps for a 3Eg (D4h) ground state with the 3d spin-orbit
interaction turned off (ζ3d = 0.0 eV) is shown in Figure 5.20. This could be explained
with a quenching of the 3d spin-orbit interaction because the atomic value ζ3d =
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a) SUM ("+!) b) MCD ("-!)

Figure 5.20: Calculated 1s2p RIXS sum and MCD map for a 3E (D4h) ground state
with 3d spin-orbit interaction off (ζ3d = 0.0 eV).

54meV is small, and the orbital magnetic moments of 3d transition metals are generally
quenched because of the crystal-field.[26,27,28,13] The metallicity of CrO2, the crystal-field
or symmetry effects as well as angular averaging for a powder, all can reduce the spin-
orbit interaction. Usually it is expected that the 3d spin-orbit interaction ζ3d separates
the MCD minima and maxima in the incident energy Ein direction. However, there
is clearly a separation of the MCD minimum and maximum in the incident direction
visible in this example proving that it is not purely the 3d spin-orbit interaction ζ3d.

The general appearance of the RIXS-MCD map is remotely similar to the experi-
mental data, but the MCD intensity is by several orders of magnitude too low (IMCD ∼
10−7) with respect to the quadrupole maximum in the sum. And the dominant MCD
of the Kα1 region again does not appear in the low energy tail of the pre-edge structure
of the RIXS sum, which is the case for the experimental data (see circle in Figure 5.9).

5.4.10 RIXS-MCD for 3B2g (D4h) ground states

As discussed above, 3B2g (D4h) corresponds in the single electron picture for 3d2 having
both electrons in the e2

g level (xz,yz orbitals) as displayed in FIG. 5.6 and FIG. 5.7.
Even though a 3B2g (D4h) ground state appears to contradict the requirements for the
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proposed double-exchange mechanism as cited above,[18,19] and it is known that the
ground state at absolute zero temperature should be a 3Eg (D4h) ground state, our
calculations show that we find multiple solutions yielding a RIXS-MCD map compar-
able to the experimental data for 3B2g (D4h) ground states. Furthermore, we find that
for 3B2g (D4h) ground state calculations, the RIXS and RIXS-MCD maps are in many
cases essentially the same for 3d spin-orbit interaction ζ3d either on or off.

One example for a calculation for a 3B2g (D4h) ground state with 3d spin-orbit
interaction set to ζ3d = 0.0 eV is displayed in FIG 5.21.

a) SUM ("+!) b) MCD ("-!)

Figure 5.21: Calculated 1s2p RIXS sum and MCD map for a 3B2g (D4h) ground state
with 3d spin-orbit interaction off (ζ3d = 0.0 eV).

This is in agreement with other reports finding a reasonably good agreement with
spin-orbit interaction effectively switched off due to the vanishing influence of an orbital
momentum and correlated spin-orbit effects.[53] Most notable is that the RIXS sum for
a 3B2g (D4h) ground state in FIG. 5.21.a now consists of two single-peak structures, as
opposed to the double-peak structures as visible for the 3Eg (D4h) ground state.

A comparison of the calculated RIXS-MCDmap in FIG. 5.21.b with the experimental
map (FIG. 5.9.b) shows that the weak diagonal dichroism related to the band-character
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is absent in the calculation. But this is expected and the general appearance of the
RIXS-MCD map is quite well reproduced. In fact, under assumption of a 3B2g (D4h)
ground state, we find many solutions similar to the experimental RIXS-MCD map.
In addition, we now also find a different behaviour in the CIE slices for the calculation

(↓↑ ↑↓) with respect to the calculation for the 3Eg (D4h) ground state. The results for
3B2g (D4h) do in fact also agree better with the experimental slices (↓↑ ↑↓) as shown
in Fig. 5.22.

??
66

66

??

Kα1 Kα2

Figure 5.22: Comparison of the experimental and the calculated CIE slices extracted
from FIG. 5.9.b and FIG. 5.21.b. (The calculated slice is scaled to match
the experimental data.)

Again, it would go beyond the scope of this study to discuss all calculated RIXS and
RIXS-MCD maps for 3B2g (D4h) ground states, thus it shall be clear that the shown
maps are not supposed to be taken as proposed solutions. Instead, the calculations
shown here serve only as example to illustrate the general appearance of the RIXS and
RIXS-MCD map with a 3B2g (D4h) ground state character.

From these calculations, we conclude that the RIXS-MCD signal appears to be dom-
inated by ground state contributions with a 3B2g (D4h) character. This would therefore
suggest that the ground state is a mixed one, which further triggers the counter-intuitive
distortion with respect to pure Jahn-Teller considerations. Such a complex ground state
has already been suggested for various systems and in some cases is mediated by both
double-exchange mechanism and vibronic couplings, which were not accounted in our
present model.[54,55]

5.5 Concluding Remarks

The RIXS-MCD approach delivers valuable information to experimentally disentangle
the quadrupole from the dipole contributions, where the quadrupole part of the spec-
trum reveals magnetic information. As such, hard X-ray RIXS-MCD is a bulk-sensitive
high resolution magnetic spectroscopy.
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In the case of CrO2 the K pre-edge structure is dominated by dipole transitions into
the non-local Cr(4p)-O(2p)-Cr(3d) band originating from intersite 4p3d hybridisation
and the quadrupole pre-edge not detectable. The 1s2p RIXS-MCD unravels the strong
resonant features in the Kα1 dichroism assigned to excitonic states. The non-local
states only show a weak non-resonant dichroism.

The assignment of the resonant features in the Kα1 dichroism was interpreted with
the CFM theory that describes the 3d3d and 2p3d multiplet interactions. Although the
compressed axial distortion of the Cr4+ octahedron predicts a 3Eg (D4h) ground state,
the RIXS-MCD calculation of this ground state only fails to reproduce the observed
dichroism. Our calculations suggest that i) the spin-orbit coupling of the 3d electrons is
quenched, and ii) there is non-negligible contribution from the excited multi-electronic
state 3B2g (D4h) in the ground state.

We conclude that we cannot give an unambiguous description of the ground state
from a local crystal-field approach. Both, the existence of a double-exchange mechan-
ism and the strong non-local Cr(4p)-O(2p)-Cr(3d) hybridisation indicate strong Cr-Cr
interactions.

Recent computational developments that enable the coupling between first principle
density-functional theory and multi-electronic calculations would enable to go beyond
the crystal-field model and provide valuable insights into the nature of the ground state
of CrO2.
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5.A Supplementary Information

A.1 Values used for the calculations

In this part we summarise the values used for the calculations for the compression case
with the ground state 3Eg (Table 5.2) and for the elongation case for the ground state
3B2g (Table 5.3).

