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Chapter 1. General introduction 

ABSTRACT 

In this chapter some basics of the interaction of X–rays with matter are discussed with a 

special focus on X–ray absorption spectroscopy. In addition, X–ray photoemission, X–ray 

emission, X–ray Raman spectroscopy and Resonant Inelastic X–ray Scattering are discussed. 

These types of spectroscopies are well suited for the study of inorganic (solid) materials. 

On the side of analysis of X–ray spectroscopy there is a need for theoretical calculations to 

extract detailed information from the experimental X–ray spectra. In this introduction, some 

of the basics and approximations within X–ray spectroscopy calculations are discussed. As 

X–ray spectroscopy theory depends on general electronic structure calculations such as 

Hartree–Fock and density functional theory, these electronic structure theories are also 

discussed in some detail.  

At the end of this introduction, new developments in X–ray spectroscopies at synchrotrons are 

discussed followed by an outline of the rest of this PhD thesis. 
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1. CHEMISTRY 

Chemistry is the study of matter and especially its chemical reactions, but also composition, 

structure and properties. Chemistry is concerned with atoms and their interactions with other 

atoms, and particularly with the properties of chemical bonds. Since chemical bonds are an 

interaction of electrons surrounding the nuclei, this means that chemistry is basically the study 

of electrons that are associated with the bonds between atoms with each other. Of 

fundamental importance in chemistry is the study of how electronic properties are modified 

by the (atomic) environment: in molecules, in the solid state or for example under different 

catalysis conditions. 

Chemistry has been named the “central science”, due to its relation to biology (biochemistry) 

and physics (physical chemistry, materials science) and to nanoscience.
1
 

Inorganic Chemistry is the study that focuses on the whole Periodic Table of elements 

excluding the element carbon, the subject of organic chemistry, although metal organics could 

be placed in both these two disciplines.  

The transition metal series are a special part of the Periodic Table. The transition elements are 

elements whose atom has an incomplete d subshell. Sometimes also group 3 (Sc, Y, La 

nd
0
(n+1)s

1
) with an unfilled valence d subshell and group 12 (Zn, Cd, Hg nd

10
) with a 

completely filled valence d–shell are added to this series. The special matter of the transition 

metal series is that compounds based on these transition metals are colorful because of d–d 

transitions. The other special features of transition metals are the formation of compounds in 

many oxidation states and the formation of many paramagnetic compounds. All of the special 

features of the transition metal series are due to this incomplete d shell. 

The transition metal series and especially the 3d–metals are interesting in a lot of different 

disciplines of chemistry, including biochemistry, materials science and homogeneous and 

heterogeneous catalysis, due to the extensive range of coordination compounds and metal–

organic compounds and the wide range already mentioned above of oxidation states that many 

of the d–block metals display.
2
 The interesting thing about the 3d–metal series is that these 

elements, with great emphasis on iron, are much more abundant (and cheaper) than the 

elements of the 4d, 5d and 4f series, making these 3d–metals  attractive from the point of view 

to construct cheaper materials and catalysts.
3,4

 That is also one of the reasons why some 

chapters in this thesis are fully focused on iron. 

A special feature in Nature Chemistry on the “Future of chemistry” was on new developments 

and among them were developments in energy (solar fuels) using inorganic materials, creating 

harmony between experiment and theory and sustainable chemistry (making materials in a 

more efficient way or with a better catalyst that is more selective and produces less waste).
5-9

 

All of these developments need a better understanding of inorganic materials and in this PhD 

thesis the focus is mainly on materials containing 3d transition metal elements, but also other 

inorganic materials are studied. 
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2. SPECTROSCOPY 

From an experimental point of view, the study of chemistry relies on spectroscopies. 

Spectroscopy is the study of interaction between light (photons) and matter. This interaction 

often results in the release of an energy carrier, for instance a photon, an ion or an electron 

with certain kinetic energy. Detection of any of these particles provides the basics of many 

modern spectroscopic techniques, such as diffraction, resonant and non–resonant scattering, 

photoelectron and Auger spectroscopy. Some of these techniques have been developed that 

utilize not only the original visible (VIS) light, but many other forms of radiation: infrared 

radiation (IR), ultraviolet (UV), vacuum ultraviolet (VUV) and X–rays. They differ from each 

other due to the kind of excitation and therefore information that they produce: in the radio 

wave regime, Nuclear Magnetic Resonance (NMR) and Electron Spin Resonance (ESR) give 

information on the change of spin. Microwaves give information on the change or orientation. 

IR spectroscopy gives information on the change of configuration. UV–VIS and X–rays give 

information on the change of electron distribution and on electron transitions and γ–rays give 

information on the change of nuclear configuration.
10

 Thus, for a direct study of electrons and 

electronic properties, UV–VIS or X–ray radiation seems the best choice. In this PhD thesis, 

X–rays were chosen as the source of photons. From the following it will be clear what the 

advantages of X–rays are. 

The electromagnetic radiation known as X–rays was discovered by Wilhelm Konrad Röntgen 

in 1895. In 1901 he won the Nobel Prize “in recognition of the extraordinary services he has 

rendered by the discovery of the remarkable rays subsequently named after him”.
11

 The 

wavelength scale of X–rays is approximately between 10 and 0.1 nm, which is divided in the 

soft and hard X–ray regime. The soft X–rays are quite easily absorbed by air, while hard X–

rays with an energy above 1 keV can penetrate deeper through air and matter. X–rays have 

since their discovery been intensively applied in the medical and natural science, primarily 

because of the ability of X–ray photons to penetrate soft matter and to the fact that their 

wavelengths are comparable to atomic dimensions, making it possible to obtain diffraction 

fingerprints of ordered, crystalline materials. 

The rest of this introduction is organized as follows: first different X–ray spectroscopies will 

be discussed. After that some electronic structure theory will be discussed in section 4. 

Section 5 focuses on the use of these electronic structure theories in calculating X–ray 

absorption spectra. In section 6 some current developments in the X–ray spectroscopies will 

be discussed. Finally, section 7 outlines the rest of this thesis.  

3. X-RAY SPECTROSCOPIES 

X–ray sources can be used to study scattering and diffraction phenomena of matter: X–ray 

Diffraction (XRD), small angle X–ray scattering (SAXS) and wide angle X–ray scattering 

(WAXS). Especially XRD is a conventional lab technique for the study of crystalline solids. 

Both SAXS, WAXS and XRD will not be discussed here. Instead, the focus in this PhD thesis 

is on X–ray spectroscopies.  
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The most common X–ray spectroscopy is the absorption spectroscopy, X–ray Absorption 

Spectroscopy (XAS). Other spectroscopies are X–ray Photoelectron Spectroscopy (XPS) and 

X–ray Emission Spectroscopy (XES) and Resonant Inelastic X–Ray Scattering (RIXS). All 

these spectroscopies will be described in more detail in this section.  

For X–ray absorption spectroscopy a range of X–ray energies is applied. Therefore a tunable 

X–ray source is needed: at the moment only synchrotrons are well suited for that need. 

3.1 Synchrotron radiation 

Synchrotron radiation takes its name from a specific type of particle accelerator, but has 

become a general name for radiation from charged particles traveling at relativistic speeds in 

applied magnetic fields. These magnetic fields force them to travel along curved paths. 

Synchrotron radiation is produced in storage rings where electrons or positrons are kept 

circulating at constant energy. The synchrotron radiation is produced either in the bending 

magnets or in insertion devices such as wigglers or undulators in the straight sections of the 

storage ring. These insertion devices force electrons to follow oscillating paths due to 

alternating magnetic fields.  

The main principle of the occurrence of the radiation is that the electrons are forced to move 

in circular paths. At each bend induced by the magnetic field the electrons change their 

velocity and therefore have a short period of acceleration during which these electrons 

radiate.
12,13

   

3.2 X–ray Absorption Spectroscopy 

Like other absorption spectroscopies, X–ray absorption spectroscopy (XAS) is a matter of 

measuring the difference between the intensity of the incoming beam and transmitted beam. 

We may apply Lambert–Beer’s law: 

0

t

tI I e    (1.1) 

In this formula (1.1), tI It is the transmitted intensity, 0I  is the incident intensity, t  is the 

sample thickness and   is the absorption coefficient. The absorption coefficient   gives the 

probability that X–rays will be absorbed. At most X–ray energies, the absorption coefficient 

  is a smooth function of energy, with a value that depends on the sample density ρ, the 

atomic number Z, atomic mass A and the X–ray energy E roughly as: 

4

3

Z

AE


    (1.2) 

The strong dependence of   on both Z and E is a fundamental property of X–rays.
12

 With X–

ray spectroscopies one can gain information about selected elements by choosing the right X–

ray energy range. Due to the high energy of X–ray photons, these photons may lead to 

excitation of core electrons to unoccupied levels. The energy of these core electron levels is 

determined by the type of element. That is in a nutshell why X–ray absorption spectroscopies 

are element–specific. Another advantage of XAS is that it can be applied on relative small 
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amounts of elements (with respect to the total amount of material) and that the spectroscopy is 

in principle well suited for solid, liquid and gas samples.  

Sharp rises in X–ray absorption are due to reaching the binding energy of a certain core level. 

This sharp rise is called an edge. The edges are named after the core level that is excited (K–

edge after 1s core level, L1–edge after 2s, L2,3–edge after the 2p core levels, etc.) X–ray 

absorption spectroscopy has become an important tool for the characterization of materials as 

well as for fundamental studies of atoms, molecules, adsorbates, surfaces, liquids and solids. 

The particular assets of X–ray absorption spectroscopy are, as mentioned above, its element 

specificity and secondly the possibility to obtain detailed information without the presence of 

any long range ordering. The X–ray absorption spectrum is closely related to the empty 

density of states and as such XAS is able to provide a detailed picture of the local electronic 

structure of the element studied. 

The world of X–ray absorption spectroscopy is divided into two regimes: 

1. Extended X–ray Absorption Fine Structure (EXAFS) 

2. X–ray Absorption Near Edge Spectroscopy (XANES)  

The first one, which will only be described briefly here, is EXAFS. EXAFS is a widely used 

technique that allows the determination of the amount and sort of neighboring atoms around 

selected elements. The basic idea behind the technique is that the absorbed X–rays excite 

electrons away from the studied atom and these electrons are scattered by the electronic 

clouds of the neighboring atoms leading to a wiggled spectrum. EXAFS spectroscopy is quite 

developed and has turned into an well–established technique
14

 and will not be covered further 

in this PhD thesis. 

The second regime is the XANES or Near–Edge X–ray Absorption Fine Structure (NEXAFS) 

regime. From here on, whenever we use XAS or X–ray absorption, we mean the XANES or 

NEXAFS part of the X–ray absorption spectrum. The XANES and EXAFS regimes are 

discriminated on the basis of the energy range. Close to an absorption edge (roughly < 50 eV 

after the initial steep absorption rise) is referred to as the XANES region and more than 50 eV 

higher than the absorption edge is called the EXAFS region. 

XAS spectra are obtained by measuring X–rays that are absorbed by the substrate as a 

function of incident X–ray energy. The normal method is to measure the intensity of the 

transmitted X–rays with reference to the incoming X–rays as with the Lambert–Beer law 

(equation (1.1)).  

In such an absorption event, the atom is in an excited state, with one of the core electron 

levels left empty (a so–called core hole) and with a photoelectron in an unoccupied state
15

 as 

can be seen schematically in Figure 1 completely on the left for XAS. The excited state will 

eventually decay typically within a few femtoseconds after the absorption event. This decay 

can also be measured and such a measurement can be an alternative to the transmission 

measuring XAS mode. Thus, different measure modes depend on measuring (one of) the 

decay products of the core hole, either electrons in for example an Auger event (Figure 1 on 
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the right) or photons (by occurrence of an event as in RXES or NXES, displayed 

schematically in Figure 1) or ions escaping from the surface of the substrate. For the decay–

yield modes it is assumed that the absorbed intensity is proportional to the intensity of the 

decay–yield. 

 

Figure 1. Schematic representation of the different core spectroscopies X–ray absorption Spectroscopy (XAS), X–ray 

photoemission spectroscopy (XPS), Resonant X–ray emission spectroscopy (RXES), Normal X–ray Emission 

Spectroscopy (NXES) and Auger spectroscopy (Auger). FE indicates the Fermi Level. Solid lines indicate unoccupied 

states within the system, while dotted lines indicate virtual states for electrons (“free electrons”). Red lines indicate 

incident radiation (e.g., X–rays) and emitted radiation in the cases of RXES and NXES. 

The electron–yield XAS mode, that is measuring the decay by counting the electrons that 

come off of the surface, is a XAS mode that is more surface–sensitive, because electrons have 

a small free–mean path, e.g., of about 5 nanometer around the Fe L2,3–edge of about 720 eV. 

Measuring photonic decay in the form of X–ray photons which have a larger free–mean path, 

e.g., more than 10 micrometer in the case of energies around the Fe L2,3-edge, is more bulk–

sensitive. Such a measurement mode is called the fluorescence–yield XAS mode. For the 

fluorescence–yield mode one has to be careful, since it does not give the general XAS
16

 and 

effects known as saturation or self–absorption can occur for less dilute materials.
17

 

3.3 X–ray Magnetic Circular Dichroism 

Since X–rays are a form of electromagnetic radiation, they are polarized. X–ray absorption 

spectra can be obtained depending on the polarization of the incident X–ray to the material. 

Combined with a magnetic probe on the material, the use of circularly polarized X–rays can 

be used for X–ray Magnetic Circular Dichroism (XMCD) experiments.
18

 By exciting the 

material in a magnetic field with left (+) and right (–) circular polarized light, information 

about the spin momentum Sz and angular momentum Lz can be obtained
19

: the XAS obtained 

with right circular polarized light is subtracted from the XAS obtained with left circular 

polarized light and the result is called the XMCD signal. XMCD is used to study magnetic 

materials and using the so–called sum rules stated by Thole
20-22

 and Carra
23

 one can obtain 

information on the Sz and Lz from the XMCD signals. Arrio et al.
24

 and Sainctavit et al.
25
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have shown that the sum rules are valid for the Cu
2+

 L2,3–edge. In 1998 Schwitalla and Ebert 

expressed their concern of the validity for the middle of the 3d series.
26

 In chapter 3 we will 

show a broader theoretical investigation on the (non–)validity of these sum rules.
27,28

 

3.4 X–ray Photoelectron Spectroscopy 

The X–ray Photoelectron Spectroscopy (XPS) technique, also known as Element 

Spectroscopy for Chemical Analysis (ESCA), depends on the absorption of an X–ray to 

release electrons from a (surface of a) material.  

The kinetic energies ( KE ) of the electrons leaving the material are measured. This technique 

can be applied in any lab that has a monochromatic X–ray source. The energy of the incident 

X–rays ( hv ) has to be constant (and therefore the incident X–rays need to be as 

monochromatic as possible). After measuring the KE  of the electrons, the binding energies (

BE ) of the electrons can be calculated using: 

BE h KE     (1.3) 

  is the work function defined as the minimum energy required to move an electron from the 

Fermi level into the vacuum. The binding energies BE  give information about the average 

(local) oxidation state of the elements separate elements in the material. The BE  of standard 

materials have been studied before and can be used as comparison material from XPS 

handbooks, such as ref.
29

. Generally spoken, XPS is surface–sensitive, because of the relative 

small escaping depth of electrons.  

XPS can also be performed using a synchrotron source. The advantages of performing XPS in 

synchrotrons include the higher brilliance of the X–rays, which means shorter measurements 

can be conducted and smaller fractions can be measured. Next to that, the X–ray energy can 

be tuned such that one can gain surface information with relatively low incident X–ray energy 

and bulk information with higher incident X–ray energies. Because the X–ray energy can be 

tuned at synchrotrons, X–ray energy binding energies of deeper core levels can be studied as 

well. An example will be shown in chapter 7 of this thesis. Another advantage of performing 

XPS in synchrotrons is that the X–rays can be tuned to a value that corresponds exactly to a 

core–valence transition and then resonant photoemission studies can be performed.  

3.5 X–ray Emission Spectroscopy 

In X–ray Emission Spectroscopy (XES) the intensity of the X–rays which are emitted by a 

material are measured. The process of XES is shown schematically in Figure 1, indicated with 

NXES, normal XES. In general a probe is needed to generate a core hole in the material and 

then an electron from an occupied level at higher energy than the core level falls back and 

releases energy in the form of X–ray emission. 

Nilsson et al. have shown that XES can give a clear specific projection of the local (valence) 

electronic structure of surface adsorbates.
30

 It may give information on orientational 

symmetry of the surface adsorbate, by angular–resolved XES. This technique can be used in 

combination with XAS when the incident X–ray energy is close to an absorption edge as is 
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schematically shown in Figure 1 in the picture of RXES, which is discussed in more detail in 

section 3.7 on the Resonant Inelastic X–ray Scattering Spectroscopy. 

3.6 Inelastic X–Ray Scattering Spectroscopies 

Resonant Inelastic X–ray Spectroscopy (RIXS) and Non–resonant Inelastic X–ray 

spectroscopy (NIXS) are both photon–in photon–out techniques. With RIXS, the incoming 

X–ray corresponds (or is close) to an X–ray edge. Then the scattered intensity of (a range of) 

X–ray energies are measured, which are in turn the difference between the edge of the 

incident X–rays and another selected X–ray edge.  

In NRIXS, the incoming and scattered X–rays do not correspond to an X–ray edge. The 

scattered intensity of X–ray energies is measured. The difference between the energy of the 

incident and scattered X–ray energies may correspond to electronic transitions of the elements 

under study. Often NIXS is called X-ray Raman Spectroscopy (XRS) and with NIXS one can 

measure low–loss features such as phonons and plasmons or in case it is called XRS one can 

measure the energy loss corresponding to energies of an absorption edge. 

Both RIXS and XES described in section 3.5 are coherent second–order optical processes 

where the excitation and de–excitation processes are coherently correlated by the Kramers–

Heisenberg formula depicted in equation (1.4): 

2

2 1| | | |
( , ) ( )g j

j i g i i

j T i i T g
F E E

E E i
      

   
  (1.4) 

where  and   are the energies of the incident X–ray and emitted or scattered X–ray 

energy respectively. 1T  and 2T  represent the radiative transitions by incident and emitted 

photons and i  represent the spectral broadening due to the core hole lifetime in the 

intermediate state. The quantity i  is a result of the Auger and radiative decays of the core 

hole. The information obtained from RIXS and XES is much greater than the first–order 

optical processes of XAS and XPS, but the intensity of the signal of RIXS and XES is much 

weaker than XAS and XPS.
17

 Fortunately, recent improvements at synchrotrons regarding 

more efficient detectors and the implementation of undulator radiation allowed the progress of 

RIXS, XES and also of NIXS. 

3.7 Resonant Inelastic X–ray Scattering Spectroscopy 

RIXS spectroscopy is as the name implies a spectroscopy that depends on resonance, in this 

particular case between the incident X–rays (X–ray absorption) and the scattered (or emitted) 

X–rays. Sometimes one uses resonant X–ray emission spectroscopy (RXES) instead of RIXS. 

Strictly speaking, RXES includes more processes than RIXS. RIXS is a part of RXES and 

RXES also includes resonant elastic X–ray scattering. The term RIXS is often used for the 

hard X–Ray resonant photon–in photon–out processes, while the term RXES appears more 

often in soft X–ray resonant photon–in photon–out processes. The reason might be that also 

sometimes the elastic scattering is obtained in these soft X–ray measurements.  
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Butorin shows advantages of the RIXS technique, such as clear band showing allowed d–d 

excitations, compared to EELS and optical absorption spectra where d–d transitions often 

appear as weak structures.
31

 Ament et al. have written an overview of RIXS and all the 

elementary excitations that can be observed in this resonant photon–in photon–out 

spectroscopy, including d–d excitations.
32

  

RIXS spectroscopy is a relative new spectroscopy which gained increased interest with the 

advances on the brilliance of synchrotrons as well as on the advances in more efficient 

detectors. More information on RIXS and its capabilities can be found in papers by Kotani et 

al.,
33,34

 Glatzel et al.
35,36

 and Himpsel et al.
37

 RIXS calculations will be discussed more 

elaborate in chapter 5 of this thesis, focusing on both hard and soft X–ray RIXS. 

3.8 X–ray Raman Spectroscopy 

In principle one can use an incoming hard X–ray beam and measure the scattering of hard X–

rays as related to XRD or SAXS, but in this case by measuring energy-selective scattered X–

rays that have a little lower or higher energy. The difference between the incoming and 

fluorescent X–rays correspond to the edge of an element. In some cases it is useful to make 

use of incident hard X–rays and measure the inelastic scattered X–rays, but in this case non–

resonant. Such measurements are the Raman analogue of the UV–VIS range called X–ray 

Raman Spectroscopy (XRS).
17

 XRS has been applied mainly on the lighter elements of the 

Periodic Table.
38-40

 In chapter 8 we will show that we made use of the XRS technique on 

light–weight hydrogen storage materials. 

3.9 Similarity between XAS, XRS and EELS 

In electron spectroscopies, a spectroscopy equivalent to XRS exists called electron energy 

loss spectroscopy (EELS). Both XRS and EELS give information similar to XAS, but because 

the transitions occur in a different way, the transition operator is different. However, at low 

momentum transfer (low q–vector), the transition operator in EELS and XRS can be approxi–

mated as a dipole operator and in that case the spectral shape agrees with XAS.
17

 

4. ELECTRONIC STRUCTURE THEORIES 

In order to analyze experimental X–ray spectra (and maybe even predict X–ray spectra) there 

is a need of tools to treat electrons and electronic transitions theoretically. The tools that exist 

are quantum chemical methods, like Hartree–Fock, configuration interaction and more 

advanced models.
41

 On the other side there is density functional theory (DFT) in the form of 

band structure or multiple scattering.
42-45

  

In quantum chemistry, electrons are described within quantum chemical models such as 

Hartree–Fock and post–Hartree–Fock methods. Another way to treat electrons theoretically, is 

to use the density of electrons in computation models with DFT. Both Hartree–Fock and DFT 

will be described in some detail in this section. 

4.1 Hartree–Fock 

Quantum mechanics or quantum chemistry can only solve one– and two–electron problems 

analytically. When one wants to calculate chemically interesting problems, one needs 
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approximations, such as the Born–Oppenheimer approximation, which will be discussed 

below. Secondly, one has to start with approximations for wave functions and try to optimize 

those by the variational principle in a self–consistent field (scf) cycle. A general way is the 

linear combination of atomic orbitals (LCAO) approach, where the starting point for the wave 

function can be the atomic orbitals as calculated analytically for atomic hydrogen. 

Finding and describing approximate solutions to the electronic Schrödinger equation (1.5) has 

been a major preoccupation of quantum chemists since the birth of quantum mechanics. 

Ĥ E     (1.5) 

Except for the very simples cases like H2
+
, quantum chemists are faced with many–electron 

problems. Central to attempts at solving such problems is the Hartree–Fock approximation. It 

has played an important role in elucidating modern chemistry. In addition, it usually 

constitutes the first step towards more accurate approximations. Let us start from the general 

Schrödinger equation. The Hamiltonian operator can be written as follows: 

2 22 2 2
2 2ˆ

2 2

k k l
i k

i k i k i j k le k ik ij kl

e Z e Z Ze
H

m m r r r 

             (1.6) 

In this equation i  and j  run over electrons and k  and l  run over nuclei,  is Planck’s 

constant divided by 2 , em  is the mass of the electron, km is the mass of nucleus k, 2 is the 

Laplacian operator, e is the charge of the electron, Z is an atomic number and abr the distance 

between particles a and b. For this operator, the corresponding wave function   would be a 

function of 3n coordinates where n is the total number of particles (total of both nuclei and 

electrons).  

The fact that the nuclei are moving much, much slower than the electrons is taken into 

consideration in the Born–Oppenheimer (BO) approximation, by decoupling the two motions 

(electrons and nuclei) and compute electronic energies for fixed nuclear positions. That is, the 

nuclear energy term is taken to be independent of the electrons, correlation in the attractive 

electron–nuclear potential energy term is eliminated and the repulsive nuclear–nuclear 

potential energy term becomes an evaluated constant for a given geometry. The electronic 

Schrödinger equation is in this BO approximation taken to be: 

ˆ( ) ( ; ) ( , )el N el i k el el i kH V q q E q q  
 

 (1.7) 

In this equation the subscript ‘el’ emphasizes the invocation of the BO approximation, elH
 

includes only the first, third and fourth terms on the general Hamiltonian operator in equation 

(1.6), NV  is the nuclear–nuclear repulsion energy and the electronic coordinates iq  are 

independent variables but the nuclear coordinates kq are parameters (and thus appear 

following a semicolon rather than a comma in the variable list for  . The eigenvalue of the 

electronic Schrödinger equation is called the ‘electronic energy’. Note that the term NV  is a 

constant for a given set of fixed nuclear coordinates. Wave functions are invariant to the 
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appearance of constant terms in the Hamiltonian, so in practice one solves this equation in the 

BO approximation without the inclusion of NV , in which case the eigenvalue is sometimes 

called the ‘pure electronic energy’ and one then adds NV  to this eigenvalue to obtain the 

energy elE  in the BO approximation.  

The simplest anti–symmetric wave function, which can be used to describe the ground state of 

an N-electron system, is a single Slater determinant: 

0 1 2... N      (1.8) 

The variation principle states that the best wave function of this functional form is the one 

which gives the lowest possible energy: 

0 0 0
ˆ| |E H     (1.9) 

where Ĥ is the full electronic Hamiltonian. The variational flexibility in the wave function is 

in the choice of spin orbitals. By minimizing E0 with respect to the choice of spin orbitals, one 

can derive an equation, called the Hartree–Fock equation, which determines the optimal spin 

orbitals. 

The Schrödinger equation can be written in the context of one–electron Hamiltonians. When 

the only terms in the Hamiltonian are the one–electron kinetic energy and nuclear attraction 

terms, the operator is separable and may be expressed as:  

1

ˆˆ
N

i

i

H h


   (1.10) 

where N is the total number of electrons and ˆih
 
is the one–electron Hamiltonian, often called 

the Fock operator, defined by equation (1.11):  

2

1

1ˆ( ) ( )
2

M
HFA

i

A iA

Z
h i i

r




       (1.11) 

where M  is the total number of nuclei (written in atomic units) and where ( )HF i is the 

average potential experienced by the i
th

 electron due to the presence of the other electrons. 

Based on equations (1.10) and (1.11), it will be clear that the essence of the Hartree–Fock 

approximation is to replace the complicated many–electron problem by a one–electron 

problem in which electron–electron repulsion is treated in an average way. Eigenfunctions of 

the one–electron Hamiltonians must satisfy the corresponding one–electron Schrödinger 

equations: 

ˆ( ) ( ) ( )i ih i x x    (1.12) 
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Because the Hamiltonian operator is separable (when the interactions between electrons are 

not taken into account), its many–electron eigenfunctions can be constructed as products of 

one–electron eigenfunctions as was done in equation (1.8). This way of constructing the wave 

function is sometimes referred to as the ‘Hartree product’ wave function.  

The Hartree–Fock potential ( )HF i , or equivalently the “field” seen by the i
th

 electron, 

depends on the spin orbitals of the other electrons (i.e., the Fock operator depends on its 

eigenfunctions). Thus the Hartree–Fock equation is non–linear and must be solved iteratively. 

The procedure of solving the Hartree–Fock equation is called the self–consistent field (scf) 

method. The basic idea of scf is simple. By making an initial guess at the spin orbitals, one 

can calculate the average field (i.e., HF ) seen by each electron and then solve the eigenvalue 

equation for a new set of spin orbitals. Using these new spin orbitals, one can obtain new 

fields and repeat the procedure until self-consistency is reached, meaning until the field no 

longer changes and the spin orbitals used to construct the Fock operator are the same as its 

eigenfunctions. 

The solution of the Hartree–Fock eigenvalue problem yields a set of { }k  of orthonormal 

Hartree–Fock spin orbitals with orbital energies { }k . The N spin orbitals with the lowest 

energies are called the occupied or hole spin orbitals. The Slater determinant formed from 

these orbitals is the Hartree–Fock ground state wave function and is the best variational 

approximation to the ground state of the system, of the single determinant form. The 

remaining members of the set { }k  are called virtual, unoccupied or particle spin orbitals. 

Although there are infinite solutions to the Hartree–Fock problem, in practice the Hartree–

Fock equation is solved by introducing a finite set of spatial basis functions 

{ ( ) | 1,2,..., }r K   . The spatial parts of the spin orbitals with the α spin function can then 

be expanded in terms of the known set of functions { }  and the same can be done for the β 

spin. The larger and more complete the set of basis functions { } , the greater is the degree of 

flexibility in the expansion for the spin orbitals and the lower will be the expectation value 

0 0 0| |E H   . Larger and larger basis sets will keep lowering the Hartree–Fock energy 

E0 until a limit is reached, called the Hartree–Fock limit. In practice, any finite value of K will 

lead to an energy somewhat above the Hartree–Fock limit. 

The Hartree–Fock approximation is central to chemistry. The simple picture, that chemists 

like to carry around in their heads, of electrons occupying orbitals is in reality an 

approximation. In some cases it is a very good approximation, but nevertheless it still remains 

an approximation: the Hartree–Fock approximation.
41

 

4.2 Post–Hartree–Fock methods 

Advanced quantum chemical methods focus on a variety of procedures for improving upon 

the Hartree–Fock approximation. The interest lies in obtaining the correlation energy corrE , 

which is defined as the difference between the exact non–relativistic energy of the system,
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exactE , and the Hartree–Fock energy E0 obtained in the limit that the basis set approaches 

completeness
41

: 

0corr exactE E E    (1.13) 

One option to improve upon the Hartree–Fock energy is configuration interaction (CI), which 

can actually be seen as combining the Hartree–Fock wave functions with the excited Hartree–

Fock determinants: due to the rapid growth of computational demands, full CI is only possible 

for small molecules. Often extra approximations such as only doubly excited instead of full CI 

etc. are used. Other advanced methods include valence bond methods, coupled pair and 

Green’s functions.
41

 

4.3 Density Functional Theory 

A major problem with Hartree–Fock and the more advanced post–Hartree–Fock methods is 

that the computations are too expensive for many systems of interest. This is because the 

wave function based methods need 4N coordinates with N being the total number of 

electrons: three spatial coordinates and one spin coordinate.
42

 

The main idea of density functional theory (DFT) is to use the electronic density as a function 

of position, n(r), as the main variable.
42

 The claim is that all other properties of a system can 

be calculated once the electron density is known. The central theorem in DFT by Hohenberg 

and Kohn says that the ground state electron density uniquely determines the potential.
46

 In 

1998, Kohn received part of the Nobel Prize of Physics for his contribution to the 

development of DFT.
47

  

The ground state wave function is a unique functional of the ground state density, 

0 ( ( ))on r  . In general, a functional is a mathematical way to go from a function to a 

number, in about the same way as a function like y= f(x) is a way to go from a number (x) to 

another number (y). It means that the energy of the ground state in DFT is a functional of the 

density 
,0 [ ( )]oE E n r  . This energy can be split in terms corresponding to the kinetic energy 

[ ]T n , the Coulomb energy [ ]U n  and the potential [ ]V n , thus: 

[ ] [ ] [ ] [ ]E n T n U n V n      (1.14) 

The first two terms of the kinetic energy and the Coulomb energy are universal functionals, 

because their form does not depend on the system under consideration. The last term, [ ]V n , 

does depend on the potential  .
44

 

3[ ] ( ) ( )V n n r r d r    (1.15) 

The issue of calculating the ground state density turns into the issue of minimizing this 

potential energy [ ]V n . The most widely used method to minimize the energy was developed 

by Kohn and Sham,
48

 the Kohn–Sham (K–S) theory. This method brings back effective 

single–particle orbitals into DFT. However, many–particle effects are still taken into account 
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via the exchange–correlation functional.
44

 The goal of the K–S theory is to calculate orbitals 

that yield the same density as the ground state density ( )n r  using:  

2

1

( ) ( )
N

i

n r
i r




  (1.16) 

The orbitals to equation (1.16) are calculated using:  

2
2 ( ) ( ) ( )

2
i s i i ir r r

m
   

 
    
 

  (1.17) 

In this equation, i  are the K–S orbitals and i  are the K–S orbital energies. The effective 

potential s  is chosen such that these orbitals give the exact ground state density. In other 

words, the K–S system is a system that consists of non–interacting particles (comparable to 

the Hartree–Fock wave function method) that yields the same density as a physical system.
45

 

The kinetic energy of the K–S system is given by: 

2
* 2

1

[ ]
2

N

s i i i

i

T n dr
m

 


 
   

 
   (1.18) 

The s in Ts refers to single particle, as this equation does not take into account many body 

effects. The total energy of the system is given by: 

[ ] [ ] [ ] [ ]s H XCE n T n U n E n     (1.19) 

where HU  is the Coulomb energy as defined in equation (1.20). It describes the repulsion of 

the electron being considered in one of the K–S equations with the total electron density 

defined by all electrons in the system.  

2 ( ) ( ')
[ ] '

2 | ' |
H

e n r n r
U n drdr

r r



 

 (1.20) 

The difference between the physical kinetic energy T and the single–particle (K–S) kinetic 

energy in equation (1.18), as well as the difference between the physical Coulomb energy U 

and the Coulomb energy written in equation (1.20) is collected in the exchange–correlation 

energy, XCE .  

( )

XC
XC

E

n r






  (1.21) 

This XCE  (and its corresponding exchange–correlation potential 
XC  in equation (1.21)) is the 

only unknown in the DFT K–S approach in equation (1.19) and it must be approximated in 

some way. 

The advantage of the K–S method is that its equations are single–particle equations. This 

means that they can be solved much easier than the multi–particle Schrödinger equation. 
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However, the effective potential s , including XC of equation (1.21), depends on the density 

and therefore on the orbitals. This means that the equations (just as in Hartree–Fock method) 

have to be solved self–consistently. First a set of orbitals is chosen (the initial guess). Next, 

the potential XC
 
for this system is calculated using the initial guess and this potential and the 

initial guess orbitals are used to solve equation (1.17). The new obtained orbitals are used to 

calculate the potential again. This process is repeated until convergence is reached in the 

energy or the density. Once the K–S orbitals are known, the density follows trivially as well 

as the energy. As mentioned already, the essentials of the K–S method are not very different 

from the Hartree–Fock method, although the effective potential is defined differently and 

unlike Hartree–Fock orbitals, K–S orbitals in principle have no physical meaning, and neither 

do their eigenvalues. The eigenvalues i  are only the eigenvalues of auxiliary single–body 

equations whose eigenfunctions yield the exact density of the system.  

4.3.1 Exchange–correlation potentials 

As mentioned above, all the unknown information in the K–S DFT method is absorbed into 

the exchange–correlation term XCE . The question remains how to approximate this term. Over 

the past years, several different approximations to this term have been given, with different 

levels of complexity, efficiency and accuracy. The proposed XCE
 
functionals can be classified 

into so–called local functionals often called local density approximation (LDA) functionals, 

semi–local functionals, called Generalized Gradient Approximation (GGA) functionals and 

meta–GGA functionals (which besides semi–local also make use of the K–S kinetic energy) 

and hybrid functionals in which a portion of exact Hartree–Fock exchange is mixed in. 

4.3.2 Local Density Approximation 

The simplest exchange–correlation functional is the Local Density Approximation (LDA). 

The functional depends only on the value of the electron density. The most successful LDA 

functional is the one for a homogeneous electron gas, where the electrons are in an infinite 

region of space, with a uniform positive external potential that preserves overall charge 

neutrality.
45

 The exchange energy for such a system is known analytically: 

1/32
4/3 33 3

[ ] ( )
4

LDA

x

q
E n n r d n



 
   

 
   (1.22) 

The correlation energy however is not known analytically as the correlation energy of the 

homogeneous gas is already a many-body problem. The commonly used expression for the 

correlation energy are parameterizations of Quantum Monte Carlo approximations to the 

homogeneous gas and exact upper and lower limits. In practice, the different 

parameterizations give mostly identical results.
44,45

 Despite its simplicity, LDA has been 

proven very successful, even for systems that are quite different from homogeneous electron 

gas. One of the reasons for the successfulness of LDA is systematic error cancellation. The 

correlation energy is in general overestimated by LDA, while the exchange energy is 

underestimated.
45

 The result is that the total exchange–correlation energy is underestimated 
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by about 7%. The accuracy achieved in LDA is typically enough for the calculations of band 

structures and total energies in solid–state physics.
44

 The eigenvalues of the K–S orbitals are 

usually applied for the band structure calculations. The overall shape and position of the band 

is good, but the band gap is underestimated and sometimes even disappears (which may be 

balanced by taking into account Hubbard U, described later on). In chemistry, LDA is not 

used commonly because its results are not accurate enough for a quantitative description of 

molecules. 

4.3.3 Generalized Gradient Approximation 

The problem with LDA is that physical systems are not homogeneous. The most 

straightforward way to model the inhomogeneities is by including gradient correction terms. 

The exchange–correlation energy is effectively expanded using the Taylor expansion about 

the local density exchange correlation value by adding terms of the order of ( )n r . 

Unfortunately this often worsens the description of energy.
44

 The next step in the 

development of exchange–correlation energy functionals was the realization that more general 

function of the density and its gradient could also be used. This is called the Generalized 

Gradient Approximation (GGA) and the corresponding functionals are called semi–local or 

GGA functionals. The functional has the following general form:  

3( ( ), ( ))GGA

XCE f n r n r d r    (1.23) 

In equation (1.23), ( ( ), ( ))f n r n r  is a function that remains to be chosen. In fact, many 

different forms of GGA exist and one of the widely used functionals (in physics) is given by 

Perdew, Burke and Ernzerhof in 1996,
49

 called the PBE functional after the first initials of 

their surnames. Another GGA functional (more often used in chemistry) is the BLYP 

functional. 

4.3.4 Meta–Generalized Gradient Approximation functionals 

The obvious way to improve GGA functionals is to include higher–order derivatives of the 

electron density, meaning taking more terms from the Taylor expansion. Alternatively, and 

more commonly, the second derivatives of the K–S orbitals are used. This is equal to the 

orbital kinetic energy, written as: 

2
2

( ) ( )
2

i

i

r r
m

     (1.24) 

In equation (1.24), the sum is over all the occupied K–S orbitals, so the virtual orbitals are 

excluded. The energy is then a functional of the density, its gradient and the kinetic energy:  

[ ( ), ( ), ( )]GGA

XC XCE E n r n r r     (1.25) 

Exchange–correlation functionals that make use of the kinetic energy, the density and its 

gradient are called meta or meta–GGA ( GGA ) functionals.  
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4.3.5 Hybrid functionals 

In addition to the functionals discussed before, a different class of exchange–correlation 

functionals has been developed: hybrid functionals. These functionals have in common that 

they use exact Hartree–Fock exchange in their exchange functional. In fact, the functional that 

is by far the most widely used in chemistry is B3LYP, a hybrid functional, which has been 

used in more than 80% of the articles where DFT was used.
50

 

The B3LYP functional consists of a Becke 3 parameter functional combined with the LYP 

functional for correlation. It contains a Becke’s correction to the LDA exchange energy.
51

 The 

B3LYP amount of Hartree–Fock exchange 20%, although different B3LYP–type functionals 

also exist. For example, a functional called B3LYP* has a fraction of Hartree–Fock exchange 

of 15%.
50

 

4.4 DFT calculations on solids 

DFT can be applied to molecules and complexes in the normal three–dimensional physical 

space. For extended systems, such as solids, the number of atoms that has to be simulated 

becomes large to infinite. A solution to this computational demanding problem is to perform 

the DFT calculations on solids in reciprocal space.
43

 A characteristic of crystalline solids is 

that the atoms occupy periodic sites in the material. These sites form a lattice. When solving 

the Schrödinger equation for a periodic system, the solution must satisfy the so–called Bloch 

theorem. This theorem states that the solution can be written as the sum of terms with the 

form: 

( ) ( )ik r

k kr e u r    (1.26) 

The solution is a sum of plane waves ( ik re ) multiplied by a function ku  that has the same 

periodicity as the crystal. The space spanned by the vectors r is called real space and the space 

spanned by vectors k is called reciprocal space, or k space. The value of k can be given 

multiplet meanings. First of all, it is the label of the molecular orbital. A more physical 

interpretation is that k is a wave vector. This is because k  is equal to the momentum of the 

electron. Just like positions in real space (r) can be defined in terms of lattice vectors (a1, a2 

and a3), positions in k space can be defined with reciprocal lattice vectors (b1, b2 and b3). 

The bi vectors are chosen such that 2i j ija b  , where 
ij is 1 for i j  and 0 for i j . This 

means that the reciprocal lattice vectors can be given as follows: 

2 3
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  (1.27) 
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Any reciprocal lattice vector may be expressed as 1 2 3k hb kb lb   with h, k and l being 

integers. DFT incorporating plane waves has been applied in different computational 

packages, among them Wien2k.
52

 Some of these DFT packages with plane waves are based 

on pseudo–potentials, such as the QUANTUM–ESPRESSO package.
53

 

4.4.1 Brillouin zone 

Like the primitive unit cell in real space, a primitive cell in reciprocal space can also be 

defined. This is the smallest unit cell that contains all symmetry elements of the lattice. This 

primitive unit cell is called the Brillouin zone. It can be constructed for a point by taking the 

bisecting plane of each reciprocal lattice vector to the nearest neighbor. The area that is 

enclosed by these planes is the Brillouin zone. Some important points in the Brillouin zone 

have been given individual names, such as the point k= 0 which is called the  point.
43

 

The Brillouin zone is important for DFT in reciprocal space, because a lot of calculations 

come down to evaluating integrals of the form as shown in equation (1.28) 

3
( )

(2 )

cell

BZ

V
g g k dk


    (1.28) 

In equation (1.28), cellV  is the volume of the primitive unit cell in real space, g(k) is some 

function that is defined in k-space and this function is integrated over all k points in the 

Brillouin zone (BZ). Because the integration is carried out numerically, it is necessary to 

specify how many points in k space are to be used. In practice, it is common to use the same 

number of points in each direction (assuming the unit cell has the same length along each 

lattice vector). This is usually labeled as M M M  k points. The more k points are used, the 

more accurate the numerical integral approximates the true integral. It is important to check 

whether DFT calculations are converged with respect to the number of k points. 

4.4.2 Energy Cutoff 

The Bloch wave functions in the form of equation (1.26) also contain a function ( )ku r  that 

has the same periodicity as the crystal lattice. The periodicity means that this function can be 

expanded in terms of plane waves, as in: 

( ) iGr

k

G

u r cGe   (1.29) 

 The summation is over all vectors in reciprocal space with 1 1 2 2 3 3G m b m b m b    and with mi 

integer numbers. If equations (1.29) and (1.26) are combined the resulting equation becomes  

( )( ) i k G r

k k

G

r c Ge     (1.30) 

In principle, an infinite summation over all G vectors is necessary, even for the wave function 

at a single k point. Fortunately, these functions can be interpreted as having a kinetic energy 

equal to:  
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2
2

2
E k G

m
    (1.31) 

Because the solutions with lower energy are more important than solutions with a higher 

energy, it is common to truncate the sum to include only solutions with a kinetic energy lower 

than a predefined energy cutoff as shown in equation (1.32).  