GS IS FS
10Dq 2.347 eV 2.347 eV 2.347 eV
Ds −36meV −36meV −36meV
Dt −7meV −7meV −7meV
M 30meV 30meV 30meV

F2
2p3d - - 4.687 eV

G1
2p3d - - 3.508 eV

G2
1s3d - 38meV -

G3
2p3d - - 1.996 eV

F2
3d3d 6.133 eV 6.496 eV 6.538 eV

F4
3d3d 3.868 eV 4.092 eV 4.123 eV
ζ2p - - 5.668 eV
ζ3d 41meV 54meV 53meV

Table 5.2: Values for the ground state (GS), intermediate state (IS) and final state (FS)
for the 3Eg state. Note, the values for spin-orbit interaction ζ3d are set to
0meV for the spectra shown in Figure 5.20. The results of the calculation
are shown in section 5.4.8 and appendix 5.4.9.

GS IS FS
10Dq 2.347 eV 2.347 eV 2.347 eV
Ds 0meV 0meV 0meV
Dt 200meV 200meV 200meV
M 30meV 30meV 30meV

F2
2p3d - - 4.687 eV

G1
2p3d - - 3.508 eV

G2
1s3d - 38meV -

G3
2p3d - - 1.996 eV

F2
3d3d 6.133 eV 6.496 eV 6.538 eV

F4
3d3d 3.868 eV 4.092 eV 4.123 eV
ζ2p - - 5.668 eV
ζ3d 0meV 0meV 0meV

Table 5.3: Values for the ground state (GS), intermediate state (IS) and final state (FS)
for the 3B2g state. To model a fully quenched spin-orbit interaction ζ3d it is
set to 0meV. The results of the calculation are shown in section 5.4.10.
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A.2 Energy Level Diagrams
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6 RIXS measurements CrO2 thin films

In this chapter we will give an overview of the first 1s2pRIXS measurements on CrO2

thin films. Contrary to a powder sample as discussed in section 5, which are always an
average over all possible orientations, CrO2 thin films enable to study the electronic
structure with respect to the orientation of the crystal structure. Utilising angular
dependent measurements with circular and/or linear polarised light one can derive ad-
ditional information based on the orientation of the thin film.

CrO2 thin films are difficult to make as they do not grow naturally as many other crys-
tal structures. Although CrO2 thin films are sometimes also called "single crystals",
they are usually grown epitaxially from a chemical pre-curser (e.g. CrO3, CrO2Cl2)
onto a suitable substrate (e.g. TiO2, Al2O3, Fe2O3) using chemical vapour deposition
(CVD).[1,2,3] For a stable growth several parameters (e.g. temperature, pressure, gas
composition) have to be accurately met, only then the crystal structure of the sub-
strate is maintained creating an oriented CrO2 thin film.[4] When all parameters are
well controlled, this process yields a highly oriented sample comparable to single crys-
tal structures with a thickness of a few hundred nanometers. When the thickness of
the thin film exceeds approximately 500 nm, the crystal structure gets more and more
distorted due to contaminations.

According to our collaboration partners from Leiden who created the samples, namely
Amrita Singh and Jan Aarts, in this approach CrO3 was used as chemical pre-curser
and a rutile TiO2 single crystal was used as substrate. To ensure a well oriented sample,
we used for our measurements CrO2 thin films with a thickness of d ≈ 100 − 150 nm.
The thin films were characterised and validated by our collaboration partner ensuring
a high quality sample. The orientation of the sample and the structure of a CrO2

elementary cell is illustrated in Figure 6.1.
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a

b

c

Figure 6.1: Illustration of an elementary cell of a CrO2 crystal. The octahedron, with
the Chromium ion (blue) in its centre and the six Oxygen atoms (red)
at each corner, lies, with respect to the crystal axes a and b, diagonally
in the elementary cell. The z-axis of the octahedron lies in the ab-plane,
perpendicular to the crystals c-axis.

The crystal structure of CrO2 is formed by two octahedral sites which are oriented
perpendicular to each other as illustrated in figure 6.2.

b

c

a

c

b

b

c a

b

a
c

i) ii)

iii) iv)

Figure 6.2: Four different views of the rutile CrO2 crystal structure illustrating the two
perpendicularly oriented bands of the octahedrons. In other words, the two
local z-axes of the two bands are perpendicular to each other, and both are
perpendicular to the crystals c-axis.
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6.1 Angular dependent RIXS-MCD measurements

In this part we will give an overview of the first 1s2pRIXS-MCD measurements on a
CrO2 thin film (single crystal). The measurements were aiming to evaluate the general
feasibility of 1s2pRIXS-MCD measurements on CrO2 thin films, and to determine
whether this can help to better quantify the magnetic properties of CrO2.
The orientation of the sample with respect to the incident beam was set to 60◦ in

order to receive similar results as found by Goering et al.[5] The experimental setup
used for these angular dependent RIXS-MCD measurements is shown in Figure 6.3.
The rotation axis of the sample is oriented perpendicular to the samples surface, and
had due to spacial constraints of the setup, an angle of 60◦ with respect to the incident
beam direction ~k.

Figure 6.3: Experimental setup for angular dependent RIXS-MCD measurements with
the incident beam (blue); the sample and its rotation directions (orange);
and the analyser crystal detecting the emitted radiation (green). It shall
be noted that the local z-axes of the two octahedra shown in figure 6.2.iii
are different from the global z-axis of the experimental setup shown here.

Unfortunately, we had for these measurements only access to a set of analyser crystals
delivering a rather poor overall resolution of ∆E ≈ 1 eV. This is not sufficient for a
detailed quantitative analysis of the Cr K pre-edge structure. Thus, we discuss these
first RIXS-MCD measurements on a CrO2 thin film sample and its angular dependence
only in qualitative manner.

For the first RIXS-MCD measurements, we used a sample in (100)-orientation as
illustrated in Figure 6.4. The a-axis of the crystal is in this case also the rotation axes
of the sample for the angular rotation of the sample and it has an angle of 60◦ with
respect to the incident beam ~kin (shown in blue in figure 6.3). As we will see below,
this orientation of the sample and the tilting of 60◦ of the rotation axis with respect to
the incident beam ~k leads to a strong angular dependence of the 1s2pRIXS dichroims.
Before we discuss the measurements we will clarify some details of the X-ray magnetic

173



i.)

-

6

(010)

(001) CrO2

(100)

b c

a

ii.)

Figure 6.4: i.) Orientation of the CrO2 thin film with the diagonally cut corners to
indicate the orientation of the crystal structure. For these measurements we
used a sample in (100)-orientation where the a and b axes, (100) and (010),
are identical; The c axis (001) is the magnetic easy axis. ii.) Illustration
of a slap of a CrO2 crystal with the crystal axes b and c in plane and the
a-axis perpendicular to the sample’s surface. The incident beam has an
angle of 60◦ with respect to the crystal’s a-axis implying a strong angular
dependence when the sample is rotated around the crystal’s a-axis.

circular dichroism (XMCD), as it is a combination of a number of differences between
the XAS spectra. If not stated otherwise, we assume in the following the ideal case of
100% circular polarised light, with " (LCP) for left circular polarised and ! (RCP)
for right circular polarised light, and a longitudinal setup with the incident beam ~kin

parallel to the magnetic fieldi (~kin|| ~B)
In general, one assumes that themagnetic circular dichroism (MCD) is anti-symmetric

with respect to the inversion of the magnetic field or the inversion of the helicity of
the circular polarised light. Hence, one usually just speaks of MCD and assumes that
it has the exact same shape, but with an inverted intensity (IMCD → −IMCD) for the
following two cases:

1. inversion of the magnetic field: ~B → − ~B (indicated as B+,B−)

2. inversion of the helicity of the circular polarisation: "→!

In other words, the MCD is anti-symmetric for the case of 100% circular polarised
light, which means it would be identical or simply inverted for each of the four pos-
sible combinations of B−, B+, " and !. To discuss the consequences for these four
combinations we will use the following labels:

NL and NR : for LCP " and RCP ! with ~kin||B− (antiparallel) (6.1)

PL and PR : for LCP " and RCP ! with ~kin||B+ (parallel) (6.2)

iNote, for simplicity we write ’magnetic field’, though the vector quantity ~B actually refers to the
magnetic flux density induced by the magnetic field ~H, with ~B = µ ~H = µ0( ~H + ~M).
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To discuss this anti-symmetric behaviour we introduce the circular dichroism (CD)
as difference between two opposite helicities of circular polarised light (",!) and
a fixed magnetic field. And, on the other hand, the magnetic dichroism (MD) as
difference between two opposite magnetic field directions (B+,B−) and a fixed helicity
of circular polarised light.

With the labels defined in (6.1) and (6.2) one can write the two X-ray circular
dichroisms (XCD) and the corresponding SUM’s for the two magnetic field directions
B+ and B−:

XCD+ = PL− PR and SUM+ = PL + PR (6.3)

XCD− = NL− NR and SUM− = NL + NR (6.4)

With XCD+ = −XCD− for B+ = −B− and 100% circular polarised light.

Similarly, one can also define the following two X-ray magnetic dichroisms (XMD)
and the corresponding SUM’s for the two helicities of light:

XMD" = PL− NL and SUM" = PL + NL (6.5)

XMD! = PR− NR and SUM! = PR + NR (6.6)

With XMD" = −XMD! for the two helicities of 100% circular polarised light.

The two anti-symmetries XCD+ = −XCD− and XMD" = −XMD! can be geo-
metrically understood via the helicity of the circular polarisation of the light and its
parallel or anti-parallel coupling to the magnetic field ~B.

Furthermore, one can now use the definitions in (6.3), (6.4), (6.5) and (6.6), and
define the X-ray Natural Circular Dichroism and X-ray Magnetic Chiral Dichroism,
XNCD and XMχD respectively:[6,7]

XNCD = XCD+ + XCD− = SUM" − SUM! ≈ 0 (6.7)

XMχD = XMD" + XMD! = SUM+ − SUM− ≈ 0 (6.8)

This in an important finding, because a non-zero XNCD relates to interferences between
electric-dipole and electric-quadrupole transitions,[7,8] and it requires a non-centrosym-
metric[8,9,10] chiral[8] system. And a non-zero XMχD essentially means SUM+ 6= SUM−,
implying that the light is absorbed differently for parallel (~kin||B+) and antiparallel
(~kin||B−) propagation with respect to an applied magnetic field.[11,12]
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Using this altogether one finds the X-ray Magnetic Circular Dichroism (XMCD) as
"magnetic dichroism between the two circular dichroisms" which is formally identical
to the "circular dichroism between the two magnetic dichroisms" :

XMCD = XCD+ - XCD− (MD between the two CD’s)

= XMD" - XMD! (CD between the two MD’s)


Magnetic
Circular

Dichroism

(6.9)

For the case of an anti-symmetric behaviour of the two XCDs (XCD+ = -XCD−)
and the two XMDs (XMD"= -XMD!) this enhances the signal-to-noise ratio.

And the total RIXS is of course the sum over either of the two SUM-pairs:

RIXS = SUM+ + SUM− (sum of magnetic SUMs)

= SUM" + SUM! (sum of polarisation SUMs)

 total
unpolarised
RIXS

(6.10)

All the above is illustrated in the scheme shown in Figure 6.5 revealing the connec-
tions between the different parts given above:
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Figure 6.5: Illustration of the connection between circular polarised light and a longit-
udinal magnetic field used to derive the different combinations.

It shall be clear that the above assumes 100% circular polarised light and a perfect
longitudinal alignment with ~kin|| ~B. Any deviation in the alignment, or any contribution
of linear polarised light will lead to an elliptical polarisation, and thus render the above
conclusions invalid. Especially the equations (6.7) and (6.8) are only valid under these
conditions, because any linear component in the light is not canceled out.
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In the following we discuss the corresponding 1s2pRIXS-MCD measurements per-
formed at the GALAXIES beam line at SOLEIL. All spectra are normalised to the
pre-edge maximum of the sum of the two polarisation components (SUM= " + !).

The four plots for XCD+, XCD−, XMD" and XMD! are shown in Figure 6.6.

Figure 6.6: XCD and XMD for the Cr K pre-edge (average of three measurements per
slice; normalised to the pre-edge maximum of the total RIXS)

As explained above, the four plots in Figure 6.6 should all give a similar result. Even
under the consideration of an insufficient experimental resolution, this is not the case
suggesting that the measurements where not performed with 100% circular polarised
light or an imperfect longitudinal alignment of the magnetic field. Alternatively, this
would imply a non-zero XNCD and XMχD for which we are not aware of any experi-
mental reports. Though we are aware of one report solely based on DFT calculations
that could imply the existence of a non-zero XNCD in CrO2.[9]

Overall, the largest angular dependence of the dichroism appears in the low-energy
tail of the pre-edge around Ein ≈ 5992 eV. This is in agreement with the results from
the powder measurements, where we could clearly determine that most of the RIXS-
MCD signal in CrO2 lies in this energy range, while the pre-edge maximum is located
at approximately Ein ≈ 5995 eV. Nevertheless, the plots in Figure 6.6 also show some
variation at higher incident energies at Ein > 5992 eV in the region of the non-local
dipole absorption.