2
2

2
cut cutE G

m
   (1.32) 

The summation reduces in that case to:  

( )

| |

( )
cut

i k G r

k k

k G G

r c Ge 

 

    (1.33) 

4.4.3 Hubbard U in DFT 

A way to reduce the inaccuracies of DFT (especially within LDA) is by including a parameter 

that is based on the Hubbard model. In the case of 3d–metal systems, this parameter is defined 

as the difference between the energies of 3d
n-1

 and 3d
n+1

 with two times 3d
n
 or as the energy 

of hopping of an electron from one 3d metal to another:  

1 13 3 3
2n n nd d d

U E E E      (1.34) 

This method is called the DFT+U approximation. This becomes LDA+U or GGA+U 

depending on the original functional.
54

 The question is how to obtain the Hubbard parameter 

U. It can be estimated empirically.
55

 This has the drawback that the method only works for 

materials for which some properties are already known. More recently, a method to calculate 

U reminiscent of the linear response theory was developed.
56

 This allows the calculation of 

the Hubbard U without experimental input. This technique was later extended to enable the 

calculation of U self–consistently.
57

 

4.5 Multiple Scattering 

Above methods for solving the Schrödinger equation expand the wave–functions in some 

basis set and use the variational principle. A disadvantage of basis set methods is that for very 

accurate results the number of basis functions rapidly increases unless they are really well 

chosen for the physical system under consideration.  

An alternative to basis set methods is the Korringa–Kohn–Rostoker (KKR) method. The KKR 

method uses scattering theory to provide an exact solution of the Schrödinger equation. It was 

proposed originally by Korringa and by Kohn and Rostoker as a convenient way to calculate 

the electronic structure of solids.
58,59

 In close–packed solids, the high atomic coordination 

numbers have motivated the “muffin–tin” approximation to the potential (potentials that are 

bounded by non–overlapping spheres and which are spherically symmetric), and forms the 

basis of the augmented plane waves (APW) and the KKR methods. In the APW and KKR 

methods, solving the secular equation involves finding the solution of a large determinant as a 

function of energy. Since the energy dependence of the determinant is nonlinear and there are 
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no algorithms for directly solving for all eigenfunctions and eigenvalues simultaneously, 

finding the zeros involves many evaluations for trial energies. A modification of the APW and 

KKR methods was proposed whereby energy–independent basis functions are constructed for 

some reference energy and used throughout the energy range of interest. The determination of 

the band structure becomes a linear eigenvalue problem, so all eigenfunctions and eigenvalues 

for a given crystal momentum can be found simultaneously with standard diagonalization 

procedures. In the KKR and APW methods, this construction gave rise to the linear 

combination of muffin-tin orbitals (LMTO) and linearized APW (LAPW) methods 

respectively. Multiple scattering theory has been widely used to solve the Schrödinger 

equation for both scattering and bound states. The FEFF code is an example of a calculation 

code that is using multiple scattering and such a multiple scattering approach can be used for 

periodic and non-periodic systems.
60

 FEFF permits an interpretation of spectra in terms of 

geometrical and electronic properties of the material. The method is one of the best 

descriptions for EXAFS and the same high–order multiple scattering theory of XAFS can also 

give an approximate treatment of XAS, treated in section 5 of this chapter, but this approach 

with “muffin–tin” potentials may fail close to an edge, where full multiple scattering 

calculations are often necessary.  

5. THEORETICAL TREATMENT OF X–RAY ABSORPTION 

For analysis and understanding X–ray spectra, one way is to compare with X–ray spectra of 

well–known reference systems. Another way is to interpret the X–ray spectrum features using 

theoretical models. In this section the general theoretical treatment of X–ray absorption 

spectroscopy is discussed. 

5.1 Fermi Golden Rule 

The absorption of X–rays and the corresponding electronic transition of a core electron to a 

state just above the Fermi level can be described by the Fermi Golden rule. The Golden rule 

states that the transition probability 
fiW  between a system in its initial state i

 
and final state 

f
 
by absorbing the incident photon with energy h  is given by: 

22
| | ( )fi f i f iW T E E h


          (1.35) 

In equation (1.35), 
f  and i

 
are the final and initial state wave function and T  is some 

transition operator. The   is present in the equation for the conservation of energy. In first 

approximation the transition operator is the dipole transition operator. To solve the Fermi 

Golden rule equation, the initial and final wave function have to be found / approximated. 

This can be done by solving the Schrödinger equation (eq. (1.5)). That is where quantum 

chemistry enters the field of electronic spectroscopy calculations and one can apply Hartree–

Fock, DFT or more advanced quantum chemistry which were described above, in section 4, to 

determine the wave functions for the initial and final state. 

The transition operator in equation (1.35) is defined by the Lippmann–Schwinger equation
61

: 
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  (1.36) 

With  as the lifetime broadening of an excited state, H as the Hamiltonian of the 

unperturbed system and INTH
 
as the interaction Hamiltonian. This interaction Hamiltonian 

can be treated as a small perturbation of the system. Then the first–order terms of the 

interaction Hamiltonian are 

(1) ( ) ( )
2

INT i i i i

i i

e e
H p A r A r

mc mc
       (1.37) 

The first term describes the magnetic field B (= A ) acting on the electron spin  . In the 

second order of the perturbation, one finds the term: 

2
2

(2) 2
( )

2
INT i i

i

e
H p A r

mc
    (1.38) 

In first order, equation (1.36) becomes 
1 (1)INTT H  which describes one–photon transitions 

like XAS. Two–photon phenomena as in RIXS are described with the transition operator in 

second order: 

2 (2) (1) (1)
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i

T H H H
E H i

 
  

  (1.39) 

For XAS, this means that T1 is (omitting the summation over each electron): 

1 0

,

( ) ( )
2

ikr ikr

k k k k

k

e
T A b e p e b e k e

mc
   




 

     
 

  (1.40) 

The first and second terms in brackets represent respectively the electromagnetic interaction 

(non–relativistic effect) and the spin interaction (relativistic effect). The second term is 

disregarded as it does not play an important role in core level spectroscopies discussed here. 

Equation (1.40) can be rewritten using the Taylor expansion 1 ....ikre ikr   . Limiting the 

equation to the first two terms the transition operator becomes:  

 1 0 ( ) ( )( )k k k

k

e
T b A e p i e p k r

mc
  



       (1.41) 

The two terms between brackets in equation (1.41) represent respectively the electric dipole 

transition and the electric quadrupole transition. At small values for k r  (X–ray energies ~

k r < 10
-2

) the electric dipole transition is dominant over the electric quadrupole transition. 

The transition probability is equal to the matrix element squared, hence the electric 

quadrupole term is smaller by 10
-4

 and can be neglected just as higher terms of this Taylor 

expansion and that is the reason why XAS can be described with the dipole transition in first 

approximation.
17
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In XAS, there exist initial and final state rules. The initial state rule states that the integrated 

intensity of the XAS spectrum relates to the number of holes in the initial state. Von Barth 

and Grossmann postulated a final state rule, which states that the XAS spectral shape is given 

by the final state density of states (DOS).
62,63

 In general, the electronic structure at the final 

state is different from that at the initial or ground state based on the final state rule. The final 

state rule thus relates the X–ray intensity to the local population of the adsorbed species, in 

the final core excited state,
64

 which means that the XAS shape is determined by the final state. 

In contrast to the initial state rule, the final state rule is not a firm physical law, but it is an 

empirical rule based on the comparison between theory and experiment.  

One can make the following approximations to calculate the XAS spectral shape
63

: 

 Ground state DOS approximation. In this case, it is assumed that the XAS spectrum 

identifies with the ground state density of states, as calculated for example with DFT. 

This approximation is not used a lot, but it may depend on the system and edge of 

interest.
65,66

 

 Final state DOS approximation. In this approximation, it is assumed that the final state 

DOS should be used instead, which means there is one core hole plus one extra 

valence electron originating from the core hole. Other approximations for the core 

hole and the extra valence electron are the Slater transition state approximation with a 

½ core hole and ½ electron extra in the valence band and other partial hole 

calculations. Recently, the relative amount of core hole has been approximated from 

DFT calculations.
66

  

5.2 INDEPENDENT–PARTICLE APPROXIMATION 

In the final state of XAS, a core electron has been excited. It can be described as the initial 

state with an electron in the continuum added and a core electron removed (
f i c     ), as 

equation (1.42): 

22
| | ( )fi i i f iW c T E E h


           (1.42) 

An important approximation is to assume that the matrix element in the Fermi Golden rule 

can be rewritten into a single–electron matrix element by removing all electrons that are 

inactive in the transition itself. All electron rearrangements that take place when a core hole 

excited to a continuum electron are then neglected, the series of   functions identifies with 

the unoccupied density of states (  ), and the X–ray absorption spectral shape becomes
67

: 

2

~ | |XASI T c    (1.43) 

Because in XAS the excited electron is not free, the transition matrix element, in general 

approximated with the dipole matrix element, poses strong selection rules to the final state. 

The density of states has an orbital moment that differs by 1 (ΔL= ±1) from the core state, 

while the spin is conserved.
68

 This gives XAS its site and symmetry selective properties, and 

for example the oxygen 1s XAS will reflect the oxygen p–projected unoccupied density of 
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states.
69

 This means that if no reaction with the core hole takes place, the shape of the XAS 

spectrum will reflect the unoccupied projected density of states (times the transition 

strengths). Calculating XAS with such kind of approximation, further called the independent–

particle approximation (IPA), one needs to apply a certain approximation for the core hole: a 

core hole can be introduced at a single atom in a supercell calculation. Other possibilities 

include the Z+1 approximation, where the core–ionized atom (with atomic number Z) is 

substituted with the next element in the Periodic Table. Another possibility is the introduction 

of a partial core hole (the choice of half an electron corresponds to Slater’s transition state) or 

even the entire disregard of the core hole, which would return to a ground state DFT or 

electronic structure calculation. The effects of the core hole on X–ray absorption has been 

much studied and depending on the edge, element and lowest unoccupied states one can 

ignore sometimes the core hole.
65,66

 

5.2.1 Some calculation packages using IPA: multiple scattering models 

Although the question of precisely which one–electron state to use is not unambiguous, much 

current work is based on the final state rule, in which the final states are calculated in the 

presence of an appropriately screened core hole, and all other many-body effects and inelastic 

losses are lumped into a complex valued and energy–dependent self–energy or optical 

potential.  

This quasi–particle model is the basis for several XAS codes including FEFF
70

 and the 

CONTINUUM code of Natoli et al.
71

 Within quasi–particle theory, the final states are 

eigenstates of a Dyson equation, the analog of the Schrödinger Equation for excited states.  

The family of programs developed by Natoli et al.
71-74

 is as far as near edge XAS simulations 

are concerned, a full multiple scattering code similar to FEFF. The multiple scattering codes 

are included in GNXAS, a multiple scattering program for EXAFS and in MXAN, a full 

multiple scattering code that in addition is able to optimize the geometric structure from XAS 

analysis.
75

  

A current drawback of the real–space multiple scattering method is the reliance on spherical 

muffin–tin potentials. However, efforts to develop full–potential real–space approaches are 

present: Hatada et al. have applied a full potential instead of muffin–tin shaped potential 

scheme for multiple scattering for X–ray spectroscopies
76

 and also the later versions of FEFF 

allow full potentials around edge energies for comparison with XAS. The real–space approach 

by Joly et al.
77,78

 uses a finite Cartesian grid in real space as a way to circumvent the use of 

muffin–tin potentials.
79

 

 

5.2.2 Some calculation packages using IPA: band structure models 

Band structure calculations are performed in reciprocal space. The XAS features in multiple 

scattering are seen as arising from the scattering of electrons in the potentials of the 

neighbors. In band structure calculations, the XAS features are seen as the product of the 

electronic structure due to long–range interactions into the electron waves that are pictured in 
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the band structure (i.e., the energy of the waves in a particular point in reciprocal space. Band 

structure codes like the full potential LAPW code WIEN2k
80

 and plane wave pseudo–

potential codes like QUANTUM–ESPRESSO
53

 are based on ground state DFT. Band 

structure codes are now well developed and generally give quite accurate treatments of 

ground state electronic structure. Such codes can also calculate low energy excited state 

properties, within a few eV of threshold. A significant improvement on pure ground state 

codes is the inclusion of a static screened core hole potential, especially for the K–shell of 

insulators. This core hole effect can be included in band structure codes, e.g. with a supercell 

approach an large units cell of order 100 atoms. This yields an approximation analogous to 

the final state rule. For example pseudo–potential codes basis on this approach, like 

QUANTUM–ESPRESSO
53

 have yielded XAS in reasonable agreement with experiment.
81

 

For the pseudo–potential approach, a single pseudo–potential with core hole and other atoms 

with pseudo–potentials without core hole surrounding it are used and a supercell is 

constructed to make sure no hole–hole interaction occurs.
81-83

 Wien2k
52,84

 is another example 

of a modern band structure code. It is based on the linearized–augmented plane wave (LAPW) 

description of the potential. The use of reciprocal space implies periodic boundary conditions.  

Mizoguchi compares all–electron and pseudo–potential methods for K-edge XAS/EELS of 

light elements and L2,3–edge of Mg and Al.
85

 For the light elements and the K-edge of Mg and 

Al, they find that the core hole has an important effect on the spectral shape, while for the 

L2,3–edges many–particle interactions become important as well, which we discuss in the 

sections 5.4, 5.5 and 5.6. 

5.2.3 Some calculation packages using IPA: molecular DFT codes 

StoBe
86

 is an example of a molecular DFT code. Molecular DFT codes use real space 

geometric structure input and electronic structure treatment related to band structure methods 

and these codes are useful for XAS analysis of molecules, but less useful for more advanced 

systems such as liquids and solids. With respect to XAS analysis, the advantage of SToBe 

over other molecular DFT codes is that it is especially designed to calculate core 

spectroscopy: it uses a local orbital approach and a transition–state approximation to the core 

hole potential. StoBe is based on the linear combination of Gaussian type orbitals (GTO’s), 

which is essentially a linear combination of atomic orbitals (LCAO) method.  

A transition state approximation as in StoBe was first considered in the work of Pettersson 

and Agren.
87

 These authors use a so–called direct SCF direct static-exchange (STEX) 

approximation in a Hartree–Fock fashion and have shown the applicability of STEX for XAS 

calculation of small organic molecules, finite polymers and surface adsorbates.
88

 Also a DFT 

based alternative called DFT–transition potential (DFT–TP) was developed and it was clear 

that DFT–TP has the preference compared to STEX in the case XAS of clusters are 

simulated.
89

 In the DFT–TP approach, it is assumed that the transition potential is based on a 

Half Core Hole (HCH), just like in a Slater transition approximation. In principle also Full 

Core Hole (FCH) approximations are possible by the Z+1 approximation. Also an 

approximation in which the excited electron is put directly into an unoccupied state, the 

eXcited electron and Core Hole (XCH) approximation can be made.
90

 Comparing the HCH 
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and FCH approach for water it was found that the HCH approach is better in agreement with 

experiment but Cavalleri et al. note that it has to be remembered that in different systems the 

balance of the influence of initial and final state effects on the spectra could vary, making the 

differences between the FCH and HCH potentials smaller.
91

 

Another molecular DFT code that is developed for theoretical (analysis of) spectroscopy is the 

ORCA package.
92

 This package allows calculations of absorption spectroscopies as well as IR 

and Raman spectroscopy. As for StoBe it works well for relatively small molecules, but with 

bigger molecules the calculation times increase rapidly. 

5.2.4 Prendergast’s approach 

Core spectroscopic calculations can be improved by the introduction of vibrational motions or 

dynamical effects as is done in a XCH and HCH approach with molecular dynamics by the 

group of Prendergast.
93-97

 This approach gives much better agreement at the high–energy side 

of a XAS spectrum than static approaches and may be especially useful for the edges of light 

elements. Molecular dynamics may also lead automatically to the correct broadening of the 

XAS peaks. 

5.3 BEYOND THE INDEPENDENT–PARTICLE APPROXIMATION 

Another way to calculate the X–ray absorption spectra is by making use of time–dependent 

DFT (TDDFT).
98,99

 In this case, the excitation of the core electron to unoccupied states and 

the interaction between the core hole and the excited electron is explicitly taken into account. 

A similar way is to use Green functions in a so–called Bethe–Salpeter equation (BSE).
100,101

 

5.3.1 TDDFT 

In principle, DFT should fail in the description of excited states, because conventional DFT is 

valid only for the ground state. This is an issue at the moment processes where excited states 

are important need to be explained. Also, for the prediction of band gaps of solids excited 

states are needed. The most straightforward way to approximate exited states is by equating 

the eigenvalues of the K–S equations to the true excitation energies, but as mentioned about 

K–S DFT, this is fundamentally incorrect, although it gives sometimes good results in 

prediction of spectra. The K–S orbitals and orbital energies are only valid for the K–S system, 

not the physical system. The consequence is that spectra and band gaps are usually not 

quantitatively correct, and for some cases not even qualitatively. This means that for example 

some semiconductors are predicted to be metals. Although usually the K–S orbitals and their 

eigenvalues do not have a physical meaning, Marques et al. point out already in chapter 1 of 

their book, that ‘with the advent of TDDFT, we can see that these K–S eigenvalues are a 

zeroth–order approximation to the optical excitation energies.
99

 Hence, the use of K–S 

eigenvalues in electronic spectroscopy is not that wrong according to them. The theoretically 

justified way to include excited states in DFT is by using TDDFT. This is a way to find 

solutions to the time–dependent Schrödinger equation: 

( , ) ( , ) ( , )H r t r t i r t
t


  


  (1.44) 
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Unlike the time–independent Schrödinger equation (1.5), this equation does not represent an 

eigenvalue problem but an initial value problem. If the state of the system is known at an 

initial time t0, the equation allows for the calculation of   at another time t. Like the time–

independent case, the Hamiltonian can be decomposed into three parts: 

( , ) ( ) ( ) ( , )H r t T r U r V r t     (1.45) 

i.e. only the external potential depends on the time (if the amount of electrons remains the 

same in the system). The external potential can be used to calculate the interaction between 

the nuclei and the electrons, except now the positions of the nuclei are allowed to change in 

time. The potential assumes the form as in equation (1.46): 

( , )
| ( ) |

k

ik i k

Q q
V r t

r R t



   (1.46) 

Because the positions of the nuclei can depend on time, this potential can be used in situations 

where the nuclei move along a classical path. This can be useful for describing chemical 

reactions.
102

 

5.3.2 Runge–Gross theorem 

The time–dependent equivalent of the Hohenberg–Kohn theorem is called the Runge–Gross 

theorem.
103

 The theorem states that correspondence exists between the external potential 

( , )extV r t  and the electronic density ( , )n r t  for systems that evolve from a fixed initial state. 

Like the time–independent case, once the density is known, the external potential can be used 

to calculate all properties of the system. This is only true if the initial wave function is known, 

because the time–dependent Schrödinger equation can only be solved if the initial state is 

known. Because of the original Hohenberg–Kohn theorem, if the initial state is the ground 

state, the initial state is already known.  

With the Runge–Gross theorem in hand, it is possible to set up a time–dependent K–S system 

of non–interacting particles that reproduces the density of the original interacting system. In 

analogy to the time–independent system, these K–S particles obey the time–dependent 

Schrödinger equation. The effective potential can be split up in three parts, except in TDDFT 

the individual terms depend on the time:  

[ ]( , ) [ ]( , ) [ ]( , ) [ ]( , )s ext H XCn r t n r t n r t n r t       (1.47) 

Again, all the many–body effects are absorbed into the unknown exchange–correlation 

potential XC , which has to be approximated. It should be noted that potential at time t and 

position r depends on the density at all other positions and all previous times (in other words, 

it is non–local in time as well). The simplest approximation is the adiabatic approximation, 

given here for TDDFT that includes different spin densities  :  

( , )[ , ]( , ) [ , ]( , ) |adiabatic
XCXC n n r tn n r t n n r t

 
     


 

 (1.48) 
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This functional is local in time and furthermore [ , ]XC n n
 

 is some ground state functional, 

so it is expected that this approximation works best for systems that do not deviate much from 

their ground state.  

Thanks to the Hohenberg–Kohn theorem, it is known that all properties of a system are 

functionals of the electron density of the system. In principle, this includes all excited states, 

but there is no explicit functional for the excited states. In addition to using the K–S 

eigenvalues as excitation energies (which is a rather crude approximation, because the K–S 

eigenvalues have no physical meaning), a common way to find excitation energies is by 

calculating how a system responds to a small time–dependent perturbation. This can be done 

with the techniques from TDDFT, if the perturbation is so small that the systems responds 

linearly. This method is therefore called linear response-TDDFT.
102

  

TDDFT has mainly been applied to XAS calculations at the (pre–) K–edge.
104-107

 Some of 

these calculations are performed using the ORCA electronic structure package.
92,108,109

  

For calculations on the L2,3–edge of 3d metals, TDDFT has been applied by Schwitalla and 

Ebert.
26

 There exist some calculations on the L2,3–edge of some 3d transition metal 

compounds using a TDDFT approach performed by Fronzoni et al.
110,111

 Effectively all the 

considered compounds have a metal with 3d
0
, which in a final state of XAS has a 2p

5
3d

1
 final 

state without d–d multiplet effects which will be described in section 5.4.  

5.3.3 Bethe–Salpeter Equation 

Another way to go beyond the IPA description and treat the electron–hole (e–h) interactions 

within many–body perturbation theory is by solving the Bethe–Salpeter equation (BSE). A 

well–defined model to describe electronic excitations is the GW approach, in which the Green 

functions (G) are calculated with a screened Coulomb interaction (W) and it is used to 

calculate the excitation energies. The calculation requires a nonlocal, energy–dependent self–

energy operator. A GW calculation gives the density of quasi–particle states for the occupied 

state of the N–1 system and the empty states of the N+1 system. Neutral excitations including 

XAS can be described through the solution of the BSE which includes the interacting 

electron–hole pairs. The BSE approach for XAS can be written as follows (notation according 

to E. Shirley is used
101

): 

1( ) ~ Im 0 | ( ) | 0E O G E O 


 
 

 (1.49) 

With O e x  , which involves the excite-state Green’s function 
1

( ) ( )BSEG E E H E


     and 0 is the ground state of the system and ( )E accounts 

for the self–energy and lifetime effects of the electron and core hole. The Bethe–Salpeter 

Hamiltonian BSEH can be written as  

BSE h e ehH H H H  
 

 (1.50) 
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Equation (1.50) has a hole term ( )h aH L S p    including the average core–subshell 

binding energy and core spin–orbit effects, and an electron term 
2

( )
2

xtale
e KS

p
H V L S d

m
   

which includes the electron kinetic energy, the total crystal potential including crystal field 

effects and the spin–orbit effects (for example of the 3d) and the final electron–hole 

interaction term ( ) ( , )eh eH V r g i j 
 
that accounts for the central attractive potential of the 

core hole experienced by the electron and all multipole and exchange parts of the electron–

core hole interaction. 

BSE can be applied using pseudo–potentials (such as in the ABINIT code) and taking into 

account final state broadening and self–energy shifts and also multiplet effects (described in 

the following section) and this approach give good agreement between calculations and 

experimental spectra for the F K–edges of different halides,
100

 Li K–edge of lithium 

halides,
112

 the Ca L2,3–edge of CaF2, the Cl K–edge of KCl, the Mg L2,3–edge of MgO and the 

Ti L2,3–edge of SrTiO3.
113

 BSE using full–potentials (with the Wien2k code for example) has 

been performed on the Ca L2,3–edge of CaF2 and the Ti L2,3-edge of TiO2 and SrTiO3.
114

 

Olovsson et al. have shown BSE calculations using an all–electron framework based on the 

full–potential linearized augmented plane-wave method Wien2k and its extension to BSE for 

the Li K–edge of the lithium halides and the Mg L2,3–edge of MgO, which also gave good 

agreement between experimental and theoretical spectra.
115,116

  

5.3.4 Comparison BSE and TDDFT 

TDDFT has been compared with the BSE approach by different authors.
117,118

 The BSE 

approach offers a clear physical picture and seems to work over a wide range of systems, but 

TDDFT is more straightforward in the calculation.
99,117

 For L2,3–edge XAS calculations, both 

TDDFT and BSE have only been applied successfully for 3d
0
 systems and for the edges of the 

elements of the main group of the Periodic Table. 

5.4 MULTIPLET EFFECTS 

In the L2,3–edge of 3d transition metal systems, there is an overlap between the core hole in 

the 2p band and the partially unoccupied 3d band. In such a case the interaction between the 

core hole and the valence electrons has to be taken into account, which means the IPA breaks 

down.
119

 Also in the initial and final state, the valence electron interaction has to be taken into 

account. Both these interactions are often referred to as multiplet effects. The L3 and L2 edges 

of 3d transition metal systems refer to transitions from the 2p3/2 and 2p1/2 state and without 

multiplet interactions (and 3d spin–orbit coupling) the ratio between the L3 and L2 should be 

2:1, but in general differences between L3 and L2 edges in the XAS shape are obtained as well 

as the branching ratio between L3 and L2 is different from the statistical ratio of 2:1.
120-122

 All 

of these observations were attributed to the occurrence of multiplet effects and with a minor 

degree to the 3d spin–orbit coupling.
123

 

In the case of transitions to states where the interaction between electrons is strong (strongly 

correlated or localized states, like the 3d states of transition metal ions), the interaction 

between the electrons, as well as the interaction of the electrons with the core hole after the 
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absorption process, has to be taken into account explicitly. Actually, all systems that contain a 

partly filled 3d shell in the final state of the X–ray absorption process have large interaction 

between the valence electrons and the 2p, 3s or 3p core-hole. So for L2,3–edges (the 

2p
6
3d

n
2p

5
3d

n+1
 transitions), the interaction between the core hole and the valence band 

becomes important. If a multiplet effect will actually be visible in X–ray absorption further 

depends on the respective lifetime broadenings. Another conclusion is that all shallow core 

levels are strongly affected and the deeper core levels are less affected. A successful method 

to analyze these transitions is based on a ligand–field multiplet model. For its description we 

start with an atomic model, where only the interactions within the absorbing atom are 

considered (“free atom”), without influence from the surrounding atoms. Solid state effects 

are then introduced as a perturbation. This can be justified if the intra–atomic interactions are 

larger than the interactions between the atoms. 

The following treatment on atomic multiplets, crystal field multiplets and charge transfer 

multiplets is mainly based on part of the books of Hippert et al.
124

 and of de Groot and 

Kotani
17

 and related papers by de Groot et al.
63,68,125-128

 

5.4.1 Atomic multiplets 

In order to show how spectra in strongly correlated electron systems are calculated, we start 

with the relative simple example of a free atom, where there is no influence from the 

environment.  

The total Hamiltonian for a free atom ATOMH
 
in equation (1.51) contains the following terms: 

(1) the kinetic energy of the N electrons, (2) the electrostatic interaction of the N electrons 

with the nucleus of charge +Z, (3) the electron-electron repulsion and (4) the spin–orbit 

coupling of each electron respectively. 

2 2 2

( )
2

i
ATOM i i i

N N i j Ni ij

p Ze e
H r l s

m r r





       

 

 (1.51) 

The kinetic energy (term 1) and the interaction with the nucleus (term 2) are the same for all 

electrons in a given atomic configuration. They define the average energy of the configuration 

(Hav). The electron–electron repulsion (term 3) and the spin–orbit coupling (term 4) define the 

relative energy of the different terms within this configuration.  

The main difficulty when solving the Schrödinger equation is that the electron–electron 

repulsion, further called Hee, is too large to be treated as a perturbation. A solution to this 

problem is given by the central field approximation, in which the spherical average of the 

electron–electron interaction is separated from the non–spherical part. The spherical average 

eeH  is added to Hav to form the average energy of a configuration. In the modified electron–

electron Hamiltonian H’ee, the spherical average has been subtracted: 

2 2

'ee ee ee

i j i j

e e
H H H

rij rij 

    
 

 (1.52) 
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The two interactions 'eeH  and lsH  determine therefore the energies of the different terms 

within the atomic configuration. The terms within the atomic configuration are the energy 

levels of a certain configuration and these will be described below in subsection 5.4.2. 

5.4.2 Term symbols 

The terms of a configuration are indicated with their orbital moment L, spin moment S and 

total moment J, with |L-S|< J< L+S. In the absence of spin–orbit coupling, all terms with the 

same L and S have the same energy, giving an energy level which is (2L+1)*(2S+1) –fold 

degenerate. When spin–orbit coupling is important, the terms split in energy according to their 

J value with a degeneracy of 2J+1. A term is designed with a so–called term symbol 
2S+1

XJ, 

where X corresponds to a letter according to the value of L. X= S,P,D,F… for L= 0,1,2,3…  

The quantity 2S+1 is called the spin multiplicity of the term and the terms are called singlet, 

doublet, triplet, quartet etc. according to the spin S= 0, 1/2 ,1 , 3/2… 

A single 1s electron has an orbital moment L= 0, a spin moment S= ½ and a total moment of 

J= ½. There is only one single term, with term symbol 
2
S½. For a single p electron, L= 1, S= 

½ and J can then be ½ or 1½ corresponding to the term symbols 
2
P1/2 and 

2
P3/2. In the case of 

a transition metal ion, the important configuration for the initial state of the absorption process 

is 3d
n
. The main quantum number has no influence on the coupling scheme, so the same term 

symbols can be found for 4d and 5d systems, or for 2p and 3p core holes. 

The task, after finding the number of states of a certain 3d
n
 configuration and their term 

symbols, is to find the relative energies of the different terms, calculating the matrix elements 

of these states with the Hamiltonian, ATOMH
 
as depicted in equation (1.51). As discussed 

above, ATOMH  consists of the effective electron-electron interaction 'eeH  and the spin-orbit 

coupling lsH . The electron–electron interaction commutes with L
2
, S

2
, Lz and Sz, which 

implies that all its off–diagonal elements are zero. The general formulation of the matrix 

elements of two–electron wave function is given as: 

2
2 1 2 1

12

S S i i

J J i i

i i

e
L L f F g G

r

       (1.53) 

where iF ( if ) and iG ( ig ) are the Slater–Condon parameters for the radial (angular) part of 

the direct Coulomb repulsion and the Coulomb exchange interaction, respectively. Only for 

certain values of i, if  and ig  are non–zero, depending on the configuration. It is found that 

the exchange interaction ig  is present only for electrons in different shells (e.g., in L2,3–edge 

XAS the 2p and 3d shells, thus only in the final state of the XAS process). Always present is 

0f  and the maximum value for i equals two times the lowest value of l. For ig , i is even if 

l1+l2 is even (where l1 and l2 are the angular momenta of the different shells) and i is odd if 

l1+l2 is odd. The maximum value of i equals l1+l2.
61

  



37 
 

Atomic multiplet theory is able to accurately describe the 3d and 4d X–ray spectra of the rare 

earths. In case of the 3d metal ions, atomic multiplet theory cannot simulate the X–ray 

absorption spectra accurately, because the effects of the neighbors on the 3d orbitals are too 

large and it turns out that it is necessary to include explicitly both the symmetry effects and 

the configuration–interaction effects of the neighboring atoms. Crystal field multiplet theory 

takes care of all symmetry effects, while charge transfer multiplet theory allows the use of 

more than one configuration. Both of these theories will be described in section 5.5. 

5.5 CRYSTAL FIELD AND CHARGE TRANSFER MULTIPLET EFFECTS 

The starting point of the crystal field multiplet (CFM) model is to approximate a transition 

metal as an isolated atom having atomic multiplets as in section 5.4, but in this CFM model 

surrounded by a distribution of charges, which mimic the system, molecule, or solid, around 

the transition metal atom. This CFM is a very simplistic model, but its usefulness is shown for 

explanations on optical spectra, electron paramagnetic resonance and magnetic moments
129

 as 

well as for an increased understanding of X–ray absorption and emission data. As Bersuker 

writes in his book: “Simple model theories can often be used as a basis for correct 

understanding of rather complicated phenomena”.
130

 The most important reason for the 

success of CFM is that the properties explained are strongly determined by symmetry 

considerations. With its simplicity the CFM model could make full use of the results of group 

theory.
131

 Group theory also made possible a close link to the atomic multiplet theory 

discussed above in section 5.4. From a group theory point of view, the only thing that occurs 

in the CFM model is that it translates or branches the results obtained in atomic symmetry to 

cubic symmetry and further. 

5.5.1 Crystal Field Multiplet Theory 

The CFM Hamiltonian consists of the atomic Hamiltonian as written in (1.51) combined with 

a Hamiltonian for the crystal field
126,127

: 

CFM ATOM CFH H H    (1.54) 

With the crystal field Hamiltonian defined as: 

( )CFH e r    (1.55) 

In (1.55) it is shown that the crystal field Hamiltonian HCF consists of the electronic charge e 

times a potential that describes the surroundings ( )r .  

This potential ( )r  is written as a series expansion of spherical harmonics YLM’s: 

0

( ) ( , )
L

L

LM LM

L M L

r r A Y  


 

    (1.56) 

The crystal field is in equation (1.54) written as a perturbation of the atomic multiplet result. 

This implies that it is necessary to determine the matrix elements of ( )r  with respect to the 

atomic 3d orbitals 3 | ( ) | 3d r d . One can separate the matrix elements into a spherical and 
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radial part. The radial part of the matrix elements yields the strength of the crystal field 

interaction. The spherical part of the matrix element can be written in YLM symmetry, which 

limits the crystal field potential for 3d electrons to: 

2 4
2 4

00 00 2 2 4 4

2 4

( ) M M M M

M M

r A Y r A Y r A Y
 

      (1.57) 

The first term in (1.57), A00Y00 is a constant that only shifts the atomic states and this term is 

therefore not necessary for the spectral shape calculation. 

The calculation of the X–ray absorption spectral shape in atomic symmetry involves the 

calculation of matrices of the initial state, the final state and the transition. 

The initial state is given by the matrix element 3 | | 3n n

ATOMd H d , which for a particular J–

value in the initial state gives | 0 |
J

J J . The same applies for the final state matrix element 

5 1 5 12 3 | | 2 3n n

ATOMp d H p d   , where 
'

' | 0 | '
J

J J  is calculated for the values of J’ that 

fulfill the selection rule (i.e., J’= J–1, J (only for initial J≠ 0) and J+1).  The dipole matrix 

element 5 13 | | 2 3n nd p p d   implies the calculation of all matrices that couple J and J’. To 

calculate an X–ray absorption spectrum in a crystal field, say in octahedral field in which the 

central transition-metal atom is surrounded with six ligands on the Cartesian axes, these 

atomic transition matrix elements must be branched to that particular symmetry. Some 

examples of branching from atomic to octahedral (Oh) and to tetragonal (D4h) symmetry can 

be found in literature.
17,68,127

 

For a calculation of a XAS spectrum, the following parameters have to be considered: 

 The atomic Slater–Condon parameters as calculated from atomic multiplet theory 

(80% of the Hartree–Fock values
132

): these parameters can in principle be further 

reduced. Instead, an effective reduction can also be achieved by inclusion of charge 

transfer effects which will be described below in the following section 5.5.2. 

 The inclusion of the crystal field strength. In the case of Oh symmetry, this value is 

called 10Dq. The value of 10Dq determines the spin state in the case of d
4
 to d

7
 

systems. 10Dq can be estimated from experimental values, but one has to take into 

account that the value of 10Dq in the actual XAS calculation should in general be 

lower with reference to experimental values of 10Dq due to final state effects that 

effectively screen partially the energy differences between the d–orbitals.
133

 

 The inclusion (or not) of the atomic 3d spin–orbit coupling.  

 The inclusion of lower–symmetry parameters. In the case of D4h symmetry for 

example, the crystal field strength is not only determined by 10Dq, but also by Ds and 

Dt. 

 In many systems it is important to extend the crystal field multiplet program with the 

inclusion of charge transfer effects
127

 discussed in the following section (5.5.2). 
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5.5.2 Charge Transfer Multiplet Theory 

Charge transfer effects are the effects of charge fluctuations in the initial and final states. The 

atomic multiplet and CFM model use a single configuration to describe the ground state and 

final state. One can combine this configuration with other low–lying configurations similar to 

the way configuration–interaction works with a combination of Hartree–Fock matrices. The 

charge transfer multiplet method is based on the Anderson impurity model and related short–

range model Hamiltonians that were applied to core level spectroscopies. The Anderson 

impurity model describes a localized state, the 3d state, which interacts with delocalized 

electrons in bands. The Anderson impurity model is usually written in second quantization. In 

second quantization, one starts with the ground state ( 0 ) and acts on this state with operators 

that annihilate ( †a ) or create ( a ) a specific electron. For example, a 2p to 3d X–ray 

absorption is written as 
†

0 2 3p da a . With second quantization one can also indicate the mixing 

of configurations in the ground state: an electron can hop from the 3d–state to a state in the 

(empty) conduction band, i.e. †

0 3d cka a where cka
 
indicates an electron in the conduction band 

with reciprocal space vector k. Comparison to experiment has shown that the coupling to the 

occupied valence band is more important than the coupling to the empty conduction band. 

If one annihilates an electron in a state and then re–creates it, one is effectively counting the 

occupation of that state, i.e., †

3 3d da a  yields n3d. The Anderson impurity model (AIM) 

Hamiltonian can then be given as: 

† † † † † †

3 3 3 3 3 3 3 3 3 3( )AIM d d d dd d d d d vk vk vk v d d vk vk d

k k

H a a U a a a a a a T a a a a        (1.58) 

Where †

3 3 3d d da a  represents the 3d state, † †

3 3 3 3dd d d d dU a a a a  represents the correlation of the 3d 

state, †

vk vk vk

k

a a  represents the valence band and † †

3 3 3( )v d d vk vk d

k

T a a a a  represents the 

coupling of the 3d states with the valence band. 

It has been demonstrated that the use of the real band structure instead of an approximate 

semi–elliptical or square band structure hardly affects the spectral shape. The multiplet model 

approximates the band usually as a square of bandwidth w, where n number of points of equal 

intensity are used for the actual calculation. Often on simplifies the calculation further to n= 

1, i.e. a single state representing the band. In that case, the band with is reduced to zero. In 

order to simplify the notation in the following the k–dependence is removed from the valence 

bands and a single state describing the band is assumed. By removing the k–dependence, the 

Hamiltonian becomes: 

† † † † † †

1 3 3 3 3 3 3 3 3 3 3( )AIM d d d dd d d d d v v v v d d v v dH a a U a a a a a a T a a a a        (1.59) 

Bringing the multiplet description into this Hamiltonian implies that the single 3d state is 

replaced by all states that are part of the CFM Hamiltonian of the particular configuration. 

This implies that the Udd–term is replaced by a summation over four 3d–wavefunctions 3d1, 

3d2, 3d3 and 3d4. 
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 (1.60) 

The term gdd describes all two–electron integrals and includes the Hubbard U as well as the 

effects of the Slater–Condon parameters F
2
 and F

4
. In addition, there is a new term in the 

Hamiltonian due to the 3d spin–orbit coupling and HCF describes the effects of the crystal 

field potential. This situation can be viewed as a multiplet of localized states interacting with 

the delocalized density of states. One ingredient is still missing from this description. That is: 

when the electron is transferred from the valence band to the 3d–band, the occupation of the 

3d–band changes by one. This 3d
n+1

 configuration is again affected by multiplet effects, 

exactly like the original 3d
n
 configuration. The 3d

n+1
 configuration contains a valence band 

with a hole. Because the model is used mainly for transition metal compounds, the valence 

band is in general dominated by ligand character and therefore the hole is considered to be on 

the ligand which is indicated with L, i.e. a ligand hole. The charge transfer effect on the wave 

function is described as 3d
n
+3d

n+1
L. If one includes the effects of the multiplets on the 3d

n+1
L, 

a configuration–interaction picture is obtained coupling the two sets of multiplet states. 

The final state Hamiltonian of X–ray absorption includes the core hole plus an extra electron 

in the valence region. One adds the energy and occupation of the 2p core hole to the 

Hamiltonian. The core hole potential Q (sometimes referred to as Upd, but Q is used here to 

prevent confusion with Udd) and its higher order terms gpd give rise to the overlap of a 2p 

wave function with a 3d wave function and is given as a summation over two 2p and two 3d 

wave functions, 2p1, 2p2, 3d1 and 3d2: 

1 1 2 2 1 2

1 2 3 4 1 2

† † † †

2 2 2 2 3 2 2 3 2 2

, , , ,

p p p p pd d p p d p pH a a g a a a a l sa a
     

      (1.61) 

The term gpd describes all two-electron integrals and includes Q, as well as the effects of the 

Slater–Condon parameters F
2
, G

1
 and G

3
. In addition there is a term in the Hamiltonian due to 

the 2p spin–orbit coupling. There is no crystal field effect on core states. 

1 2 3 4

1 2 3 4
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† †
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† †

3 3 3 3
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†
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 (1.62) 

The overall Hamiltonian in the final state is given. This equation is solved in the same manner 

as the initial state Hamiltonian. Using the two configuration description, these states mix in a 

manner similar to the two configurations in the ground state. All final state energies are 
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calculated from the mixing of the two configurations. This calculation is only possible if all 

final state parameters are known. The following rules are used: 

 The 2p3d Slater–Condon parameters are taken from an atomic calculation. These 

values can be reduced as mentioned before at the end of section 5.5.1. 

 The 2p and 3d spin–orbit coupling are taken from an atomic calculation. 

 The crystal field values are assumed to be the same in the final and initial states. 

 The energies of the configurations, i.e., the charge transfer energy Δ are given by the 

values of Udd and Q (Upd). Effectively, in the final state of the XAS process: Δf= 

Δi+Udd–Q. In general Q is approximately 1 to 2 eV larger than the Hubbard Udd, thus 

one often assumes Δf= Δi–2 or Δf= Δi–1 eV. 

 The hopping parameter(s) T are assumed to be equal in the initial and final states. 

5.5.3 Discussion on the rules in the CFM and CTM models 

Detailed analysis of XAS has shown that the crystal field values (10Dq, Ds and Dt etc.) are 

smaller by 10–20% in the final state.
133

 The same observation has been made for the hopping 

parameters based on RIXS calculations.
31

 One can understand these trends from the slight 

compression of the 3d wave function in the final state. From the presence of the 2p core hole 

one would expect a significant compression of the 3d wave function, but the effect of the 2p 

core hole is counteracted by the effect of an extra 3d electron in the final state. Because the 

Udd is a bit smaller than Q, this counteracting action is not complete and there will be a small 

compression of the 3d wave function, leading to a smaller 10Dq and hopping parameter T. As 

stated before in section 5.5.1, in general, the values of 10Dq are chosen the same for the initial 

and final states. This means that for comparison with experimental XAS, one uses 10Dq 

values that are similar to the final state values of 10Dq and one underestimates the 10Dq of 

the ground state compared to experimental values for 10Dq. 