177



In a subsequent measurement we used linear polarised light to estimate the mag-
nitude of the linear dichrosim (LD). The LD is the difference between the horizontal
(H) and vertical (V) polarisation. When it is dependent on a traverse external mag-
netic field then one refers to the Magnetic Linear Dichroism (MLD). But it is also
possible that the LD is independent of an external magnetic field, which then refers to
a Natural Linear Dichroism (NLD).
We measured the linear dichroism for four different angles (0◦, 45◦, 67.5◦, 90◦), with

a longitudinal magnetic field in both directions (B+, B−) and without an external
magnetic field (B off) to verify a possible NLD contribution. The spectra are nor-
malised to the pre-edge maximum of the sum of the two polarisation components
(SUMlin = H + V ). The results are shown in Figure 6.7.

Figure 6.7: Cr K pre-edge and the linear dichroisms for B+, B− and B off (average of
three measurements per slice; normalised to the pre-edge maximum)

Most notable is that the linear dichroism is approximately 20 times stronger with
respect to the circular dichroism shown in Figure 6.6 (LDmax/CDmax ≈ 0.1/0.005 =

20). This implies that already a small linear contribution to the circular polarised
light will have a dramatic effect on the outcome. In other words, in such cases MCD
measurements with elliptically polarised light will differ from the results acquired with
100% circular polarised light. This is in agreement with the result found from the plots
in Figure 6.6 where the spectra are not anti-symmetric with respect to the inversion of
the magnetic field or the helicity of the polarisation.
A closer look reveals that for the 0◦ measurement the LD has its maximum in the
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quadrupole tail of the pre-edge. The LD for the 45◦ measurement shows, compared to
the other angles, no substantial dichroism. For the 67.5◦ and 90◦ degree position the
maximum of the LD appears to be in the non-local dipole region around the maximum
of the pre-edge structure. The 0◦ and 90◦ measurements may appear to be contra-
dictory, because for a LD one measures two absorption spectra each with the linear
polarisation rotated by 90◦ (H polarisation→ V polarisation). Thus, one would expect
that the 0◦ and 90◦ measurements yield an identical shape in the LD spectra, only an
inversion should be possible depending on the calculation of the difference (H − V vs
V − H). This is related to the fact that the sample is a crystal in (100)-orientation,
and the sample is not mounted perpendicular to the incident beam. (The sample is
mounted with/at 60◦ with respect to the incident beam.) When the sample is tilted
with respect to the incident beam, the spectra are not identical due to the different
projections through the tilted crystal structure.
To conclude this section and in spite of the clear difference between the two XCDs,

XCD+ and XCD−, as well as the difference between the two XMD spectra, XMD"

and XMD!, we also calculate the resulting XMCD according to the equation given
in (6.10). It should be clear that this will average out the differences between the four
spectra shown in Figure 6.6 and thus potentially show an incorrect XMCD because the
measurements were not performed with 100% circular polarised light.
The resulting averaged XMCD for the four different angles 0◦, 45◦, 67.5◦, 90◦ is shown

in the following Figure 6.8. Comparing the variation of total XMCD between the four

Figure 6.8: CrO2 thin film XMCD = XCD+ - XCD− = XMD" - XMD!

measured angles shows a dramatically reduced angular dependence. Though the total
XMCD in the quadrupole region and in the non-local region of the pre-edge is non-zero,
the angular dependence in the quadrupole region has almost disappeared. The angular
variation is strongest around the incident energy E0 ≈ 5994 eV.

Furthermore, to complete this section and to allow a full qualitative comparison, we
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also show the formal result of the XNCD in Figure 6.9 as computed from the exper-
imental data using the equation (6.7). Though CrO2 is centro-symmetric (D4h), the

Figure 6.9: CrO2 thin film XNCD = XCD+ + XCD− = SUM" - SUM!

external magnetic field will break the inversion symmetry, and thus an XNCD contri-
bution, due to interference between electric dipole and electric quadrupole transitions,
can be possible. Especially the apparent angular dependence in the quadrupole region
around the incident energy E0 ≈ 5992 eV makes further investigations of the XNCD in
CrO2 necessary.
And finally Figure 6.10 shows the resulting XMχD as derived from the experimental

data using the equation (6.8). The XMχD appears rather noisy and apart from one

Figure 6.10: CrO2 thin film XMχD = XMD" + XMD! = SUM+ - SUM−

visible peak for the angle 67.5◦, no significant structure can be recognised. This seems to
confirm that CrO2 shows no significant XMχD signal. This agrees with the assumption
that a possible contribution from a reduced surface with anti-ferromagnetic Cr2O3 as
described by Goulon et al[7] is negligible in hard 1s2pRIXS.

180



6.2 Angular dependent RIXS-NLD measurements

In this part we will give an overview of the first angular dependent 1s2pRIXS-NLD
measurements on a CrO2 thin films.
The measurements are aiming to give a first insight into the linear dichroism of the

CrO2 crystal structure as a preliminary measurement for a detailed quantitative NLD
study. Unfortunately during these measurements we had only access to a set of analyser
crystals delivering a rather poor overall resolution of ∆E ≈ 1 eV. Furthermore, the
sample showed some visible burning signs and a drop in intensity during the measure-
ments. Due to this, we assume the sample suffered from beam damage which renders
these measurements rather unreliable for a detailed quantitative analysis. Hence, we
use these datasets for a qualitative comparison with some artificial polarplots using
trigonometrical functions to give a first insight into the angular dependence.

For these angular dependent 1s2pRIXS-NLD measurements the sample was moun-
ted perpendicular with respect to the incident beam, and the detection angle for the
scattered X-ray emission was about 40◦ (backscattering detection). To ensure that no
undesired contribution from a Magnetic Linear Dichroism (→ MLD) is added to the
NLD due to a traverse magnetic moment, the sample was placed on a small permanent
magnet with a longitudinal magnetisation. The setup is shown in Figure 6.11.

Figure 6.11: Experimental setup for angular dependent RIXS-NLD measurements with
the linear polarised (H/V) incident beam (blue); the sample and its ro-
tation directions (orange); and the analyser crystal detecting the emitted
radiation (green). For these measurements the sample was mounted per-
pendicular with respect to the incident beam.
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For these measurements we had three different crystal orientations available:

1. The first thin film sample has an (001)-orientation, which implies due to the
perpendicular alignment (see Figure 6.11) that the crystals c-axis (001) is also
the rotation axis for the rotation scans. And the crystals a-b-plane lies in the
sample plane.

2. The second sample has a (011)-orientation, which implies the rotation axis inter-
sects the a-b-plane in a 45◦ angle. This is probably the most difficult sample as
it is the one with the most complex orientation.

3. The third sample measured has a (100)-orientation, which is the same orientation
as used for the 1s2pRIXS-MCD measurements.

The three orientations are summarised and shown in Figure 6.12.
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Figure 6.12: Crystal orientations: i) For the (001) crystal the a (= b) axis corresponds
to θ = 0◦. ii) For the (011) crystal the a axis corresponds to θ = 0◦; iii)
For the (100) crystal the b axis lies parallel to θ = 0◦;

Another very interesting sample for such a rotation measurement would be a crystal
in (110)-orientation, as it would imply a rotation axis parallel to one of the local z-axis
of one of the two sites (cf. Figure 6.2.iii). Unfortunately this crystal orientation was
not available for this measurement.

All spectra discussed in this section have been normalised to the incident intensity
I0 to allow a comparison of the relative intensity per measurement.

6.2.1 Thin film in (001)-orientation

The first sample measured has a (001)-orientation as illustrated in Figure 6.13. With
respect to the crystals symmetry this can be considered one of the easy orientations,
because the crystal axes a and b are identical and lie in this case in the sample plane.
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Figure 6.13: i.) Orientation of the CrO2 thin film (single crystal) with the diagonally
cut corners to indicate the orientation of the crystal structure. For these
measurements a sample in (001)-orientation was used, where the crystal’s
c axis is the rotation axis. ii.) Illustration of a (001) slap of a CrO2

crystal with the crystal axes a and b in the sample plane and the c-axis
perpendicular to the samples surface.

The crystal’s c-axis is perpendicular to the sample’s surface and is also the rotation
axis in this case.

In Figure 6.14 we show two example scans of the pre-edge and main edge measured
as HERFD spectra, one with horizontal (H) and one vertical (V) polarisation, and the
resulting linear dichroism (LD = H-V). Several rotation scans with different incident
energies Ein were measured during this beam time. Here, we chose just a few examples
selecting the quadrupole region, the non-local peak and the main-edge shoulder to com-
pare their angular dependence. The chosen incident energies Ein = 5991.7 eV (quad-
rupole pre-edge), Ein = 5992.7 eV (quadrupole pre-edge), Ein = 5994.9 eV (pre-edge
maximum, non-Local peak) and Ein = 6005.2 eV (main-edge shoulder) are highlighted
as purple dashed lines in Figure 6.14.

Figure 6.14: Pre-edge and main edge HERFD of the sample in (001)-orientation

For the chosen incident energies Ein we then performed several rotation scans while
detecting the Kα1 emission line at Eout = 5423 eV. The resulting rotation scans are
shown in the following figure 6.15.

183



Figure 6.15: Rotation scans of the sample in (001)-orientation for the incident ener-
gies Ein = 5991.7 eV (quadrupole pre-edge), Ein = 5992.7 eV (quadru-
pole pre-edge), Ein = 5994.9 eV (pre-edge maximum, non-Local peak),
Ein = 6005.2 eV (main-edge shoulder), while detecting the Kα1 emission
line at Eout = 5423 eV.

The rotation scan at the lowest incident energy at Ein = 5991.7 eV is very noisy which
is related to the fact that it was measured in the low energy tail of the pre-edge struc-
ture. One can average all these scans, but the general shape will be maintained, thus we
prefer to show the data normalised to the incident beam intensity I0. Nevertheless, the
difference between the angular behaviour of the two scans in the quadrupole pre-edge
region (Ein = 5991.7 eV, Ein = 5992.7 eV) and the angular behaviour of the non-local
peak (Ein = 5994.9 eV) and the dipolar shoulder of the main edge (Ein = 6005.2 eV)
is obvious. The two polar plots of the non-local peak and the dipolar shoulder of
the main edge have a very similar appearance. This is in fact in agreement with the
results derived from the powder data (Chapter 5), where we concluded that the max-
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imum of the pre-edge structure is related to non-local mixing, implying a strong dipolar
contribution.

Also notable in these measurements is a significant reduction of their intensity for
the repeated scans. A visual inspection of the sample after the measurement revealed a
visible change of the sample’s surface, which suggests that the several hours of exposure
to the beam led to some beam damage. This is also supported by the constant decrease
of intensity when comparing the HERFD scans acquired at the beginning and at the
end of the measurement.

Even though the intensity during the scan clearly changed, the overall angular de-
pendence is maintained for each rotation scan. In the following Figure 6.16 we use a
simple model using trigonometrical functions to illustrate the general behaviour.

Components Total Total as polar plot

Figure 6.16: Trigonometrical 3-fold model to illustrate a possible composition of the
measured sample in (001)-orientation.

The plots suggest a 3-fold symmetry with approximately 120◦ where two lobes appear
enhanced, while the third lobe is suppressed. The underlying model is given in the
following expression

f(θ) = sin

(
3 · θ

2

)2

+ 0.4 · sin
(

3 · θ
2

)
with θ ∈ {0, ..., 2π} (6.11)

where the value 3 in the numerator of the argument defines the 3-fold symmetry. Of
course this is just a simple qualitative model without a detailed justification.

Apart from an arbitrary rotation, this 3-fold qualitative model is in general quite sim-
ilar to the appearance of the experimental data for the rotation scans of the sample in
(001)-orientation shown in Figure 6.15. This implies that the measured rotation scans
are a superposition of at least two contributions. Considering that the CrO2 crystal
structure is composed of two perpendicularly oriented bands of octahedra may support
this assumption. To further support this assumption, an accurate and more complex
physical model will here be required to better investigate the individual contributions
and their origin.
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6.2.2 Thin film in (011)-orientation

The second sample used for the angular dependent RIXS-NLD has a (011)- orienta-
tion. As the rotation axis and the incident beam are only perpendicular to the crystal’s
a axis (100), it is difficult to illustrate it as a slap. Thus, we prefer to illustrate this
case using the projections shown in Figure 6.17. The rotation axis and the direction
of the incident beam is shown as a purple vector.
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Figure 6.17: i) Thin film sample in (011)-orientation with the crystals a axis parallel

to θ = 0◦ and ii-iv) projections of the crystal structure with the rotation
axis and incident beam as a purple vector.