Both the CFM and CTM model are implemented in Theo Thole’s code.
134,135

 The code 

consists of a bunch of programs comprised of several self–contained codes intended for 

consecutive use. The set of programs in Thole’s code consists of Cowan’s atomic multiplet 

code
132

 and a group–theoretical program called RACER, which allows the multiplet 

calculations into a certain point group symmetry. The program BAND, developed by Thole in 

collaboration with Akio Kotani and coworkers extended the atomic calculations with 

hybridization in a charge transfer approach.  

Quite recently, an interface called CTM4XAS was developed. This interface makes filling in 

the semi–empirical parameters in the CFM and CTM model much easier and automatically 

runs the consecutive programs of Thole.
136

 Besides XAS, this interface can be used to 

calculate XES, XPS and RIXS, which will not be described extensively in this introduction. 

5.6 FIRST–PRINCIPLES MULTIPLET MODELS 

The crystal field multiplet and charge transfer multiplet models are models that depend on 

empirical parameters, that is some parameters have to be given like values for the crystal field 

(10Dq, and in lower symmetry also other terms) and the charge transfer parameters (Δ, Udd, Q 

and T). 
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To circumvent the use of a semi–empirical model, methods are developed that treat multiplet 

effects in an ab–initio way. Closest to a generalized ab–initio approach are the routes that start 

with a ground state DFT calculation, then project the wave functions to a (small) cluster and 

subsequently solve the final state effects for such cluster.
63

 The methods that are being 

developed by Krüger,
137

 Uozumi,
138

 Ikeno
139

 and Haverkort
140

 follow such procedure. 

5.6.1 Density Functional Theory – Configuration Interaction 

The Tanaka group in Kyoto has developed a hybrid method of DFT and configuration 

interaction (CI) in quantum chemistry. This method is further called DFT–CI. In the DFT–CI 

model as used by Ikeno et al.,
141-145

 the many–electron wave function is calculated using a 

(ground state) first–principles relativistic method named after Dirac for a cluster of a (3d–

transition) metal atom and its first surrounding ligand atoms. The rest of a system (e.g., for a 

solid) can be taken into account with point charges in a Madelung Potential. The main 

electron energies and wave functions can be calculated by the relativistic configuration 

interaction method. A fully relativistic density functional calculation is performed to obtain a 

set of one–electron states i . Unlike the non–relativistic DFT, the relativistic one–electron 

states   are composed of four spin–orbital functions, which are called four–component 

“spinors”. The many–electron wave function 
,I F  is an eigenfunction of the Schrödinger 

equation. In the CI method, F  can be expressed as a linear combination of Slater 

determinants constructed from orthonormal molecular spinors i  as follows:

F pF p

p

C    Here, 
p  is the Slater determinants constructed from molecular 

spinors. The coefficients CpF can be determined by a variational method.
85

 

Summarized, DFT–CI uses a relativistic (Dirac–Kohn–Sham) DFT approach to obtain 

molecular orbitals (MO) starting from atomic orbitals for a finite cluster. After the one– and 

two–electron integrals are evaluated, Slater determinants are constructed as basis functions for 

many–electron wave functions. To restrict the number of Slater determinants, only  the 2p 

orbitals and MO’s mainly composed of 3d orbitals are considered explicitly in the case of 

L2,3–edge XAS calculations for the multi–electron CI calculation. Other core and valence 

electrons composed of the metal 1s, 2s, 3s, 3p and ligand 1s and 2s are treated as an effective 

potential within the LDA. Charge transfer effects (or covalent effects) can be taken into 

account by adding the MO’s containing mainly 2p of the ligand to the multi–electron 

calculation. Configurations that are the result of ligand to metal transfer can then be taken 

under consideration in the DFT–CI XAS calculations.
141

 In atomic physics, the term 

“configuration” corresponds to a set of Slater determinants that have the same number of 

electrons in the atomic orbitals, such as 2p
5
3d

3
 and 2p

6
3d

2
. In quantum chemistry, CI is 

mainly used to improve the ground state wave function by including the electronic correlation 

effects and it is also useful for spectroscopy since it can explicitly calculated many–electron 

eigenstates corresponding to both ground and excited states and it is convenient to calculated 

transition probabilities of spectra. In the case of Hartree–Fock, the (Dirac–)Hartree–Fock 

method, the relativistic version of Hartree–Fock, can be used. In the Dirac–Hartree–Fock 

however, the electronic correlation effects are not included and these effects have to be taken 
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into account through CI. Alternatively, one can choose to use the solutions of Dirac–Kohn–

Sham (relativistic DFT). In the relativistic DFT approach, the electron correlation effects are 

approximately included through the exchange-correlation potential (LDA, GGA etc.). In the 

relativistic DFT approach, CI can therefore take into account other effects such as 

spectroscopic transitions.  

The DFT–CI approach has been successful in calculating the metal L2,3–edges of the 3d 

transition metal oxides
139,141-144

 and some fluorides
146-149

 In 2011, Ikeno et al. published on the 

charge transfer DFT–CI and discussed the limitations of the DFT–CI model
145

: for ionic 

compounds, DFT–CI works well, but for highly covalent extended systems there are large 

discrepancies between experimental data and DFT–CI calculations. This can partly be 

ascribed to solid–state effects that cannot be described by a small cluster model with a raw 

Madelung Potential surrounding it. This is clear from the TiO2 calculations compared to 

experimental data of rutile. To include solid–state effects in the DFT–CI model, larger cluster 

models have to be used, but due to the increasing amount of Slater determinants the 

calculations become too large and this is the biggest drawback compared to the BSE method 

discussed in section 5.3.3 and the MCMS method, which will be discussed in section 5.6.2.
145

  

5.6.2 Multichannel Multiple Scattering 

Peter Krüger and Calogero Natoli have developed a model called Multichannel Multiple 

Scattering (MCMS).
150,151

 In this model a correlated wave function is considered for a finite 

number of N electrons and all other electrons are treated within the independent particle 

approximation. Among the N explicitly treated electrons at most one (in the final state of the 

XAS process) is in a delocalized orbital, while all others occupy localized orbitals. In the 

ground state wave functions the N electrons include the core electron. In the final state this 

core electron is excited and the other N–1 electrons remain in their localized orbitals. The 

calculated system is divided into the absorber atom and the environment (all other atoms). 

The density is all that needs to be known from this environment and that can be calculated 

using standard DFT or in this case real-space (single channel) multiple scattering theory. A 

configuration interaction calculation of the scattering matrix of the absorber atom taking full 

account of the energy-dependent particle-hole multiplet coupling is treated within a 

multichannel matrix, leading to the term multichannel multiple scattering.
151

 The MCMS 

method has shown calculations that compare quite well for L2,3–edges of d
0
 systems like 

calcium oxide, calcium fluoride
151

 and for TiO2 and SrTiO3.
152

 In the paper on TiO2 and 

SrTiO3 Krüger showed using the MCMS method that both multiplets and long–range band 

structure influence the L2,3–edge spectrum and that differences between XAS of the 

compounds studied (TiO2 rutile, TiO2 anatase and SrTiO3) depends on the long–range order 

(crystal structure) of the systems.
152

  

5.6.3 Other ab–initio multiplet models 

Haverkort et al. have developed a method that consists of a) performing a DFT calculation for 

the proper infinite crystal using a modern DFT code that employs an accurate density 

functional and basis set (e.g., LAPW’s) and b) calculate a set of Wannier functions from the 

DFT crystal potential suitable as single–particle basis for the MLFT calculation.
140

 Odelius et 
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al. and Roemelt and Neese et al. are developing ab–initio multiplet models, but did not 

publish about it yet. 

5.7 Overview theoretical treatments of other X–ray spectroscopies 

In this introduction only theory of XAS was described in more detail. However, electronic 

structure codes like the one of Cowan used for the atomic multiplet calculations can also be 

applied to XES, XPS and RIXS as can be quite easily done using the CTM4XAS interface.
136

 

The CTM model is especially suitable for XPS calculations where multiplet effects are 

important, for example for the metal 2p edges of 3d–metal systems. 

Other codes are also suitable for the treatment of other core spectroscopies. The FEFF version 

9 can for example be used to calculate hard X–ray RIXS of the main K–edge.
153

 The ORCA 

package can be used for XES,
92

 although the theoretical treatment of the process is at the 

moment still rather poor. 

Sébilleau et al. have published recently on a package MsSpec–1.0 that contains a multiple 

scattering package that can calculate photo–electron diffraction, Auger electron diffraction, 

XAS, low–energy electron diffraction and Auger photoelectron coincidence spectroscopy.
154

 

6. DEVELOPMENTS IN X–RAY SPECTROSCOPIES 

In section 3, the basics of some X–ray spectroscopies were discussed. In this section we point 

out some developments in the different spectroscopies. This section is not exhaustive and only 

gives partial insight in the developments in X–ray science. 

6.1 Sample conditions 

In the last years the conditions for measurements at synchrotrons are enormously enhanced. It 

is nowadays quite common to study samples in their natural environment (such as proteins in 

water) or in conditions that are likely to be used (for example solid catalysts under pressures 

above 1 bar of the reactants). Important in this domain is the term in–situ. This term has 

different meanings depending on the science subject. In chemistry, it means typically ‘in the 

reaction mixture’ and in biology an in-situ study means that a phenomenon is studied in the 

place where it occurs (and not in some special medium). Hence, in general, it means that a 

sample is studied in its (natural) environment, but note that it is not necessarily studied under 

the same pressure or under the exact conditions (like temperature) as without spectroscopic 

investigations. For studies in the hard X–ray regime, in–situ is quite easily applied, even 

reaching more ‘real–life’ conditions, as with hard X–rays it is not hard to measure solid, 

liquid and / or gaseous samples, but for studies in the soft X–ray regime, the soft X–rays 

might lose a lot of intensity before reaching the actual sample if in–situ measurements are 

performed.  

However, improvements in measurements in the soft X–ray regime are being developed. For 

example, to measure in–situ soft X–ray (absorption and photoemission) edges can be done by 

the construction of dedicated beam lines that allow for a mbar pressure in the measurement 

chamber.
155-157

 Experiments under mbar pressure have given new insights in catalysis and 
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surface science, but also (mainly) in–situ XPS has given more information on interactions 

between water and surfaces.
157

 

Other developments in the soft X–ray regime include soft X–ray RIXS on liquid samples.
158-

161
 The group of Aziz has two approaches for X–ray spectroscopy studies: the first one is 

using a liquid flow–cell
158,159

 and the second approach is a liquid–jet system.
161

 

Another development on improving in–situ techniques and still obtaining information on the 

soft X–ray edge (for example the L2,3–edge of iron) is by using hard X–ray probes instead and 

measure the X–ray fluorescence from these probes in a resonant (using RIXS) or non–

resonant way (using XRS).
38

 

Also XMCD measurements can be performed with hard X–rays on the K–edge with lower 

energy resolution. Preferably one may opt for hard X–ray measurements using the pre–K–

edge in a RIXS measurement, so–called MCD–RIXS.
162

 In their paper, Sikora et al. have 

shown magnitudes of RIXS magnetic circular dichroism of about 16% by measuring 1s2p 

RIXS planes for opposite helicities of incident circularly polarized light. Since the 

measurements are in the hard X–ray regime, the XMCD has bulk–sensitivity and secondly 

XMCD can be applied more easily under pressure with MCD–RIXS, which will lead to 

investigations into magnetic materials under more advanced conditions.  

In the hard X–ray regime, it is much easier to study catalysts in–situ, by using quick EXAFS 

(QEXAFS)
163

 or XES.
164

 A combined approach of different spectroscopic techniques, 

including EXAFS, XRD, SAXS, WAXS and XANES is well developed.
165,166

 In a special 

issue of Chemical Society Reviews in the year 2010, in–situ characterization of heterogeneous 

catalysts was discussed
167

 including some review articles focused on the use of X–ray 

spectroscopy on heterogeneous catalysts and combining synchrotron–based X–ray techniques 

with vibrational spectroscopies.
168-171

  

6.2 Space–resolved 

XAS can be combined with a number of X–ray microscopy techniques: transmission X–ray 

microscopy (TXM) which exist in scanning (STXM) and full–field modes, fluorescence–yield 

X–ray microscopy and X–ray induced photoemission electron microscopy (X–PEEM), which 

measures the electron yield with a position–sensitive electron analyzer. In this subsection we 

will discuss all these microscopy techniques in combination with some recent studies. 

X–PEEM in the soft X–ray regime leads to electron energies which are typically less than 10 

eV, and therefore a small escape depth of about 2–5 nm making X-PEEM an attractive 

surface–sensitive technique. The spatial resolution is typically limited to about 20 nm due to 

spherical abberations.
19,172

 X–PEEM is mainly used as a tool for studies of magnetic 

materials,
19,172,173

 since X–PEEM is quite sensitive to magnetic fields. However, the technique 

can be used for all kinds of surfaces and interfaces depending on the incident X–ray energy, 

but the current spatial resolution is still much better using another X–ray microscopy 

discussed below (below 20 nm in the soft X–ray STXM), although the first results were 

published on a double aberration corrected low–energy electron microscope (LEEM) with 
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about 2 nm resolution.
174

 Note that X–PEEM only works in high vacuum, thus samples 

cannot be tested under in–situ conditions. 

At the European Synchrotron Radiation Facility (ESRF), Fluorescence–yield X–ray 

microscopy in the hard X–ray regime has been used to study paintings and paleontological 

and archaeological bone material with micrometer spatial resolution.
175,176

 At the same beam 

lines of ESRF (ID 21 and 22) also transmission X–ray microscopy is usually possible and an 

upgrade of these beam lines has led to improved spatial resolution below 100 nanometer.
177,178

 

Andrews et al. have shown the possibilities of TXM in the full–field mode for imaging of 

biomaterials such as bone structures and cells and noted that besides the absorption contrast, 

their setup at the Stanford Synchrotron Radiation Lightsource (SSRL) is capable of measuring 

resolutions of about 30–40 nm.
179

  

In–situ studies on catalysts were performed with soft X–ray XAS combined with microscopy 

(STXM).
180-182

 They made use an in–situ cell, which was originally developed for in–situ 

TEM
183

 and applied such a cell for STXM and in that way samples in an environment with 

gases with about 1 bar pressure could be measured. In such in–situ studies, one can obtain 

information about catalysts in reaction conditions with resolutions reaching 20 nm.
180

 STXM 

studies on zeolites in combination with UV–VIS data performed by Aramburo et al. have 

shown new insights in the styrene oligomerization catalysis by (modified) zeolites
184

 and on 

the spatial changes of and around the aluminum sites in the modified zeolites.
185

 STXM gives 

especially information on the product formation depending on the place outside or inside the 

zeolites.
184

 In–situ STXM has also been applied on colloids and it was shown that STXM can 

discriminate between fcc and hcp colloidal crystal structures and can localize different crystal 

building blocks and can therefore become an useful tool for the elucidation of problems 

concerning colloidal crystal disorder and deformation.
186

   

Because EELS may give comparable information as XAS (see section 3.9), the combination 

of scanning transmission electron microscopy with EELS (STEM–EELS) can be compared to 

STXM. A first difference between STXM and STEM–EELS concerns the measurement 

conditions. For STXM one can study systems in–situ (~1 bar pressure) while for STEM–

EELS high vacuum (as for electron microscopes, but especially for the EELS measurements) 

is required. On the other side STEM–EELS may have spatial resolution of 0.5 nm or even 

lower, while for STXM the spatial resolution is still in the 20–15 nm range. Another 

advantage is that STEM–EELS can be much easier achieved combining an electron 

microscope with an electron energy analyzer, while for STXM a synchrotron radiation source 

is necessary. Both STEM–EELS and STXM are transmission experiments and the required 

concentration (or thickness) of sample is different, where STEM–EELS requires samples less 

than 100–500 nm thin, STXM can handle samples up to 20 micron in the soft X–ray range 

and in the millimeter range in hard X–ray STXM.
181

 STEM–EELS has mainly been applied 

on picturing nanomaterials in combination with their chemical composition.
187-193

  

In the special Chemical Society Reviews Issue mentioned earlier in subsection 6.1,
167

 both 

soft and hard X–ray microscopies and spectroscopies were discussed and it was also 

mentioned that the X–ray microscopies can be extended to tomographic studies with 
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particular interest for the investigation of objects inside special sample environments (such as 

chemical reactors or pressure cells).
194

 In that sense, X–ray tomography,
195

 tomographic 

XAS
196

 and tomographic energy dispersive diffraction imaging (TEDDI)
197

 have been applied 

to catalysts (in situ). New microscopy techniques, such as coherent X–ray diffraction imaging 

and ptychographic coherent scanning microscopy
198

 open the way to even higher spatial 

resolution. These microscopies are under development at different synchrotrons, among them 

PETRA III in Hamburg.
199

  

6.3 Time–resolved 

Another trend in synchrotron–based X–ray science is the study of transitions in real time.
200-

205
 The first time–resolved XAS was carried out on biological systems

206
 and currently it is a 

major desire to study biological matter with time–resolved techniques.
207

 

The group of Chergui, Vanko et al. and Huse et al. have done some XAS and XES 

experiments following spin–state transitions in the femtosecond regime.
204,205,208

 Nowadays, 

the picosecond and femtosecond regime is quite routinely applied for studies of atomic ions in 

solution. For example, a platinum photo-catalyst was studied with time–resolved XAS in 

combination with FEFF calculations to study the photo–induced changes.
209

 Also 

femtosecond time–resolved photo–electron events can be routinely studied, see for example 

an overview by Wernet.
210

  

Attosecond pulses can only be realized in the extreme ultraviolet and the X–ray regime and 

with attosecond pulses one could study the dynamics of ultrafast electron transfer.
202

 Föhlisch 

et al. have used the lifetime of a core hole as an internal clock (so–called core–hole clock 

spectroscopy) for following dynamic processes and present a showcase of the charge transfer 

of sulfur atoms absorbed on a Ru(0001) surface.  

An especially important development in time–resolved X–ray spectroscopy studies is the 

construction of X–ray free electron lasers, among them LCLS at Stanford and the European 

X–FEL in Hamburg. Developments in the X–ray FELs were presented in a dedicated Nature 

Photonics issue
211-216

 and include different diffraction and XES techniques. 

6.4 Energy–resolved 

In the hard X–ray regime, the energy resolution is worse than in the soft X–ray regime and 

therefore hard X–ray XAS may give less electronic structure information. A way to 

circumvent the loss of information in hard X–ray XAS is to improve the resolution by doing 

High–Energy–Resolution–Fluorescence–Detection(HERFD)–XAS.
35,217

 HERFD–XAS is also 

sometimes called lifetime–removed–XAS or lifetime–suppressed–XAS. The XAS is then 

measured at constant emission energy (following in a 1s2p RIXS plane a diagonal cross 

section). Fluorescence detected XAS was originally developed in order to be able to measure 

dilute samples that do not absorb enough photons to obtain a XAS spectrum in transmission 

mode. XAS in fluorescence mode is either detected without energy resolution (e.g., with a 

photodiode) or with energy resolution (e.g., using a Ge detector). The better the energy 

resolution, i.e., the smaller the bandwidth around the fluorescence line, the better will be the 

signal to background ratio. The limit for improvement is set by the core hole lifetime 
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broadening and XAS that is recorded by detecting a fluorescence line with an instrumental 

energy bandwidth on the order of the core hole lifetime broadening is in that case denoted 

HERFD–XAS.  

6.5 Other developments 

The Borrmann effect, which is a dramatic increase in transparency to X–ray beams, is 

observed when X–rays satisfying Bragg’s law diffract through a perfect crystal. Recently it 

was shown by Pettifer et al. that the Borrmann effect can be used to enhance quadrupolar 

transitions for a gadolinium gallium garnet.
218

 This means that by making use of the 

Borrmann effect, the 1s3d quadrupole transitions in pre–edge RIXS might have much more 

counts for perfect crystals. Tolkiehn et al. have shown that temperature has an effect on the 

Borrmann effect, since higher temperatures increase disorder in crystals. Secondly they note 

that nearly perfect crystals are necessary to observe the Bormann effect.
219

  

Very recently, Huotari et al. have shown the applicability of XRS in the EXAFS regime, 

which will become a powerful tool for EXAFS of the low Z elements in–situ, although one 

has to keep in mind that non–dipole transitions may occur.
220

 

6.6 Summary of developments 

In 2007, Petroff made an attempt to show the future possibilities for synchrotron radiation
221

 

and in his view the soft and hard X–ray FEL’s, soft X–Ray RIXS, more and extended time–

resolved measurements, combinations of different spectroscopies with X–ray spectroscopies 

were among the future possible developments. Looking a few years later back on these 

suggestions, in fact these by Petroff mentioned possibilities were and still are developing in 

the scientific X–ray spectroscopy community. 

7. OUTLINE OF THIS THESIS 

The rest of this PhD thesis can be divided in different ways. The division can be made 

between theoretical and combined experimental-theoretical work: chapter 2 to 5 deal with 

theoretical XAS, XMCD, XAS again and RIXS, while chapter 6, 7 and 8 deal with in–situ 

XAS and XPS, hard X–ray XPS and in–situ XRS (all of these combined with calculations) 

respectively.  

Another division can be made between L2,3–edge (XAS, XMCD and XPS) spectroscopy in 

chapters 2, 3, 4 and 6 and the hard X–ray spectroscopies, hard X–ray RIXS, XPS and K–edge 

XRS in respectively chapters 5, 7 and 8.  

Yet, another division can be based on the (main) element of interest. In chapter 2 the element 

of interest is calcium, in chapter 3 all 3d elements from Mn to Cu, in chapter 4, 5 and 7 it is 

iron, in chapter 6 the main element of interest is, next to iron, cobalt and in chapter 8 the 

elements of interest are lithium, boron and carbon. 

Summarizing, in chapter 2 different multiplet models, both semi-empirical and ab–initio as 

mentioned in this introductions in sections 5.5 and 5.6, are discussed and compared on the 

basis of calculations of the Ca L2,3–edge of calcium oxide and calcium fluoride.
222

 In chapter 
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3 the sum rules and especially the spin sum rule in XMCD will be discussed for Mn to Cu.
27,28

 

In chapter 4 the Fe L2,3–edge XAS shape will be discussed as function of the crystal field 

(and different spin state of iron).
223

 Chapter 5 focuses on the RIXS patterns of different spin 

states of Fe
2+

 in D4h symmetry. Chapter 6 deals with the oxygen adsorption on iron– and 

cobalt–phthalocyanine concerning both experimental and theoretical methods. In chapter 7 

hard X–ray XPS on iron oxide is discussed combining experimental and theoretical work. 

Chapter 8 concerns X–ray Raman spectroscopy on the hydrogen storage material LiBH4. 

This thesis ends with a summary in English followed by a summary for laymen in Dutch. 
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Chapter 2. Comparison of semi–empirical 

and first principles multiplet calculations 

of the calcium L2,3–edge X–ray absorption 

spectra of CaO and CaF2 

This chapter is based on the publication: P.S. Miedema, H. Ikeno and F.M.F. de Groot, J. 

Phys.: Condens. Matter 23 (2011) 145501. 

ABSTRACT 

In this chapter the L2,3–edge X–ray absorption spectrum (XAS) calculations are compared for 

three different programs. First principles calculations are performed for the interpretation of 

the L2,3–edge XAS of calcium oxide and calcium fluoride. The first principles density 

functional theory calculations are based on configuration interaction (DFT–CI) calculations 

using fully relativistic molecular spinors. The first principles results are compared to 

experimental data and also to calculations based on a semi–empirical crystal field multiplet 

(CFM) model and also on a first principles multichannel multiple scattering (MCMS) method. 

We show that the DFT–CI calculations show good agreement with experiment, both for bulk 

and for surface experiments. The remaining differences with experiment and between the 

theoretical models are discussed in detail. 
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1.  INTRODUCTION 

Chapter 1 has given some background information on different X–ray spectroscopies. Among 

them X–ray absorption spectrocopy (XAS) was discussed and in this chapter we will have a 

closer look on different calculation programs. The calculation of core level spectra has a long 

history.
1
 The XAS spectral shape is described as the transition from a core state to an empty 

state. If one excites an electron from a 1s core state one can describe the XAS spectral shape 

essentially as probing the empty density of states in the presence of a core hole. A large range 

of first principles calculations are based on this approach, including multiple scattering, band 

structure calculations and quantum chemical calculations. In addition to the well–known 

problems of the respective ground state calculations, the calculation of core excited states is 

further complicated by the usage of models and approximations to describe the core 

excitation. The metal L2,3–edge XAS of transition metal elements are strongly affected by 

multiplet effects, the overlap of the 2p and 3d wave functions yielding large two–electron 

integrals for the coupling between the core 2p and valence 3d states. Due to the large 

multiplet effects, the L2,3–edge XAS spectra deviate significantly from the ground state 

density of states. It turns out to be not enough to describe the core hole as an extra potential, 

but it is necessary to treat its full wave function character in the interpretation of the L2,3–edge 

XAS spectral shape. Over the last 25 years, the transition metal L2,3–edges have been 

successfully simulated with crystal field multiplet (CFM) and charge transfer multiplet (CTM) 

models.
1
  

The CFM and CTM models can accurately describe most L2,3–edge XAS spectra, but they 

need one or more empirical parameters in such simulations. In this work we will focus on the 

possibilities to calculate metal L2,3–edges of transition metal systems from first principles 

calculations. We have chosen CaO and CaF2 as test cases, because calcium (Ca) L2,3–edge 

XAS calculations have been published using both CFM calculations
2
 and Multichannel 

Multiple Scattering (MCMS) calculations.
3
 Recently, a number of first principles calculations 

have been published for systems with a band gap between the filled oxygen 2p band and the 

empty 3d band, in particular for TiO2. Both MCMS
4
 and Bethe-Salpeter

5
 have reached good 

agreement for the titanium L2,3–edge of TiO2 systems. Both these first principles calculations 

are, as yet, limited to systems with an empty 3d band in the ground state, as in this case TiO2 

containing Ti
4+

(3d
0
) ions.  

The CaF2 and CaO spectra have a simple cubic unit cell with a band gap between the ligand 

2p and the calcium 3d band. This yields a relatively straightforward ground state calculation. 

The empty 3d band implies that the final state contains a 2p
5
3d

1
 configuration which has 

clearly separated peaks, allowing a detailed analysis. From such analysis, we intend to 

pinpoint some remaining differences between the first principles simulations and the 

experimental spectra, with the goal to further improve the accuracy of the first principles 

simulations. We will compare the calculations performed using the first principles density 

functional theory combined with configuration interaction (DFT–CI) method
6-8

 with the 

semi–empirical calculations. In addition, we will compare them with the results from the 

published MCMS method.
3
 



69 
 

For the two above mentioned compounds, we will focus on the 2p XAS spectra of three 

calcium systems: 

(1) CaO, octahedral Ca in a rock salt structure 

(2) CaF2, an ionic Ca system with Ca in an eight-fold cubic symmetry 

(3) The (111)–surface of CaF2 in order to study surface effects. 

Calcium oxide, lime, is a crystalline mineral that exists in the rock salt structure, implying that 

a calcium atom is surrounded by six oxygen ligands.  CaF2 has the so–called fluorite structure. 

The Ca
2+

 ions in this structure are surrounded by eight fluorine atoms in a cubic symmetry. 

The calcium atoms at the CaF2(111) surface can be assumed to have one of its eight 

surrounding fluorine ions missing, in other words the surface is fluorine terminated. Surface 

relaxation effects do not give large differences from bulk values for Ca–F distances,
9-14

 so no 

changes in the unit cell parameters from the bulk CaF2 to the surface CaF2 have to be taken 

into account in simulation of surface CaF2(111). Shi et al. found that the CaF2(111) surface is 

the most stable with reference to CaF2(110) and CaF2(100) surfaces.
10

 Experimental 2p XAS 

of CaF2 and CaF2/Si(111) demonstrated that the energy positions and relative intensities of 

both samples agree, except for one particular extra peak at the L2–edge. This peak was 

originally attributed to photon damage, possibly through photo–desorption of F atoms near the 

sample surface.
15

 Himpsel et al. made clear that the peak near the L2–edge was a so–called 

surface effect by using bulk Auger and ion detection modes.
2
 Rieger et al. suggested that at 

the CaF2/Si(111) interface, the oxidation state of the Ca atoms  is modified to 1+.
16

  

2. THEORY SECTION 

In this section we describe the methods that we have used for the XAS calculations: the semi–

empirical crystal field multiplet (CFM) method is described in section 2.1 and the first 

principles density functional theory in combination with configuration interaction (DFT–CI) 

method in section 2.2. Our results are compared with the multichannel multiple scattering 

(MCMS) method, which will be described in section 2.3.  

2.1. The semi–empirical Crystal Field Multiplet (CFM) method 

The ground state of the calcium in CaO and CaF2 is Ca
2+

 (2p
6
3d

0
) 

1
S0, where the non-acting 

electrons in the L2,3–excitation process (1s, 2s, 3s, 3p) are neglected. In the final state of the 

X–ray absorption process, an electron is excited from the 2p core level to the 3d and the 4s 

states in the dipole approximation. Since the transition to the 3d states is a hundred times 

stronger than to the 4s states, the transitions to 4s states are neglected in the calculations. 

According to the selection rules (ΔJ= 0, ±1 and J= J’ 0),  the states that can be reached in 

atomic symmetry are 
1
P1, 

3
D1 and 

3
P1. An eight–fold cubic and also an octahedral surrounding 

(both of Oh symmetry) modifies the transition matrix element from (atomic) <
1
S0|dipole|

1
P1> 

to (cubic) <A1|T1|T1>. This yields seven final states of T1 symmetry, in other words there are 

seven peaks in a transition for a calcium ion in cubic symmetry. 

XAS calculations as performed by Himpsel et al.
2
 were performed using the CFM model. 

This approach includes both electron–electron interactions and spin–orbit coupling for each 
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open sub–shell of one atom. For simulation of the spectra, atomic Slater–Condon parameters 

are used, which are assumed to be 80% of their Hartree–Fock calculated values.
17

 The Ca 

L2,3–edge XAS spectra are calculated from the sum of all possible transitions for an electron 

excited from the 2p core level into an unoccupied 3d level. In the crystal field limit the ground 

state is approximated by a single electronic configuration 3d
0
. The 2p

5
3d

1
 final state is 

affected by the 2p3d multiplet coupling, the 2p and 3d spin–orbit couplings and the crystal 

field potential in Oh symmetry. The strength of the crystal field is described as an empirical 

parameter 10Dq and that parameter is optimized to experiment.
18

  

2.2. First principles configuration interaction (DFT–CI) method 

The first principles density functional theory in combination with configuration interaction 

(DFT–CI) method is applied to the calculation of 3d transition metal (TM) L2,3–edge XAS. 

This method is equivalent to quantum chemical configuration interaction method using fully 

relativistic molecular spinors. A relativistic density functional theory (DFT) calculation is 

made using model clusters. Electronic correlations among 3d electrons and a 2p hole were 

rigorously calculated by taking the Slater determinants made by the DFT–Molecular Orbitals 

(MO’s) mainly composed of TM 2p and TM 3d spinors. The electronic correlations among 

TM 3d electrons and 2p core hole are explicitly calculated.
7
 The agreement between 

experimental and theoretical spectra is better when ligand p orbitals are included in the 

configuration interaction scheme.
6-8

 The relativistic configuration interaction (CI) method 

used in the present work is the all–electron CI  method. That means, not only the TM 2p, 3d 

and ligand p spinors, but also other core spinors are considered explicitly to construct Slater 

determinants.  

The DFT–CI method is used to calculate the Ca L2,3–edge XAS for calcium oxide (CaO) and 

calcium di–fluoride (CaF2). The bulk crystals are simulated using the structure data from the 

website MINCRYST,
19

 card numbers 1549 and 2591. CaF2 has a lattice constant of 5.4630 Å 

and CaO has a lattice constant of 4.8105 Å.  For XAS calculations on the (111)–plane of 

CaF2, the structure data of fluorite were reshaped to a hexagonal cell and the (111)–surface 

was assumed to be fluorine terminated. For the XAS calculations of CaO a cluster of CaO6
10– 

 

is used. CaF2 is calculated with a CaF8
6– 

cluster and the CaF2(111) surface with a CaF7
5– 

cluster. Only the molecular spinors mainly composed of Ca 2p (φCa–2p) and Ca 3d (φCa–3d) 

atomic spinors were considered as active space. The other spinors, φCa–1s, φCa–2s, φCa–3s, φCa–3p, 

φO(F)–1s, φO(F)–2s and φO(F)–2p are treated as a  frozen core which were always fully occupied by 

electrons. Since the Ca L2,3–edge XAS is mainly ascribed to the transition between the (φCa–

2p)
6
(φCa–3d)

0
 electronic configuration and the (φCa–2p)

5
(φCa–3d)

1
 electronic configuration, the 

Slater determinants that correspond to these two electronic configurations were considered to 

describe the initial and the final state wave functions. Thus, the number of Slater determinants 

for the initial and the final states for XAS were 1 and 60, respectively. The exchange–

correlation interactions among φCa–2p and φCa–3d electrons were rigorously calculated. In 

addition, the inter–electron interaction among φCa–2p/φCa–3d electrons and other core electrons 

was explicitly taken into account. Since this calculation produces sticks, an adjustable 

parameter for the broadening of the spectrum is needed. In this study we use a Lorentzian 
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broadening of 0.3 eV for the whole spectrum of CaF2 and 0.5 eV for the whole spectrum of 

CaO. 

2.3. Multichannel multiple scattering (MCMS) method 

Krüger et al. have calculated the XAS of CaO and CaF2 using a multichannel multiple 

scattering (MCMS) approach.
3
 The MCMS theory was developed by Natoli et al.

20
 as a 

multiple scattering approach to correlated N–electron wave functions. The studied system is 

divided in the absorber atom with the strongly correlated N–electron wave functions and the 

other (surrounding) atoms as environment. The correlated N–electron wave function, with a 

finite number N, contains at most one electron in a delocalized orbital and the rest of the 

electrons are in localized orbitals. All other electrons of the atoms in the environment are 

described within the independent particle approximation, where the reflectivity of the 

environment can be calculated using a single–channel multiple scattering. What remains is the 

calculation of the multichannel matrix of the absorber with the N electrons, with a (partial) 

screening of the core hole potential. As yet, the MCMS theory has only been applied to 

systems without electrons in the 3d band in the ground state.
3,4,20

 

In this chapter the spectra as calculated with the DFT–CI method are compared with spectra 

obtained from experiment as well as with semi–empirical CFM calculations and the published 

MCMS theoretical spectra. 

3. RESULTS 

The results section is divided in the simulations of the 2p XAS of CaO (section 3.1), the 2p 

XAS of bulk CaF2 (section 3.2) and the 2p XAS of surface CaF2 (section 3.3). 

3.1. 2p XAS of CaO 

In Figure 2 the DFT–CI calculated XAS of CaO is shown in comparison with the 

experimental L2,3–edge XAS of calcium oxide powder, the MCMS calculation and a CFM 

multiplet calculation with 10Dq= 1.2 eV. We have labeled the four main peaks with a1, a2, b1 

and b2. The L3–edge contains the a1 and a2 peaks, which can be correlated with mainly t2g and 

eg respectively. The b1 and b2 peaks are their L2 analogs. Both first principles calculations as 

well as the CFM calculation simulate the experiment well. 

To make the comparison more quantitative, we will make a comparison between energy 

differences and intensity ratio between the peaks. We have chosen four characteristic numbers 

to quantify the calculations: The energy difference between b2 and b1 (b2–b1) and also the 

intensity ratio between these two peaks are both related to the crystal field splitting. The 

Slater integrals allow the mixing of 2p  t2g and 2p  eg transition channels. Without Slater 

integrals the b1/(b1+b2) ratio is 0.6. The larger the Slater integrals are the smaller this ratio will 

be. The other parameters are the intensity ratio between L3 and L2 with L3/(L2+L3) and the 

energy difference between b2 and a2 (b2–a2), which is a measure for the distance between the 

L3 and L2 peaks and therefore for the 2p spin–orbit coupling.  
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Figure 2. L2,3–edge XAS of CaO experimental spectrum from Himpsel et al. (black dots) compared with calculations 

using CFM
2
 with 10Dq= 1.2 eV and broadening factors from ref.

22
 (pink), using MCMS

3
 (blue) and using the DFT–CI 

method (CI, red line). The most important peaks are indicated with the symbols a1, a2, b1 and b2. 

Table 1 presents the four characteristic numbers of the L2,3–edge XAS compared with the 

theoretical numbers. Compared with experiment, the DFT–CI calculations find a similar b2–b1 

distance, which indicates that the crystal field strength is calculated correctly. For the DFT–CI 

method, the crystal field splitting at the Ca 3d levels can be obtained as the difference 

between averaged eigenvalues of t2g and eg molecular spinors. This is 1.45 eV for the CaO6
10– 

cluster of CaO, which is almost the same as the optimized 10Dq value in CFM model as 

described below. The MCMS calculation finds a too large b2–b1 distance indicating a too 

large crystal field effect. The ratio of the two L2 peaks is a bit larger in the first principles 

calculations than in experiment. The branching ratio is correct in MCMS and a bit too large in 

DFT–CI. A remarkable result is that the b2–a2 distance is too large in the MCMS and DFT–CI 

calculations, even though the 2p core spin–orbit coupling is explicitly taken into account by 

solving the Dirac equation. The overestimation of b2–a2 distance in our DFT–CI simulations 

could be ascribed to the fact that the relativistic effects on electron–electron interactions were 

not taken into account in the present calculations. The effect of Breit interaction, which is the 

first relativistic correction to the electron–electron interactions, have been discussed 

elsewhere.
21

 In that reference it is stated that when the Breit interaction is taken into account, 

the b2–a2 distance becomes smaller and will therefore approach the value of the b2–a2 distance 

of the experimental result. 
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Table 1. From left to right are given: the method, the energy difference b2–b1, the intensity ratio at the L2 edge 

(b1/(b1+b2)). The fourth column gives the energy difference b2–a2 in eV and the fifth column is the L3/(L2+L3) area 

ratio. The experiment is compared with the DFT–CI and MCMS methods and the CFM calculation with a 10Dq of 

1.2eV and the Slater integrals at 80% of the Hartree–Fock values. The last row is an optimized CFM calculation with 

a 10Dq of 1.4 eV and the Slater integrals set to 90% of the Hartree–Fock values. 

Method b2–b1  

(eV) 

b1/(b1+b2) 

[0,1] 

b2–a2  

(eV) 

L3/(L2+L3) 

[0,1] 

Exp 1.53 0.24 3.40 0.38 

DFT–CI  1.51 0.31 3.60 0.42 

MCMS 1.76 0.30 3.57 0.37 

CFM (1.2) 1.34 0.28 3.42 0.38 

CFM (1.4) 1.53 0.30 3.43 0.38 

 

The CFM calculations allow the manipulation of all the different factors that generate the 

spectral shape. We start with the assumption that all atomic parameters are as calculated for a 

Ca
2+

 ion, using the 80% reduction of the Hartree–Fock values.
17

 Increasing the crystal field 

value 10Dq increases the b2–b1 distance and also the b1/(b1+b2) peak ratio. The experimental 

b2–b1 distance is found for a 10Dq value of 1.4 eV, but this yields a b1/(b1+b2) peak ratio that 

is too high. We corrected the b1/(b1+b2) peak ratio by increasing the Slater integrals to 90% of 

their Hartree–Fock values for 10Dq= 1.4 eV. This yields the correct b2–b1 distance and almost 

the correct b1/(b1+b2) peak ratio. Also the branching ratio is exactly correct for this parameter 

set. This simulation suggests that the Slater integrals for CaO should not be reduced to 80% of 

their Hartree–Fock value but only to 90%. Note that the CaO calculation only involves the 

2p3d Slater integrals.  

The CFM and DFT–CI values for the 2p spin–orbit coupling, 3d spin–orbit coupling and the 

Slater integrals are shown in Table 2. The values for the (effective) 2p and 3d spin–orbit 

coupling are almost the same for CFM and the DFT–CI calculation. However the Slater 

integral values are different in the CFM and DFT–CI calculation. The Slater integrals in the 

DFT–CI calculation are always larger than the Slater integrals in the CFM calculation. The 

values of the DFT–CI calculation are roughly compared to 90% of the Hartree–Fock values. 

The 80% which is commonly used in the CFM calculation is an arbitrary value where also 

90% could have been chosen. This has been confirmed by studying the CFM calculation of 

CaO with 90% of the Slater integrals as mentioned and shown above.  

The Slater integrals in the DFT–CI calculation are taken from a DFT calculation, where the 

electronic correlation effects are partially taken into account. However, charge transfer effects 

which are used in a multiplet calculation for considering the covalent bonding between the 

metal (Ca) and the ligand (O or F) were not taken into account. In CFM, these covalency 

effects could also be taken into account by further reducing the Slater integrals. In that sense it 

could be more reasonable to take the 80% values for the CFM calculation. However, in the 

present cases of the relative ionic compounds CaO and CaF2 it seems that 90% Slater integrals 

give the best simulation result.  
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Table 2. 2p and 3d spin–orbit coupling and Slater 2p3d integrals of the CFM method and the DFT–CI method. 
a
For 

CFM, the Slater integrals shown are the reduced Hartree–Fock values, to 80% of its original values. 
b
For DFT–CI, 

the energies of the 2p orbitals were  averaged: 2pavg=(2p1/2+2*(2p3/2))/3; Then the |2pavg-2p1/2| gives an estimate for the 

2p spin orbit coupling. It should be noted that this estimate is an “effective” spin–orbit coupling. This value also 

includes some relativistic effects other than spin–orbit coupling. The “effective 3d spin–orbit coupling” is estimated 

from the energy splitting of t2g levels.  
c
The Slater integrals for DFT–CI are set at a range, because the values of the 

Slater integrals differ for different 2p3d combinations. 

 CFM
a
 DFT–CI

b
 

2p spin–orbit coupling (eV) 2.40 2.46 

3d spin–orbit coupling  (eV) 0.011 0.014 

F
2
 Slater integrals (eV) 3.04 3.48–3.54c 

G
1
 Slater integrals (eV) 2.01 2.27–2.32c 

G
3
 Slater integrals (eV) 1.14 1.29–1.32c 

3.2. 2p XAS of CaF2 

In Figure 3 the experimental XAS of bulk CaF2 powder and the calculations of Krüger,
3
 

Himpsel et al.
2
 and this study are shown. The main peaks are indicated with the symbols a1, 

a2, b1 and b2. At first sight, the agreement between experiment and calculation is rather good 

for the semi–empirical crystal field multiplet calculation and the calculation by Krüger. The 

DFT–CI calculation is a little off in the L3 to L2 distance (b2–a2). 

 

Figure 3. L2,3–edge XAS of CaF2 experimental spectrum from Himpsel et al. (black dots) compared with calculations 

using CFM
2
 with 10Dq= –0.75 eV and broadening factors from ref.