As in the previous case, the incident energies used for the rotation scans are again
based on two HERFD spectra, with horizontal (H) and vertical (V) polarisation.

Figure 6.18: Pre-edge and main edge HERFD of the crystal in (011)-orientation

The incident energies used for this case are Ein = 5992.2 eV (quadrupole pre-edge),
Ein = 5994.7 eV (pre-edge maximum, non-local peak), Ein = 6002.5 eV (main edge
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shoulder) and Ein = 6012.6 eV (dipole main edge) highlighted as purple dashed lines
in Figure 6.18. The most notable aspect for this orientation is that the LD is already
clearly visible in the HERFD scans for H and V polarisation. Hence, the resulting
dichroism LD = H-V is relatively strong. This translates also into a relatively strong
angular dependence for the rotation scan as can be seen in the polar plots shown in
Figure 6.19.

Figure 6.19: Rotation scans of the sample in (011)-orientation for the incident ener-
gies Ein = 5992.2 eV (quadrupole pre-edge), Ein = 5994.7 eV (pre-edge
maximum, non-local peak), Ein = 6002.5 eV (main edge shoulder) and
Ein = 6012.6 eV (dipole main edge)

The rotation scans for the sample in (011)-orientation appear very different from the
previous case. The rotation scans in the quadrupole pre-edge at Ein = 5992.2 eV have
essentially an asymmetric 2-fold shape with an additional dent on the enhanced lobe.
The intermediate scan near the maximum of the pre-edge structure at Ein = 5994.7 eV
shows this additional dent even more enhanced, which seems to be related to the
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dipolar contribution due to the non-local 3d4p mixing in this region. This appears to
be in agreement with the two rotation scans in the dipole region at Ein = 6002.5 eV
(main edge shoulder) and Ein = 6012.6 eV (dipole main edge) which are again clearly
distinguishable from the quadrupole scans as they have essentially an asymmetric 4-
fold symmetry. Apart from an arbitrary rotation, the following Figure 6.20 illustrates
how the general appearance of a simple 2-fold shape can be produced.

Components Total Total as polar plot

Figure 6.20: Trigonometrical model to illustrate a similar 2-fold composition.

The corresponding model function for the plots in Figure 6.20 is the expression

f(θ) = cos2

(
2 · θ

2

)
− 0.4 · cos

(
2 · θ

2

)
with θ ∈ {0, ..., 2π} (6.12)

where the value 2 in the numerator of the argument defines the 2-fold symmetry.
Another simple model showing a 4-fold symmetry is shown in the following figure:

Components Total Total as polar plot

Figure 6.21: Trigonometrical model to illustrate a similar 4-fold composition.

The corresponding model function for the 4-fold plot is the expression

f(θ) = sin2

(
4 · θ

2

)
+ 0.5

[
sin

(
3 · θ

2

)
+ 1

]
with θ ∈ {0, ..., 2π} (6.13)

where the value 4 in the numerator of the argument defines the 4-fold symmetry. It
should be noted that here we used for the offset sine a 3-fold numerator.
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As mentioned above, none of the experimental rotations scan shown in Figure 6.19 are
neither purely 2-fold or 4-fold. In spite of this rather basic comparison, the similarity
with the simple trigonometrical examples shows that the experimental rotation scans
are likely a composition of at least two components.

6.2.3 Thin film in (100)-orientation

And finally the third sample measured has a (100)-orientation as illustrated in Figure
6.22. Here, the rotation axis and the incident beam are parallel to the crystal’s a axis
(~k||a) This implies that the crystal axes b and c lie in the sample plane.
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Figure 6.22: i.) Orientation of the CrO2 thin film in (100)-orientation. The b and c
axes, (010) and (001), lie here in the sample plane. The diagonally cut
corners indicate the orientation of the crystal structure for the alignment
during the measurement. ii.) Illustration of a (100) crystal slap with
the a-axis perpendicular to the sample surface, thus the rotation axis lies
parallel to the crystal’s a-axis.

Also in this case, the incident energies Ein used for the rotation scans are based on
two HERFD spectra, one with horizontal (H) and one vertical (V) polarisation, which
are then used to select the incident energies Ein highlighted as purple dashed lines in
Figure 6.23.

Figure 6.23: Pre-edge and main edge HERFD of the thin film in (100)-orientation
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The corresponding rotation scans for the thin film sample in (100)-orientation for the
incident energies Ein = 5991.8 eV (quadrupole pre-edge), Ein = 5992.5 eV (quadrupole
pre-edge), Ein = 5994.5 eV (pre-edge maximum, non-local peak) and Ein = 6013.0 eV
(dipole main edge) are shown in Figure 6.24.

Figure 6.24: Rotation scans of the sample in (100)-orientation for the incident energies
Ein = 5991.8 eV (quadrupole pre-edge), Ein = 5992.5 eV (quadrupole pre-
edge), Ein = 5994.5 eV (pre-edge maximum, non-local peak) and Ein =
6013.0 eV (dipole main edge)

Compared to the first and second sample, in (001) and (011)-orientation respect-
ively, the rotation scans for a sample in (100)-orientation have in this case a different
appearance. They seem to have a more complex shape which cannot be easily repro-
duced by a simple trigonometrical model as it was the case for the other two sample
orientations. Though the shape shows in general roughly three lobes, the angle between
them is clearly different from 120◦ as it would be the case for a three-fold symmetry.
Instead the angle between the lobes appears to be close to 90◦ degrees which suggests
a four-fold symmetry.
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Altogether, this example shows the most complex angular structure. This is likely
related to the fact that the sample rotates in this case around the crystal’s a-axis,
which means that the crystal’s b and c lie in the sample plane inducing the angular
dependence when the sample is rotated.

6.3 Concluding Remarks

First, with respect to the 1s2pRIXS-MCD measurements discussed in Section 6.1, we
conclude from the asymmetry of the XCD and XMD measurements that the MCD
measurements were not performed with 100% circular polarised light. The implied
linear contribution was confirmed by the subsequent measurements with linear polar-
ised light. This shows that MCD measurements on CrO2 thin films must meet the
highest standards and the experiment must be performed with great precision. Here
we recommend the use of a dedicated helical insertion device like the APPLE II un-
dulator, because the use of a diamond crystal plate as a phase retarder creates a large
uncertainty with respect to the quality of the circular polarised light.[13] Hence, we
suggest for any MCD measurement, especially on systems where a linear contribution
can be assumed, that the incident beam must be very well characterised with respect
to polarisation quality. A detailed and quantitative characterisation of the polarisation
quality can be challenging. An easy experimental and more qualitative approach could
be a measurement with an a priori well characterised sample, which is known to show
an XMCD and a relatively large XLD. A comparison of the XCD and XMD spectra as
shown in Figure 6.6 can then experimentally reveal a potential linear contribution to
the circular polarised light.

Furthermore, we find a relatively large XNCD signal which needs further invest-
igation, especially since it shows an angular dependence in the quadrupole and non-
local region of the pre-edge. The total XNCD signal shown in Figure 6.9 appears
larger than the total XMCD signal shown in Figure 6.8. Goulon et al[7] describe the
XNCD to be related to interferences between the electric dipole and electric quadrupole
transitions[7] which makes it an interesting probe for the local mixing in CrO2. As de-
scribed elsewhere,[9,10] a non-zero XNCD requires a non-centrosymmetric system, which
seems to contradict the centrosymmetric structure (D4h) of CrO2. But this could be
explained by a breaking of inversion symmetry (D4h → C4) due to the magnetic field.
Overall, this justifies a dedicated measurement and a subsequent detailed analysis of
the XNCD in CrO2 thin films.

The XMχD signal derived from our measured data is small and noisy, and not
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showing a clear angular dependence. According to Goulon et al[7] a X-ray Magneto
Chiral Dichroism (XMχD) was detected in the antiferromagnetic phase of Cr2O3. It is
known that the surface of CrO2 will to reduce to anti-ferromagnetic Cr2O3 (Cr3+), but
this should be negligible in hard 1s2pRIXS, being in agreement with the measurement.

In section 6.2 we discussed a series of 1s2pRIXS-NLD measurements for several CrO2

thin film samples in different orientations. The NLD measurements are motivated by
the strong natural linear dichroism revealed in the measurements discussed in section
6.1. As expected we find a strong angular dependence with a significantly different
appearance for the different crystal orientations. Though the experimental resolution
was poor in comparison to the measurements performed on the CrO2 powder, the
measurements clearly show that one can use CrO2 thin film samples to investigate the
electronic structure in dependency of the crystal orientation.

The angular dependence of the RIXS-NLD measurements was qualitatively com-
pared using a simple trigonometrical model function approach. As expected there are
still significant differences when compared to the experimental data, but the results
of this comparison give a general idea on how the n-fold shapes can be created using
trigonometrical functions. They also suggest that the measured signals were composed
of at least two contributions. This makes sense as CrO2 crystals contain two perpen-
dicularly oriented bands of octahedra as illustrated in Figure 6.2.

For a detailed quantitative analysis of the RIXS-MCD and RIXS-NLD measure-
ments on CrO2 thin film samples enabling to reproduce the full dichroic behaviour, an
adequate and advanced model is required. It should be based on a molecular super-
cell consisting of the two perpendicularly oriented octahedra forming the CrO2 crystal
structure. A first approach could consist of a linear combination of two spectra of
one octahedron, where each octahedron is rotated by 90◦ with respect to the other.
Furthermore, also the detection angle of the emission should be quantitatively taken
into account. It is known that the X-ray emission can be angular dependent and thus
it can be expected to introduce an additional angular dependence when the detection
angle in a RIXS measurement is varied.

And finally, as mentioned before, it could be useful to measure also a rotation scan
of a sample in (110)-orientation. This could potentially show the angular variation in a
RIXS-NLD measurement, because in this case the rotation axis and the incident beam
would lie parallel to one of the local z-axis of one of the octahedrons.

Overall, an advanced quantitative model to calculate the spectra of CrO2 thin films
could be implemented using Quanty based on the examples for other ions as discussed
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by Haverkort et al.[14] But as discussed above, also experimentally one has to meet
the highest standards for dichroic RIXS measurements on CrO2 thin films. Accurate
and reliable RIXS-MCD and RIXS-NLD measurements require a very well character-
ised source and setup, only then a detailed quantitative analysis can be realised with
satisfactory precision.
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7 Summary and Outlook

We have presented and discussed crystal field multiplet calculations and their applic-
ation to 3d transition metal ions in general, and more specifically to the half-metal
chromium dioxide (CrO2).

While the first calculations in this study were using the existing CTM4XAS soft-
ware, we have made a transition to the new Quanty software. Based on Quanty we
developed the Quanty4RIXS software as a Graphical User Interface assisting in the
calculation of RIXS and RIXS-MCD spectra (chapter 3). Quanty is especially useful
for the calculation of RIXS-MCD spectra and for further developments towards angu-
lar dependent RIXS, because it enables to have a comprehensive access to quantum
mechanical quantities which are in many cases out of reach in experimental approaches.
For example one can disentangle spectral components and decompose the transition
operators using the spherical harmonics, which can be directly translated into the cor-
responding IRREPS and thus enabling to investigate the different contributions in a
native way.

We have performed a series of 1s2pRIXS calculations for 3d transition metal ions in
octahedral symmetry to illustrate the crystal field effects and the selection rules with
respect to the differences between 1s2pRIXS and 2pXAS. In chapter 4 we discussed
the calculation of at least one example ion for every 3dN ground state case. An import-
ant aspect is the mixing of the states induced by spin-orbit or exchange interactions, as
well as the crystal field. The importance of the intermediate state in RIXS is emphas-
ised leading to differences between the final states probed in 1s2pRIXS versus 2pXAS.
We consider these calculations to be a valuable contribution for a better understanding
of 1s2pRIXS spectra in general, but they can also be useful to determine for example
the spin state of experimental spectra. The calculations are therefore a basis for the
analysis of experimental spectra and also a starting point for future calculations that
add additional channels including the non-local peaks. Altogether our calculations
show that with the continuously increasing computation power and the emerging first-
principle estimation of the crystal field parameters this will open new opportunities for
the modelling of experimental data.
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The new 1s2pRIXS-MCD approach is a bulk-sensitive high resolution magnetic spec-
troscopy and very sensitive to the ground state distortion. Based on 1s2pRIXS-MCD
measurements on a CrO2 powder, which we have presented in chapter 5, we have
determined the magnetic ground state and used them as a probe for the local and
non-local orbitals in CrO2. Our measurements show that the Cr K pre-edge structure
is dominated by dipole transitions into the non-local Cr(4p)-O(2p)-Cr(3d) band ori-
ginating from intersite 4p3d hybridisation, while the quadrupole peak is invisible in K
pre-edge absorption. The RIXS-MCD approach enables to experimentally disentangle
the quadrupole from the dipole contributions, where the quadrupole part of the spec-
trum reveals magnetic information. The strong resonant features in the Kα1 dichroism
are assigned to excitonic states leading to a large MCD contrast, while the non-local
states only show a weak non-resonant dichroism. We used crystal field multiplet calcu-
lations to model the excitonic RIXS-MCD spectral shape in tetragonal (D4h) symmetry.
Although the compressed axial distortion of the Cr4+ octahedron predicts a 3Eg (D4h)
ground state, the RIXS-MCD calculation of this ground state fails to reproduce the
observed dichroism. Instead, our calculations suggest that there is non-negligible con-
tribution from the excited multi-electronic state 3B2g (D4h) to the magnetic ground
state, which is required to explain the appearance of the Magnetic Circular Dichroism
in the Cr K pre-edge. This is in apparent contrast with the compressed tetragonal
distortion. Further improvements of the used model and a coupling of first principle
density-functional theory and multi-electronic calculations will enable to go beyond the
crystal-field model and provide further insights into the nature of the ground state of
CrO2.