22
 (pink), using MCMS

3
 (blue) and using the DFT–

CI method (CI, red line). 
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Quantitatively compared in Table 3 it is indeed found that for the DFT–CI calculation the 

main difference between the DFT–CI calculation and the experiment comes from the 

difference between the b2–a2 distance of the experimental and the DFT–CI calculated 

spectrum. For the rest of the quantified parameters, the DFT–CI calculation is comparable or 

better than the MCMS and CFM calculations if compared with the experimental data. In the 

DFT–CI calculation the b2–a2 distance is higher, 3.55, than for the experiment, 3.31. As 

mentioned above for the DFT–CI calculation of the XAS of CaO, this difference in b2–a2 

distance has been ascribed to a Breit interaction.
21

 For CaO the difference in this b2–a2 

distance between experiment and the DFT–CI calculation was 0.2 and in the case of CaF2 it is 

0.24 eV.  

Table 3. From left to right are given the method, the energy difference between b2–b1, the intensity ratio at the L2 edge 

(b1/(b1+b2)). The fourth column gives the energy difference b2–a2 in eV and the fifth column is the L3/(L3+L2) ratio for 

calculations on CaF2. The CFM calculation with a negative 10Dq value of –0.75 eV is compared with experiment 

(Exp) and the DFT–CI and MCMS method. 

Method b2–b1 

(eV) 

b1/b1+b2 

[0,1] 

b2–a2 

(eV) 

L3/(L2+L3) 

[0,1] 

Exp 1.44 0.12 3.31 0.43 

DFT–CI  1.40 0.13 3.55 0.43 

MCMS 1.53 0.15 3.45 0.41 

CFM 1.33 0.11 3.38 0.42 

                         

3.3. Surface effects in XAS: CaF2(111) studied with DFT - CI  multiplet 

calculations 

The (111)–surface of CaF2 has been studied by Himpsel et al.,
2
 who have shown that near the 

intense peak of the L2–edge, a peak concerning surface effects is visible. Smaller effects are 

found in the low–energy shoulder of the main L3–peak. To simulate the CaF2 (111), we have 

used the hexagonal lattice of CaF2 in which the (ab)–plane is parallel to the (111)–surface. 

In Figure 4 the DFT–CI calculation for bulk CaF2 is compared with the calculation for bulk 

CaF2 in the (111)–orientation. Here, the fluorine deficiency has not been taken into account 

yet. A small increase of the shoulder peaks of the main L2 and L3 edge in the (111)–

orientation is found and these are indicated with arrows. These increased intensities were 

ascribed by Himpsel et al.
2
 as surface effects. 

In our calculation of the CaF2 in the (111)–orientation, we notice that there is symmetry–

breaking already. The reason of this symmetry–breaking becomes clear looking at Figure 5. 

The cluster in the (111)–orientation is shown with the Madelung potential of the CaF8
6–

 

cluster. The Madelung potential is only on one side of the cluster, for example the negative z 

axis. That is essentially the symmetry–breaking for the CaF8
6– 

cluster, on one side a Madelung 

potential and no potential on the other side. 
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Figure 4. Calculated Ca L2,3–edge XAS of bulk CaF2 (in black, dotted) and of bulk CaF2 at the (111)–orientation (in 

red, solid) using the DFT–CI method. 

The symmetry–breaking in the (111)–orientation already increases these “surface peaks” 

indicated with the arrows. This indicates that a combination of surface effects and symmetry–

breaking causes the shoulder peaks in the XAS to increase.  

 

Figure 5. Schematic representation of the CaF8
6–

 cluster indicated in blue in the (111)–orientation with the Madelung 

Potential. 

It is assumed that the (111)–surface of CaF2 is cut between the calcium and fluorine layer. 

Hence, a CaF7
5— 

cluster was used to calculate the XAS of the surface of CaF2. In the DFT–CI 

calculation it is possible to calculate the s– and p–polarization of XAS and make a 

comparison with the experimental observations of Himpsel et al.
2
 The calculated s– and p–

polarized XAS are shown in Figure 6 in comparison with the data of Himpsel et al.  
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Figure 6. Ca L2,3–edge XAS of CaF2/Si(111) with p–polarized X–rays (experimental spectrum, taken from ref.
2
,  in 

black dotted) on the bottom compared with an DFT–CI calculation of CaF7
5– 

(green) and on top the experimental s–

polarized spectrum (in red, dotted) compared with the DFT–CI calculation (in blue). 

In the DFT–CI calculations all peaks in the s– and p–polarization of the experimental data are 

reproduced. The energy difference between L2–L3 is, as expected from the discussion above, 

too large in the DFT–CI calculation.  

The semi–empirical crystal field multiplet model could also fit the experimental s– and p–

polarized XAS as is shown in ref.
2
 Since the symmetry is lower for a surface, this means the 

crystal field has to be described by more than one parameter. This could in principle make it 

possible that more couples of crystal field parameters might be well fitted to the experimental 

data. In that case, the DFT–CI multiplet calculations would have the preference, also in the 

future for example in calculations on nano–sized systems or for interfaces. 

4. DISCUSSION 

The XAS calculations of the Ca L2,3–edge for bulk CaO and CaF2 using the DFT–CI method 

show that there is a discrepancy in the L2–L3 distance (indicated above with the parameter b2–

a2) compared to the experimental XAS. Above we have mentioned that one major reason is 

the neglect of the Breit interaction. In principle, one could include this Breit interaction in the 

XAS calculation, but at the expense of the costs of the calculation. 

We also would like to point out the differences between the semi–empirical CFM and the 

DFT–CI method. The CFM starts from an atomic description described using a Hartree–Fock 
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calculation. The Coulomb and exchange interactions of the interacting electrons in the XAS 

process (2p and 3d) are considered. Due to the lack of electronic correlation effects, Hartree–

Fock overestimates the Slater integrals, which are therefore reduced to 90% or 80% to 

account for the atomic Slater integrals. The values of the Slater integrals have an important 

effect on the checked parameters b1/b1+b2, b2–b1 and b2–a2 distance and the branching ratio 

L3/(L2+L3).  Then the atom is put into a surrounding by introducing an empirical crystal field 

energy value.  

On the other side, the DFT–CI method starts with DFT–calculated spinors of a real–space 

cluster of atoms. The DFT–calculated spinors already include some correlation and therefore 

the Ca 2p3d Slater integrals are reduced themselves rather than by an arbitrary number in the 

CFM calculation. However, the Slater integrals are further reduced if charge transfer effects, 

which account for covalent bonding between the Ca metal and the oxygen ligands, are 

included. Again,  to point out, the main difference with CFM is that with the DFT–CI method 

the XAS is fully calculated from first principles without introducing empirical parameters. 

This is mainly interesting for calculations on lower–symmetry materials.   

Next to the neglect of the Breit interaction, other discrepancies between the experimental 

spectra and the DFT–CI calculation are most likely due to the approximations made in the 

calculation. These approximations include the size of the cluster with point charges around it, 

the use of a static cluster and taking into account too high symmetry in the calculation. There 

might also be non–local effects in an experimental XAS spectrum, which are neither 

accounted for in the DFT–CI model nor in the CFM model.  However, even with all the 

approximations mentioned above one can still predict the XAS multiplet peaks originating 

from surface effects.  

5. CONCLUSIONS 

The XAS calculations and quantitative analysis of some peak features for calcium oxide 

(CaO) and calcium fluoride (CaF2) show that the DFT–CI method is comparable or better 

than the semi–empirical crystal field method and the MCMS method in predicting the 

experimental spectrum. The effects of surface structures on the Ca L2,3–edge XAS of CaF2 

could be simulated by the DFT–CI method. For compounds that have a local symmetry lower 

than octahedral or tetrahedral, so for systems with symmetry breaking, multiplet calculations 

for L2,3-edge XAS using a first principles or ab–initio method would have the preference over 

the CFM model. This is because the CFM model in the lower–symmetry cases needs more 

empirical parameters.  

The suggested surface with a deficiency of fluorine atoms
23,24

 is used in our DFT–CI XAS 

calculations and gives good agreement with the experimental XAS. For studying surface 

effects in XAS, the calculations with the DFT–CI method have advantages over XAS 

calculations with the semi–empirical crystal field multiplet model, because it is directly 

calculated from the real–space input which you can obtain from experiments. The main 

discrepancy between the experimental XAS and the DFT–CI calculated XAS is the L2–L3 

energy difference. This is ascribed to the neglect of the Breit interaction.  
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Summarized, the first principles DFT–CI method is a powerful real–space method for 

calculating L2,3–edge multiplet XAS of compounds with symmetry–breaking and this method 

reproduces the multiplet peaks very well. 
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Chapter 3. The accuracy of the effective 

spin sum rule in XMCD for the transition 

metal L2,3–edges 

This chapter is based on the publications: 

1. C. Piamonteze, P. Miedema, F.M.F. de Groot, Physical Review B 80, 184410 (2009) 

2. C. Piamonteze, P. Miedema, F.M.F. de Groot, J. Phys.: Conf. Ser. 190 (2009) 012015 

ABSTRACT 

The effective spin sum rule is widely used in the quantitative analysis of X–ray magnetic 

circular dichroism spectra. In this chapter, this important, though imperfect, sum rule is 

reviewed with a detailed analysis of the various sources for errors and deviations. The 

simulations confirm that the final state effects of the core level spin–orbit coupling and the 

core–valence exchange interactions (multiplet effects) are linearly related with the effective 

spin sum rule error. Within the charge transfer multiplet approach, we have analyzed these 

effects, in combination with the interactions affecting the magnetic ground state, including the 

crystal field strength, charge transfer effects, the exchange (magnetic) field and the 3d spin–

orbit coupling. We find that for the late transition metal systems, the error in the effective spin 

moment is between 5% and 10%, implying that for covalent / metallic systems the effective 

spin sum rule is precise to within 5–10%. Because of the potentially large <Tz> value, the 

spin moment cannot reliably be determined for all systems other than Ni. The error for 3d
5
 

systems is ~30% and for 3d
4
 systems, the error is very large, implying that, without further 

information, the derived effective spin sum rule values for 3d
4
 systems have no meaning. A 

correction method for the determination of the spin moment from the effective sum rule is 

derived, based on spectral simulation in combination with the theoretical determination of the 

correction factor, which is system–dependent. 
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1. INTRODUCTION 

In chapter 2 the Ca L2,3–edge XAS calculations of the semi–empirical crystal field multiplet 

program and the first principles DFT-CI program were compared for the systems CaO and 

CaF2. In this chapter we focus solely on the semi–empirical crystal field multiplet program 

and look at the X–ray Magnetic Circular Dichroism (XMCD) as a tool for determination of 

the effective spin of a system. XMCD is widely used in the study of magnetic matter and 

especially used to get information about the spin and orbital moment using the XMCD sum 

rules. These XMCD sum rules have been introduced by Thole et al. in 1992
1
 and Carra et al. 

in 1993.
2
 Thole et al demonstrated that the integral over the XMCD signal of a given edge 

allows for the determination of the ground state expectation values of the orbital moment 

<Lz> and Carra et al introduced a second sum rule for the effective spin moment <SEz>. The 

sum rules apply to a transition between two well–defined shells, for example the transition 

from a 2p core state to 3d valence states in transition metal systems. These 3d valence states 

are assumed to be separable from other final states, for example the 4s conduction band states 

that can be reached via a 2p4s transition. This implies that the 2p3d (L2,3–)edge absorption 

must be separated from the 2p4s (L1–)edge and other 2p–continuum transitions. In general, it 

is assumed that continuum transitions can be described as an edge step followed by a constant 

cross section.  

The XMCD sum rules have been reviewed in a number of publications.
3-5

 Here we briefly 

introduce the main aspects: The integrated 2p3d X–ray absorption spectrum is proportional to 

the number of empty 3d states (<Nh>).  

1 0 1( )
5

h

C
N                                                                                                    (3.1)                                                                                                 

with 
3 2

( )
L L

d 


     

The absorption cross section () is integrated over a certain energy range () that covers the 

complete L2,3–edge. C is a constant factor including the radial matrix element of the dipole 

transition. The integrated circular dichroism spectrum is defined as the absorption of left 

circular polarized, positive helicity, X–rays (+1) minus the absorption of right circular 

polarized, negative helicity, X–rays (–1). In case of a 2p3d transition this yields: 

3 2

1 1( )
10

z

L L

C
L  



                                                                                                       (3.2) 

This XMCD sum rule implies that one can directly determine the orbital moment from the 

difference of positive (+1) and negative (–1) helicity X–rays. Because in most soft X–ray 

experiments one uses yield detection schemes, the absolute absorption cross sections is not 

measured and only a relative signal is measured. A solution is to normalize the XMCD signal 

by the absorption edge. This defines the orbital moment sum rule as: 
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                                                                                               (3.3) 

It is important that also the spin moment could be determined and this is in fact possible with 

an additional XMCD–based sum rule. However, this effective spin sum rule has some 

additional complications as will be discussed below. 

1 1 1 1
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( ) 2 ( )
3

2

L L
z hSE N

   



     

  
 


                                                                     (3.4) 

The effective spin moment <SEz> is given as:  

7
2z z zSE S T                                                                                                               (3.5) 

where <Tz> is the spin–quadrupole coupling. If this sum rule is used to determine the spin 

moment <Sz> one has to assume that <Tz> is zero or <Tz> must be known from other 

experiments or theoretically approximated. The effective spin rule makes an additional 

approximation that the L3– and the L2–edge are not mixed and are well separated. The edges 

must be well separated in energy because otherwise there is no clear method to divide the 

spectrum into L3– and L2–edge. Moreover, the two edges must be pure 2p3/2 and 2p1/2. 

Throughout this chapter two different sum rule errors are discussed: 

a) The error in the spin moment <Sz> 

b) The error in the effective spin moment <SEz> 

The error in the effective spin moment <SEz> is, as will be shown below, caused by the 

mixing of the L3– and L2–edges. The error in the spin moment <Sz> has, in addition, the 

effect of 7/2<Tz>. 

Since the derivation of the effective spin sum rule, its accuracy and validity has been 

discussed. The effective spin sum rule has been theoretically simulated and tested by 

Teramura et al.
6
 They calculated the expectation values of the effective spin <SEz>, and 

compared them with simulated effective spin sum rule values [SEz
sum

]. Van der Laan et al.
7
 

use the ratio of the G
1
(pd) Slater integral and the core hole spin-orbit coupling to estimate the 

purity of the L2– and L3–edges and as such the accuracy of the effective spin sum rule. They 

find the largest error for the L–edges of 3d transition metals. Also the M4,5–edges of the rare 

earths have large errors, but the edges of the 4d, 5d and 5f systems have negligible errors due 

to the mixing of the spin–orbit split components.
7
  

Crocombette et al.
8
 also tested the effective spin sum rule theoretically. For an octahedral 

system at 300K they find that the sum rule value for <Sz> is ~10% too small for 3d
6
, 3d

7
 and 

3d
8
. The error increases to 28% and 56% too small <Sz> values for 3d

5
 and 3d

4
. In this 

chapter the focus is on the role of the <Tz> operator. It was found that in octahedral 

symmetry, the value of <Tz> is determined by the 3d spin–orbit coupling. Because the spin–

orbit coupling is small, the value of <Tz> is close to zero at room temperature. <Tz> reaches 
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larger values at temperatures where the 3d spin-orbit coupling causes an uneven distribution 

over the states. At lower symmetry the value of <Tz> is essentially given by the occupation of 

the respective 3d orbitals and essentially unaffected by the 3d spin–orbit coupling.
8
 Van der 

Laan et al.
9
 also discussed the role of <Tz> and its large value for small crystal field values. 

Wu and Freeman
10,11

 calculated the value of <Tz> for both the bulk and the surface of 3d 

transition metals using DFT based band structure calculations. They found large values of 

<Tz> at the surface, yielding <Sz> errors up to 50% for the Ni(001) surface, solely due to the 

value of <Tz>. Within this approximation, the error in <SEz> is found to be small. 

Goering et al.
12

 developed an element specific renormalization technique to derive the spin 

moment from the effective spin sum rule. The technique uses moment analysis to disentangle 

the L3 and L2 parts of the spectrum, yielding a correction factor for the spin moment. The 

various features of the L2– and the L3–edges are fitted simultaneously, which results in a de–

convolution of the XMCD spectra into different excitation channels, interpreted by variations 

of the unoccupied Density of States (DOS). Effectively, it is assumed that the deviation of the 

branching ratio from its statistical value of 2:3 gives rise to a correction factor. In the 

discussion section this assumption will be analyzed with respect to the calculated curves and 

their potential to derive a correction factor. 

2. THEORETICAL METHODS 

2.1 Crystal Field Multiplet calculations 

In case of the 3d metal L2,3–edges, the agreement between one–electron codes and the X–ray 

absorption spectral shape is, in general, poor. The reason for this discrepancy is that one does 

not observe the density of states in such X–ray absorption processes, due to the strong overlap 

of the core wave function with the valence wave functions. In the final state of an X–ray 

absorption process one finds a partly filled core state, for example, a 2p
5
 configuration. In 

case one studies a system with a partially filled 3d band, for example a 3d
8
 system, the final 

state will have an incompletely filled 3d band, which after the 2p3d transition can be 

approximated as a 3d
9
 configuration. The 2p hole and the 3d hole have radial wave functions 

that overlap significantly. This wave function overlap is an atomic effect that can be very 

large. It creates final states that are found after the vector coupling of the 2p and 3d wave 

functions. This effect is well known in atomic physics and actually plays a crucial role in the 

calculation of atomic spectra. Experimentally it has been shown that while the direct core hole 

potential is largely screened, these so–called multiplet effects are hardly screened in the solid 

state. This implies that the atomic multiplet effects are of the same order of magnitude in 

atoms and in solids. Crystal field theory is a model that is based on a combination of these 

atomic effects and the role of the surrounding ligand, approximated with an effective electric 

crystal field.  The starting point of the crystal field model is to approximate the transition 

metal as an isolated atom surrounded by a distribution of charges that should mimic the 

system, molecule or solid, around the transition metal.
13,14

 

2.2 Charge transfer multiplet calculations 

Charge transfer effects are the effects of charge fluctuations in the initial and final states. The 

crystal field multiplet model uses a single configuration to describe the ground state (3d
n
) and 

final state (2p
5
3d

n+1
). One can combine this configuration with other low–lying configurations 
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similar to the way configuration interaction works with a combination of Hartree–Fock 

matrices. In oxides and metals, a 3d
n
 ground state is typically combined with a 3d

n+1
 

configuration, where  is a missing electron (hole) in a delocalized band or in a ligand state 

(L). 

2.3 Procedure to determine the theoretical sum rule values 

Within the crystal field multiplet (CFM) calculations, the transition metal ion is defined with 

one configuration 3d
n
. The ground state expectation values of <Lz>, <Sz> and <Tz> are 

calculated. These ground state expectation values are affected by the 3d–3d Slater integrals, 

the 3d spin–orbit coupling and the crystal field splitting. 

The 2p X–ray absorption and XMCD spectra are calculated. The spectral shape is, in addition 

to the ground state interactions mentioned above, determined by the 2p core hole spin–orbit 

coupling and the 2p–3d Slater integrals. The orbital sum rule and the effective spin sum rules 

are applied to the calculated spectra. This theoretical sum rule calculation uses the following 

assumptions: 

1. The division of the spectrum into its L3 and L2 components similar as one would do 

for an experimental spectrum. 

2. The addition of the calculated, unbroadened, stick values for both the L3– and the L2–

edge. 

3. The application of the effective spin sum rule. This yields the theoretical sum rule–

derived value for <SEz>, defined as [SEz
sum

]. The theoretical sum rule–derived value 

for the orbital moment is defined as [Lz
sum

]. 

4. The sum rule values are compared with the calculated ground state values to determine 

the ratio [SEz
sum

]/<SEz> and  [Lz
sum

]/<Lz>. 

3. RESULTS 

The effective spin moment sum rule has been tested theoretically for Mn
3+

(3d
4
), Fe

3+
(3d

5
), 

Fe
2+

(3d
6
), Co

2+
(3d

7
), Ni

2+
(3d

8
) and Cu

2+
(3d

9
). The procedure we use calculates for a given 

ground state their spin <Sz>, orbital <Lz> and spin-quadrupole <Tz> expectation values and 

compares them with the sum rule values that have been derived from the multiplet 

simulations. The value of <SEz> is then given as <Sz> + 7/2<Tz>. Except for the analysis in 

section 3.5, all other simulations were done at 0 Kelvin. 

The ratio of the sum rule obtained Lz (Lz
sum

) with the calculated ground state value Lz, 

[Lz
sum

]/<Lz>, is found to be always exactly equal to one. This confirms the validity of the 

<Lz> sum rule. Because this sum rule integrates the complete L2,3–edge, the internal structure 

of the L2,3–edge due to spin–orbit coupling and multiplet effects has no effect on the 

integrated value.  

3.1 The case of the Cu
2+

(3d
9
) ground state 

The 3d
9
 ground state has only a single 3d hole in the ground state. This implies that there are 

no 3d3d two–electron integrals. The final state of the 2p X–ray absorption process has a 
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2p
5
3d

10
 configuration, in other words a single 2p hole, which implies that there also are no 

2p3d two–electron multiplet effects. The result is that there are no theoretical errors in 

applying the effective spin sum rule to 3d
9
 systems. On the other hand, <Tz> is significant and 

some general aspects are discussed below. For an analytical deduction of the Cu
2+

 case as 

well as temperature dependence calculations, the reader is referred to a paper by Sainctavit et 

al.
15

 

If the 3d spin-orbit coupling is zero, the Cu
2+

(3d
9
) L2,3–edge spectrum is characterized with a 

L3:L2 intensity ratio of 2:1 and a XMCD ratio of –1:1. The <Sz> expectation value is –0.5. 

Without 3d spin–orbit coupling <Tz> is zero, implying that <SEz> is also –0.5. This is also 

exactly the value that is found after applying the sum rule to the L2,3–edge spectrum. 

If the 3d spin–orbit coupling is not zero, the spin sum rule remains exact, but <Tz> will be a 

non–zero value. It turns out that for a 3d
9
 ground state, the value of <Tz> is large. In atomic 

symmetry, using a cubic crystal field (10Dq) of 0 eV, an atomic 3d spin–orbit coupling of 

~0.1 eV and an exchange field of 0.01 eV, one finds that all intensity is found in the transition 

–1(L3). All transitions to the L2 edge are zero and all transitions of +1 are zero. In other 

words  the values are: +1(L3)= –1(L2)= +1(L2)= 0. This implies that = –1(L3) and using: 

3
1.5

2
z hSE N






                                                                                                       (3.6) 

The value of <Sz> is –0.5, which implies that the value of 7/2<Tz> must be –1.0. One can 

conclude that the effective spin value of <SEz>= –1.5 is exactly reproduced by the effective 

spin sum rule, but due to the large value of 7/2 <Tz> this value of –1.5 is very far from the 

spin expectation value <Sz> of –0.5. Applying a cubic crystal field of 1.0 eV yields a value 

for <SEz> of –1.37. The precise value is determined by a combination of the 3d spin–orbit 

splitting, the exchange interaction and the cubic crystal field, and in fact for this Jahn–Teller 

system, also by the effects of symmetry distortion to tetragonal symmetry. However, in all 

cases the effective spin sum rule remains correct. The fact that 7/2<Tz> is equal to –1 implies 

that the hole is in a 2 23
x y

d


orbital. Without spin–orbit coupling this state is degenerate with a 

hole in a 23
z

d orbital, but the spin–orbit splitting causes a single 3d hole in the 2 23
x y

d


 orbital 

at zero Kelvin. At finite temperatures, the occupation is equivalent between 2 23
x y

d


 and 23
z

d  

holes as the energy splitting is only 10
–5

 eV. In actual systems, the 3d
9
 ground state is split by 

a Jahn–Teller distortion, usually an elongation of the z–axis towards a square planar 

symmetry. This again creates a single hole in the 2 23
x y

d


orbital and a <Tz> value of –1. 

Without spin–orbit coupling the value of 7/2<Tz> is (half) integer for all 3d–orbitals. It is +1 

for the 2 23
x y

d


and 3 xyd orbitals, –1 for the 23
z

d orbital and –½ for the 3 xzd  and 3 yzd orbitals. 

These values agree with data published by Crocombette et al.
8
  

If the ground state of a material has its 3d states split by a value larger than the 3d spin–orbit 

coupling, one can directly derive the approximate values of <Tz> for all high–spin systems 

from 3d
1
 to 3d

9
. A 3d

1
 configuration with an elongated z–axis has its 3dxy state occupied, a 

3d
1 

configuration with a compressed z–axis its 3dxz and 3dyz states half occupied, etc. The 

expected approximate values of <Tz> within this approximation are shown in Table 4. 
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Table 4. The expectation values for 7/2 <Tz> in D4h (square planar) symmetry for the different occupations of the 3d 

states in case the 3d spin–orbit coupling and 3d–3d interactions are set to zero. Both cases for an elongated and 

compressed octahedron are shown. 

Conf. 7/2<Tz> 

(elongated) 

7/2<Tz> 

(compressed) 

3d1 –½ 1 

3d2 –1 ½ 

3d3 0 0 

3d4 –1 1 

3d5 0 0 

3d6 –½ 1 

3d7 –1 ½ 

3d8 0 0 

3d9 –1 1 

 

Note that some of the values in Table 4 are different from the values in the paper of 

Piamonteze et al.
16

 This is because we noticed that some of the values in that paper are not 

completely correct. 

3.2 The effects of the crystal field splitting and the 3d spin-orbit coupling 

We start by calculating the expectation values for systems between four and eight 3d 

electrons, i.e. Mn
3+

(3d
4
), Fe

3+
(3d

5
), Fe

2+
(3d

6
), Co

2+
(3d

7
) and Ni

2+
(3d

8
), using atomic 2p3d and 

3d3d Slater integrals, atomic 2p spin-orbit coupling and an internal exchange field of 10 meV. 

The 3d spin-orbit coupling was varied between the atomic value and zero. The octahedral 

crystal field (10Dq) is changed between 0.0 and and 2.0 or 3.0 eV.  

Figure 7 and Figure 8 give the expectation values of the spin <Sz>, the spin–quadrupole 

contribution to the sum rule 7/2<Tz> and the theoretical value of the effective spin <SEz> as a 

function of 10Dq for Mn
3+

, Fe
3+

 (Figure 7) and Fe
2+

, Co
2+

 and Ni
2+

 (Figure 8). Different 

curves indicate calculations with distinct magnitudes for the 3d spin–orbit coupling. The 

magnitude of 7/2<Tz> plays an important role in the application of the sum rules in 

experimental spectra since its value is often unknown and in most cases assumed to be 

negligible. Analysis of Figure 7 and Figure 8 shows that in case the atomic 3d spin–orbit 

coupling is zero (open circles), the value of <Tz> is zero and <Sz> is given by –0.5 times the 

number of holes or times the number of electrons in the case of a less than half–filled d–shell 

(Mn
3+

, Figure 7 on the left). A zero value for <Tz> also implies that <SEz> = <Sz>. 
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Figure 7. The expectation values of <Sz>, 7/2<Tz> and <SEz> are given as a function of the cubic crystal field splitting 

10Dq for Mn
3+

(3d
4
) (left) and Fe

3+
(3d

5
) (right). The symbols indicate calculations with atomic 3d spin–orbit coupling 

(filled squares, red), 60% atomic value (up triangles, orange), 30% of the atomic value (down triangles, green) and no 

3d spin–orbit coupling (open circles, blue). 

In case of 3d
5
 systems, <Tz> is always zero because the shell is half–filled. The 3d

4
 systems 

present a special case with respect to the values of <Tz>. One can observe that there are 

essentially two options for <Tz>: (1) a value close to zero, or (2) a value close to 1.0. The 

origin for the value of 1.0 can be found in Table 4. The 3d spin–orbit coupling creates a small 

energy difference between the  2 23
x y

d


and 23
z

d  states. If only the 23
z

d state is occupied, the 

value of <Tz> is +1.  

In Figure 7 on the left a value of 0.0 is found without 3d spin–orbit coupling and for a small 

spin–orbit coupling. For atomic spin–orbit coupling a value of +1 is found. In real systems, 

there often will be a distortion in the 3d
4
 ground state implying a <Tz> value of –1 or +1. One 

can use the left panel of Figure 7 to have an indication of the differences for the values of 

<Tz> being equal to zero or +1. 

For all cubic 3d
6
, 3d

7
 and 3d

8
 systems in Figure 8 with a crystal field above 0.5 eV, the value 

of 7/2 <Tz> is between –0.1 and 0.1. In case of 3d
6
 systems the sign of <Tz> depends on the 

magnitude of the 3d spin–orbit coupling. The contribution of <Tz> is therefore small and 

<SEz> is very close to <Sz>. There is little change in the value of <Sz> as a function of the 

crystal field, except for the 3d
7
 diagrams, where a S= 1.5 high–spin to S= 0.5 low–spin 

transition is visible at 2.3 eV. The variation of <Sz> with the spin–orbit coupling magnitude is 

due to the competition between the spin–orbit coupling and the exchange energy. For the 

atomic spin–orbit coupling the exchange energy of 10 meV is not enough to completely 

saturate the system for Fe
2+

 and Co
2+

. The effect of the exchange energy is studied in more 

detail in section 3.4. <SEz> is for all cases equal to <Sz> + 7/2<Tz>. In case of the 3d
4
 systems 

this yields again the two options: (1) <SEz> = <Sz> or (2) <SEz> = <Sz> +1.0. 
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Figure 8. The expectation values of <Sz>, 7/2<Tz> and <SEz> are given as a function of the cubic crystal field splitting 

10Dq for Fe
2+

(3d
6
) (left), Co

2+
(3d

7
) (in the middle) and Ni

2+
(3d

8
) (right). The symbols indicate calculations with atomic 

3d spin–orbit coupling (filled squares, red), 60% atomic value (up triangles, orange), 30% of the atomic value (down 

triangles, green) and no 3d spin–orbit coupling (open circles, blue). 

Figure 9 and Figure 10 give the ratio [SEz
sum

]/<SEz> (top panels) and [SEz
sum

]/<Sz> (bottom 

panels). A value of 1.0 implies that the sum rule value [SEz
sum

] is equal to the expectation 

values, respectively for <SEz> and <Sz>. The error in the spin sum rule is given by 

[SEz
sum

]/<SEz>, but the ratio with <Sz> is also given as the experimental quantity that one 

usually attempts to determine is <Sz>.  

The Fe
3+

(3d
5
) systems in Figure 9 on the right have identical curves for [SEz

sum
]/<SEz> and 

[SEz
sum

]/<Sz> as all values of <Tz> are zero. We observe values for [SEz
sum

]/<SEz> and 

[SEz
sum

]/<Sz> between 0.68 and 0.74, where these values are determined by the value of the 

cubic crystal field. This implies a systematic (uniform) underestimation of <Sz> by about 

30%.  

In case of Mn
3+

(3d
4
) (Figure 9, on the left), there is little relation between the sum rule value 

and the <SEz> and <Sz> expectation values. In systems where 7/2<Tz>= 0, in other words in 

systems where the two lowest states are degenerate, the value of [SEz
sum

]/<SEz> and 

[SEz
sum

]/<Sz> are approximately 0.5, implying an underestimation of 50% by the sum rule. If 

the 3d spin–orbit coupling, or alternatively a symmetry distortion, splits these two lowest 

states, the [SEz
sum

]/<SEz> value is between –0.2 and –0.5 and the value of [SEz
sum

]/<Sz> lies 

between 0.0 and –0.3. This implies that the sum rule gives next to an underestimation of 50% 

to 80%, also the wrong sign for the <SEz> (and <Sz>) value. For actual 3d
4
 systems, it is not a 

priori known if the ground state is degenerate or split, therefore one does not know if the error 

of the effective spin sum rule is 50% or –50%, so one is not even sure of the sign of the 

(effective) spin, based on the derived sum rule value. 
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Figure 9. The ratio of the sum–rule value [SEz
sum

] with <SEz> (top panels) and <Sz> (bottom panels) for Mn
3+

(3d
4
) 

(left) and Fe
3+

(3d
5
) (right). The symbols indicate calculations with: atomic 3d spin–orbit coupling (filled squares, red), 

60% of the atomic values (up triangles, orange), 30% of the atomic value (down triangles, green) and no 3d spin–orbit 

coupling (open circles, blue). 

In case of Ni
2+

(3d
8
) (Figure 10 on the right), the values for [SEz

sum
]/<SEz> and [SEz

sum
]/<Sz> 

are close to 0.90, except for the atomic calculations and calculations with very small crystal 

fields. This implies that for 3d
8
 systems one finds an underestimation in <Sz> of 

approximately 10%, independent of the precise value of the crystal field and also independent 

of the 3d spin–orbit coupling.  

 

Figure 10. The ratio of the sum–rule value [SEz
sum

] with <SEz> (top panels) and <Sz> (bottom panels) for Fe
2+

(3d
6
) 

(left), Co
2+

(3d
7
) (in the middle) and Ni

2+
(3d

8
) (right). The symbols indicate calculations with: atomic 3d spin–orbit 

coupling (filled squares, red), 60% of the atomic values (up triangles, orange), 30% of the atomic value (down 

triangles, green) and no 3d spin–orbit coupling (open circles, blue). 

Figure 10 shows that for the Co
2+

(3d
7
) systems, the [SEz

sum
]/<SEz> value is approximately 

0.92 with 3d spin–orbit coupling and ~0.84 without 3d spin–orbit coupling. The value of 
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[SEz
sum

]/<Sz> lies between 0.84 and 0.96. At 10Dq = 2.4, a transition to a low–spin ground 

state is visible. All low–spin 3d
7 

systems have an error value of ~0.8, implying a sum rule 

error of ~20% independent of crystal field strength and spin–orbit coupling. The case of 

Fe
2+

(3d
6
) is similar to the 3d

7
 ground state: A [SEz

sum
]/<SEz> value of 0.8 without spin–orbit 

coupling and a value at ~0.88 with spin–orbit coupling. In case of [SEz
sum

]/<Sz>, the values 

vary between 0.80 and 0.96. This implies a <Sz> estimate error between 4% and 20% 

dependent on the values of 10Dq and the 3d spin–orbit coupling. 

It can be concluded that the case that <Tz> is close to zero does not imply that the spin sum 

rule is exact. As seen in Figure 9 and Figure 10, the largest errors in the spin sum rule actually 

arise without 3d spin–orbit coupling (open circles), which means that the <Tz> values are 

zero.  

3.3 The effect of multiplet interactions and the 2p spin-orbit coupling 

Next, we would like to determine which interactions play a role in the errors of the spin sum 

rule. First, we focus on the role of the final state interactions: The 2p3d multiplet interactions 

and the 2p spin–orbit coupling. These final state effects do not influence the ground state, and 

as such do not modify the expectation values for <Sz>, <Lz> and <Tz>. They affect however 

the spectral shapes and as such they modify the values for [SEz
sum

]. 

Figure 11 shows that changing the 2p3d multiplet interactions F2p3d and G2p3d in Ni
2+

 from 

zero to their atomic values, decreases the sum rule value of SEz
sum

 from its calculated value of 

–1.0 to a value of approximately –0.90. The atomic values of the Slater integrals yield a 10% 

error. There is no error for a calculation without 2p3d multiplet effects and the relation 

between the 2p3d multiplet effects and the [SEz
sum

] value is approximately linear. 

 

Figure 11. The sum rule derived value [SEz,
sum

] expectation value for Ni
2+

(3d
8
) as a function of the relative 2p3d 

multiplet interactions (F2p3d and G2p3d), where 1.0 refers to the atomic Slater integral values. Three curves are given, 

respectively for only G2p3d (red), only F2p3d (green) and for the combined effect of G2p3d and F2p3d (blue). 

An interesting observation from Figure 11 is that the error is almost completely due to the 

F
2

2p3d Slater integral, in other words due to the dipole–dipole interactions between the 2p and 

3d holes. The exchange terms (G
1

2p3d and G
3

2p3d) have little effect on the error, as is indicated 

with the red line. 
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Figure 12. The [SEz
sum

] value for Ni
2+

(3d
8
) as a function of the inverse 2p spin–orbit coupling 1/ζ’. 

Figure 12 shows the spin expectation value as a function of the inverse 2p spin–orbit coupling 

(1/’), where ’ is normalized to the atomic value of the core hole spin–orbit coupling (ATOM) 

as ’=/ATOM. The [SEz
sum

]/<SEz> ratio at the atomic 2p spin-orbit coupling is ~10% in case 

of Ni
2+

. One observes that a larger 2p spin–orbit coupling decreases the error. The error 

decreases linearly with 1/’, implying that if the 2p spin–orbit coupling is large, the effective 

spin sum rule is correct. Or, more specifically, if 2p/<F2p3d> is large, the error in <SEz> can 

be neglected. This also implies that the L–edges of the 4d, 5d and 4f elements will have errors 

in <SEz> close to zero, at least based on the error due to the multiplet and spin–orbit induced 

effects.  

3.4 Effect of exchange field 

The calculations shown in sections 3.1 to 3.3 have used an exchange field of 10 meV to split 

the ground state. As a first approximation one can assume that the exchange field that should 

be used is given by the Curie temperature of the system. An exchange field of 10 meV 

corresponds to a Curie temperature of approximately 116 K.  If the 3d spin–orbit coupling is 

zero, the ground state can be indicated by a pure LS term symbol. Such ground state will be 

evenly split by an exchange field. The magnitude of the exchange field determines the size of 

the splitting, but (for all practical exchange field values) it will not modify the nature of the 

states. This implies that (at zero Kelvin) the expectation values are independent of the 

exchange field. 

Things change if the 3d spin–orbit coupling is non–zero. The small but finite 3d spin–orbit 

coupling splits the ground state into its double group states. These states are closely spaced 

and their nature is determined by a combination of the interactions: (a) the exchange 

interaction, combined with (b) the 3d spin–orbit coupling, (c) the 3d–3d interactions, (d) the 

crystal field and / or (e) translation symmetry (or band) effects.  

Figure 13 shows the effect of the magnitude of the applied exchange field on the expectation 

values of the spin <Sz>, the effective spin  <SEz> and the sum rule derived value [SEz
sum

]. 

The values are given from 0 to 100 meV. The 100 meV values are similar to the saturated 

values, where we used a value of 1.0 eV. The difference between <Sz> and <SEz> is again 

caused by the value of 7/2 <Tz>. One can observe that the difference between <Sz> and <SEz> 

slowly increases for 3d
6 

and 3d
7
. In case of a 3d

6 
ground state <Tz> changes sign at an 

exchange field of approximately 10 meV.  
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Figure 13. The expectation values of <Sz> (red, small squares), <SEz> (green, closed circles) and [SEz
sum

] (black, open 

circles) as a function of the exchange field. Given are Fe
2+

(3d
6
) (top) and Co

2+
(3d

7
) (bottom) ground states. 

One observes that for 3d
6
, the <Sz> expectation values decreases from –1.5 to –2.0 with an 

increasing exchange field, where the value of –2.0 represent the fully spin–polarized case of 

four electrons. Similarly for 3d
7
 the <Sz> expectation values decreases from –0.9 to –1.5. 

Without exchange field the 3d spin–orbit coupling mixes the spin–polarized state with other 

states, an effect that is counteracted by the exchange field. An exchange field of 100 meV 

yields effectively a completely spin–polarized state. The effect on the value of <SEz> is, in 

addition, determined by <Tz>. In case of a 3d
6 

ground state, we observe a decrease from –0.9 

to –1.25 at a field of 30 meV, followed by a slight increase to –1.15. This increase is due to 

the effect of <Tz>. The 3d
7
 ground state decreases from –1.4 to –2.5. The difference between 

the <SEz> expectation value and the sum rule value remains approximately constant for all 

exchange fields. In other words, the exchange field has a significant effect on the <Sz> and 

<Tz> expectation values, but the sum rule error remains essentially constant. 

In case of the 3d
8
 ground state of Ni

2+
, the exchange splitting has no effect on the expectation 

values. The reason is that the ground state has a 
3
A2 ground state, i.e. a filled t2g band plus a 

half–filled eg band. The 
3
A2 state is a single (T2) state in double group symmetry and it is not 

affected by the 3d spin–orbit coupling. 

3.5. Temperature dependence 

In this section we will present how a finite temperature changes the results obtained in section 

3.2. Figure 14 shows the expectation values <Sz>, <SEz>, and 7/2<Tz> and the sum rule 

correction factors [SEz
sum

]/<SEz> and [SEz
sum

]/<Sz> as a function of temperature. From all 

systems presented in section 3.2, only Mn
3+

(3d
4
), Fe

2+
(3d

6
) and Co

2+
(3d

7
) show a significant 

temperature dependence and therefore those are the only systems discussed in this section. 
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These are exactly the systems for which <Tz> has a significant contribution to <SEz>. The 

calculations presented in Figure 14 were done for 10Dq= 1.0 eV, exchange energy of 100 

meV, and atomic 3d spin–orbit coupling. The exchange energy was considerably increased 

compared to section 3.2 to assure magnetic saturation at 300K.  

 

Figure 14. Temperature dependence for <Sz>, <SEz>, 7/2<Tz>, [SEz
sum

]/<SEz> and [SEz
sum

]/<Sz> for Mn
3+

(3d
4
), 

Fe
2+

(3d
6
) and Co

2+
(3d

7
). Simulations were done with 10Dq= 1.0 eV and exchange= 0.1 eV. The lowest temperature 

point is 10K. 

For all three systems presented in Figure 14, [SEz
sum

]/<Sz> has an important dependence with 

temperature, approaching [SEz
sum

]/<SEz> as temperature increases. This is a direct 

consequence of the decrease of the <Tz> contribution to the effective spin as temperature 

increases. With increasing temperature, the spin–orbit split values are more equally populated 

which leads to a quenching of <Tz>.
8
 For Mn

3+
(3d

4
), [SEz

sum
]/<SEz> also changes 

significantly with temperature. This comes from the fact that for 3d
4
 there is no 

straightforward separation between L3 and L2 XMCD and the spectral shape is different for 

each 3d spin–orbit split ground state. As temperature increases, the different 3d spin–orbit 

split states are populated and therefore [SEz
sum

]/<SEz> changes, reaching saturation when all 

spin–orbit split states are equally populated. The increase in temperature has an equivalent 

effect in [SEz
sum

]/<SEz> as the decrease of the spin–orbit coupling, presented in Figure 9 and 

Figure 10. 

For Fe
2+

(3d
6
) [SEz

sum
]/<SEz> varies only around 3% from 0 K to room temperature. 

[SEz
sum

]/<Sz> (black open triangles in lower panel) is higher than 1.0 for low temperature and 

approaches [SEz
sum

]/<SEz> (red squares in lower panel) as <Tz> (black dots in upper panel) 

goes from negative values to zero. Notice that in Figure 7 and Figure 8 the values of <Tz> are 

positive due to the different exchange energy used there (see Figure 13). [SEz
sum

]/<SEz> for 

Co
2+

(3d
7
) is almost constant with temperature varying only between 0.91 and 0.90, while 

[Sez
sum

]/<Sz> varies between 0.80 and 0.85.   

3.6 Effect of charge transfer 

Figure 15 gives the calculations of the <Sz>, 7/2<Tz> and <SEz> expectation values in the 

presence of charge transfer effects. We have applied charge transfer in a series of two–state 
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calculations mixing 3d
n
 with 3d

n+1
L. The parameters used were a spherical symmetric 

hopping T of 2 eV with a varying charge transfer energy . Large positive  yields a pure 3d
n
 

ground state and large negative  yields a pure 3d
n+1

L state. The expectation values are 

plotted as function of the resulting 3d occupancy for Fe
2+

(3d
6
 + 3d

7
L), Co

2+
(3d

7
 + 3d

8
L) and 

Ni
2+

(3d
8
 + 3d

9
L) calculations. Figure 15 shows calculations for two values of exchange fields: 

10 and 500 meV. 

 

Figure 15. From top to bottom the expectation values <Sz>, 7/2<Tz> and <SEz> as a function of the 3d occupancy of 

the ground states using a two–state charge transfer calculation are given. The exchange fields used are 10 meV (closed 

squares) and 500 meV (open circles). Results for Fe
2+

(3d
6
), Co

2+
(3d

7
) and Ni

2+
(3d

8
) are shown in dark yellow, blue and 

red, respectively. 

With a large 500 meV exchange field one observes for <Sz> in all cases a completely 

polarized ground state with only spin–down holes. The 3d hole occupancy is for 100% spin–

down holes, yielding a value of –0.5 times the number of holes (<Nh>), implying a straight 

line in the relationship between <Sz> and the 3d occupancy. A smaller exchange field of 10 

meV is not able to counteract the effects of the 3d spin–orbit coupling and incomplete 

polarization is visible in the value of <Sz>. The values for 7/2 <Tz> are close to zero for a 3d
8
 

ground state. The values for 7/2 <Tz> are larger for the 500 meV exchange field, where a 3d
7
 

state has a positive value of <Tz> and a 3d
6
 ground state a negative value. The resulting 

effective spin <SEz>= <Sz> + 7/2<Tz> deviates from a straight line as systems between 3d
7
 

and 3d
8
 have lower values and systems between 3d

6
 and 3d

7
 have more negative values, both 

due to the effect of <Tz>. 

The resulting sum rule errors of charge transfer calculations are given in Figure 16. The 

[SEz
sum

]/<SEz> ratios are between 0.88 and 0.95 in most cases, with values approaching 1.0 

for systems close to a 3d
9
 ground state. In general these errors are relatively small.  
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Figure 16. The ratio of the sum rule value [SEz
sum

] with <SEz> (top) and <Sz> (bottom) as a function of the 3d 

occupancy of the ground states using a two–state charge transfer calculations. The exchange fields used are 10 meV 

(closed squares) and 500 meV (open circles). 

The [SEz
sum

]/<SEz> ratio have been calculated taking the correct number of holes into 

account. The number of holes <Nh> is directly given as ten minus the number of 3d electrons, 

which obviously varies with the charge transfer strength and considerably influences the value 

of [SEz
sum

]. The error in the spin expectation value, i.e. the [SEz
sum

]/<Sz> ratio, show similar 

behavior for the 10 meV exchange spectra, since in those cases the value of 7/2 <Tz> is small. 

The curves for an exchange field of 500 meV have errors that are dominated by 7/2 <Tz>, 

with too small values for Co
2+

 and too large values for Fe
2+

. 

3.7 The effective spin sum rule for Ni metal 

The X–ray absorption spectrum and the XMCD of Ni metal have been simulated with the 

parameters from van der Laan and Thole.
17

 The calculation assumes three configurations in 

the ground state: 3d
8
 + 3d

9
L + 3d

10
L

2
 at relative energies 0, –2.25 and –3.0 eV. Hopping 

parameters T of 0.7 and 1.4 eV for eg and t2g states were used. Crystal field splitting (10Dq) is 

zero and exchange energy is 0.5 eV. The values obtained for the relative contributions of 3d
8
 

+ 3d
9
L + 3d

10
L

2
 are respectively 15%, 49% and 36%. The sum rule values obtained are 

summarized in Table 5.  

Table 5. The expectation values obtained for Ni metal. 

 <Sz> 7/2<Tz> <SEz> [SEz
sum]/<SEz> 

Ni metal –0.394 –0.003 –0.37 0.97 
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From Table 5 it is seen the [SEz
sum

]/<SEz> value is 0.97 which is close to 1.0, showing that 

the application of the sum rule in isotropic metallic systems such as bulk Ni metal works well. 

The contribution of <Tz> to <SEz> is also negligible for the case of Ni metal. From Figure 16 

it is clear that for Co and for Fe metal one would expect a more significant contribution of 7/2 

<Tz>. 

4. DISCUSSION 

The various parameters that influence the validity of the effective spin sum rule were 

analyzed. The effective spin sum rule is correct for Cu
2+

 because the final state has a filled 

3d
10

 shell and it is not affected by the 2p3d intra–atomic interactions. The value for 7/2<Tz> is 

however –1.0, for all octahedral systems at low temperature and also for tetragonal distorted 

(elongated) systems. For all systems that deviate from Oh symmetry, a large value for 7/2<Tz> 

is found. For 3d
5
, 3d

6
, 3d

7
 and 3d

8
 systems it was shown that, while in the same ground state 

symmetry, the crystal field splitting has almost no effect on [SEz
sum

]/<SEz>. On the other 

hand a difference between high–spin and low–spin states is always observed. The ratio 

[SEz
sum

]/<Sz> shows small dependences with crystal field due to the <Tz> contribution. The 

3d spin–orbit coupling has some influence on the [SEz
sum

]/<SEz> ratio for 3d
6
 and 3d

7
 

systems and this dependence is reflected in the [SEz
sum

]/<Sz> values. For the Mn
3+

(3d
4
) 

systems, [SEz
sum

]/<SEz> varies not only in magnitude but also in sign with crystal field 

splitting. This shows that in this case an application of the sum rule is practically impossible. 

For 3d
5
 systems the [SEz

sum
]/<SEz> is seemly large: 0.68 for high–spin and 0.74 for low–spin. 

However it has no dependence on crystal field splitting or 3d spin–orbit coupling. For 3d
6
, 3d

7
 

and 3d
8
 systems the correction factors range between 0.8 and 0.9. 

In section 3.3, we found that the effective spin sum rule error scales linearly with F
2
pd/LS2p. A 

remarkable result is that it is not the 2p3d exchange interaction that is the origin of the error, 

but instead the dipole–dipole interaction between the 2p hole and the 3d hole. 

In systems with charge transfer the ratio [SEz
sum

]/<SEz> is around 0.9 and 1.0, showing 

therefore small dependence on the charge transfer amount. However, in the calculations 

shown in this chapter, the number of holes is known. In the experimental case the number of 

holes would be the limiting factor for the sum rule application in systems with charge transfer. 

4.1. The potential derivation of a general correction factor 

We analyzed the calculated results here with regard to the question if one can derive a 

correction factor which would make it possible to derive the <SEz> or even <Sz> from the 

derived sum rule value [SEz
sum

]. As mentioned in the introduction, Goering et al.
12

 have 

developed such re–normalization technique to derive the spin moment from the effective spin 

sum rule. An important factor in such correction factor is the branching ratio [B]. Just as the 

effective spin sum rule, the branching ratio is affected by the 2p3d multiplet effects.
18-20

 

Analysis of the effect of the 2p3d multiplet effect on the effective spin sum rule yields an 

error that is linearly dependent on the magnitude of the multiplet effect, as was shown in 

Figure 11. It can be shown that also the branching ratio is linearly dependent on the multiplet 

effect (see Figure 6 of Thole et al.19). This brings us to the following reasoning: 

1. The error in the spin sum rule is linearly dependent on the 2p3d multiplet effects. 
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2. The branching ratio is also linearly dependent on the 2p3d multiplet effects. 

3. This implies that the deviation in the effective spin sum rule and the deviation in the 

branching ratio are correlated and one can calculate the effective spin deviation from the 

branching ratio deviation. 
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Figure 17. The variation of the deviation of the sum rule values [SEz]
ERR

 (open circles) and the values of the deviation 

from the statistical branching ratio [] (closed squares) for Fe
2+

(3d
6
). 

We define the transferred intensity between the L2– and the L3–edge as [], where [] is 

directly given by the branching ratio [B] as [] = [B]–2/3. Note that [B] and thus [] can be 

derived from the experimental spectra without any theoretical input. We also define the error 

in the effective spin sum rule as [SEz]
ERR

 = <SEz>–[SEz] and we propose a linear relation 

between [SEz]
ERR 

and [], in other words  [SEz]
ERR

 = f  []. From the actual calculations for 

Ni
2+ 

with a crystal field of 1.0 eV, we derive indeed a factor f equal to –0.25, with a deviation 

of ~0.01. This implies that for Ni
2+

 system the error in the effective spin sum rule can be 

corrected with a final accuracy of less than 0.5%, where we note that this applies for the 

effective spin sum rule. This analysis and correction does not involve the value of  <Tz>. 

So, have we now derived a useful correction procedure for the effective spin sum rule? 

Unfortunately not. The correlation between branching ratio and the effective spin sum rule is 

only valid as a function of the 2p3d multiplet effects. If one varies the ground state, for 

example a crystal field parameter, distortion, charge transfer effects or the spin-orbit coupling, 

there is no linear relation between the [] and [SEz]
ERR

. For example, Figure 17 shows the 

example of [] and [SEz]
ERR 

in the case of Fe
2+ 

as a function of 10Dq. There is no simple 

relation and thus no general correction rule for the effective spin sum rule applies.  The best 

procedure to correct the [SEz] values is to simulate the XAS and XMCD spectra and then to 

calculate the expectation values directly on the ground state. A general approach to determine 

an effective spin and spin correction procedure could be the following:  

(1) Simulate the experimental spectrum with charge transfer multiplet calculations. 
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(2) Calculate the <Tz> and <Sz> expectation values for the as–such determined ground 

state. 

(3) Calculate the theoretical sum rule value [SEz
sum

] for this ground state. 

(4) Determine the theoretical sum rule errors [SEz
sum

]/ <SEz> and [SEz
sum

]/ <Sz>. 

(5) Use this correction for the experimentally determined sum rule value. 

4.2 Experimental effective spin sum rule values 

In principle, the experimental sum rule value and the theoretical sum rule value should be the 

same, but the experiment is, in addition to the theoretical issues discussed here, affected by a 

number of additional aspects (see also ref.
21

), including the following: 

E1. The number of holes in the accepting band plays a role because of the normalization to 

the overall XAS intensity. The number of holes is not always known experimentally. 

E2. The L3– and L2–edge must be separable in order to determine the independent 

integrations, including the subtraction of the backgrounds. In addition, the appropriate 

edges must be separated from other structures and the continuum edge jump. In 

general this is a non–trivial task, with some variation in the methods used.  

E3. If there is an angle between the X–ray beam and the magnetization vector, there is an 

X–ray absorption due to 0, in addition to –1 and +1. This effect can be neglected if 

the XAS spectrum of 0 is given by the average of –1 and +1, which would imply that 

the linear dichroism effect (–1 + +1–20) is zero, an assumption that in general is not 

correct. 

E4. If electron yield is used, the detection effectiveness must be equal for spin–up and 

spin–down electrons. This implies that the escape chance for spin–up and spin–down 

electrons must be equal and in turn that the electron scattering should be spin–

independent. 

E5. If fluorescence yield (FY) is used, there can be an angular and energy dependence of 

the signal distorting the XAS spectrum and also its associated XMCD signal. In 

addition, the FY signal is often affected by state (= energy) dependent variations in the 

measured signal.
22

  

E6. When measuring by total electron yield (TEY), saturation effects will occur when the 

probing depth is of the order or smaller than the electron escaping depth. This is the 

case for very thin films or for measurements in grazing angles. Correction factors need 

to be applied to the X–ray absorption intensity.
23,24

 

4.3 Examples from experiments 

The experimentally determined sum rule values are affected by two types of errors / 

inaccuracies: (1) due to the experimental procedures as described above, and (2) due to the 

intrinsic theoretical errors for the (effective) spin sum rule. In order to verify the applicability 

of the individual orbital and spin sum rules, Chen et al.
25

 determined the values of <Lz> and 

<Sz>, where both values were ~5 to 10% too small for Fe and 5% too large for Co. For the 

orbital moment, there is no theoretical error, but for <Sz> one would expect values that 
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deviate between 5 and 20% (cf. Figure 16). Apparently the experimental uncertainties 

dominate in this case. O’Brien et al. compared the values for <Sz>  and <Lz> obtained by the 

sum-rules with neutron diffraction data for Fe, Co, and Ni metal.
24

 The ratio 

<Sz
XMCD

>/<Sz
neutron

> (estimated from Figure 8 of ref.
24

) is around 0.9, while we obtained 0.97 

in section 3.7. This is a satisfactory agreement in view of the experimental uncertainties 

involved in the determination of <Sz
XMCD

>. In ref.
26

, a correction factor of 1/1.47= 0.68 for 

Mn
2+

(3d
5
) is found. This correction factor is found with the help of theoretical simulations 

and it is the same as obtained here for Fe
3+

(3d
5
). 

Khanra et al. calculated the L2,3–edge spectrum of a molecular Mn4O6 core system, with Mn
2+

 

ions.
27

 They found a deviation in the spin sum rule value of ~30%, exactly in agreement with 

Figure 9 as given in this paper. This confirms the larger errors for 3d
5
 systems. Gambardella 

et al studied Fe, Co and Ni atoms on a potassium surface.
28

 They found exactly correct <SEz> 

values for the 3d
9
 system Ni

+
, in agreement with theory as a 3d

9
 system has no deviation for 

the effective spin sum rule. Actually for the atomic 3d
8
 and 3d

7
 systems, the theoretical error 

is also very small, +3% for 3d
8
 and +1% for 3d

7
, provided that the 3d spin–orbit coupling is 

not quenched. The experimental data on Co
+
(3d

8
) is ~10% too small and for Fe

+
(3d

7
) it is 

~20% too large, which are likely due to experimental aspects as discussed in 4.2 of this 

chapter. 

5. CONCLUSIONS 

The validity of the effective spin sum rule is analyzed. In case of the 3d
9
 ground state of Cu

2+
, 

the effective sum-rule value is exactly correct because the final state has a filled 3d band and 

also there are no initial state or final state multiplet effects. The value of 7/2<Tz> is large (–

1.0), implying that the effective spin is largely different from the spin moment <Sz>. 

The effective spin sum rule error for the 3d
4
 to 3d

9
 systems as a function of (1) the crystal 

field effects and (2) the 3d spin-orbit coupling show errors of:  5 to 10% for Ni
2+

(3d
8
) and 5 to 

20% for Co
2+

(3d
7
) and also for Fe

2+
(3d

6
). The error for Mn

2+
/Fe

3+
(3d

5
) is approximately 30% 

and for the case of a Mn
3+

(3d
4
) ground state, the error is very large and varies between –50% 

to +50%. This implies that, without further information, the derived effective spin sum rule 

values for Mn
3+

(3d
4
) has essentially no meaning. The 3d

4
 ground state is strongly affected by 

the Jahn–Teller distortion, which is strongly linked with the magnitude of the <Tz> value. 

The simulations confirm that the final state effects of the 2p3d multiplet effects and the core 

hole 2p spin–orbit coupling are linearly related with the effective spin sum rule error. The 

error scales exactly with <F2p3d>/2p, in agreement with previous results. Increasing the 

molecular exchange field saturates the spin moment and the value of <Tz>, while maintaining 

the error in the sum rule value for the whole range of applied fields. 

The inclusion of charge transfer effects create a range of ground states with varying 3d 

occupation, where we have in detail studied the occupation range between 6 and 9. For large 

exchange fields the spin moment is saturated, but 7/2<Tz> is large, except for the range 

between 8 and 9. For small exchange fields, 7/2<Tz> is small. The error in <SEz> is between 

5 and 10% for the whole parameter range, implying that for covalent / metallic systems the 

effective spin sum rule is precise to within 5 to 10%. Because the sum rule always yields a too 
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small value, a correction with +5% will limit the error to less than 5%. Because of the large 

7/2<Tz> values, the spin moment cannot reliably be determined from the effective spin sum 

rule with deviation between –20% and +10%. It turns out to be not possible to derive a 

general correction method based on the branching ratio. Such correction is only possible for 

systems with similar ground states. 
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Chapter 4. Fe L2,3–edge XAS as a 

function of crystal field (Oh and D4h) and 

spin–state for Fe
2+

 and Fe
3+

 

This chapter is based on part of the following publication: P.S. Miedema, S. Stepanow, P. 

Gambardella and F.M.F. de Groot, J. Phys.: Conf. Ser. 190 (2009) 012143 

ABSTRACT 

In this chapter the shapes of the theoretical X–ray absorption spectra (XAS) are studied as a 

function of the spin state in octahedral (Oh) and tetragonal (D4h) symmetry combined with the 

oxidation state of the iron ion (Fe
2+

 and Fe
3+

) using both semi–empirical and first principles 

DFT–CI multiplet codes.  

This chapter gives a first estimate of the choice of crystal field parameters to obtain a certain 

spin state. The shape of the Fe L2,3–edge XAS strongly depends on the selected ground state, 

which could be high–, low– and intermediate–spin in the case of Fe
2+

 and Fe
3+

 in the D4h 

symmetry. The first principles DFT–CI method can be used to study the XAS shape of 

different spin states and it confirms the XAS shape of some of the high–, low– and 

intermediate–spin states obtained by the semi–empirical multiplet calculations.  

Comparison of a concrete iron spin crossover system with first principles DFT–CI 

calculations shows that the calculated effective crystal field is too low for the simplified FeN6 

and FeN4 clusters.  
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1. INTRODUCTION 

Iron is the second most abundant metal (after aluminum) and hence the most abundant 

transition metal in the Earth’s crust. In the crust it is mostly found in minerals such as 

hematite (Fe2O3), magnetite (Fe3O4), pyrite (FeS2) or siderite (FeCO3). Iron is of central 

importance in almost every branch of chemistry, materials science and technology and life 

science. Since iron is in stock in Earth’s crust iron atoms are exploited in biological processes 

by numerous organisms. Because iron may exist in several oxidation states, such as Fe
0
, Fe

2+
, 

Fe
3+

, Fe
4+

, it is an ideal candidate for the incorporation into the active center of metallo–

enzymes that catalyze redox reactions or that are involved in electron transfer. The possibility 

of different iron oxidation states has also been applied in both heterogeneous and 

homogeneous catalysis.
1-3

 The high abundancy and non–toxicity are the main advantages of 

iron catalysts. Consequently iron catalysts are among the most inexpensive, easy–to–handle, 

and environmentally friendly metal derivatives.  

In addition to catalysts, iron complexes are heavily studied as magnetic storage materials. One 

of the major keywords for magnetic storage is spin crossover (SCO).
4-6

 The occurrence of 

SCO between the high–spin and low–spin states of 3d
4
–3d

7
 transition metal ions may be 

useful as a molecular switch tool. In SCO systems the high– and low–spin states are inter–

convertible by physical perturbations, such as temperature,
7,8

 pressure,
5,9

 light
5,8

 and soft X–

rays.
10

 The occurrence of the spin transition can be explained from the theory of crystal field 

and its crystal field energy. For example, in octahedral symmetry, the crystal field energy 

splits the 3d–levels into t2g and eg. At low values of the crystal field energy, the electrons are 

allowed to go into all 3d–orbitals and will follow Hund’s rules,
11,12

 thereby occupying as 

much as possible different 3d–orbitals and if possible they will have the same spin, leading to 

a high–spin state. The higher the value of the crystal field energy, the more energy it costs for 

electrons to go into the eg orbitals and the more convenient it gets to couple two electrons (up 

and down spin combined) in one space orbital, hence creating a low–spin state.  

Interestingly, for d
5
 and d

6
 ions (thus for Fe

3+
 and Fe

2+
) several spin states exist for four–

coordinate systems in the square planar or tetragonal (D4h) structure.
13-15

 Recently it was 

found that iron phthalocyanine (FePc) has a spin state that is intermediate–spin and not low–

spin or high–spin. The exact 3d–orbital configuration is still under debate.
16-19

 Experimental 

findings for both the spin state of FePc
17,20

 and the change of the spin, e.g. the spin transitions, 

of some SCO compounds under a physical perturbation have been given by X–ray absorption 

spectroscopy (XAS) experiments.
10,21,22

 It is therefore valuable to compare calculated XAS of 

iron in high–, low– and intermediate–spin states. Secondly, it is a good idea to study iron in 

lower symmetry, because in some interesting solids with iron impurities, the iron is in lower 

symmetry.
9,23-25

 

In this research we focus on calculations of the Fe L2,3–edge XAS for iron in Fe
2+

 and Fe
3+

 

oxidation state, in different symmetries and in different spin states, e.g., compare calculated 

XAS of the high–, low– and intermediate–spin state using both semi–empirical crystal field 

multiplet (CFM) and first principles density functional theory combined with configuration 

interaction (DFT–CI) multiplet calculations. For CFM calculations, it will be shown how to 
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encounter the intermediate–spin states in D4h symmetry using the crystal field parameters 

10Dq, Ds and Dt. 

2. THEORETICAL SECTION 

In this section we discuss the calculation models that we have used for the study of XAS of 

different spin states. In subsection 2.1 the semi–empirical crystal field multiplet model is 

briefly described and in 2.2 the first principles DFT–CI method is described.  

2.1 Crystal Field Multiplet calculations 

The Crystal Field Multiplet (CFM) Program with recently a user–friendly CTM4XAS 

interface,26 is based on the Cowan multiplet program.27 Thole et al. extended Cowan’s 

multiplet program to crystal field symmetry by including the code of Phil Butler, allowing 

calculations in any point group.28-31 In general, multiplets are calculated for a single 3d atom 

and these results are branched to its local symmetry by choosing the proper (value for the) 

crystal field. The choice of the symmetry and the crystal field energy values are responsible 

for the semi–empirical nature of CFM. For example, in octahedral (Oh) symmetry within 

CFM theory, 10Dq is an empirical parameter, which can be tuned so that one can have either 

high– or low–spin d
n
. For lower symmetry, for example in D4h symmetry, more parameters 

are required. In the case of D4h symmetry, 10Dq, Dt and Ds are the crystal field parameters. 

For lower symmetry cases, including the D4h symmetry, high–spin, low–spin, but 

intermediate–spin states are as well possible in the case of both Fe
2+

 and Fe
3+

.  

2.2 First principles DFT–CI 

In addition a first principles density functional theory (DFT) configuration interaction (CI) 

method was used to calculate the Fe L2,3–edge XAS. This method is equivalent to quantum 

chemical CI method using fully relativistic molecular spinors. A relativistic DFT calculation 

is made using model clusters. Electronic correlations among 3d electrons and a 2p hole were 

rigorously calculated by taking the Slater determinants made by the DFT–MO’s mainly 

composed of TM 2p and TM 3d orbitals. The electronic correlations among TM 3d electrons 

and 2p core hole are explicitly calculated. The agreement between experimental and 

theoretical spectra is better when the dimension of Slater determinants is increased to include 

ligand p orbitals. The relativistic CI method used is the same as used in previous works by the 

group of Tanaka,32-35 although we left out the effect of the point charges in a Madelung 

potential. The resulting sticks were broadened with a constant Lorentzian broadening 

parameter of 0.3 eV. In all the DFT–CI calculations performed, N
3–

 and Fe
n+

 ions are used, 

where n= 2 or 3. The systems that are used in the DFT–CI calculations are FeNx clusters with 

x= 4 or 6. The iron surrounded by four nitrogen atoms (FeN4) is in a tetragonal (D4h) 

symmetry and the iron surrounded by six nitrogen atoms (FeN6) is in octahedral (Oh) 

symmetry (Figure 18). The FeN4 may be a representation of the heme part in hemoglobin or 

for iron phthalocyanines. FeN6 would be more representative for some interesting SCO 

compounds. For FeN6 and FeN4 mainly one parameter, α, is used, which is the Fe–N distance 

in Ångstrom. This is varied between α= 1.6 and 2.2 Å. The iron ion was either Fe
2+

 or Fe
3+

. 

The distance of these nitrogen atoms to the central iron atom is determined by a lot of factors: 

the rest of the backbone, the pressure, the temperature and so on. 
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Figure 18. A picture of the tetragonal FeN4 cluster (left) and a picture of the octahedral FeN6 cluster (right). 

The metal–ligand distance is inversed proportional to the magnitude of the crystal field 

energy.
11

 Note that the parameter α can be divided into α1 to α4 or to α6, if one wants to take 

into account lower or other symmetries than D4h or Oh symmetry. In this research the general 

focus is on Oh and D4h symmetry, so a single parameter α is used unless stated otherwise. 

3. RESULTS & DISCUSSION 

In this section the results of the CFM and DFT–CI model concerning Fe
2+

 and Fe
3+

 in 

different spin states are discussed. In subsection 3.1 the iron ground state will be discussed 

with an emphasis on the d–orbital splitting in different symmetries. In subsection 3.2 DFT–CI 

calculations of FeN6 and FeN4 are discussed with reference to their low–, intermediate– or 

high–spin ground state and in the last part of this subsection XAS of a concrete spin–

transition compound is compared with DFT–CI calculations.  

3.1 Fe ground state versus crystal field (CFM model) 

The electronic configuration of the iron atom, Fe
0
 ([Ar]3d

6
4s

2
), results in a ground state with 

the term symbol 
5
DJ. Since the d–band is more than half filled, the correct ground state is 

5
D4. 

The higher energy states are 
5
D3, 

5
D2, 

5
D1 and 

5
D0 in order from lower to higher energy. 

When an Oh surrounding is introduced, the different term symbol states interact with each 

other and that results in a split up in different parts (Figure 19). The 
5
D4 splits up in a T2, E, T1 

and A1. The 
5
D3 splits up in a T1, T2 and A2 part. The 

5
D2 splits up in E and T2 part. The 

5
D1 

and 
5
D0 do not split up, but become T1 and A1 symmetry in Oh. With increasing crystal field 

parameter 10Dq, the terms originating from the J= 4 terms and two terms originating of the J= 

3 term, the T1 and T2, tend to form a group, while the rest of the terms combine to another part 

and seem at approximately 10Dq= 0.3 eV (not shown here) a relatively degenerate combined 

state. The combination of the J= 4 terms and T1 and T2 of J= 3 is: T2+T2+T1+T1+A1+E which 

is the splitting up of 
5
T2. The combination of the other terms: A1+T1+T2+E+A2 which is the 

5
E. For Fe

2+
 the atomic occupation changes to [Ar]3d

6
4s

0
, but the splitting up mentioned for 

Fe
0
 still holds. For negative 10Dq (cubic symmetry) the splitting is reversed in energy. 
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Figure 19. Tanabe–Sugano diagram of the relative energies of the 
5
D states as a function of the crystal field splitting. 

At zero splitting the atomic 
5
D4, 

5
D3, 

5
D2, 

5
D1 and 

5
D0 states are found. The crystal field splits these states into two 

manifolds, the 
5
T2g states and the 

5
Eg states for positive crystal field splitting. For negative crystal field splitting it is 

5
T2 and 

5
E (but then reversed in energy). 

In the case of Fe
3+

 ([Ar]3d
5
4s

0
) the ground state of the single ion has the term symbol 

6
S. In 

Oh symmetry this term symbol does not split up, but instead it is mentioned 
6
A1 in Oh 

symmetry.  

 

Figure 20. Crystal field splitting in Oh and D4h symmetry and the one–electron approximation for the Dq, Ds and Dt 

dependence of the different d–states in D4h symmetry. 

In a crystal field picture, in an Oh (or tetrahedral, Td) environment the 3d–orbitals split up in 

two parts: the t2(g) and the e(g) part (shown for a Oh splitting in Figure 20). In lower symmetry 

the 3d–state energies split up further. In D4h symmetry, the t2g (dxz, dyz and dxy) part splits up 

in a part with dxz,dyz and in a part with dxy. The Oh’s eg (dz2, dx2-y2) part splits up in the two 

different states dz2 and dx2-y2. Depending on the strength of splitting, for example it is possible 

that the dz2-orbital becomes lower in energy than either or both the dxz,dyz and dxy state, which 
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happens for example for Fe(TPA)4, while it does not for O2–Fe(TPA)4 according to analysis 

of XAS experiments by Gambardella et al.
36

 

Fe
2+

 and Fe
3+

 ions in certain symmetries are able to have high–spin, low–spin and 

intermediate–spin states as analyzed by Poli et al.
13

: for Fe
3+

 this is S= 2½, ½ and 1½ 

respectively and for Fe
2+

 this is S= 2, 0 and 1 respectively. This signifies from a theoretical 

point of view why the iron ions Fe
2+

 and Fe
3+

 are intensively studied as part of spin–crossover 

systems and storage materials.
5,6,10,37,38

 

In an Oh field the d–states split up in a three–fold degenerate (tg) and a two–fold degenerate 

(eg) state. The six electrons in the d–shell of Fe
2+

 in Oh symmetry can be divided among these 

states like tg
6
eg

0
 (low–spin) or like tg

4
eg

2
 (high–spin). In principle, intermediate–spin 

configurations can be obtained, but these are normally not found in Oh due to the alignment of 

spin (a preference for the highest possible spin) and in combination with the degeneracy of 

both the threefold t2g and twofold eg the occurrence of intermediate–states is not likely. For 

increasing crystal field energy (10Dq) the energy difference between the t2g and eg states 

increases and this may lead to an effect on the occupation of the 3d states or said otherwise, to 

a change from high–spin to low–spin.  

3.1.1 Fe
2+

 in Oh environment: high–spin to low–spin transition 

The high–spin to low–spin transition for Fe
2+

 in Oh can be easily studied using a projection 

method in the Crystal Field Multiplet program.
39

 Investigation of Fe
2+

 with and without 3d 

spin–orbit coupling was performed. In Figure 21A the results of the projection method are 

shown for Fe
2+

 in Oh with and without 3d spin–orbit coupling. Between a crystal field energy 

value of 10Dq= 1.8 eV and 10Dq= 1.9 eV the transition from high–spin to low–spin is found. 

When the 3d spin–orbit coupling is set to the atomic Fe
2+

 value, the transition point of the 

high–spin to low–spin is different but not drastically: the transition shifts to a little higher 

10Dq with about 0.01 eV, with 3d spin–orbit coupling. Below a crystal field energy of 10Dq= 

1.8 eV, the Fe
2+

 is completely in the high–spin state. Above the crystal field energy where the 

transition to low–spin occurs, the fraction of the 
1
A1 state comes up, but the 

1
A1 fraction is not 

directly 1 as shown for the transition without 3d spin–orbit coupling. At the same time, the 

fraction of the high–spin state is not directly zero above the 10Dq value where the transition 

point is. The 3d spin–orbit coupling interferes in the transition between high–spin state and 

low–spin and spreads the transition from a single–point transition to a transition trajectory.  

Selecting the proper 10Dq value results in XAS of Fe
2+

 in either the high– and low–spin state. 

In Figure 21B typical X–ray absorption spectra for high– and low–spin are shown. The 

spectra for Fe
2+

 low–spin and high–spin are different in especially the relative L3/(L2+L3) 

ratio. This ratio is lower for low–spin compared to high–spin Fe
2+

. A second difference is the 

lower amount of features visible in the L3–edge XAS of the Fe
2+

 low–spin. 
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Figure 21. (A) Spin state transition from high– to low–spin for Fe
2+

 in octahedral symmetry without (black squares 

and red dots) and with (green and blue) 3d spin–orbit coupling, with inset of the range of 1.83< 10Dq< 1.91 eV. (B) Fe 

L2,3–edge X–ray absorption spectra of Fe
2+

 in Oh symmetry with the crystal field parameter 10Dq= (A) 1.0 eV (high–

spin (HS), red on bottom) and (B) 3.0 eV (low–spin (LS), black on top). Both spectra are broadened with a Lorentzian 

and Gaussian of 0.2 eV. 

3.1.2 Fe
2+

 in D4h environment 

The ground states of Fe
2+

 in D4h (distortion of Oh) are investigated. Practically, this means that 

in the crystal field multiplet program there are more parameters to vary. 

Table 6. Splitting of d–orbitals/ states in D4h symmetry and the name of the state. 

Name level d-orbital(s) Energy of level 

b1 x
2
-y

2 
6Dq+2Ds-1Dt 

a1 z
2
 6Dq-2Ds-6Dt 

b2 xy -4Dq+2Ds-1Dt 

E xz, yz -4Dq-1Ds+4Dt 

 

There is a possibility to vary 10Dq, Ds and Dt. First an introduction into D4h symmetry will 

be given.  

Table 7. Possible ground states of Fe
2+

 in D4h symmetry with the most important configuration with names of d–states 

according to Table 6. 

Ground state Occupation orbitals 
3
A2 b2

2
e

2
a1

2
b1

0
 

3
B2 b2

1
e

4
a1

1
b1

0
 

3
EA b2

2
e

3
a1

1
b1

0
 

3
EB b2

1
e

3
a1

2
b1

0
 

1
A1 b2

2
e

4
a1

0
b1

0
 

5
A1 b2

1
e

2
a1

2
b1

1 

5
B2 b2

2
e

2
a1

1
b1

1
 

5
B1 b2

1
e

2
a1

1
b1

2 

5
E b2

1
e

3
a1

1
b1

1
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In D4h symmetry the tg and eg levels from Oh split up further in respectively B2 and E (tg) and 

A1 and B1 (eg) as shown in Figure 20 and Table 6. By taking different values for Ds or 10Dq 

and / or Dt, the d–orbitals can be arranged in a different energy order, leading to different 

ground states. Some of the different possible ground states are shown with their d–orbital 

occupations in D4h symmetry in Table 7. 

3.1.3 Fe
2+

 ground state as function of crystal field parameters 10Dq, Ds and Dt 

Figure 22 shows spin ground state phase diagrams of Fe
2+

. Figure 22A shows the spin ground 

state phase diagram of Fe
2+

 for Dt= 0 eV varying Ds and 10Dq. At low values for both Ds and 

10Dq, the high–spin ground states 
5
A1, 

5
E and 

5
B2 are expected. At higher values for 10Dq, 

and keeping Ds close to zero at the same time, the transition from the high–spin to the low–

spin state 
1
A1 occurs, which is related to the high– to low–spin transition as found for Oh 

symmetry in the previous subsection 3.1.1. For higher values of Ds, both with negative or 

positive sign, combined with higher 10Dq values, it is possible to obtain the intermediate–

spin ground states 
3
B2, 

3
E and 

3
A2. Interestingly, at higher positive values for Ds, the low–spin 

state 
1
A1 will be the ground state in a very broad 10Dq region.  

 

Figure 22. (A) Spin ground state phase diagram for Fe
2+

 with Dt= 0 eV and Ds vs 10Dq. (B) Spin ground state phase 

diagram for Fe
2+

 with Ds= Dt vs 10Dq. The areas for different ground states are indicated with different colors. 

In Figure 22B the spin ground state phase diagram for Fe
2+

 with 10Dq on the horizontal axis 

and Ds= Dt on the vertical axis. This phase diagram agrees with the one published by König 

et al. in the 1970s.
40

 By applying equal values for Ds and Dt, the 
3
B2 state cannot be found for 

positive 10Dq in the shown range. A bigger region for both the high–spin and low–spin 

ground states is found in this case. Combining the information of the phase diagrams in 

Figure 22A and B leads to the conclusion that an increasing value of the Dt parameter helps to 

fix the ground state to either high–spin or low–spin and higher values for Ds (while Dt= 0 eV) 

are necessary when a Fe
2+

 intermediate–spin ground state has to be obtained. Another thing to 

mention is that small distortions in Oh symmetry are often neglected. Looking at these phase 

diagrams, this neglect may be justified in most cases, since it is clear from the spin state phase 

diagrams that relatively large values of Ds are needed to change the ground state to an 

intermediate–spin state. 
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For the spin state phase diagrams in Figure 22 the transition from one spin state to another 

state are indicated with lines. In case calculations with 3d spin–orbit coupling are performed, 

it was already shown above for Oh that 3d spin–orbit coupling causes the transition between 

the high– to low–spin ground state to occur in a broader trajectory, instead of at a fixed 

transition point (Figure 21A). Thus, one can imagine that the transition lines in Figure 22 

become grey areas on both sides of the line in case 3d spin–orbit coupling is considered in the 

case of spin transitions in D4h symmetry. In these grey areas overlap of spin states occurs.  

3.1.4 CFM calculated XAS spectra of Fe
2+

 with different spin state ground states 
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Figure 23. Calculated X–ray absorption spectra of Fe
2+

 with crystal field parameters (A) 10Dq= 3.0 eV (
1
A1); (B) 

10Dq= 1.0 and Ds= 2.0 eV (
1
A1(2)); (C) 10Dq= 2.0 and Ds= –2.0 eV (

3
A2); (D) 10Dq= 2.7, Ds= 0.86 and Dt= 0.247 eV 

(
3
E); (E) 10Dq= 2.0 and Ds= 1.1 eV (

3
B2); (F) 10Dq= 1.0 and Ds= 0.3 eV (

5
E); (G) 10Dq= 0.3 and Ds= 1.0 eV (

5
A1); and 

(H) 10Dq= 1.0 and Ds= –0.7 eV (
5
B2). All spectra are broadened with a Lorentzian and Gaussian of 0.2 eV. 

In Figure 23 the XAS of Fe
2+

 in different spin states are shown. The shape of the XAS is 

similar for spectra (A) and (B), which are 
1
A1 (1) and 

1
A1 (2), although the energy scale is 

shifted between the different low–spin states. This shows that the spin state determines the 

XAS shape. Spectra (C), (D) and (E) show XAS of Fe
2+

 in the intermediate–spin states and 

spectra (F), (G) and (H) show XAS of Fe
2+

 in three different high–spin states. The XAS of all 

different spin states are quite different from each other. The L3–edge is already different 

showing a three–peak pattern or a four–peak pattern in the cases of intermediate– and high–

spin. Summarizing, using the empirical parameters for the crystal field in D4h symmetry, one 

can obtain the different spin states for Fe
2+

. The XAS shape is different in the case of low– 

and high–spin shown in Oh symmetry, but even the exact d–orbital occupation is important in 

the case of D4h symmetry. In D4h symmetry, also intermediate–spin states are possible. All 

spin states have their own typical XAS pattern. 
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3.1.5 Fe
3+

 in D4h environment 

In the case of Fe
3+

, there are five 3d–electrons and in group symmetry a double–group is 

needed. The possible spin S is ½, 1½ and 2½, leading to states with two–, four– and six–fold 

(2S+1)–degeneracy. The most common state for Fe
3+

 is the 
6
A1 high–spin state. Other 

possible intermediate– and low–spin states in D4h are mentioned in Table 8. 

Table 8. Possible ground states of Fe
3+

 in D4h symmetry with the most important occupation of d–states named 

according to Table 6.  

Ground state Occupation orbitals 
6
A1 b2

1
e

2
a1

1
b1

1
 

4
E b2

1
e

3
a1

1
b1

0
 

4
A1 b2

2
e

2
a1

1
b1

0
 

4
B2 b2

1
e

2
a1

2
b1

0
 

4
B1 b2

0
e

2
a1

2
b1

1
 

2
B2 b2

1
e

4
a1

0
b1

0
 

2
A1 b2

0
e

4
a1

1
b1

0
 

2
E b2

2
e

3
a1

0
b1

0
 

2
E b2

0
e

3
a1

2
b1

0 

2
E b2

2
e

1
a1

2
b1

0 

 

3.1.6 Fe
3+

 ground state as function of crystal field parameters 10Dq, Ds and Dt 

The spin ground state phase diagram for Fe
3+

 with Dt= 0 while varying Ds and 10Dq is shown 

in Figure 24A. For the assignment of these states, a projection method in the multiplet code is 

used to find the proper d–orbital occupation.
39

  

 

Figure 24. (A) Spin ground state phase diagram for Fe
3+

 with Dt= 0 eV and Ds vs 10Dq. (B) Spin ground state phase 

diagram for Fe
3+

 with Ds= Dt  vs 10Dq. The areas for different ground states are indicated with different colors. 

In this phase diagram in Figure 24A there are a few green areas indicating there are some 

possible intermediate–spin states with Dt= 0 eV. However, overall the green areas are 

relatively small compared to both the low– and high–spin areas. Figure 24B shows the spin 
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ground state phase diagram for Fe
3+

 with Ds equal to Dt versus 10Dq. As Fe
3+

 has 5 d–

electrons, it is expected that the high–spin state is highly stable and in this figure it is found 

that at least for a big part of the phase diagram this is the case, since the high–spin state 

dominates the figure. The yellow areas are low–spin states and the green area is the part that 

has a d–orbital occupation which corresponds to an intermediate–spin ground state. As for 

Fe
2+

, it is clear that when Dt is non–zero (and equal to Ds in the shown case), the possibility 

for intermediate–spin states becomes much smaller. This means that the Ds value is the major 

parameter for reaching intermediate–spin states. 

3.1.7 CFM calculated XAS spectra of Fe
3+

 with different spin state ground states 

In Figure 25 the XAS spectra of Fe
3+

 in different spin states are shown. Figure 25A shows the 

Fe L2,3–edge spectrum of Fe
3+

 in the high–spin 
6
A1 state, which is the most common Fe

3+
 state 

and therefore this XAS spectrum is the most likely XAS spectral shape obtained for Fe
3+

 

systems. Figure 25B shows the XAS of Fe
3+

 with 10Dq= 3.0 and Ds= –1.75 eV. With these 

crystal field values, the main d–orbital occupation is e
2
b2

2
b1

1
a1

0
. This corresponds to an 

intermediate–spin configuration called 
4
B1. The shape of the XAS is quite distinct from the 

high–spin state in Figure 25A. 
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Figure 25. Crystal field multiplet calculations of the Fe L2,3–edge XAS of Fe
3+

 with crystal field parameters (A) 10Dq= 

1.8 eV (
6
A1, black); (B) 10Dq= 3.0 and Ds= –1.75 eV (

4
B1, red); (C) 10Dq= 2.2 and Ds= 1.1 eV (

4
E, green); (D) 10Dq= 

3.0 and Ds= 2.5 eV (
2
A1, blue); (E) 10Dq= 3.5 and Ds= 0.5 eV (

2
B2, light blue); (F) 10Dq= 3.5 and Ds= –0.25 eV (

2
EA, 

purple); (G) 10Dq= 0.5 and Ds= 2.5 eV (
2
EB, dark blue); and (H) 10Dq= 1.0 and Ds= –2.5 eV (

2
EC, dark yellow). 

Figure 25C shows the XAS of Fe
3+

 with 10Dq= 2.2 and Ds= 1.1 eV. The d–orbital occupation 

in this crystal field is e
3
a1

1
b2

1
b1

0
. This is an intermediate–spin 

4
E configuration, which means 

this spin state is actually eight–fold degenerate. This XAS might have an overlap with more 

states, since this spin state phase is only found in a small area and is eight–fold degenerate, so 

there might be a lot of overlap with other spin states that lie close in energy. Figure 25D to H 

show the low–spin Fe
3+

 XAS patterns. From D to H, the XAS of 
2
A1, 

2
B2 and 

2
E(A),(B),(C) low–

spin configurations are shown. In general it is found that the L2–edge area grows with 
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decreasing spin. As with Fe
2+

, the XAS pattern depends strongly on the d–orbital occupancy 

and the spin state of the system. For both Fe
2+

 and Fe
3+

 the XAS pattern depends on both the 

spin and the exact d–orbital occupancy according to the semi–empirical CFM. Is it possible to 

obtain different spin states in an first principles DFT (DFT–CI) calculation of the X–ray 

absorption? 