Furthermore, in the final chapter in section 6.1, we discuss the first angular de-
pendent 1s2pRIXS-MCD measurements on an oriented CrO2 thin film which showed
a clear asymmetry when comparing the XCD and XMD spectra. This indicates that
the measurements were not performed with 100% circular polarised light. The implied
linear contribution was confirmed by subsequent measurements with linear polarised
light. This shows that MCD measurements on CrO2 thin films must meet the highest
standards and the experiment must be performed with great precision. For future
measurements we recommend the use of a dedicated helical insertion device, because
the use of a diamond crystal plate as a phase retarder creates a large uncertainty with
respect to the polarisation quality. Furthermore we find a strong XNCD signal which
appears larger than the total XMCD. Hence we recommend further investigation of
this XNCD, also because it is expected to relate to interferences between the electric
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dipole and electric quadrupole transitions, making it an interesting probe for the local
mixing in CrO2. Overall this justifies a dedicated measurement and a detailed analysis
of the XNCD in CrO2 thin films.

In the final section 6.2 we discussed a series of 1s2p RIXS-NLD measurements for
several CrO2 thin film orientations, which was motivated by the strong linear dichroism
previously found. We find a strong angular dependence with a significantly different
appearance for different crystal orientations, showing that one can use oriented CrO2

thin film samples to derive additional information on the electronic structure.
The angular dependence of the RIXS-NLDmeasurements was qualitatively compared

using a simple trigonometrical model function approach. The results of this comparison
give a general idea of the shapes, suggesting that the measured signals were composed
of at least two contributions. This makes sense as CrO2 crystals are formed by two
perpendicularly oriented bands of octahedra.
For a detailed quantitative analysis of the RIXS-MCD and RIXS-NLD measurement

on CrO2 thin film samples a more detailed model is required. It should represent
the two perpendicularly oriented octahedra forming the CrO2 crystal structure, also
taking the detection angle of the emission into account. The experimentally acquired
RIXS-MCD and RIXS-NLD spectra require a very well characterised source and setup,
only then a detailed quantitative analysis can be realised with satisfactory precision.
Altogether an accurate modelling of the angular dependence of RIXS-MCD and -NLD
measurements on CrO2 thin films is challenging, but it can be a key element to reveal
very detailed information on the electronic and magnetic structure.

Though experimentally quite challenging, the polarisation dependent detection of
the various decays in RIXS-MCD measurements should also be exploited. To achieve
this effective polarisation filters for X-rays must be used. Such measurement can also
be combined with an angular dependent detection of the different polarisations, which
probably yields more information on the specific orbitals participating in the transition.
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Nederlandse Samenvatting

In deze studie maken we gebruik van een harde röntgentechniek om magnetische inform-
atie af te leiden die meestal alleen via metingen met zachte röntgenstralen toegankelijk
is. Hierdoor is het mogelijk deze informatie te bepalen onder extreme omstandigheden
en in magnetische lagen diep in een materiaal. In deze context zijn de essentiële verschil-
len tussen de twee benaderingen besproken en de eerste metingen aan chroomdioxide
uitgevoerd en geanalyseerd. Röntgenspectroscopie is een effectief hulpmiddel om de
eigenschappen van een breed scala aan systemen te onderzoeken. Met de komst van
moderne lichtbronnen, synchrotrons en röntgenlasers, en hoge resolutie detectietech-
nieken is het röntgen magnetisch circulair dichroïsme (XMCD) sinds zijn prille begin
geëvolueerd tot een krachtige methode om de magnetische momenta van veel monsters
te bestuderen. Kenmerkende systemen van interesse zijn de 3d overgangsmetalen waar
het dichroïsme gewoonlijk wordt bestudeerd aan de L-rand met behulp van röntgen-
straalabsorptiespectra (XAS). De L-rand van 3d overgangsmetalen ligt in het zachte
energiegebied, wat enige experimentele beperkingen met zich meebrengt in de directe
2p XAS-meting, waardoor indirecte metingen met harde röntgenstralen wenselijk zijn.

1s2p resonante inelastische röntgenverstrooiing (RIXS) is een gevestigde techniek
met betrekking tot het onderzoek van de elektronische structuur. Omdat 2p XAS
en 1s2p RIXS dezelfde uiteindelijke elektronconfiguratie hebben, kan men profiteren
van de harde röntgenstralen die worden gebruikt in 1s2p RIXS om toegang te krij-
gen tot zachte röntgeninformatie. In dit verband bespreken we de essentiële ver-
schillen tussen 1s2p RIXS en 2p XAS in een reeks kristalveld-multipletberekeningen,
waarbij we de nadruk leggen op de invloed van de tussentoestand op de selectiere-
gels. Verder combineren we 1s2p RIXS en de XMCD (1s2p RIXS-MCD) om het di-
chroïsche gedrag van het halfmetalen chroomdioxide (CrO2) te meten met behulp van
harde röntgenstralen. Die metingen worden vervolgens geanalyseerd met behulp van
kristalveld-multipletberekeningen die de magnetische grondtoestand van CrO2 onthul-
len. In een laatste stap hebben we de eerste RIXS-MCD-metingen op georiënteerde
CrO2-eenkristallen uitgevoerd om te profiteren van de sterk geordende structuur die
het mogelijk maakt om verdere informatie af te leiden vanwege de hoekafhankelijkheid
van de spectra.
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