3.2 DFT–CI XAS: Fe
2+

 ground state in Oh and D4h symmetry with Fe–N distance 

For the Fe
2+

 case, the XAS by semi–empirical CFM calculations for several spin ground states 

show that the XAS pattern depends highly on the spin state (S= 0, 1 and 2) and that the shape 

is even based on the most important occupation of the different d–states, e.g., the XAS of Fe
2+

 

high–spin 
5
A1 is different from the XAS of Fe

2+
 high–spin 

5
B2. In this section, first principles 

multiplet calculations of XAS with the DFT–CI method are shown for model systems of 

FeNx, with x= 6 for iron in Oh symmetry and x= 4 for iron in D4h symmetry.  

3.2.1 Iron L2,3–edge XAS of FeN6 

For a cluster with an iron atom surrounded by six nitrogen atoms at the same distance in Oh 

symmetry (FeN6), the results of the XAS calculation are found in the following sections for 

the Fe
2+

 and Fe
3+

 ions. 

3.2.1.a Iron L2,3–edge XAS of [FeN6]
16 – 

 (Fe
2+

) for different Fe –N distances 

For a cluster with an iron atom surrounded by six nitrogen atoms at the same distance with the 

iron in an octahedral surrounding (FeN6), the results of the XAS calculation for Fe
2+

 with Fe–

N distances of α= 1.6 to 2.3 Å are shown in Figure 26A. The spectral shape of the spectra 

differs between 1.8 and 2.0 Å.  This means probably that there is a shift from low–spin Fe
2+

 to 

high–spin Fe
2+

 in between 1.8 Å and 2.0 Å.  

 

Figure 26. DFT–CI calculated Fe L2,3–edge XAS of (A) [FeN6]
16–

 (Fe
2+

, N
3–

) with Fe–N distances of α= 1.6 Å (black), 

1.8 Å (red), 2.0 Å (green), 2.1 Å (blue) and 2.3 Å (light blue); (B) [FeN6]
18– 

(Fe
2+

, N
3–

) with Fe–N distances of α= 1.6 Å 

for ground state and some excited states; (C) [FeN6]
16–

(Fe
2+

, N
3–

) with Fe–N distances of α= 2.0 Å of the ground state 

and the first seven excited states. 

Comparing XAS of the ground state and of some excited states of the initial state (criterion 1) 

can give information on the spin state. Besides that, the relative energy of the excited states 

(criterion 2) can give a clue to the degeneracy of the ground state without spin-orbit coupling. 

The occupation of d–orbitals (criterion 3) gives an extra indication for the spin state. 

Analyses with these three criteria are shown below for the [FeN6]
16– 

calculations with α= 1.6 

and 2.0 Å. These analyses will show that there is a low–spin to high–spin transition between 
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α= 1.6 (actually even 1.8) and α= 2.0 Å. The XAS of the ground state and some excited states 

for [FeN6]
16–

 (Fe
2+

, N
3–
) with α= 1.6 Å are shown in Figure 26B. The XAS of the ground state 

(GS, black line) differs from the other XAS patterns, indicating that the Fe
2+

 ground state is a 

singlet, low–spin (S= 0), state. In Table 9 the ground states (GS 00) and seven excited states 

are compared in relative energy to the ground state and the occupancy of the d-orbitals t2g and 

eg, where Occ. [6,0] is a t2g
6
eg

0
, Occ. [5,1] is a t2g

5
eg

1
 configuration, etc. 

Table 9. States of [FeN6]
16– 

(Fe
2+

, N
3–

) with α= 1.6 Å versus the relative energy to the ground state and the occupancy 

of the d–orbitals t2g and eg. 

State Rel. energy (eV) Occ. [6,0] Occ. [5,1] Occ. [4,2] Occ. [3,3] Occ. [2,4] 

GS 00 0.0000000 0.98053 0.00010 0.01893 0.00026 0.00019 

ES 01 2.8323743 0.00000 0.97823 0.01541 0.00634 0.00003 

ES 02 2.8325174 0.00000 0.97774 0.01590 0.00633 0.00003 

ES 03 2.8407247 0.00000 0.97735 0.01627 0.00636 0.00003 

ES 04 2.8407247 0.00000 0.97735 0.01627 0.00636 0.00003 

ES 05 2.8457160 0.00001 0.97763 0.01597 0.00636 0.00003 

ES 06 2.8662675 0.00000 0.97467 0.01878 0.00653 0.00002 

ES 07 2.8835708 0.00000 0.97471 0.01874 0.00653 0.00003 

ES 08 2.8835708 0.00000 0.97471 0.01874 0.00653 0.00003 

 

The table confirms that the Fe
2+

 in [FeN6]
16-

 with α= 1.6 Å is in a low–spin state, because the 

relative energy of the excited states ES 01 to ES 08 is far from zero. Also the occupancy of 

the d–orbitals (~98% t2g
6
eg

0
 (Occ. [6,0]) leads to the conclusion that Fe

2+
 is in a low–spin 

state. Besides, the ES 01 and higher energy states have a different d–orbital occupation (~97% 

t2g
5
eg

1
), which is neither a high–spin nor a low–spin configuration. This shows that the 

transition to high–spin is not near yet. Note that the XAS shapes of α= 1.6 and 1.8 Å in Figure 

26A agree with the CFM calculated XAS for 
1
A1 (Figure 21B, low–spin and Figure 23).  

Table 10. States of [FeN6]
16–

(Fe
2+

, N
3–

) with α= 2.0 Å versus relative energy to the ground state and occupancy of the 

d–orbitals t2g and eg. 

State Rel. energy (eV) Occ. [6,0] Occ. [5,1] Occ. [4,2] Occ. [3,3] Occ. [2,4] 

GS 00 0.0000000 0.00000 0.00143 0.99683 0.00174 0.0000 

ES 01 0.0013154 0.00000 0.00211 0.99611 0.00178 0.0000 

ES 02 0.0013154 0.00000 0.00211 0.99611 0.00178 0.0000 

ES 03 0.0155570 0.00001 0.00699 0.99089 0.00211 0.00000 

ES 04 0.0161744 0.00000 0.00618 0.99176 0.00206 0.00000 

ES 05 0.0316935 0.00000 0.00345 0.99478 0.00177 0.00000 

ES 06 0.0316935 0.00000 0.00345 0.99478 0.00177 0.00000 

ES 07 0.0333070 0.00000 0.00668 0.99137 0.00195 0.00000 

 

In Figure 26C the Fe L2,3–edge XAS of [FeN6]
16– 

with α= 2.0 Å is shown for the ground state 

and some excited states. It does not directly become clear from the different XAS patterns of 

the excited states that the spin state is high–spin: the XAS pattern of ES 01 + ES 02 agrees 

well with the XAS of the initial ground state, but the XAS patterns of ES 03 and ES 04 do not 

agree well with the XAS of GS 00. This would direct to an intermediate–spin ground state, 

but the main occupancy in Table 10 for GS 00 to ES 02 (and even for ES 03 to ES 07), the 

[4,2] configuration (t2g
4
eg

2
), corresponds to a high–spin state. In principle intermediate–spin 

states are possible with this configuration, but these are not allowed as ground state in Oh 

symmetry. Looking at the relative energies in Table 10, the GS 00 to ES 04 have energies 
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within 0.02 eV, which means that the ground state without spin–orbit coupling should be a 

five–fold degenerate state and that directs to a high–spin Fe
2+

 state. However, it seems that 

there is an overlap between more high–spin states. First of all, the ES 05 to ES 07 are not that 

far in energy (about 0.03 eV) and secondly the ES 03 and ES 04 should have a XAS pattern 

that corresponds to the XAS pattern of the ground initial state if you would have a pure high–

spin state. In principle, it could be that there is an overlap between the low–spin and high–

spin state, since the low–spin to high–spin transition occurred just below the Fe–N distance of 

α= 2.0 Å. However the occupancy [6,0], the low–spin Fe
2+

 occupancy is in all cases of GS 00 

to ES 07 zero, so there is no low–spin involved anymore. Overall, there is probably overlap 

between more high–spin states at this point, because close to the low–spin to high–spin 

transition point it was found that overlap between states occurs around transition trajectories 

as seen in CFM calculations.   

3.2.1.b Iron L2,3–edge XAS of [FeN6]
15–

 (Fe
3+

) for different Fe–N distances 

In Figure 27A the XAS of [FeN6 ]
15–

 (Fe
3+
) with α= 1.6, 1.8, 2.0 and 2.2 Å are shown. The 

XAS of FeN6 with α= 1.8, 2.0 and 2.2 Å have about the same features. The XAS of α= 1.6 Å 

is different from the other spectra. This indicates that between α= 1.6 and α= 1.8 Å there is a 

change, a spin–state transition: in the following analyses of α= 1.6 and α= 2.0 Å, it will be 

shown that the iron indeed changes spin from the low–spin to high–spin state between α= 1.6 

and α= 1.8 Å. 

 

Figure 27.  DFT–CI calculated Fe L2,3–edge XAS of (A) [FeN6]
15–

 (Fe
3+

, N
3–

) for Fe–N distances of α= 1.6 Å (black), 1.8 

Å (red), 2.0 Å (green) and 2.2 Å (blue); (B) [FeN6]
15– 

(Fe
3+

, N
3–

) with Fe–N distances of α= 1.6 Å for the ground state 

and the first seven excited states; (C) [FeN6]
15– 

(Fe
3+

, N
3–

) with Fe–N distances of α= 2.0 Å for the ground state and the 

first seven excited states. 

In Figure 27B the XAS for the initial ground state and some excited states is shown for α= 

1.6. Note that both the ground state and the excited states are always two-fold degenerate. The 

XAS of the ground state GS + ES 01 differs from the XAS of ES 02 + ES 03, ES 04 + ES 05 

and ES 06 + ES 07, in both the L3–edge, but especially in the L2–edge region. This indicates 

that the excited states ES 02 to ES 07 stem from another spin state than the ground initial state 

and ES 01.  

Table 11 shows the different states with relative energy and their d–orbital occupancy. The 

occupancy [5,0] (t2g
5
eg

0
) is for the GS to ES 05 states about the same, but as mentioned the 

XAS patterns shows that GS 00 and ES 01 are different from ES 02 to ES 05. The relative 

energy indicates that the GS + ES 01 are a separate group, since the relative energy to ES 02 
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and ES 03 is about 0.1 eV, so from criterion (1) to criterion (3) it is confirmed that the spin 

state of the Fe
3+

 for FeN6 with α= 1.6 Å is low–spin.  

Table 11. States of [FeN6]
15– 

(Fe
3+

, N
3–

) with α= 1.6 Å versus energy relative to the ground state and the occupancy of 

d–orbitals t2g and eg.  

STATE Rel. energy (eV) Occ. [5,0] Occ. [4,1] Occ. [3,2] Occ. [2,3] Occ. [1,4] 

GS 00 0.0000000 0.96291 0.02527 0.01161 0.00012 0.00009 

ES 01 0.0000000 0.96291 0.02527 0.01161 0.00012 0.00009 

ES 02 0.0961715 0.95936 0.02855 0.01187 0.00013 0.00009 

ES 03 0.0961715 0.95936 0.02855 0.01187 0.00013 0.00009 

ES 04 0.1201455 0.95883 0.02904 0.01191 0.00013 0.00010 

ES 05 0.1201455 0.95883 0.02904 0.01191 0.00013 0.00010 

ES 06 2.0803491 0.00011 0.57856 0.41919 0.00213 0.00000 

 

In Figure 27C the Fe L2,3–edge of [FeN6]
15–

 (Fe
3+

, N
3–
) with α= 2.0 Å is shown for the ground 

state and some excited states. The XAS shape is for GS + ES 01, ES 02 + ES 03 and ES 04 + 

ES 05 about the same. The XAS features of ES 06 + ES 07 are different from the other XAS. 

The relative energy of these excited states can be found in Table 12. The GS 00 to ES 05 have 

energies that lie within 0.000017 eV from each other. The occupancy of all these states is 

99% Occ. [3,2] (t2g
3
eg

2
), the Fe

3+
 high–spin configuration. All these observations show that 

the Fe
3+

 in [FeN6]
15–

 (Fe
3+

, N
3–
) with α= 2.0 Å is high–spin. Note that the XAS shape of the 

ground state also agrees well with the XAS of high–spin Fe
3+

 calculated with CFM (Figure 

25A). From both analyses it is concluded that in between α= 1.6 and 2.0 Å for [FeN6]
15–

 (Fe
3+

, 

N
3–

), a spin transition takes place from low–spin to high–spin. Analysis of α= 1.8 (based on 

the XAS shape at α= 1.8 Å) shows that the spin transition takes place between α= 1.6 and 1.8 

Å. 

Table 12. States of [FeN6]
15– 

(Fe
3+

, N
3–

) with α= 2.0 Å versus energy relative to the ground state and the occupancy of 

d–orbitals t2g and eg. 

STATE Rel. energy (eV) Occ. [5,0] Occ. [4,1] Occ. [3,2] Occ. [2,3] Occ. [1,4] 

GS 00 0.0000000 0.00001 0.00654 0.99192 0.00153 0.00000 

ES 01 0.0000000 0.00001 0.00654 0.99192 0.00153 0.00000 

ES 02 0.0000045 0.00002 0.00651 0.99195 0.00152 0.00000 

ES 03 0.0000045 0.00002 0.00651 0.99195 0.00152 0.00000 

ES 04 0.0000163 0.00001 0.00650 0.99197 0.00152 0.00000 

ES 05 0.0000163 0.00001 0.00650 0.99197 0.00152 0.00000 

ES 06 2.7019435 0.02679 0.93464 0.02623 0.01229 0.00006 

ES 07 2.7019435 0.02679 0.93464 0.02623 0.01229 0.00006 

 

3.2.1.c 10Dq analysis of the DFT–CI calculated XAS 

It is known that there is a relation between the metal–ligand distance and the energy 

difference between the t2g and eg d–states.
11

 The calculation of the energy difference between 

the average of the orbital energies of the t2g and eg states is a measure for the 10Dq, which can 

be linked to the Fe–N distance α. Table 13 shows the results for the 10Dq analysis for the 

different Fe–N distances for Fe
2+

 and Fe
3+

 are shown. For [FeN6]
16–

 (Fe
2+

), there is a 

transition from low–spin to high–spin between a Fe–N distance of α= 1.8 and 2.0 Å. The Fe
2+

 

with α= 1.8 Å has a 10Dq of 2.23 eV and Fe
2+

 with α= 2.0 Å has a crystal field energy of 

10Dq= 1.41 eV. 
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The CFM calculations with and without 3d spin–orbit coupling indicated that the high–spin to 

low–spin transition occurs around a value of 10Dq= 1.9 eV (see Figure 21A), so this agrees 

with the observation that in between the two values 10Dq= 2.23 eV (α= 1.8 Å) and 1.41 (α= 

2.0 Å) a transition from low–spin to high–spin occurs. 

Table 13. Ion type and Fe–N distance α versus 10Dq (eV) calculated from the average differences of the different t2g 

and eg d–states in the DFT–CI calculation. 

ION Fe–N distance (Å) 10Dq (eV) 

Fe2+ 1.6 3.88 

Fe2+ 1.8 2.23 

Fe2+ 2.0 1.41 

Fe2+ 2.1 1.17 

Fe2+ 2.3 0.85 

Fe3+ 1.6 3.89 

Fe3+ 1.8 2.39 

Fe3+ 2.0 1.67 

Fe3+ 2.2 1.29 

 

For [FeN6]
15–

 (Fe
3+

) there is a spin transition from low–spin to high–spin occurring between a 

Fe–N distance of α= 1.6 Å and α= 1.8 Å. The crystal field energy 10Dq is 3.89 eV for α= 1.6 

Å and 2.39 eV for α= 1.8 Å. According to CFM calculations of the spin ground state phase 

diagram, the transition between low–spin and high–spin was found at approximately 10Dq= 

3.1 eV (Figure 24A), so overall it can be concluded that the DFT–CI XAS results agree with 

the findings in the semi–empirical CFM calculations. 

3.2.2 Iron L2,3–edge XAS of FeN4 

A cluster with one iron and four nitrogen atoms on equal distance with angles of 90
o
 with 

other nitrogen atoms from the iron in a flat molecule (FeN4), thus with the iron ion in D4h 

symmetry, was used to calculate XAS for different Fe–N distances α (1.6, 1.8, 2.0 and 2.2). 

The iron ion is considered to be both Fe
2+

 and Fe
3+

. The d–orbital occupation taken into 

consideration is here t2g
x
 eg1

y
eg2

z
, so the eg orbitals from Oh symmetry are expected to split up 

further in eg1 and eg2. Also the t2g orbitals split up further in D4h symmetry, but this happens to 

a lesser extent and that is why the t2g split up is not taken into account here.  

3.2.2.a Iron L2,3–edge XAS of [FeN4]
10–

 (Fe
2+

) for different Fe–N distances 

In Figure 28A the Fe L2,3–edge XAS is shown for [FeN4]
10–

 for different Fe–N distances α. 

The XAS pattern changes from α= 1.6 to α= 1.8 Å and with higher values (2.0 and 2.2 Å) the 
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XAS shape remains similar, although there is also a change between α= 1.8 and α= 2.0 Å in 

the intensity of the first L3 peak. In the following it will be shown that the XAS of [FeN4]
10–

 

with α= 1.6 Å is a XAS for an Fe
2+

 intermediate–spin state and that for the XAS of [FeN4]
10–

 

with the other values for the Fe–N distance α (1.8 to 2.2 Å), Fe
2+

 is high–spin. Note that the 

XAS shape of α= 1.8 to 2.2 Å is in reasonable agreement with the CFM calculated XAS 

pattern for 
5
B2 (Figure 23 on top). 

 

Figure 28. DFT–CI calculated Fe L2,3–edge XAS of (A) [FeN4]
10– 

(Fe
2+

, N
3–

) for Fe–N distances of α= 1.6 Å (black), 1.8 

Å (red), 2.0 Å (green) and 2.2 Å (blue); (B) [FeN4]
10– 

(Fe
2+

, N
3–

) with Fe–N distances of α= 1.6 Å for the ground state 

and the first seven exited states; (C) [FeN4]
10–

 (Fe
2+

, N
3–

) with Fe–N distances of α= 2.0 A for the ground state and the 

first seven excited states. 

The XAS of [FeN4]
10–

 with α= 1.6 Å of the ground state and some excited states are shown in 

Figure 28B. The pattern for the GS is slightly different from the XAS of ES 01 + ES 02, but 

the main peaks are the same for GS and ES 01 + ES 02. The XAS of ES 03 to ES 07 are more 

different from the XAS of GS. The relative energy of the different GS and excited states ES 

01 to ES 11 in Table 14 show that GS 00 and ES 01 and ES 02 are relatively close in energy 

(difference is smaller than 0.006 eV). The ES 03 and higher excited states have relative 

energies that are much higher (0.36 eV or more). The occupancy of the GS, ES 01 and ES 02 

states is about 96% Occ. [4,2,0] which is t2g
4
eg1

2
eg2

0
. This agrees with an intermediate–spin 

state: intermediate–spin states are triplet (S= 1) states in the Fe
2+

 case and GS, ES 01 and ES 

02 are, according to the tiny energy differences, part of one particular state split by spin–orbit 

coupling, thereby confirming this intermediate–spin state assignment.  

Table 14. States of [FeN4]
10– 

(Fe
2+

, N
3–

) with α= 1.6 Å versus the relative energy with the ground state and the 

occupancy of different d–orbitals t2g, eg1 and eg2. 

STATE Rel. 

energy 

(eV) 

Occ. 

[6,0,0] 

Occ. 

[5,1,0] 

Occ. 

[5,0,1] 

Occ. 

[4,1,1] 

Occ. 

[4,0,2] 

Occ. 

[4,2,0] 

Occ. 

[3,1,2] 

Occ. 

[3,2,1] 

Occ. 

[2,2,2] 

GS 00 0.0000000 0.00007 0.02976 0.00000 0.00474 0.00123 0.96112 0.00020 0.00066 0.00221  

ES 01 0.0050883 0.00000 0.01573 0.00001 0.00473 0.00125 0.97529 0.00012 0.00062 0.00224  

ES 02 0.0050883 0.00000 0.01573 0.00001 0.00473 0.00125 0.97529 0.00012 0.00062 0.00224  

ES 03 0.3607560 0.00000 0.83602 0.00009 0.00604 0.00012 0.14859 0.00604 0.00270 0.00040  

ES 04 0.3680402 0.00450 0.80062 0.00009 0.00616 0.00021 0.17950 0.00581 0.00260 0.00050  

ES 05 0.3806910 0.00000 0.81746 0.00006 0.00629 0.00016 0.16694 0.00600 0.00265 0.00044  

ES 06 0.3806910 0.00000 0.81746 0.00006 0.00629 0.00016 0.16694 0.00600 0.00265 0.00044  

ES 07 0.3899459 0.00000 0.82590 0.00004 0.00649 0.00013 0.15823 0.00612 0.00267 0.00041  

 

In Figure 28C, the XAS patterns of GS, ES 01 + ES 02, ES 03 and ES 04 of [FeN4]
10–

 with 

Fe–N distances of α= 2.0 Å are similar. The XAS patterns of ES 05 + ES 06 and ES 07 are 

different from the XAS of GS again. According to Table 15, all states have the [4,1,1] d–
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orbital occupation (t2g
4
eg1

1
eg2

1
), the main high–spin configuration in D4h symmetry. Next to 

that, the GS 00 to ES 04 states have energies which are close to each other. All these 

observations combined show that the Fe
2+

 ion for [FeN4]
10–

 with α= 2.0 Å is in a high–spin 

state. The ES 05 is about 0.84 eV higher, so only the first five states correspond to the high–

spin ground state. 

Table 15. States of [FeN4]
10– 

(Fe
2+

, N
3–

) with α= 2.0 Å versus the relative energy with the ground state and the 

occupancy of different d–orbitals split up in t2g and eg1 and eg2. 

State Rel. 

energy 

(eV) 

Occ. 

[6,0,0] 

Occ. 

[5,1,0] 

Occ. 

[5,0,1] 

Occ. 

[4,1,1] 

Occ. 

[4,0,2] 

Occ. 

[4,2,0] 

Occ. 

[3,1,2] 

Occ. 

[3,2,1] 

Occ. 

[2,2,2] 

GS 00 0.0000000 0.00000 0.00108 0.00080 0.98897 0.00047 0.00837 0.00004 0.00023 0.00003 

ES 01 0.0013451 0.00000 0.00125 0.00120 0.99047 0.00035 0.00629 0.00005 0.00037 0.00002 

ES 02 0.0013451 0.00000 0.00125 0.00120 0.99047 0.00035 0.00629 0.00005 0.00037 0.00002 

ES 03 0.0053150 0.00000 0.00186 0.00240 0.99480 0.00000 0.00009 0.00007  0.00077 0.00000 

ES 04 0.0053260 0.00000 0.00183 0.00241 0.99483 0.00000 0.00009 0.00007 0.00077 0.00000 

ES 05 0.8404520 0.00000 0.00864 0.00269 0.98777 0.00000 0.00019 0.00016 0.00054 0.00000 

ES 06 0.8404520 0.00000 0.00864 0.00269 0.98777 0.00000 0.00019 0.00016 0.00054 0.00000 

ES 07 0.8497952 0.00000 0.01879 0.00001 0.96770 0.00043 0.01246 0.00038 0.00018 0.00004         

 

3.2.2.b Iron L2,3–edge XAS of [FeN4]
9–

(Fe
3+

) for different Fe–N distances 

The XAS of [FeN4]
9–

 (Fe
3+

) with different Fe–N distances α= 1.6, 1.8, 2.0 and 2.2 Å in Figure 

29A show distinct XAS shapes for all the calculated values for Fe–N distance α. The spectra 

show a gradual change, the XAS of α= 1.8 Å has some features from both α= 1.6 Å and α= 

2.0 Å. The XAS of α= 2.0 Å has some features that are also visible in the XAS of α= 1.8 Å 

and α= 2.2 Å. From the following analyses, it will be clear that there is an intermediate–spin 

to high–spin transition between α= 1.6 and α= 2.2 Å.  

 

Figure 29. DFT–CI calculated Fe L2,3–edge XAS of (A) [FeN4]
9– 

(Fe
3+

, N
3–

) for Fe–N distances of α= 1.6 Å (black), 1.8 

Å (red), 2.0 Å (green) and 2.2 Å (blue); (B) [FeN4]
9– 

(Fe
3+

, N
3–

) with Fe–N distances of α= 1.6 A for the ground state 

and the first seven excited states; (C) [FeN4]
9– 

(Fe
3+

, N
3–

) with Fe–N distances of α= 2.2 Å for the ground state and the 

first seven excited states. 

The Fe L2,3–edge XAS of [FeN4]
9–

 with α= 1.6 Å in Figure 29B show XAS patterns for GS + 

ES 01 and for ES 02 + ES 03 which seem alike, although there are also some differences. The 

shape of the XAS for ES 04 + ES 05 and ES 06 + ES 07 is different from the XAS of GS + 

ES 01. Table 16 confirms that the states ES 04 and higher excited states are not from the same 

state as GS to ES 03, first of all because the energy difference between the states ES 03 and 

ES 04 is more than 1.3 eV, while the energy difference between GS and ES 03 is only 0.0005 

eV. Secondly, the occupation of the d–orbitals for the GS 00 to ES 03 are similar with an 99% 

occupancy of [4,1,0]  (t2g
4
eg1

1
eg2

0
) corresponding to an intermediate–spin state for Fe

3+
.  



125 
 

The Fe L2,3–edge XAS for [FeN4]
9–

 with α= 2.2 Å in Figure 29C show that the XAS features 

of the GS + ES 01 agree with those of ES 02 + ES 03 and of ES 04 + ES 05. The XAS shape 

of ES 06 + ES 07 differs from the other XAS. This indicates that the Fe
3+

 ion is in the high–

spin (six–fold) state. 

Table 16. States of [FeN4]
9– 

(Fe
3+

,N
3–

) with α= 1.6 Å with relative energy to the ground state and occupancy of 

different d–orbitals t2g, eg1 and eg2. 

STATE Rel. 

energy 

(eV) 

Occ. 

[5,0,0] 

Occ. 

[4,1,0] 

Occ. 

[4,0,1] 

Occ. 

[3,1,1] 

Occ. 

[3,0,2] 

Occ. 

[3,2,0] 

Occ. 

[2,1,2] 

Occ. 

[2,2,1] 

Occ. 

[1,2,2] 

GS 00 0.0000000    0.00106 0.99461 0.00002 0.00107 0.00000 0.00039 0.00285 0.00000 0.00000 

ES 01 0.0000000     0.00106 0.99461 0.00002 0.00107 0.00000 0.00039 0.00285 0.00000 0.00000 

ES 02 0.0005128     0.00309 0.99188 0.00001 0.00107 0.00001 0.00109 0.00284 0.00000 0.00000  

ES 03 0.0005128     0.00309 0.99188 0.00001 0.00107 0.00001 0.00109 0.00284 0.00000 0.00000  

ES 04 1.3315369     0.00353 0.98698 0.00007 0.00335 0.00001 0.00124 0.00269 0.00213 0.00000  

ES 05 1.3315369     0.00353 0.98698 0.00007 0.00335 0.00001 0.00124 0.00269 0.00213 0.00000  

ES 06 1.3530629     0.00072 0.99005 0.00006 0.00335 0.00000 0.00091 0.00276 0.00215 0.00000  

ES 07 1.3530629     0.00072 0.99005 0.00006 0.00335 0.00000 0.00091 0.00276 0.00215 0.00000  

 

Table 17 shows that the occupancy of the GS to ES 05 states is t2g
3
eg1

1
eg2

1
 (Occ. [3,1,1]) and 

the low relative energies of about 0.0004 eV of the ES 01 to ES 05 with respect to the GS 

would agree with the statement that all these states are coming from a six–fold state split by 

the spin–orbit coupling, so the Fe
3+

 ion in [FeN4]
9–

 with α= 2.2 Å is in the high–spin state. 

Table 17. States of [FeN4]
9– 

(Fe
3+

, N
3–

) with α= 2.2 Å and with relative energy to the ground state and occupancy of 

different d–orbitals t2g, eg1, eg2. 

STATE Rel. 

energy 

(eV) 

Occ. 

[5,0,0] 

Occ. 

[4,1,0] 

Occ. 

[4,0,1] 

Occ. 

[3,1,1] 

Occ. 

[3,0,2] 

Occ. 

[3,2,0] 

Occ. 

[2,1,2] 

Occ. 

[2,2,1] 

Occ. 

[1,2,2] 

GS 00 0.0000000    0.00000 0.00902 0.00431 0.98540 0.00001 0.00009 0.00011 0.00106 0.00000  

ES 01 0.0000000     0.00000 0.00902 0.00431 0.98540 0.00001 0.00009 0.00011 0.00106 0.00000  

ES 02 0.0003391 0.00000 0.00674 0.00266 0.98621 0.00021 0.00348 0.00008 0.00062 0.00000  

ES 03 0.0003391 0.00000 0.00674 0.00266 0.98621 0.00021 0.00348 0.00008 0.00062 0.00000  

ES 04 0.0004288 0.00003 0.00596 0.00175 0.98620 0.00032 0.00530 0.00006 0.00038 0.00000  

ES 05 0.0004288 0.00003 0.00596 0.00175 0.98620 0.00032 0.00530 0.00006 0.00038 0.00000  

ES 06 0.4875602 0.00540 0.97282 0.00028 0.01017 0.00004 0.00063 0.00653 0.00412 0.00001  

ES 07 0.4875602 0.00540 0.97282 0.00028 0.01017 0.00004 0.00063 0.00653 0.00412 0.00001  

3.2.3 A concrete example of FeN6 calculations 

The capability of DFT–CI for more advanced calculations that resemble real–life examples is 

tested with a quite well–known spin–crossover compound, Fe(phen)2(NCS)2.
21,41,42

 The 

Fe(phen)2(NCS)2 complex has been studied in both the high–and low–spin state with Fe K–

edge and L2,3–edge XAS.
21

 The Fe–N bonds in Fe(phen)2(NCS)2 can be divided in three 

different ones, Fe–N1 to Fe–N3. The experimentally obtained values for the Fe–N1, Fe–N2 and 

Fe–N3 are 2.199, 2.213 and 2.057 for the high-spin Fe(phen)2(NCS)2 and 2.014, 2.005 and 

1.958 for the low-spin Fe(phen)2(NCS)2 respectively.
4,42,37

 Typically the average Fe–N bond 

length in iron organics at 100K, 1.958 Å is that for a pure low–spin state.
43

 The high–spin 

state has significantly longer iron–ligand distances (2.15–2.30 A) and therefore a lower 

octahedral crystal field than the low–spin state (1.8–2.0 A).
4
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Comparison of the experimental XAS spectra of Fe(phen)2(NCS)2 at T= 130K and 293K and 

calculations with the DFT–CI method are shown in Figure 30. The agreement for the high–

spin XAS in Figure 30A between the experiment and the DFT–CI calculation is very good, 

taking into account that the broadening of the calculation has not been adjusted (only a single 

Lorentzian of 0.3 eV was used), so it is very well possible that especially the L2 pattern may 

be too intense.  

 

Figure 30. Fe L2,3–edge XAS of (A) Fe(phen)2(NCS)2 at T= 293K (red) compared with a DFT–CI calculation of 

[FeN6]
16– 

cluster with Fe–N parameters α1 to α6 taken from Gallois et al.
41

; (B) Fe(phen)2(NCS)2 at T= 130K (red) 

compared with a DFT–CI calculation of [FeN6]
16– 

cluster with Fe–N parameters α1 to α6 taken from Gallois et al.
41

; 

(C) Fe(phen)2(NCS)2 at T= 130K (red) compared with a DFT–CI calculation of [FeN6]
16– 

cluster with 85% of the 

values of Fe–N parameters α1 to α6 taken from Gallois et al.
41

; (D) [FeN6]
16– 

cluster with 85% of the values of Fe–N 

parameters α1 to α6 taken from Gallois et al.
41

 and some excited states. 

Table 18 indicates that the Fe ion is in a high–spin state for the calculation of [FeN6]
16– 

with 

the Fe–N parameters of Gallois et al. for Fe(phen)2(NCS)2 at T= 293K
41

: the relative energies 

of the ES 01 to ES 04 are close to zero.  

Table 18. States of calculated FeN6 with Fe–N distances from Fe(phen)2(NCS)2 at T= 293K
41

 and their energy relative 

to the ground state and their d–orbital occupancy of t2g and eg. 

State Rel. energy (eV) Occ. [6,0] Occ. [5,1] Occ. [4,2] Occ. [3,3] Occ. [2,4] 

GS 00 0.0000000 0.00005 0.00988 0.98590 0.00415 0.00001 

ES 01 0.0004374 0.00000 0.00961 0.98626 0.00413 0.00000 

ES 02 0.0038817 0.00000 0.00833 0.98814 0.00353 0.00000 

ES 03 0.0069839 0.00000 0.00629 0.99065 0.00305 0.00000 

ES 04 0.0075987 0.00000 0.00618 0.99087 0.00295 0.00000 

ES 05 0.1572578 0.00001 0.00752 0.98894 0.00352 0.00000 

ES 06 0.1584059 0.00002 0.00881 0.98742 0.00375 0.00000 
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The occupancy [4,2] indicates a t2g
4
eg

2
 occupation, which is in general considered to be a 

high–spin configuration. Note that ES 05 and ES 06 also have an occupancy that indicates 

high–spin. This is probably from another higher–lying high–spin state. 

In Figure 30B the agreement between the XAS experiment and DFT–CI calculation for 

Fe(phen)2(NCS)2 at T= 130K is not too bad. However, the ground state of the Fe
2+

 still seems 

to be high–spin, since some specific high–spin XAS features are still visible in the DFT–CI 

calculation. The XAS resembles part of the experimental spectrum as well. For example, the 

L2 pattern has a higher intensity compared to the DFT–CI calculation in Figure 30A.  

Table 19. States of calculated FeN6 with Fe–N distances from Fe(phen)2(NCS)2 at T= 130K
41

 and their energy relative 

to the ground state and their d–orbital occupancy of t2g and eg1 and eg2. 

State Rel. 

energy 

(eV) 

Occ. 

[6,0,0] 

Occ. 

[5,1,0] 

Occ. 

[5,0,1] 

Occ. 

[4,2,0] 

Occ. 

[4,1,1] 

Occ. 

[4,0,2] 

Occ. 

[3,2,1] 

Occ. 

[3,1,2] 

Occ. 

[2,2,2] 

GS 00 0.0000000 0.00003 0.00350 0.00268 0.00495 0.98264 0.00411 0.00107 0.00101 0.00000 

ES 01 0.0007554 0.00000 0.00322 0.00272 0.00443 0.98385 0.00371 0.00115 0.00091 0.00000 

ES 02 0.0037163 0.00000 0.00262 0.00284 0.00354 0.98619 0.00291 0.00091 0.00098 0.00000 

ES 03 0.0081517 0.00000 0.00132 0.00313 0.00141 0.99116 0.00123 0.00111 0.00064 0.00000 

ES 04 0.0085894 0.00000 0.00126 0.00314 0.00137 0.99132 0.00119 0.00105 0.00067 0.00000 

ES 05 0.0961332 0.00001 0.00369 0.00183 0.00115 0.99055 0.00098 0.00082 0.00097 0.00000 

ES 06 0.0972828 0.00000 0.00331 0.00309 0.00073 0.99047 0.00054 0.00096 0.00089 0.00000 

 

The occupation of the d–orbitals for the [FeN6]
16–

 calculation with the Fe–N parameters of 

Fe(phen)2(NCS)2 at T= 130K
41

 is [4,1,1] (Table 19), corresponding to the high–spin Fe
2+

 

state. This is not what would be expected at T= 130K. Combined with the previous statement 

that the calculated XAS in Figure 30B resembles the shape of the calculated XAS in Figure 

30A, it is concluded that the XAS calculations shown in A and B both have a Fe
2+

 ion in the 

high–spin state.  

For the calculation of the low–spin case of Fe(phen)2(NCS)2, one of the drawbacks of the 

DFT–CI method presents itself. The FeN6 approximation (without the rest of the ligand) leads 

to a lower generated crystal field than the experimental crystal field. This means that the 

effective crystal field in the DFT–CI calculation is still too low to encounter a low–spin 

occupation of the d–orbitals, although the Fe–N distances are set to the proper values in the 

low–spin regime. Likely, this is the main reason for the discrepancy between the expected 

spin (low–spin) and the observed spin (high–spin) in the DFT–CI calculation in Figure 30B. 

In Figure 30C the experimental XAS of Fe(phen)2(NCS)2 at T= 130K is compared with a 

calculation with the Fe–N parameters α1 to α6 from Gallois et al.
41

 reset by multiplying with 

0.85 in order to create a higher crystal field in the DFT calculation. The comparison is in this 

case much better for the L3 pattern, but the L2 pattern should be further broadened. The L3 to 

L2 energy difference is not well simulated as expected, since the Breit interaction is 

neglected,
44,45

 which was a result obtained before in chapter 2. The calculated pattern is 

similar to XAS calculations in Figure 21 and Figure 26 resembling low–spin Fe
2+

.   
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Also the XAS of the ground state and some excited states of the DFT–CI calculation with 

85% of the Fe–N distances published by Gallois et al. indicate that the Fe
2+

 is low–spin, 

because the XAS patterns of the ES01 and higher are different from the ground state.  

Table 20 shows that the ground state GS 00 consists of 96% of an occupancy of [6,0,0] 

(t2g
6
eg1

0
eg2

0
 configuration), so this is a low–spin S= 0 state. All the excited states are at 

relative energies more than 1.69 eV away and these states have a combined occupation of 

[5,1,0], [5,0,1] and [4,1,1]: these states are different from the GS 00.  

Table 20. States of calculated FeN6 with 85% of the Fe–N distances from Fe(phen)2(NCS)2 at T= 130K
41

 and their 

energy relative to the ground state and their d–orbital occupancy of t2g and eg1 and eg2. 

State Rel. 

energy 

(eV) 

Occ. 

[6,0,0] 

Occ. 

[5,1,0] 

Occ. 

[5,0,1] 

Occ. 

[4,2,0] 

Occ. 

[4,1,1] 

Occ. 

[4,0,2] 

Occ. 

[3,2,1] 

Occ. 

[3,1,2] 

Occ. 

[2,2,2] 

GS 00 0.0000000 0.96903 0.00193 0.00336 0.01272 0.00063 0.01145 0.00029 0.00025 0.00036  

ES 01 1.6996547 0.00000 0.74512 0.14089 0.01111 0.09427 0.00030 0.00145 0.00681 0.00005  

ES 02 1.7014228 0.00001 0.75528 0.13571 0.01089 0.08942 0.00033 0.00139 0.00691 0.00005  

ES 03 1.7090629 0.00000 0.69511 0.14252 0.01203 0.14205 0.00019 0.00149 0.00657 0.00005 

ES 04 1.7204144 0.00000 0.71944 0.15216 0.00789 0.11189 0.00033 0.00154 0.00672 0.00004 

ES 05 1.7298316 0.00000 0.63185 0.15910 0.00915 0.19193 0.00013 0.00172 0.00608 0.00004  

ES 06 1.7317428 0.00027 0.62371 0.16136 0.00918 0.19755 0.00018 0.00172 0.00600 0.00004 

 

By applying certain, for example known from crystallographic data, Fe–N parameters α, first 

principles DFT–CI can be used to calculate Fe L2,3–edge XAS of Fe
2+

 with different spin state 

configurations, however it is not possible to select the d–orbital occupation from the output, 

since the DFT calculations do not distinguish the different d–orbitals (dxy, dxz, dz2 etc.) as 

such. Only a distinction between t2g and eg orbitals can be made based on the energies of the 

d–orbital energies. The DFT–CI approach to XAS calculations and the derivation of the spin 

state after was based on three criteria: (1) the shape of the XAS of the first few excited states 

compared to the XAS of the ground state, (2) the energy of the first few excited states and 

finally (3) the t2g and eg(1,2) occupation of the d–states.  

Criterion (1) on its own is not fully trustworthy, especially when the spin state transition is 

expected, since in those cases there is some overlap between low–spin and high–spin XAS in 

the excited states. That is why the main criteria (2) and (3) gave full proof, while criterion (1) 

can only give confirmation. Thus, criterion (1) is especially not solid close to the spin 

transition, since at the transition point the XAS resembles both high– and low–spin patterns. 

It is noticed that for Fe
2+

 the transition between low–spin and high–spin in the DFT–CI 

calculations occurs at lower values of α than expected from experimental findings. It is partly 

due to the accuracy of the DFT calculation. An LDA potential is used, which in general 

underestimates metal–ligand bond distances if one optimizes the geometry.
46

 So if one bases 

the geometry and distances on experimental information (and does not optimize the 

geometry), the metal–ligand distances might be too long to find the proper (low–)spin state. 

This also shows that the DFT calculations of the FeN6 and FeN4 clusters lead to too low 

effective crystal fields, which in the end means that the high–spin state is reached in the DFT–

CI calculations already for lower Fe–N distances than expected, hence the calculated pattern 

of T= 293 K reproduced the experimental spectrum since the distances are already long 
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enough to reach high–spin states. For the Fe(phen)2(NCS)2 in the low–spin state, the values of 

the Fe–N distances had to be decreased to 85% of the experimental Fe–N distances in order to 

create a crystal field that leads to a low–spin Fe
2+

.  

5. CONCLUSIONS 

The XAS calculated with semi–empirical CFM and first principles CI indicates that the Fe 

L2,3–edge XAS of Fe
2+

 and Fe
3+

 in different spin states have a different shape. Within the 

high– and intermediate–spin states, the XAS is different, which means that the d–orbital 

ordering and filling is equally important for the shape of the XAS. The shape of the DFT–CI 

calculated XAS at high–, intermediate–, and low–spin agrees well with the CFM calculated 

XAS of similar spin states. The comparison of FeN6 clusters with experimental data shows 

that high–spin XAS of experimental data can be well simulated by DFT–CI, while for the 

low–spin further approximations need to be made to account for a higher effective crystal 

field. Although the implementation of these approximations will lead to a DFT–CI method 

that cannot be called first principles anymore it is still a valuable method to confirm the XAS 

obtained with the CFM method.  
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Chapter 5. Resonant 1s2p and 2p3d X–ray 

Emission Spectroscopy of Fe
2+

  

ABSTRACT 

In this chapter 1s2p and 2p3d resonant inelastic X–ray scattering (RIXS) spectroscopy for 

Fe
2+

 in D4h symmetry with different spin states are compared. This is a follow–up chapter of 

chapter four about the X–ray absorption spectra (XAS) of Fe
2+

 in different spin states. Some 

analysis on RIXS is giving for all spin states and there is a discussion on the choice of 1s2p or 

2p3d RIXS for analysis of the ground spin state. Also the discussion deals with the way how 

the RIXS calculations are performed.  
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1. INTRODUCTION 

The former chapters dealt with X–ray absorption spectroscopy (XAS, chapter two and four) 

and the X–ray magnetic circular dichroism (XMCD, in chapter three). Both these X–ray 

spectroscopies are first–order process spectroscopies.  

When an X–ray photon is absorbed at or just above an absorption edge, a core hole is created 

and an electron is introduced in the unoccupied band. At such stage, a system will quickly 

decay, typically within a few femtoseconds. Decay is possible in two ways: (1) via an Auger 

process, where an electron fills the core hole while simultaneously emitting another electron 

and (2) via fluorescence decay, in which the empty core state is filled by an electron and at the 

same time a photon is emitted. In this chapter will be dealt with the second–order process X–

ray spectroscopy based on fluorescence decay.  

1.1 X-ray emission spectroscopy 

The spectroscopy dealing with X–ray fluorescence decay is denoted X–ray fluorescence or 

X–ray emission spectroscopy (XES). A core electron is excited by an incident X–ray photon 

and then this excited state decays by emitting an X–ray photon to fill the core hole. If the core 

electron is resonantly excited to the absorption threshold by the incident photon (as in the 

process of XAS), the resulting emission spectrum depends strongly on the incident–photon 

energy Ω. This type of XES is denoted as resonant X–ray emission spectroscopy (RXES). On 

the other hand, if the core electron is excited to the high-energy continuum well above the 

absorption threshold (as in the process of X–ray photoemission spectroscopy, XPS), this type 

of XES is denoted often as normal X–ray emission spectroscopy (NXES) or just as XES. Both 

RXES and NXES are second–order optical processes. Note that the intermediate state of 

RXES is the same as the final state of XAS, whereas that of NXES is the same as the final 

state of XPS.  

In the case of iron systems (and other 3d metal systems as well), an X–ray excites a 1s 

electron (K–edge) to unoccupied states or the continuum and then via allowed dipole 

transitions, 2p or 3p electrons will transfer to the 1s state with X–ray emission. When a 2p 

electron falls back to 1s, the corresponding X–ray emission is called 2p–1s or Kα XES and 

when a 3p electron falls back to 1s the corresponding X–ray emission is called 3p–1s or Kβ 

XES. XES has been applied to studies of adsorbents on metals by Nilsson et al.
1
 XES can be 

used in time–resolved studies as well.
2
 Vanko et al. have shown that (resonant) XES can be 

useful for the study of spin transitions.
2,3

 Especially, the local spin moment may be 

determined from the integration of the spectral weight difference.
3,4

 Kβ XES is used as a 

probe for the electronic structure in most cases,
5-7

 but Wang et al. note that there is similar 

information content in Kα and Kβ XES: on the one hand the Kβ spectrum is more sensitive to 

changes from high–spin to low–spin than Kα XES. On the other hand, in Kα XES there are 

always two well–separated peaks and the Kα emission has certain advantages because of the 

higher fluorescence yield and the longer and more constant 2p core hole lifetime. The 

fluorescence yield of Kα is 5–10 times stronger than Kβ for 3d transition–metal ions.
8
 Since 

the main obstacle in many experiments is the low efficiency of the collecting spectrometer, 

this increase in Kα fluorescence makes the experiment much easier. Since the 2p final states 

are often narrower than 3p levels, Kα excitation spectra may also exhibit greater line 
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sharpening,
9
 but there is more interaction of the 3p with the valence 3d than 2p with the 

valence, thus Kβ gives little better information about the valence states.  

1.2 Resonant X–ray emission spectroscopy (RXES) 

RXES is classified into two categories: (1) when the emitted photon energy ω is the same as 

that of the incident photon energy Ω, ω= Ω, the spectrum is called Rayleigh scattering or 

resonant elastic X–ray scattering, while (2) for ω≠ Ω it is called resonant inelastic X–ray 

scattering (RIXS). This means that in RXES there are three contributions to the spectrum: (1) 

the elastic scattered features, (2) the “normal emission–like” features (as in NXES) and (3) the 

inelastic scattering features, for example due to d–d transitions and charge transfer 

interactions in the system. Depending on the incident photon energy Ω, the different 

contributions are present in different ratios in the resonant emission spectra. The presence of 

different contributions to the emission depends also on so–called participator or spectator 

RIXS. In participator RIXS, the excited electron participates in the emission, while for 

spectator RIXS the excited electron “watches” the system to relax by emission as 

consequence of another electron.  

Because RXES and NXES include absorption and photoemission as excitation processes and 

also include information on radiative decay, the total information in RXES and NXES is 

much greater than that given by first–order processes of XAS or XPS. In this chapter the 

inelastic features (due to for example d–d excitations), the RIXS part of the RXES is the 

subject of study.  

1.3 RIXS 

RIXS has a number of unique features: it covers a large scattering phase space, it is 

polarization dependent, although not used too much in that sense, it is element– and orbital–

specific and bulk sensitive. Unlike photon scattering experiments with visible or infrared 

light, RIXS can probe the full dispersion of low–energy excitations in solids. The main 

limitation is that the RIXS process requires a substantial incident photon flux to obtain 

enough scattered photons to collect spectra with a high enough resolution in energy and 

momentum in a reasonable time. RIXS has been applied mainly to strongly correlated 

systems, it is applicable as well to many other materials. The elementary excitation spectrum 

in solids expands the range from plasmons, (bi)–magnons
10

 to d–d and charge transfer 

excitations at a few eV, determining, for instance optical properties, through excitons, d–d 

excitations and magnons down to phonons at the meV scale. Despite an often lower 

resolution, the advantage of RIXS over optical spectroscopy is that the d–d transitions are 

dipole allowed in the case of RIXS, allowing more detailed theoretical modelling. The relative 

intensities can be described in a straightforward fashion and RIXS can give a much clearer 

identification of the d–d excitations. More detailed information on RIXS can be found in 

papers by Glatzel et al.,
11-15

 Kotani et al.,
16,17

 Guo
18

 and Ament et al.
19

 

One can choose to study RIXS by applying hard X–rays or soft X–rays. The choice depends 

on the measurement conditions. In general, for soft X–rays, just as for the L2,3–edge XAS of 

3d transition metals, the measurements are performed mainly on solids with resolutions better 

than 0.1 eV under vacuum conditions. A few setups exist that go to higher pressures (solid 
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sample in gas pressure), for example fluorescence yield XAS20, but then there the resolution is 

worse. For hard X–rays RIXS, the K (pre)–edge of 3d transition metals is used and the 

measurements can be performed under “real” conditions. Also the sample can in principle be 

in gas, liquid or solid phase, with a little worse energy resolution. In general the resolution for 

hard X–ray RIXS (1s2p, 1s3p) is worse than for soft X–ray (2p3d, 3p3d) RIXS due to the core 

hole lifetime.  

Himpsel mentions that in order to have the ultimate chemical resolution one needs to use the 

sharpest available core levels and indicates in a figure with the periodic table that all the 

sharpest core levels lie in the soft X–ray regime and that makes it worthwhile to venture from 

the hard X–ray regime into this technically difficult territory.
21

 Major developments are for 

example in gas phase RIXS
22,23

 and liquid phase RIXS
24,25

 in the soft X–ray regime. 

1.4 Soft X-ray RIXS 

In the case of 3d transition metals, in soft X–Ray RIXS the L2,3–edge is excited followed by 

resonant X–ray emission. This means the following states occur: the initial state (2p
6
3d

n
), the 

intermediate state (2p
5
3d

n+1
) and the final state (2p

6
3d

n
). It seems that such process is an 

elastic X–ray scattering process, however, in both the initial, intermediate and final state of 

the process interactions with the d–electrons and the core hole may occur and inelastic 

features may result in the RXES spectrum. Charge transfer peaks are generally relatively 

weak at the L edges, while d–d excitations are relatively strong. This means that charge 

transfer does not interfere too much into the d–d excitations obtained in RIXS, so this is very 

useful for investigation in the d–d excitations without having overlap with charge transfer.  

The first high–resolution (soft X–ray) 2p3d RIXS experiments were performed by the 

Nordgren group.
26-29

 Butorin has shown L2,3–edge fluorescence or RIXS of FeCO3 in 

combination with crystal field multiplet calculations. In his work, Butorin points out one of 

the advantages of this type of RIXS: the ability to probe an extended multiplet structure of the 

ground state configuration (3d
n
), which is not fully accessible by other spectroscopies.

30
 

1.5 Hard X-Ray RIXS 

Because L2,3–edge energies of 3d transition metals lie below 1.1 keV, in the soft X–ray 

region, and many systems and / or sample conditions profit from the larger penetration depth 

of hard X–rays, hard X–ray RIXS may be beneficial. Also there are samples such as very 

photosensitive metallo–proteins, where the problem of radiation damage favors the weaker 

interacting hard X–ray probe. The 3d transition metal K–edges range from 4 to 10 keV in the 

hard X–ray region. To tackle the problem of gaining information on the 3d shell without 

losing the advantage of the hard X–ray probe, one can restrict to dipole allowed transitions by 

looking at the Kα or Kβ fluorescence lines that are emitted after 1s core hole excitation to the 

4p or continuum as mentioned on the XES section 1.1. In these cases, the derivation of the 

information about the metal 3d shell is indirect, by analyzing the interactions between the 2p 

or 3p hole and the 3d electrons. These interactions are still considerable because of the large 

overlap between the 2p and 3p and the 3d wave functions.
31

 The K fluorescence lines 

therefore do show a pronounced chemical sensitivity. The chemical information obtained in 

Kα and Kβ main line fluorescence spectroscopy mainly concerns the metal ion spin state.  
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A second approach is to study the weak K absorption pre–edge structure, directly probing 

quadrupole 1s–3d transitions. The dipole allowed transitions that form the K main edge at 

higher energies, however, cause a strong background in the range of the pre–edge structure. 

Detailed analysis of the K pre–edge spectral features in conventional XAS is therefore often 

limited and connected with a rather large uncertainty, but it has been shown that RIXS can be 

used to circumvent the problem and to furthermore gain additional information (e.g., ref.
11

). 

Because information on the energy transfer or final state energy is added to that of the 

incident photon, a separation of the pre–edge structure from the main K absorption edge is 

enabled along the incident energy axis. Furthermore, the electronic states along the additional 

energy transfer axis correspond to the final state in the soft X-ray L2,3–edge (in case of 1s2p 

RIXS or Kα RIXS) and M–edge spectroscopy (in the case of 1s3p RIXS or Kβ RIXS).  Thus, 

a spectrum with the sum over intensity for incident energy (constant incident energy, CIE) 

versus the energy transfer has the same final state as the L2,3–edge XAS (2p
5
3d

n+1
). Even 

though the spectral shapes along the energy transfer do not necessarily coincide with the 

spectra as obtained in the soft X–ray experiment, they still bear information on the metal ion 

electronic structure that is complementary to K–edge absorption.  

In a 1s2p RIXS plane, the consecutive transitions are from 1s
2
3d

n
 to intermediate state 

1s
1
3d

n+1
 and subsequently a 2p electron falls back to the 1s core hole while sending out an X–

ray photon (2p
5
3d

n+1
). RIXS is valuable to separate out the K absorption pre–edge features 

and hence to study the local electronic structure of transition metal compounds using hard X–

rays. The energy transfer spectra are not broadened by the short 1s core hole lifetime but only 

by the longer final state lifetime resulting in sharper spectral features. By using an emission 

analyzer with a modest energy bandwidth of a few eV and recording the 2p3/2 (Kα1) CEE 

intensity the K edge spectral features can be better resolved than in conventional absorption 

spectroscopy.
11

 Therefore, hard X–ray RXES has been applied to improve the resolution of 

XAS spectra by using constant emission energy (CEE), often referred to as HERFFD–

XANES.
32,33

  

In the case of hard X–ray RIXS, there have been already a lot of studies into the Fe K (pre)– 

edge. Westre et al. have made an overview of K pre–edges of different iron systems.
34

 Caliebe 

et al. performed 1s2p RIXS experiments and compared those with calculations for α–Fe2O3.
35

 

De Groot et al. have measured 1s2p RIXS of several iron compounds and compared those 

with 1s2p RIXS calculations.
36

 It was stated that a resolution of 0.3 eV is needed to compare 

the features in CIE measurements with L2,3–edge XAS patterns. However, the comparison of 

CIE cross sections with L2,3–edge XAS depends on the symmetry state of the initial state and 

secondly the fluorescent yield is not necessarily the same as traditional XAS.
37

 

More recently, there have been advances in hard X–ray RIXS by combining circular polarized 

light with RIXS in MCD–RIXS.
38

 This means that magnetic materials can be easily studied 

under more realistic conditions.  

1.6 Goal of the research 

In this study the theoretical Fe 1s2p RIXS and 2p3d RIXS are calculated for Fe
2+

 in D4h 

symmetry with different spin states. The Fe 1s2p RIXS (and 2p3d RIXS) results for different 
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spin states are compared with each other and the differences and drawbacks for the 1s2p and 

2p3d RIXS on spin state identification are discussed.  

The theoretical RIXS spectra give an important point to think of, when iron samples with 

lower symmetry are considered, such as iron proteins or iron organics. The group of Solomon 

investigated properties of iron proteins and iron organics using a range of spectroscopic and 

theoretical techniques, among them a combination of XAS and DFT calculations.
39,40

 In their 

studies they often use the ligand K–edge instead of the Metal K– or L–edge.
41-43

 De Beer et al. 

have studied several (low symmetric) iron proteins using XES or XAS and time–dependent 

DFT.
44-46

 In this research we go a step further and investigate theoretically the combination of 

XAS and resonant XES as a tool for electronic structure determination like spin state 

determination. Extra information about d–d excitations is directly clear and chapter four 

already showed that the L2,3–edge XAS pattern depends on the spin state. 

The biggest difference between 1s2p and 2p3d RIXS is that the 1s2p is a core to core RIXS, 

while 2p3d RIXS is a core to valence RIXS. Besides that, on one side the 1s2p RIXS seems to 

have the experimental advantage, because one expects less beam damage and the sample 

conditions can be easily meet. On the other side there is overlap of d–d excitations and charge 

transfer in experimental 1s2p RIXS and this overlap is much lower in 2p3d RIXS. Thus, 2p3d 

RIXS might show more electronic information about the 3d levels. Nevertheless, the main 

question remains if different spin states can in theory be distinguished in either 1s2p RIXS or 

2p3d RIXS or in both. 

3. THEORETICAL DETAILS 

1s2p RIXS and 2p3d RIXS calculations are performed using the CTM4RIXS program.
47

 The 

crystal field parameters 10Dq, Ds and Dt are selected (see Table 21) using the phase diagram 

as discussed in chapter 4, Figure 5A.  

Table 21. Crystal field parameters used for 1s2p and 2p3d RIXS calculations of Fe
2+

 cation in different spin states. 

Ground state 10Dq (eV) Ds (eV) Dt (eV) 
3
A2 2.0 -2.00 0.000 

5
B2 1.0 -0.70 0.000 
3
E 2.7 0.86 0.247 

1
A1 3.0 0.00 0.000 
5
E 1.0 0.30 0.000 

5
A1 0.3 1.00 0.000 

3
B2 2.0 1.00 0.000 

 

For all 1s2p RIXS calculations the Lorentzian broadening parameters Lint and Lfinal are 0.5 and 

0.2 respectively and the Gaussian broadening is 0.3 eV. This means that the 1s core hole life 

time broadening is set to 0.5 eV and the 2p core hole life time broadening (the final core hole) 

is set to 0.2 eV. The 2p core hole life time broadening is generally in between 0.1 and 0.2 eV. 

For all 2p3d RIXS calculations both the Lorentzian broadening parameters Lint and Lfinal are 

0.1 eV and the Gaussian broadening is 0.2 eV. Note that the Lorentzian broadening 
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parameters mentioned here are Half–Width–Half–Maximum (HWHM) as used in other 

chapters for XAS. However in the CTM4RIXS program the values have to be filled in as 

Full–Width–Half–Maximum (FWHM). Both the 1s2p and 2p3d RIXS calculations with the 

different crystal field parameter combinations in Table 21 were performed with and without 

interference. Because the patterns did not differ too much, only the calculations without 

interference are shown in this chapter. For the RIXS calculations only the ground state is 

taken into account and then transitions to all possible final states are taken into account.  

4. RESULTS & DISCUSSION 

First we will introduce some concepts of RIXS. From RIXS calculations, one obtains a RIXS 

plane, which is a graphic of energy transfer versus incident energy. The intensities are 

indicated with different colors. In such a plane slices or wraps can be taken. For example, a 

wrap of energy transfer is a sum of the intensity for a certain range of incident energies and 

this can be plotted versus the energy transfer. Such a wrap is related to XES. A wrap of 

incident energy is the sum of the intensities over a certain range of energy transfer and such a 

wrap is related to fluorescence yield XAS. Likewise, slices can be taken from the RIXS plane. 

Slices of energy transfer, related to resonant or non–resonant XES lines, are taken at selected 

incident energy. Slices of incident energy can also be taken at selected energy transfer. These 

are useful for comparison with partial fluorescence yield measurements. 

In Figure 31 the 1s2p RIXS of Fe
2+

 with 10Dq= 1.0 and Ds= –0.7 eV, meaning with Fe
2+

 in 

the high–spin state 
5
B2, is shown together with two graphics containing detailed X–ray 

emission spectra, energy transfer wrap and slices on the left and XAS and an incident energy 

wrap below on the right. The XAS in the bottom panel in black is the calculated spectrum for 

a quadrupole transition of a core 1s electron to 3d. This is the XAS which is related to the 

XAS in transmission mode (and in electron yield mode) and the incident energy wrap in red 

in the same panel is the XAS by summing all X–ray emission (energy transfer) lines and such 

a wrap is considered as XAS in the fluorescent yield mode. In the RIXS pattern at the right 

panel on top in Figure 31 the different colors indicate intensity contours. In this RIXS pattern, 

it is visible that the XES (in energy transfer, shown explicitly in the left panel) is different at 

different incident energies and these patterns are related to a Fe L2,3–edge XAS final state. 

These XAS final states are not exactly alike and depend on the ground state symmetry in the 

L2,3–edge XAS versus the 1s2p XES spectra shown here. The correspondence between the Fe 

pre–edge XAS calculation and the wrap over energy transfer versus incident energy 

(fluorescence–yield XAS) is high. This is related to the fact that in the hard X–ray regime, 

decay of the excited state almost solely occurs by fluorescent decay. In the soft X–ray regime, 

one observes clear differences between the calculated fluorescence yield XAS and the 

calculated (normal) XAS. 
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Figure 31. Left panel on top: X–ray emission spectra of Fe
2+

 with 10Dq= 1.0 eV and Ds= -0.7 eV (
5
B2), with a wrap 

over the incident energies of 7110 eV to 7117.9 eV versus the energy transfer (black) and slices of XES at incident 

energy of 7112.75 (red), 7113.6 (green) and 7115.35 (blue) eV. Right panel on top: 1s2p (Hard X–ray) RIXS plane of 

Fe
2+

 with crystal field parameters 10Dq= 1.0 and Ds = –0.7 eV (
5
B2) with color bar. The energy transfer is shifted by 

the Fe 2p binding energy of 711.2 eV to zero. Right below panel: Fe K–edge pre–edge XAS (1s3d) of Fe
2+

 with 

crystal field parameters 10Dq= 1.0 and Ds= –0.7 eV (black) and a wrap over all energy transfer versus the incident 

energy (red). 

4.1 Typical 1s2p RIXS of Fe
2+

 low–, intermediate– and high–spin states 

Figure 32 shows the 1s2p RIXS patterns of Fe
2+

 in different spin states. At first glance, it is 

relatively easy to distinguish the low-spin state 
1
A1 from the other states. The RIXS planes of 

intermediate spin 
3
A2, 

3
E and 

3
B2 are quite distinct as well at first sight, showing that 1s2p 

RIXS could give information about the type of intermediate–spin state of iron systems. 

However, in experiment it might be difficult to see the difference between the different spin 

states, since the differences between the RIXS of different spin states depend on signal 

strength and resolution as well as potential overlap with charge transfer related bands. For the 

1s2p RIXS of high–spin states 
5
E, 

5
A1 and 

5
B2 it is difficult to distinguish between them 

without quite high energy resolution. Also the distinction between high–spin and the 

intermediate–spin 
3
E might be difficult in case the energy resolution is too low in the 

experiment. Note that the intensity scales are quite different for low–spin, intermediate–spin 

and high–spin. In the following sections, the discussion is more detailed and slices of incident 

and energy transfer are taken in the intermediate– and high–spin cases. 
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Figure 32. Calculated 1s2p (Hard X–ray) RIXS of Fe
2+

: on top from left to right with crystal field parameters 10Dq= 

3.0 eV (
1
A1); 10Dq= 2.0, Ds= –2.0 eV (

3
A2); 10Dq= 2.7, Ds= 0.86, Dt= 0.247 eV (

3
E);10Dq= 2.0, Ds= +1.1 eV (

3
B2); and 

on the bottom panels from left to right with crystal field parameters 10Dq= 1.0, Ds= 0.3 eV (
5
E); 10Dq= 0.3, Ds= 1.0 

eV (
5
A1); and 10Dq= 1.0, Ds= –0.7 eV (

5
B2). All the energy transfer axes are shifted by the Fe 2p binding energy of 

711.2 eV to zero. 

4.2 1s2p RIXS of the Fe
2+

 low–spin state 
1
A1 

Without taking into account 3d–3d interaction and spin–orbit coupling, there is only one 1s to 

3d transition possible for the 
1
A1 case: the 1s electron going into the eg states (in octahedral 

symmetry). In the case shown here Ds= 0 eV and the calculated pattern is the same as that of 
1
A1 in octahedral symmetry. Also for small values of Ds, the eg states are still close in energy, 

likewise the octahedral t2g states are still close in energy with small values of Ds in D4h 

symmetry. Therefore in the XAS and fluorescence yield XAS only 1 peak is found due to 

1seg transitions. In the resonant XES, a pattern comparable to L2,3–edge XAS of 
1
A1 is 

found. In the left panel of Figure 33 a better resolved version of such XAS is shown. A 

comparison with the L2,3–edge XAS of 
1
A1 is shown below in Figure 36. 
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Figure 33. Left panel: energy transfer wrap over incident energy of 7110.0 to 7117.2 eV and energy transfer slice at an 

incident energy of 7113.58 eV.Right panel: 1s2p RIXS of 
1
A1, incident energy wrap (over energy transfer of –9 to 14 

eV) compared with the Fe K pre–edge XAS of Fe
2+

 with crystal field parameters 10Dq= 3.0 eV (black).  

4.3 1s2p RIXS of the Fe
2+

 intermediate–spin states 
3
A2, 

3
E and 

3
B2 

In the intermediate–spin cases, there is one XAS band for 
3
A2 and 

3
B2, while the 

3
E RIXS 

pattern shows two peaks versus the incident energy are found (Figure 34, right diagram). This 

is due to the ground state. In the 
3
E case the ground state is two–fold degenerate, while in the 

3
A2 and 

3
B2 the ground state is a single A1 state. The energy transfer (X–ray emission slices, 

Figure 34, left diagram) is quite different for all the three different intermediate–spin states. 

The final state of these XES is 2p
5
3d

n+1
, the same as L2,3–edge XAS and also in L2,3–edge 

XAS the differences between the different Fe
2+

 intermediate–spin were quite clear (chapter 

four). 

 

Figure 34. Left diagram: 1s2p RIXS energy transfer slices of 
3
A2 at incident energy of 7113.05 eV (black), of 

3
E at 

incident energies of 7113.12 eV (red) and 7116.24 eV (green) and of 
3
B2 at incident energy of 7113.02 eV (blue). Right 

diagram: incident energy wraps (over energy transfer of –9 to 14 eV) of the intermediate–spin states 
3
A2 (black), 

3
E 

(red) and 
3
B2 (green). 

4.4 1s2p RIXS of the Fe
2+

 high–spin states 
5
E, 

5
A1 and 

5
B2: why 2 or 3 peaks? 

For the high–spin Fe
2+

 at least two peaks are visible in the incident energy regime of the 1s2p 

RIXS (Figure 35, right on bottom). In perfect octahedral symmetry, these two peaks would 

directly be related to 1s3d in the t2g and eg states respectively. The assignment of t2g and eg 

does not hold anymore in D4h symmetry as mentioned above for 
1
A1, but there is still a 
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separation between roughly two or three d–states. In the case of 
5
A1, the dz2 and dxz,yz form 

roughly one triplet state and dxy and dx2-y2 the other doublet state, so that is why in the case of 
5
A1 there are two distinct peaks. 

In the case of 
5
E there is a separation between the dxz,yz and dz2 state and the dxy state and the 

dx2-y2 state. This is visible in the RIXS spectrum with three separate peaks in the incident 

energy. In the case of 
5
B2, there are also roughly three peaks in the incident energy. The first 

peak in the incident energy is related to the transitions to the dxz,yz and the second and third 

peak to the other unoccupied d states (dxy and dx2-y2). From the energy transfer slices, it is not 

easy to distinguish between 
5
E and 

5
B2 (Figure 35, left on top compared to left on bottom). 

From the complete wrap it is almost impossible to distinguish between the different high–spin 

states. 

Note that we have mentioned every time that the peaks “are related” to certain transitions. 

This means that these peaks do not distinguish perfectly between the different d–states. Due to 

d–d interaction and the 3d spin–orbit coupling, taken into account in the RIXS calculations, 

these transitions cannot be 100% correlated to the 1s transition to certain d–states. 

 

Figure 35. Left on top: Energy transfer slices at incident energies of 7112.8 (red), 7113.6 (green) and 7115.35 eV (blue) 

and wrap for 
5
E. Right on top: Energy transfer slices at incident energies of 7113 (red) and 7115 eV (green) and wrap 

for 
5
A1. Left on bottom: Energy transfer slices at incident energies of 7112.75 (red), 7113.6 (green) and 7115.35 eV 

(blue) and wrap for 
5
B2. Right on bottom: Incident energy wrap over energy transfers of –9 to 14 eV for 

5
E (black), 

5
A1 (red) and 

5
B2 (green). 
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4.5 Typical 2p3d RIXS of Fe
2+

 low–, intermediate– and high–spin states 

In the case of experimental 2p3d RIXS, one needs long measuring times to get RIXS planes 

such as in Figure 32. Instead, in most experiments certain excitation energies on the basis of 

the XAS are selected and some resonant X–ray Emission spectra at those excitation energies 

are measured. In the following figures this has been done for the Fe
2+

 spin states: 
1
A1, 

3
A2, 

3
E, 

3
B2, 

5
E, 

5
A1 and 

5
B2 with the crystal field values as written in Table 21.  

4.6 A typical 2p3d RIXS of low–spin Fe
2+

 (
1
A1) 

In Figure 36 the 2p3d RIXS pattern and the XAS and resonant XES lines are shown. The 

fluorescence yield XAS in red compares well with the calculated XAS. The resonant XES 

show peaks at about 1.7 eV to roughly 6 eV. The peaks in this resonant XES originate from 

d–d transitions. Information of these states can be obtained from the output of a CFM 

calculation. In Table 22 the major initial states of Fe
2+

 at 10Dq= 3.0 eV with 3d spin–orbit 

coupling are shown. The first states at about an energy transfer of 1.8 eV are related to 
3
A2 

and 
3
E spin states. As discussed in chapter 4, the most important electron configurations of 

these spin states in D4h symmetry are: (
1
A1=) b2

2
e

4
a1

0
b1

0
; (

3
E=) b2

2
e

3
a1

1
b1

0
 (

3
EA) or b2

1
e

3
a1

2
b1

0
 

(
3
EB) and (

3
A2=) b2

2
e

2
a1

2
b1

0
. 

Table 22. Initial state energies relative to the 
1
A1 ground state of Fe

2+
 with a crystal field of 10Dq= 3 eV and the 

corresponding major spin state. Initial state energy ranges are due to the spin–orbit coupling and the related mixing 

of states.  

Initial state energy (eV) Spin state 

0 
1
A1 

1.76541–1.8182 
3
E 

1.80248 
3
A2 

2.17464–2.20206 
5
E 

2.24935–2.25854 
5
B2 

2.49437–2.50451 
3
E 

2.53855 
3
B2 

 

This means that at about 1.8 eV, there are single or double d–d transitions (double in the case 

of 
3
A2 and 

3
EA) from the t2g states, in D4h symmetry called b2 and e states, to the a1= dz2 state, 

and at the same time there is a spin flip resulting in an intermediate–spin state.  

Actually it is most likely that at 1.8 eV d–d transitions occur from the e state to a1, since the 
3
E and 

3
A2 d–orbital occupations mainly have the electronic configuration b2

2
 and e

3
 or e

2
. 

The d–d transitions related to the band just above 2 eV (~2.2 and 2.3 eV) correspond to 

electronic transitions to the high–spin states 
5
E and 

5
B2. In those cases, there are double 

excitations from either the d–states b2 and e or two excitations from the e state to b1 (dx2-y2) 

and a1 (dz2), which would form the 
5
E and 

5
B2 spin state respectively if at the same time also a 

double spin flip occurs. Above an energy transfer of 2.5 eV, d–d transitions are found related 

to obtaining a 
3
B2 and another 

3
E spin state. These transitions might be due to single 

transitions from b2 to a1 or to a double excitations from e to a1 and b2 to e ending up with 

e
4
b2

2
e

3
b2

2
a1

1
e

4
b1

1
a1

1
 (which is the most important electronic configuration) in the case of 

3
B2. 
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Figure 36. 2p3d RIXS of 
1
A1 with on top the RIXS pattern, on the bottom left the calculated XAS in fluorescence yield 

by adding the intensities from energy transfer of –0.78 to 7.36 eV and with dots at selected X–ray excitation energies 

and on the right some resonant XES lines on these excitation energies. 

In the case of 
3
E, the transitions might be related to double excitations from b2 and e to a1 as 

in one case of 
3
E with the major configuration b2

1
e

3
a1

2
b1

0
 (

3
EB). Above an energy transfer of 4 

eV, a lot of different spin states are obtained, which might be related to other double d–d 

excitations. 

4.7 2p3d RIXS of intermediate– and high–spin Fe
2+

 (
3
A2, 

3
E, 

3
B2, 

5
A1 and 

5
B2) 

In Figure 37 the full 2p3d RIXS planes of 
3
A2, 

3
E, 

3
B2, 

5
A1 and 

5
B2 with the crystal field 

parameters as written in Table 21 are shown. From these planes it is noted that above about an 

energy transfer of 10 eV, only small features are found. Therefore it is decided that the 

analysis of the 2p3d RIXS planes of the intermediate– and high–spin states will be done 

solely on the first 10 eV of energy transfer.  
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Figure 37. Full 2p3d RIXS spectra of 
3
A2, 

3
E, 

3
B2, 

5
A1 and 

5
B2.  

4.8 A typical 2p3d RIXS of the 
3
A2 intermediate–spin Fe

2+
 

In Figure 38 the 2p3d RIXS pattern and the XAS and resonant XES lines are shown for the 

crystal field values 10Dq= 2 and Ds= –2 eV corresponding to a 
3
A2 spin ground state. The 

fluorescence yield XAS (red line on bottom left) does not compare exactly with the calculated 

XAS (black line), although all features are found in both XAS patterns, but there are intensity 

differences between the red and black line. 

The 
3
A2 state has a1

2
b2

2
e

2
 as the most important electronic configuration. From the crystal 

field multiplet calculation, it is found that the first excited initial states are found about 1.4 eV 

higher in energy and correspond to 
1
B1 and 

1
B2 states (Table 23). Note that these excited 

states are only visible in the wrap in the figure on the right. In the RIXS plane it is visible that 

this state can only be reached in case one excites at 709.5, the second peak in the L3 of the 

XAS. At around an energy transfer of 2.3 eV, 
3
E and 

1
A1 spin states are found. Transitions at 

2.3 eV could then correspond to excitations of a1 or b2 to e (
3
E states) and to double 

excitations leading to b2
2
e

4
 (

1
A1). At about 3 eV the high–spin state 

5
B2 is found 

corresponding to a single excitation of a1 to b1. Above an energy transfer of 3 eV a mixture of 

low–, intermediate– and high–spin states is found.  

Table 23. Energies of initial states relative to the 
3
A2 ground state and their corresponding spin state as obtained from 

the crystal field multiplet calculation with 10Dq= 2.0 and Ds= –2 eV without 3d spin–orbit coupling. 

Initial state energy (eV) Spin state 

0 
3
A2 

1.39371 
1
B2 

1.42452 
1
B1 

2.22751 
3
E 

2.29135 
1
A1 

2.97648 
5
B2 

3.43712 
3
E 
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Figure 38. 2p3d RIXS of 
3
A2 with on top the RIXS pattern, on the bottom left the calculated XAS in fluorescence yield 

with dots at selected X–ray excitation energies and on the right some resonant XES lines on these excitation energies. 

4.9 A typical 2p3d RIXS of the 
3
E intermediate–spin Fe

2+
 

In Figure 39 the 2p3d RIXS pattern and the XAS and resonant XES lines are shown for the 

crystal field values 10Dq= 2.7, Ds= 0.86 and Ds= 0.247 eV, corresponding to a 
3
E spin 

ground state. 

Table 24. Energies of initial states relative to the 
3
E ground state and their corresponding spin state as obtained from 

the crystal field multiplet calculation with 10Dq= 2.7, Ds= 0.86 and Dt=0.247 eV without 3d spin–orbit coupling. 

Initial state energy (eV) Spin state 

0 
3
E 

0.07033 
5
A1 

0.07742 
3
B2 

0.08702 
3
A2 

0.70034 
5
E 

1.0693 
3
E 

 



148 
 

The case of 
3
E is quite complicated, since a lot of initial excited states are quite close (without 

taking into account the 3d spin–orbit coupling) as can be seen in Table 24. Within an energy 

transfer of 0.1 eV, high–spin 
5
A1 and intermediate–spin 

3
B2 and 

3
A2 occur as possible excited 

states. At about 0.7 eV, transitions related to a spin state of 
5
E occur. Since 3d spin–orbit 

coupling is taken into account in the RIXS calculations, all these states including the 
3
E 

ground state interact, making analysis of the peaks in the resonant XES quite hard. 

 

Figure 39. 2p3d RIXS of 
3
E with on top the RIXS pattern, on the bottom left the calculated XAS in fluorescence yield 

with dots at selected X–ray excitation energies and on the right some resonant XES lines on these excitation energies. 

Note that at higher energy transfer even more overlap occurs of obscure 
1
B1, 

1
E, 

1
B2 states 

(not shown in Table 24) with the already mentioned high– and intermediate–spin states. This 

shows that whenever overlap of different spin states occurs, the analysis of the resonant XES 

lines becomes hard and first analysis of the spin state by XAS is needed to have a starting 

point.  

4.10 A typical 2p3d RIXS of the 
3
B2 intermediate–spin Fe

2+
 

In Figure 40 the 2p3d RIXS pattern and the XAS and resonant XES lines are shown for 

crystal field values of 10Dq= 2 and Ds= 1.1 eV, which corresponds to a 
3
B2 spin ground state. 

Table 25 shows the energies of the initial state with the corresponding spin state for the 

crystal field multiplet calculation with the values of 10Dq= 2.0 and Ds= 1.1 eV without 3d 

spin–orbit coupling. The initial ground state is quite far away from the first initial excited 
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states. At about an energy transfer of 1.5 eV the first transitions related to 
3
B2

3
E transitions 

occur. This is most likely an electronic excitation from the e state to either the b2 or a1 state, 

based on the most common electronic configurations of the spin states 
3
B2 and 

3
E and 

depending on the type of 
3
E. From the rest of the transitions eb2 seems most logical. At an 

energy transfer of 1.6 eV, one expects transitions to occur from the a1 to b2 state and at 1.8 eV 

electronic transitions from the e to b1 state occur and for both also spin–flip might occur.  

Table 25. Energies of initial states relative to the 
3
B2 ground state and their corresponding spin state as obtained from 

the crystal field multiplet calculation with 10Dq= 2.0 and Ds= 1.1 eV without 3d spin–orbit coupling. 

Initial state energy (eV) Spin state 

0 
3
B2 

1.48395 
3
E 

1.67267 
1
A1 

1.75887 
1
B2 

1.80310 
5
E 

1.95172 
3
B1 

2.70293 
5
A1 

2.75262 
3
E 

 

 

Figure 40. 2p3d RIXS of 
3
B2 with on top the RIXS pattern, on the bottom left the calculated XAS in fluorescence yield 

with dots at selected X–ray excitation energies and on the right some resonant XES lines on these excitation energies. 
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4.11 A typical 2p3d RIXS of the 
5
E high–spin Fe

2+
 

In Figure 41 the 2p3d RIXS plane, XAS and some resonant XES lines are shown for the 

crystal field values 10Dq= 1.0 and Ds= 0.3 eV, corresponding to a high–spin 
5
E state with the 

major electronic configuration e
3
a1

1
b2

1
b1

1
.  

Table 26. Energies of initial states relative to the 
5
E ground state and their corresponding spin state as obtained from 

the crystal field multiplet calculation with 10Dq= 1.0 and Ds= 0.3 eV without 3d spin–orbit coupling. 

Initial state energy (eV) Spin state 

0 
5
E 

0.6999 
5
A1 

0.90001 
5
B2 

1.33678 
3
B2 

1.52461 
3
E 

1.79172 
3
A2 

1.89991 
5
B1 

1.90997 
1
A1 

 

 

Figure 41. 2p3d RIXS of 
5
E with on top the RIXS pattern, on the bottom left the calculated XAS in fluorescence yield 

with dots at selected X–ray excitation energies and on the right some resonant XES lines on these excitation energies. 
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The fluorescence yield XAS (red line) has the same features as the normal calculated XAS 

spectrum (black line), but there are intensity differences and the fluorescence yield has, due to 

the selected Lorentzian broadening, better resolved features. In Table 26 the initial and the 

first few excited spin states are shown with their corresponding energy and on the bottom 

right in Figure 41 some of these excited states are visible. At about 0.7 eV transitions from 

one high–spin state to another occur (no spin flip) with excitations of an electron from the e 

state to the b2 state. Around 0.9 eV the excitation of e to a a1 state occurs. At 1.3 and 1.5 eV 

spin–flip transitions to intermediate–spin 
3
B2 and 

3
E occur. Most likely, this is a spin flip of 

the b1 electron going in the e state (
3
B2) or in the a1 or b2 state (

3
E). The transitions occurring 

around 1.9 are double transitions (e,b1a1,b2) and also one of the electrons flips spin. 

4.12 A typical 2p3d RIXS of the 
5
A1 high–spin Fe

2+ 

In Figure 42 the 2p3d RIXS plane, a wrap of the incident energy compared with a XAS 

calculation and some energy transfer slices are shown for Fe
2+

 with crystal field values of 

10Dq= 0.3 and Ds= 1.0 eV. The correspondence between the normal XAS features (black line 

left) and the wrap features (red line) is quite good, but the intensity differences are clear, 

especially the L3 to L2 ratio. Interesting is that in the energy transfer slices, the elastic line 

(energy transfer= 0 eV) is not the highest peak in every case. 

 

Figure 42. 2p3d RIXS of 
5
A1 with on top the RIXS pattern, on the bottom left the calculated XAS in fluorescence yield 

with dots at selected X–ray excitation energies and on the right some resonant XES lines on these excitation energies. 
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Table 27 shows the energies of some initial states and it is clear that within 1 eV there are 

already some different spin states and therefore a lot of transitions may occur, which is also 

clearly visible in the energy transfer spectrum of Figure 42. 

Table 27. Energies of initial states relative to the 
5
A1 ground state and their corresponding spin state as obtained from 

the crystal field multiplet calculation with 10Dq= 0.3 and Ds= 1.0 eV without 3d spin–orbit coupling. 

Initial state energy (eV) Spin state 

0 
5
A1 

0.70002 
5
E 

0.81791 
3
B2 

0.82467 
3
E 

1.10679 
3
B1 

1.12576 
3
E 

1.34698 
1
A1 

 

Due to 3d spin–orbit coupling there is also a lot of overlap between especially the 

intermediate–spin states 
3
B2 and 

3
E. At around 0.7 eV excitations of an electron from the b2 to 

e states occur. At about 0.8 eV spin–flip of one electron and at the same time transitions from 

b2 and b1 to e occur (
3
B2) and to e and from b1 to b2 or a1 occur (

3
E). Above 1.2 eV there is 

even a full spin transition from high– to low–spin. Above these energies, more double 

excitations occur. Note that already with incident energies in the L3–edge (706.68 eV, 708.68 

eV and 710.16 eV) the energy transfer patterns are quite distinct, confirming that there is at 

certain energies overlap between the intermediate– and high–spin states, while at other 

energies the d–d transitions are quite distinct.  

4.13 A typical 2p3d RIXS of the 
5
B2 high–spin Fe

2+
 

In Figure 43 the 2p3d RIXS plane, a wrap of the incident energy compared with a XAS 

calculation and some energy transfer slices are shown for Fe
2+

 with crystal field values of 

10Dq= 1.0 and Ds= –0.7 eV. The correspondence between the normal XAS features (black 

line left) and the wrap features (red line) is quite good. However, it is noticed again that there 

are intensity differences, especially the L3 to L2 ratio is different in the fluorescent yield XAS 

compared to the general XAS calculation.  

Table 28. Energies of initial states relative to the 
5
B2 ground state and their corresponding spin state as obtained from 

the crystal field multiplet calculation with 10Dq= 1.0 and Ds= –0.7 eV without 3d spin–orbit coupling. 

Initial state energy (eV) Spin state 

0 
5
B2 

0.9999 
5
B1 

1.36773 
3
E 

1.68506 
3
A2 

2.10014 
5
E 

2.41269 
3
E 

2.42502 
3
B2 

2.63812 
3
A2 

2.66587 
1
A1 
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Table 28 shows the energies of some initial states (without 3d spin–orbit coupling) with their 

spin state for this particular calculation. According to the Table and the energy transfer 

spectrum in Figure 43, at about an energy transfer of 1.3 eV transitions from b1to a1 or to b2 

and a spin flip followed by a transition to an e state occur. At about 1.6 eV a spin–flip and a 

transition from b1 to b2 occur. 

Above an energy transfer of 2 eV another transition between two high–spin states occurs, with 

an electron going from the a1 to the e d–electron state without spin–flip. Above an energy 

transfer of 2.2 eV that more different spin–flipping occurs at higher energy transfer. 

4.14 Discussion on 1s2p RIXS versus 2p3d RIXS for Fe
2+

 

Already from XAS (in fluorescence yield for the cases shown here) one can distinguish 

between all the different spin states in the 2p3d RIXS cases. An interesting observation is the 

difference in the calculated L2,3–edge normal XAS compared to the calculated fluorescence 

yield L2,3–edge XAS. All the main features are visible in both normal XAS and fluorescence 

yield XAS, but the intensities are different and the peaks are better resolved in the calculated 

fluorescence yield XAS. Also the X–ray emission line shapes of 2p3d RIXS strongly depend 

on the spin state of the iron ion, so 2p3d RIXS can give clear information on the spin state.  

 

Figure 43. 2p3d RIXS of 
5
B2 with on top the RIXS pattern, on the bottom left the calculated XAS in fluorescence yield 

with dots at selected X–ray excitation energies and on the right some resonant XES lines on these excitation energies. 
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In real life experiments there could be overlap between different spin states. Then, it might be 

good to go for soft X–ray RIXS, since the differences between the spin states are way clearer 

in both the X–ray absorption and emission in the 2p3d case compared to the 1s2p RIXS.  

However, the clear advantages of 1s2p RIXS remain the lower beam damage and sample 

conditions can be quite easily met and if charge transfer effects do not interfere too much, 

1s2p RIXS could still give a clue on the spin state, although the energy resolution needs to be 

0.3 eV or better.  

There is one extra note on the theoretical treatment of RIXS. In principle, this chapter is based 

on multiplet calculations without interference. Such calculations are faster and some 

calculations with interference were checked, but this did not result in a different RIXS pattern, 

only in some broadening and small intensity difference.  

5. CONCLUSIONS 

From technical point of view, hard X–ray RIXS (1s2p) of iron is easier to perform. It can 

easily be done in–situ or under extreme conditions, while for soft X–rays (2p3d) resonant X–

ray emission is much harder to do under such conditions. However, it is much easier to 

distinguish between different spin states with soft X–ray (2p3d) RIXS, since both the XAS 

and resonant XES lines are quite different for all low–, intermediate– and high–spin states 

shown here. In the hard X–ray (1s2p) RIXS not all the quadrupole XAS are different for the 

different spin states studied. Also the resonant XES lines are quite similar in some cases of the 

different high–spin states. 
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Chapter 6. Oxygen binding to Co and Fe 

Phthalocyanines as determined from in–

situ X–ray absorption spectroscopy 

This chapter is based on the publication: P.S. Miedema, M.M. van Schooneveld, R. Bogerd, 

T.C.R. Rocha, M. Hävecker, A. Knop-Gericke and F.M.F. de Groot, J. Phys. Chem. C 2011, 

115, 25422-25428. 

ABSTRACT 

Two metal phthalocyanine compounds, that are on a molecular level tetragonal (D4h) 

symmetric around the metal ion, are under investigation in this chapter. Cobalt–

phthalocyanine (CoPc) and iron–phthalocyanine (FePc) are possible oxygen reduction 

catalysts in fuel cells, but the exact functioning and deactivation of these catalysts is 

unknown. The electronic structure of the CoPc and FePc has been studied in–situ under 

hydrogen and oxygen atmospheres by a combination of ambient pressure X–ray photoelectron 

spectroscopy and X–ray absorption spectroscopy. The results show that when oxygen is 

introduced the iron changes oxidation state while the cobalt does not. The data indicate that 

oxygen binds in an end–on configuration in CoPc, while for FePc side–on binding of the 

oxygen molecule is most likely.  
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1. INTRODUCTION 

In previous chapters we have looked at the electronic structure of the iron ion (Fe
2+/3+

) in 

tetragonal (D4h) symmetry and in this chapter an actual example of Fe in such D4h structure, 

the iron–phthalocyanine (FePc) molecule, will be discussed, in comparison to the cobalt–

phthalocyanine (CoPc) molecule, as part of fuel cell catalysis. The fuel cell converts chemical 

energy into electrical energy. In case hydrogen is used as the fuel, the only combustion 

product is water, implying that the technology is an environmental–friendly alternative for 

common fuel engines. One of the reasons why the fuel cell is not widely applicable yet is the 

cost of the cell. For example, for the cathode an expensive platinum catalyst is used. To 

reduce the costs and improve the performance, studies on platinum alloys are performed.
1,2

 

Alternatively one can search for a platinum–free cathode catalyst.
3
 One option for a platinum–

free cathode catalyst is the group of metal–phthalocyanines (MPc’s, Figure 44).  

 

Figure 44. Structure formula of metal–phthalocyanine, where X is a metal atom. 

Already in the 1960s CoPc was investigated as fuel cell cathode catalyst.
4
 Also FePc was 

studied as catalyst in several oxidation and reduction reactions.
5,6

 Experiments have shown 

that FePc and CoPc exhibit better catalytic performance for catalyzing the cathode reaction 

than other transition MPc’s.
7
 The usual cathode half reaction in the fuel cell, the oxygen 

reduction reaction (ORR) is:  

O2+4H
+
+4e

–
 2H2O              (1) 

However, another ORR with oxygen in acidic environment is possible: 

 O2+2H
+
+2e

–
 H2O2              (2) 

Different studies have shown that the CoPc catalyst in ORR generates hydrogen peroxide, 

while the FePc catalyst in ORR generates water and also a small amount of hydrogen 

peroxide.
6
 The FePc and CoPc are still less active than the current platinum catalyst and, 
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besides that, the MPc’s are less stable, with the FePc being more unstable than the CoPc 

under fuel cell cathode working conditions.
8
 To move towards a platinum–free cathode 

catalyst, it is worthwhile to take a step back and find out how the CoPc and FePc work and 

how they deactivate.  

The first step in the catalysis of the ORR is assumed to be the adsorption of the oxygen 

molecule (O2) on the central metal atom of the MPc. Electrons are withdrawn from the 

catalyst to the adsorbed O2, followed by ORR to form either H2O or H2O2. 

The main two possible fashions for O2 to be adsorbed on MPc´s are the end–on configuration 

(Pauling’s model
9
) and the side–on configuration (Griffith’s model

10
). In an end–on 

configuration, one oxygen atom is right above the central atom over the catalyst molecule 

plane and the other oxygen atom is farther away from the metal atom with a Fe–O–O angle of 

approximately 120
o
 (Figure 45, left panel).

9
 

 

Figure 45. Left panel: oxygen binding to MPc in an end–on (Pauling) configuration. Right panel: oxygen binding to 

MPc in a side–on (Griffith) configuration. 

In a side–on configuration the adsorbed O2 molecule extends parallel to the catalyst molecule 

plane and the two oxygen atoms are in equal distance from the central metal atom (Figure 45 

right panel). In the side–on configuration, there is often electronic transfer from the metal to 

the oxygen atoms (metal to ligand charge transfer). For both the end–on and side–on 

configuration there are two options: (a) with the oxygen directly above an M–N bond and (b) 

with the oxygen atoms above the space in between two M–N bonds. Only option (b) is shown 

in Figure 45. DFT studies with the PW91 exchange–correlation potential and a double 

numeric basis with polarization functions as basis sets, on the oxygen bonding to CoPc and 

FePc by Wang et al.
11

 demonstrated that for FePc both the side–on and end–on structures with 

O2 are stable with the end–on structure being more stable with about 0.7 eV. The DFT 

calculations of O2 adsorbed on CoPc by Wang et al. suggested that only the end–on 

configurations are energetically stable. It is strongly proposed that the O–O bonds in the 

adsorbed O2 molecules were much weaker in the side–on configuration than in the end–on 

configurations. The weakening of the bonds makes the adsorbed O2 molecules in side–on 

configurations more active in participating in ORR. From their DFT calculations, Wang et al. 

proposed that FePc can promote four–electron ORR (reaction 1, with as product water), 

because side–on O2 adsorption is energetically permitted. In contrast, as only end–on O2 
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adsorption is possible on CoPc, Wang et al. said that this is the reason why only two–electron 

ORR (reaction 2 with as product H2O2) can occur on CoPc. The reason for this could be that 

in the end–on O2 adsorption configurations, the O atom which is closer to the transition metal 

atom gets much less transferred charge from the catalyst molecules than the other O atom. 

This may allow the O atom that is farther away from the transition metal atom to react first to 

form peroxide via a two–electron reduction. In the side–on O2 adsorption configurations, the 

two O atoms have equal distance to the transition metal atom and are equally charged. Thus, it 

is possible that the ORR takes place at the same time on the two O atoms and, because the O–

O bond is at the same time weakened, proceeds via a four–electron process. Hence, the side–

on adsorbed O2 would determine the main characteristics of ORR even though the end–on 

adsorbed O2 are energetically more stable. All the propositions by Wang et al. were solely 

based on their DFT calculations. 

In this study we carry out a set of experiments in order to get further insights in these systems 

and to check the aforementioned theoretical predictions.
11

 In–situ L2,3–edge X–ray 

photoelectron spectroscopy (XPS) and X–ray absorption spectroscopy (XAS) measurements 

are performed on the CoPc and FePc in both oxygen and hydrogen environments. Note that 

both FePc and CoPc are not in realistic fuel cell conditions, such as an acid environment. 

However, in the ORR the rate determining step is assumed to be the electron transfer between 

the catalyst and the oxygen
6, 12

 and the main event for this rate determining step is the oxygen 

adsorption,
8
 which means that in this study we look at (part of) the rate determining step of 

the ORR. To understand the Co and Fe L2,3–edge XAS in detail with all its features, crystal 

field multiplet calculations are performed. A major challenge in these calculations is that the 

electronic structure of the central Fe atom in FePc is unclear. The Fe
2+

 could be either in a 

high–, intermediate– or low–spin state and in addition the 3d–orbital occupation has to be 

decided. In recent literature, the agreement is that the iron center is in the intermediate–spin 

state,
13-17

 but the discussion is undecided whether it is a 
3
A2, 

3
B2 or 

3
E spin state. Recent 

combinations of experiments and calculations have shown that the Fe
2+

 is most likely in the 
3
E spin state.

16,18
 Taking the 

3
E as ground state, semi–empirical multiplet calculations on the 

Fe L2,3–edge XAS were performed using spin state phase diagrams as starting point. It is 

known that the XAS shape depends on the spin state, which in turn depends on the chosen 

crystal field parameters. Measured in–situ Fe 2p XPS are compared with charge transfer 

multiplet calculations. The in–situ nitrogen K–edge XAS are also measured and both the Fe 

2p XPS and nitrogen K–edge XAS
19

 complement the results of the metal L2,3–edge XAS.  

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS 

2.1 In–situ XAS and XPS experiments 

Co(II)Pc powder, 97% pure from Aldrich and Fe(II)Pc powder, 96% pure from Alfa Aesar as 

received were pelletized. The electronic structure of the CoPc and FePc pellets was studied 

in–situ using XAS and XPS.
20-22

 Experiments were performed at the ISISS-PGM beam line at 

the Berliner Synchrotron Radiation Facility (BESSY) in Berlin (Germany). The experimental 

setup and principles for measuring in–situ XAS and XPS are described in more detail 

elsewhere.
23-26

 In brief, the samples were pressed into a self–supporting wafer (~20 mg) and 
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mounted on a sapphire sample holder, 2 mm away from a 1 mm diameter aperture to a 

differentially pumped electrostatic lens system. XAS measurements at the Fe L2,3–, Co L2,3–, 

N K– and O K–edge are performed using gas phase conversion electron yield (CEY) 

detection.
25

 The resolution of the XAS measurements was ~0.1 eV at the Co and Fe L2,3–

edge. In–situ Fe 2p XPS measurements have been performed using incident X–ray energy of 

1215 eV. The XPS peak positions were calibrated with respect to the main C 1s XPS peak 

(284.7 eV) or to the Fermi energy. The energy calibration by carbon was confirmed by the 

Fermi energy calibration, however due to low signal–to–noise ratio in the Fermi energy, 

limiting the calibration accuracy, the Fermi energy calibration was not used as the main 

correction. All XAS and XPS measurements were performed at room temperature. Gas flows 

of H2 or O2 through the reaction cell, leading to 0.5 mbar pressure in the cell, were regulated 

through mass flow controllers.  

2.2 Crystal Field Multiplet Calculations 

Experimental XAS are compared with crystal field multiplet calculations
27,28

 using the 

CTM4XAS interface.
29

 This approach includes both electron–electron interactions and spin–

orbit coupling for each open sub–shell of one atom. For simulation of the spectra, Slater–

Condon parameters are used. Atomic Slater–Condon parameters can be approximated by 80% 

of the Hartree–Fock calculated values.
30

 The Fe and Co L2,3–edge XAS spectra are calculated 

from the sum of all possible transitions for an electron excited from the 2p core level into an 

unoccupied 3d level. The ground state is approximated by the electronic configuration 3d
n
. In 

the ground state 3d spin–orbit coupling and the crystal field affect the 3d
n
 configuration. The 

3d
n
 ground state and the 2p

5
3d

n+1
 final state are affected by the 3d3d multiplet coupling. In the 

final state also the 2p3d multiplet coupling, the 2p and 3d spin–orbit couplings are included 

and in both ground and final state the crystal field potential in D4h symmetry are included. The 

strength of the crystal field is described with empirical parameters 10Dq, Ds and Dt and those 

parameters are optimized to experiment.
27

 The calculations provide the excitations and their 

oscillator strengths. These stick spectra are broadened with both a Lorentzian and Gaussian 

broadening to simulate the lifetime broadening and the experimental resolution respectively. 

In this research on the Fe and Co edge, the L3– and L2–edge were broadened with a 

Lorentzian of 0.3 and 0.4 eV respectively and additionally with a Gaussian of 0.2 eV. For 

XPS simulations, extra parameters for the charge transfer (Δ, U, Q and Tt2g and Teg) have to 

be included in the multiplet calculations. Multiplet calculations have been performed before 

on both XAS of FePc and CoPc in vacuum.
16,18,31

 The crystal field parameters in those studies 

are the starting point in our fitting procedure. 

2.3 DFT calculations 

All DFT calculations are performed using the ORCA program package.
32,33

 Geometry 

optimization of the FePc and CoPc molecules was performed using the BP86 potential and 

TZV–ZORA basis set for the metal atom and SV–ZORA basis sets
34

 for the other atoms and 

the Ahlrichs (2df,2pd) polarization functions were obtained from the TurboMole basis set 

library under ftp.chemie.uni-karlsruhe.de/pub/basen.
35,36

 Subsequently, the new geometry was 

optimized with the B3LYP potential and TZV–ZORA basis set for the metal and nitrogen and 

SV–ZORA basis sets for the other atoms. All the geometry optimizations achieved 
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convergence within 50 cycles. The difference between the first and second geometry 

optimization step was negligible. For CoPc the geometries are optimized with a total spin of 

2S+1= 2, further called Geom_CoPc_LS and 2S+1= 4, further called Geom_CoPc_HS. For 

the optimized Geom_CoPc_LS, the single–point energy is calculated for high–spin (2S+1= 4) 

as well. For the optimized Geom_CoPc_HS the single–point energy is also calculated for the 

low–spin (2S+1= 2). For FePc the geometries are optimized with a total spin of 2S+1= 3 

(Geom_FePc_IS) and 2S+1= 5 (Geom_FePc_HS). For the optimized Geom_FePc_IS, the 

single–point energy is also calculated for high–spin (2S+1= 5) and for the optimized 

Geom_FePc_HS the single–point energy is calculated for the intermediate–spin (2S+1= 3) as 

well.  

Oxygen molecules are attached to the metal of the optimized FePc and CoPc molecules in 

four geometries as reported by Wang et al.
11

 and then the distances of the O2 to MPc are 

optimized using BP86, and after that again optimized with the B3LYP exchange–correlation 

potential and TZV–ZORA basis sets for the metal and nitrogen and SV–ZORA for all other 

atoms. The molecules named O2–MPc_opt1 and O2–MPc_opt2 represent O2 adsorbed in an 

end–on configuration to metal M and O2–MPc_opt3 and O2–MPc_opt4 represent O2 adsorbed 

in a side–on configuration to metal M, where M= Fe, Co. 

3. RESULTS 

The results section is split in six parts: we discuss respectively in 3.1 the ground state DFT 

results of  (O2–)CoPc and (O2–)FePc, in 3.2 the Co L2,3–edge XAS, in 3.3 the Fe L2,3–edge 

XAS, in 3.4 the Fe 2p XPS, in 3.5 the nitrogen K–edge XAS and in 3.6 the oxygen K–edge 

XAS.  

3.1 Ground state DFT results of (O2–)CoPc and (O2–)FePc 

The ground state energies of CoPc were obtained with DFT, after geometry optimization with 

CoPc in the high– and low–spin states with respectively the Geom_CoPc_HS and 

Geom_CoPC_LS geometries. The energies are listed in Table 29. The lowest single–point 

energy for both the geometries is obtained when the low-spin case 2S+1= 2 is used. This 

agrees with a spin state of S= ½ of the Co
2+

 ion in CoPc as has been reported in literature.
15,17

 

Note that it seems better to optimize the geometry of the system using high–spin and then 

calculate the single–point energy for low–spin with the high–spin optimized geometry. 

Table 29. Optimized geometry of CoPc using the B3LYP exchange–correlation potential and the spin state 2S+1 with 

the single–point energy. 

Geometry 2S+1 Energy 

(Hartree) 

Geom_CoPc_LS 2 –3065.995 

Geom_CoPc_LS 4 –3065.994 

Geom_CoPc_HS 4 –3065.991 

Geom_CoPc_HS 2 –3066.003 
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The results in Table 30 for the ground state single–point energy of FePc in geometries 

optimized in high– and intermediate–spin, respectively Geom_FePc_HS and Geom_FePc_IS, 

show that the single–point energy is the lowest in the case of 2S+1=3 for both optimized 

geometries Geom_FePc_IS and Geom_FePc_HS. This agrees with other findings that suggest 

that the Fe ion in FePc should be intermediate–spin (S=1).
14-17,37-39

 Note that just as for CoPc, 

for FePc it seems better to optimize the geometry with high–spin (Geom_FePc_HS) and then 

try intermediate–spin, although the differences are smaller in the case of FePc (0.002 Hartree, 

which is about 0.08 eV). 

Table 30. Optimized geometry of FePc using the B3LYP exchange–correlation potential and the spin state 2S+1 with 

the single–point energy. 

Geometry 2S+1 Energy 

(Hartree) 

Geom_FePc_IS 3 –2944.510 

Geom_FePc_IS 5 –2944.485 

Geom_FePc_HS 5 –2944.487 

Geom_FePc_HS 3 –2944.512 

 

For determining the ground state of oxygen molecules (O2) bound to CoPc and FePc, the 

situation is a bit more complicated. The O2 molecule is considered to be high–spin S= 1, so 

2S+1= 3 for O2. However, absorbed O2 may lead to low–spin O2, S= 0 (2S+1= 1). The O2 

molecule has been calculated separately with the B3LYP exchange–correlation potential and 

the SVP–ZORA basis set with the ORCA package and the single–point energy is –150.221 

Hartree for the high–spin O2. 

Combined with the most important suggested spin ground states for FePc (HS and IS) and 

CoPc (HS and LS), that may lead to the following possibilities of spin states S, in brackets 

followed by 2S+1: 

For O2–CoPc the spin states S can be:  

 CoPc LS + O2 LS = ½ + 0 = ½ (2S+1= 2)  

 CoPc LS + O2 HS = ½ + 1 = 1½ (2S+1= 4)  

 CoPc HS + O2 LS = 1½ + 0 = 1½ (2S+1= 4) 

 CoPc HS + O2 HS = 1½ + 1 = 2½ (2S+1= 6) 

For O2–FePc the spin states S can be:  

 FePc IS + O2 LS = 1 + 0 = 1 (2S+1= 3)  

 FePc IS + O2 HS = 1 + 1 = 2 (2S+1= 5) 

 FePc HS + O2 LS = 2 + 0 = 2 (2S+1= 5) 

 FePc HS + O2 HS = 2 + 1 = 3 (2S+1= 7)  

In the O2–FePc case, the S= 0 case (2S+1= 1) is considered as well, since it is in principle 

possible to have a FePc IS (S= 1) with O2 HS with opposite spin (S= –1). 
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The analysis of the geometries with different spin states and the single-point energies with 

spin state S= A of the geometries with spin state S= B (A≠ B), shows that the spin state of the 

O2 can be considered to be S= 0 (2S+1= 1). In general, the lowest energies correspond to O2–

CoPc S= ½ and O2–FePc S= 1, exactly the same spin state S as for the CoPc and FePc without 

O2 respectively. In all O2–CoPc cases, the (2S+1= 4) are relatively close in energy to the O2–

CoPc (2S+1= 2).  

The molecules named O2–MPc_opt1 and O2–MPc_opt2 represent O2 adsorbed in an end–on 

configuration to metal M and O2–MPc_opt3 and O2–MPc_opt4 represent O2 adsorbed in a 

side–on configuration to metal M, with M= Fe or Co. The adsorption energy Ead is defined as 

the energy difference between the energies of the separate O2 and MPc molecules and the 

adsorbed O2–MPc molecule, Ead= EO2+EMPc–EO2-Pc. Positive adsorption energies would mean 

that the O2 prefers to attach to the MPc, while negative adsorption energies mean that the 

molecules rather like to be separate molecules than a combined molecule, thus catalysis of the 

breaking up of O2 is not allowed and that could lead to no reactivity.  

Table 31. Adsorption geometry and spin state versus single–point energy for O2–CoPc using the B3LYP exchange-

correlation potential. “Above M–N bond?” means that the O2 molecule is above a M–N bond, for examples of these 

geometries, see Wang et al.
11

 The adsorption energy is the difference between the sum of energies of separate O2 and 

MPc molecules with the energy of the combined O2–MPc. 

 Adsorption 

Geometry 

Above M-N 

bond? 

2S+1 Energy 

(Hartree) 

Adsorption 

Energy (Hartree) 

O2–CoPc_opt1 End–on Yes 2 –3216.407 0.259 

O2–CoPc_opt1 End–on Yes 4 –3216.364 0.216 

O2–CoPc_opt1 End–on Yes 6 –3216.346 0.198 

O2–CoPc_opt2 End–on No 2 –3216.409 0.261 

O2–CoPc_opt2 End–on No 4 –3216.367 0.219 

O2–CoPc_opt2 End–on No 6 –3216.346 0.198 

O2–CoPc_opt3 Side–on No 2 –3216.267 0.119 

O2–CoPc_opt3 Side–on No 4 –3216.227 0.079 

O2–CoPc_opt3 Side–on No 6 –3216.216 0.068 

O2–CoPc_opt4 Side–on Yes 2 –3215.804 –0.344 

O2–CoPc_opt4 Side–on Yes 4 –3215.796 –0.352 

O2–CoPc_opt4 Side–on Yes 6 –3215.756 –0.392 

 

Combined with the result for the lowest energy of CoPc from Table 29 and for a free O2–

molecule (–150.145 Hartree), it is clear that about all O2–CoPc in the end–on configuration 

(O2–CoPc_opt1 and O2–CoPc_opt2) have a positive adsorption energy, even depending on 

the spin state. The side–on configurations of O2–CoPc have a negative adsorption energy (O2–

CoPc_opt4) or a small positive adsorption energy (O2–CoPc_opt3) relative to the end–on 

configurations of O2–CoPc. Note that the adsorption energies of the O2–CoPc in the side–on 

configuration above a M–N bond are relatively very negative (< –0.34 Hartree) and this 

shows that such geometry is really not allowed. In the end, this confirms that the O2 rather 

likes to bind in an end–on configuration than in a side–on configuration in the case of CoPc. 

In all O2–FePc cases in Table 32, the (2S+1= 1) is relatively close in energy to the O2–FePc 

with (2S+1= 3). The single–point energy calculation of O2–FePc_opt3 with (2S+1= 1) is even 

the lowest in energy. 
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Table 32. Adsorption geometry and spin state versus single–point energy for O2–FePc using the B3LYP potential. 

Above M–N bond means that the O2 molecule is above a M–N bond, for examples of these geometries, see Wang et 

al.
11

 The adsorption energy is the difference between the energy of separate O2 and MPc molecules with the combined 

O2–MPc. 

 Adsorption 

Geometry 

Above M-N 

bond? 

2S+1 Energy 

(Hartree) 

Adsorption 

Energy (Hartree) 

O2–FePc_opt1 End–on No 1 –3094.852 0.195 

O2–FePc_opt1 End–on No 3 –3094.864 0.207 

O2–FePc_opt1 End–on No 5 –3094.820 0.163 

O2–FePc_opt1 End–on No 7 –3094.802 0.145 

O2–FePc_opt2 End–on Yes 1 –3094.808 0.151 

O2–FePc_opt2 End–on Yes 3 –3094.821 0.164 

O2–FePc_opt2 End–on Yes 5 –3094.776 0.119 

O2–FePc_opt2 End–on Yes 7 –3094.697 0.040 

O2–FePc_opt3 Side–on Yes 1 –3094.719 0.062 

O2–FePc_opt3 Side–on Yes 3 –3094.714 0.057 

O2–FePc_opt3 Side–on Yes 5 –3094.691 0.034 

O2–FePc_opt3 Side–on Yes 7 –3094.634 –0.023 

O2–FePc_opt4 Side–on No 1 –3094.752 0.095 

O2–FePc_opt4 Side–on No 3 –3094.776 0.119 

O2–FePc_opt4 Side–on No 5 –3094.742 0.085 

O2–FePc_opt4 Side–on No 7 –3094.697 0.040 

 

Combined with the result for the lowest energy of FePc from Table 30 and for a free O2–

molecule (–150.145 Hartree for O2 as mentioned above), it is clear that almost all of the 

calculated O2-FePc cases have a positive adsorption energy. Only the side–on configuration 

with the M–N bond below the O2 molecule and with a 2S+1= 7 has a negative adsorption 

energy, but first of all this value is relatively close to zero (–0.023) compared to the –0.34 

Hartree in the O2–CoPc configuration that have negative adsorption energies and second it 

might just be that this 2S+1= 7 is rarely observed, because it means that the Fe in FePc is 

high–spin and the O2 is also high–spin. Overall, the O2 molecule can bind in both end–on and 

side–on in the case of FePc and according to the energies there is not too much difference in 

the adsorption energy. 

Summarizing, according to Wang et al.,
11

 the side–on configurations O2–CoPc_opt3 and O2–

CoPc_opt4 should not be energetically stable compared to free CoPc and O2. Our DFT 

calculations partially agree with the calculations by Wang et al. on that point, but in some 

cases the O2–CoPc in side–on configuration seems allowed, based on our calculations, 

although the adsorption energy is quite low compared to the O2–CoPc end–on configurations. 

Note that we did our measurements using the B3LYP exchange–correlation potential, while 

Wang et al. used the PW91 exchange–correlation potential which could be the reason of the 

differences between our results and those by Wang et al.  In the O2–FePc cases, the adsorption 

energies of the end–on and side–on configurations have values closer to each other, which 

means that it is more probable to have both types of adsorption geometry.  

3.2 Co L2,3–edge XAS of CoPc 

The experimental Co L2,3–edge XAS for a CoPc pellet are shown in Figure 46. These XAS 

were taken after no changes in the Co L2,3–edge and N K–edge XAS in the new gas 

environment were noticed anymore. The XAS of CoPc in helium (black) and in the first cycle 
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of hydrogen (red) resemble each other. The XAS of CoPc in oxygen (blue) is drastically 

different at the L3–edge. After being in contact with O2, the Co L2,3–edge XAS does not seem 

to change in the reducing H2 environment (H2(2
nd

), red). The XAS even does not change in 

CO (orange) environment. Co L2,3–edge XAS were calculated with crystal field multiplet 

theory using the CTM4XAS interface
29

 and are compared to the experimental spectra in the 

same figure (Figure 46). 
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Figure 46. Co L2,3–edge XAS of, from bottom to top, a multiplet calculation of Co
2+

 with 10Dq= 2.3, Dt= 0.2 and Ds= 

0.7 eV (green, 
2
B), a multiplet calculation of Co

2+
 with 10Dq= 2.3, Dt= 0.2 and Ds= 0.5 eV (pink, 

2
A), experimental 

spectra of CoPc pellets in helium (He, black), hydrogen (H2, red), oxygen (O2, blue), for the second time in hydrogen 

(H2(2
nd

), red) and in carbon monoxide (CO, orange) environment with gas pressures of 0.5 mbar.  

The Co L2,3–edge XAS of CoPc in H2 has agreement with the XAS of a crystal field multiplet 

calculation of Co
2+

 with crystal field parameters 10Dq= 2.3, Dt= 0.2, Ds= 0.7 eV and Slater 

integrals reduced to 75% of the atomic values. With these parameters, the energy difference 

between the t2g and eg (in Oh symmetry) is Δ0= 1.13 eV. The ground state of the Co
2+

 in this 

symmetry and crystal field is low–spin 
2
B (dxz,yz

4
dz2

2
dxy

1
). The XAS shape of CoPc in H2 is 

reproduced by the calculation. Covalent effects are not fully taken into account in the present 

multiplet calculation. Extended Slater integral reduction, meaning lower than 80% of the 

Hartree-Fock values, can give a first approximation to covalent effects, as used here instead of 

taking covalent effects into account using charge transfer multiplet theory. 

The Co L2,3–edge of CoPc in O2 is in close agreement with a multiplet calculation of Co
2+

 

using crystal field parameters 10Dq= 2.3, Dt= 0.2 and Ds= 0.5 eV and Slater integrals again 

reduced to 75% of the atomic values. With these parameters, the energy difference between 

the t2g and eg (in Oh symmetry) remains Δ0= 1.13 eV. Only the Ds value is lower in 
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comparison with the multiplet calculation for CoPc in H2 mentioned above. This agrees with 

the expectation that O2 bound to CoPc makes the symmetry around the Co atom more 

“octahedral–like”, so the Ds value should become smaller. With the lower Ds value the 

occupation of the 3d-orbitals changes such that the ground state of Co
2+

 in this crystal field is 

low–spin 
2
A (dxz,yz

4
dxy

2
dz2

1
). In the case of CoPc in O2, the values for the crystal field agree 

much better with recently published multiplet calculations for CoPc films.
18

 O2 has an effect 

on CoPc that leads to similar crystal field as ordered multilayer CoPc films. This shows that 

the ground state of the Co
2+

 in CoPc is delicate. Small perturbations change the 3d–orbital 

occupation and therefore the symmetry state. We performed multiplet calculations with Co
3+ 

but these did not agree with the experimental XAS of CoPc in H2 or in O2. This lead to the 

conclusion that the Co ion in CoPc is low–spin Co
2+

 in all gas environments measured (
2
B 

symmetry in H2 and 
2
A in O2). The electronic configuration of cobalt is stable after 0.5 mbar 

of oxygen has been in contact with CoPc. 

3.3 Fe L2,3–edge XAS of FePc 

The experimental Fe L2,3–edge XAS for a FePc pellet in vacuum and under 0.5 mbar 

pressures of respectively O2, H2, in a second cycle of O2 and under CO are shown in Figure 

47. These XAS were taken right after the moment that no changes in the Fe 2p and N 1s XPS 

spectra in the new gas environment were observed anymore. 

The XAS pattern of FePc in O2 (blue), compared to the XAS of FePc in vacuum (black), 

changes at the L3–edge, resulting in only a main peak at the higher energy side around 710 

eV. For FePc in H2 (red) after being in O2 atmosphere the XAS only slightly differs from the 

Fe L2,3–edge XAS of FePc in vacuum (black), so the XAS returns to the XAS of FePc at the 

start. The XAS of FePc in the second cycle of O2 resembles again the FePc in the first cycle 

of O2. The XAS of FePc in CO environment resembles a combination of the XAS of FePc in 

H2, but the first peak is less pronounced: A broad band in the Fe
2+

 region is coming up. It 

seems that it is not Fe
2+

 
3
E (only), since the band is broader than before. This might indicate 

that the Fe in CO goes to a spin (and oxidation) state which is inactive or at least less active 

towards oxygen reduction. 

The XAS of FePc in vacuum and the FePc in O2 are compared with multiplet calculations of 

Fe
2+

 with 10Dq= 2.7, Ds= 0.86 and Dt= 0.247 eV (Δ0= 1.26 eV) and Fe
3+

 with 10Dq= 1.8, 

Ds= Dt= 0 eV (Δ0= 1.80 eV). Atomic Slater integrals were used. The ground states of the Fe
2+

 

and Fe
3+

 are 
3
E (dxz,yz

3
dxy

2
dz2

1
) and 

6
A1 (dxz,yz

2
dxy

1
dz2

1
dx2-y2

1
) respectively. This implies that 

Fe
2+

 is in an intermediate–spin (IS) state as suggested for FePc.
13-17

 In contrast, the calculated 

XAS of Fe
3+

 is in a high–spin (HS) state.  

The XAS of FePc in vacuum agrees to XAS of the Fe
2+

 multiplet calculation with an 

intermediate–spin ground state as can be seen in Figure 47. The L3 pattern is especially 

reproduced by the Fe
2+

 calculation. We cannot exclude that there is some small contribution 

of Fe
3+

 high–spin in the experimental spectrum of FePc in vacuum.  

The XAS of FePc in O2 has resemblance to the multiplet calculation of Fe
3+

 high–spin (Figure 

47). The XAS of FePc in oxygen contains more Fe
3+

 contribution than the XAS of FePc in 
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vacuum. We conclude that the sample is a mixture of approximately 30±10% of Fe
2+

 IS and 

70±10% Fe
3+

 HS. 
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Figure 47. Fe L2,3–edge XAS, from bottom to top, a multiplet calculation of Fe
3+

 with 10Dq= 1.8 Ds=Dt= 0 eV (pink, 

Calc. Fe
3+

 HS), a multiplet calculation of Fe
2+

 with 10Dq= 2.7, Ds= 0.86 and Dt= 0.247 eV (green, Calc Fe
2+

 IS) and of 

a combination of the multiplet calculations with 30% Fe
2+

 and 70% Fe
3+

, experimental spectra (dark yellow, 30% 

Fe
2+

+70% Fe
3+

) of FePc in vacuum (black), oxygen (blue), in hydrogen (H2, red), for the second time in oxygen 

(O2(2
nd

), blue) and in carbon monoxide (CO, orange) environment with gas pressures of 0.5 mbar.  

The total integrated area of the L2,3–edge gives direct information about the amount of holes 

present and therefore about the relative oxidation state of the metal. Secondly, there is a 

relationship between the branching ratio L3/(L2+L3) and the spin state.
40,41

 The integrated area 

of some spectra are shown in Table 33. In this analysis, we assume that the L3–edge ends and 

L2–edge starts at 717 eV for FePc and at 788 eV for CoPc. 

Table 33. Integrated total, L3 and L2 area of the Fe or Co L2,3–edge of XAS spectra in H2 and O2 only normalized to 

the ring current. 

Spectrum Total area Area L3 Area L2 L3/(L2+L3) 

FePc in H2 0.148 0.102 0.046 0.688 

FePc in O2 0.162 0.128 0.034 0.788 

CoPc in H2 0.177 0.123 0.054 0.695 

CoPc in O2 0.179 0.129 0.050 0.719 
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The integrated areas support that the Fe ion changes partially from Fe
2+

 to Fe
3+

 going from H2 

to O2 environment, since the total area for FePc in H2 is 0.148 and it becomes higher for FePc 

in O2, suggesting an increase in the amount of 3d holes and therefore a (partial) change from 

Fe
2+

(d
6
) to Fe

3+
(d

5
). The total integrated area for CoPc in H2 and O2 is constant, confirming 

that there is no oxidation state change for the Co ion going from CoPc in H2 to CoPc in O2. 

The branching ratio confirms that there is a spin–state change between FePc in H2 and FePc in 

O2, while the difference between the branching ratio of CoPc in H2 and CoPc in O2 is less 

significant, supporting the observation that the Co does not change spin–state, only the 

electrons are re–distributed in other d–orbitals. One would expect that the total area, that is 

related to the d–holes, would be higher for Fe
2+

 and Fe
3+

 than for Co
2+

, since Co
2+

,  Fe
2+

 and 

Fe
3+

 have three, four and five d–holes respectively. However, that is not the case here. The 

differences can be ascribed to the different background of the XAS, which is only normalized 

to the ring current, for the different samples FePc and CoPc and to the measuring mode, so 

only relative differences between CoPc in H2 and O2 on one side and between FePc in H2 and 

O2 on the other side give useful information. 

3.4 Iron 2p XPS 

The partial change of Fe oxidation state from H2 to O2 is also visible in the 2p X–ray 

photoelectron spectra measured under the same conditions, just taken before the absorption 

spectra, as will be clear from the experimental data and the 2p XPS multiplet calculations in 

Figure 48.  

 

Figure 48. Left panel: Experimental in–situ Fe 2p XPS of FePc in H2 (red) and in O2 (blue). Right panel: 2p XPS 

calculations using the CTM4XAS interface for Fe
2+

 with 10Dq= 2.7, Ds= 0.86, Dt= 0.247, Δ= 6, U= 7, Q= 9 and Teg= 2 

and Tt2g= 1 (black) and for Fe
3+

 with 10Dq= 2.0, Δ= 3, U= 7.5 and Q= 9.5 eV and Teg= 2 and Tt2g= 1 (red). 

In the left panel of Figure 48 experimental Fe 2p XPS spectra of FePc in H2 and in O2 are 

shown. The 2p3/2 band of FePc in H2 at 709.2 eV is shifted to 709.7 eV for FePc in O2, which 

indicates a partial oxidation state change from Fe
2+

 to Fe
3+

. Note that the peak at 709.2 eV is 

still visible in the Fe 2p XPS of FePc in O2. XPS multiplet calculations of Fe
2+

 and Fe
3+

 were 

performed and the results are shown in the right panel. For more detailed background 

information on XPS, one is referred to chapter 7. 
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The calculations of the Fe 2p XPS in the right panel are in agreement with the experimental 

in–situ XPS of FePc in H2 and O2 in the left panel of Figure 48. In the 2p XPS calculations 

the crystal field parameters of the calculations (10Dq, Ds and Dt) were the same as the 

parameters found for the XAS calculations. The charge transfer parameters Δ, U and Q for 

Fe
2+

 and Fe
3+

 were estimated from the trend given by Bocquet et al.
42

 The peak at 718 eV in 

the in–situ XPS of FePc in O2 (blue) in the left panel of Figure 48 is found in the calculation 

of Fe
3+

 with a higher intensity than for the Fe
2+

. The band at 720–725 eV obtained for FePc in 

H2 (red line) has less intensity in the FePc in O2, which is also found in the calculations: the 

band between 720 and 725 eV is for Fe
2+

 more intense and narrower than the band for the 

Fe
3+

 calculation. 

3.5 Nitrogen K–edges 

Also the nitrogen (N) K–edge XAS were studied in different gas environments. For more 

information about N K–edge XAS of transition metal systems we refer to Chen et al.
19

 The 

measured data were corrected for the absorption of the Si3N4 membranes, with the correction 

procedure mentioned below.  

 

Figure 49. Left panel: raw in–situ N K–edge XAS of CoPc in H2 (black), in O2 (red), in the second cycle of H2 (green) 

environment with gas pressures of 0.5 mbar. Right panel: N K–edge XAS of a cleaned Au foil in H2 (black), in O2 

(red) and in N2 gas (green) with pressures of 0.5 mbar. 

The raw in–situ N K–edge spectra are shown in the left panel of Figure 49. The raw in–situ N 

K–edge XAS are corrected by spectra obtained for a gold (Au) foil reference shown in the 

right panel. This Au foil reference has been cleaned with an Ar gun and the N K–edge range 

is measured in gas atmospheres of H2, O2 and N2. In this way a reference without nitrogen is 

measured (in H2 and O2) to take into account the absorption by the Si3N4 membranes. 

The raw N K–edge XAS of CoPc in H2 and in the second cycle of H2 are divided by the N K–

edge of the Au foil in H2. Similarly, the raw N K–edge XAS of CoPc in O2 is divided by the 

N K–edge of the Au foil in O2. 

The resulting XAS patterns for the CoPc in H2 and O2 are shown in Figure 50. This procedure 

has also been performed for FePc in H2 before and after O2 introduction and for FePc in O2 

and the resulting XAS patterns are shown in Figure 51.  
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In Figure 50 the N K–edge XAS are shown for CoPc in H2 and O2 environment. The N K–

edge XAS of CoPc in H2 after O2 introduction shows changes in the intensity at 397 eV (Peak 

C, a small difference between black and green line) and 399.7 eV (Peak D), which we ascribe 

to changes in the nitrogen atoms surrounding the Co ion that supply charge to the O2 bonding. 

Note that in these N K–edge spectra some N2 gas is observed (as compared with the Au foil in 

N2, peaks between 400-402 eV), which means there was probably a N2 leak.  
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Figure 50. Experimental in–situ N K–edge XAS of CoPc in H2 (black), O2 (red) and in the second cycle of H2 after O2 

introduction (green) environment with gas pressures of 0.5 mbar. An Au foil reference in N2 (blue) is shown for 

comparison for the peaks in the 400-402 eV energy range. 

The N K–edge XAS of FePc in H2 (black line) and of FePc in the second cycle of H2 (green 

line) in Figure 51 show that the N K–edge changes only slightly in O2 with respect to H2. 
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Figure 51. Experimental in–situ N K–edge XAS of FePc in H2 (black), in O2 (red) and in the second cycle of H2 (green) 

environment with gas pressures of 0.5 mbar.  
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The N K–edge XAS of FePc in O2 (red line) is a little different from the FePc in H2, but that 

is due to the different background profile. The shape of the N K–edge is not so different, 

except the peak at 402.5 eV in the XAS in H2 and N K–edge XAS of FePc in O2 is somewhat 

noisier. The nitrogen atoms in the FePc do not seem to contribute a significant amount of 

charge to the oxygen binding. There are no differences between the N K–edge of FePc in H2 

before and after O2 introduction. Combined with the Fe L2,3–edge XAS of FePc in vacuum 

and H2 after O2 introduction, this suggests that the O2 or the fragments of O2 are more easily 

released from the FePc than from the CoPc.   

3.6 Oxygen K–edges 

In Figure 52 the O K–edge XAS of CoPc in O2 (blue line) shows mainly the O2 pattern of the 

gaseous O2, which is remarkable since a background of the gaseous O2 has already been 

subtracted in the gas conversion yield measurement.  
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Figure 52. In–situ O K–edge of CoPc in H2 (red), CoPc in O2 (blue) and CoPc in H2 after O2 introduction (2
nd

 cycle of 

H2) environment of 0.5 mbar. Some significant changes are indicated with A and B. 

In the O K–edge XAS of CoPc in H2 after the O2 introduction, the peak at 531 eV (A) is 

increased in comparison to the CoPc in H2 before the O2 introduction, but the peak did not 

shift indicating that the metal–oxygen binding did not result in an oxidation state change in 

the Co. The main band around 539 eV (B) is shifted to higher energy (~540 eV) in the case of 

CoPc in the second cycle of H2. Note that the spectra are normalized to the highest peak and 

therefore it seems the CoPc in H2 contains a lot of oxygen, while, in general, the O K–edge of 

CoPc in H2 should be zero. It seems that oxygen is already in small amounts bound to CoPc 

before the sample was introduced in the chamber of the X–ray beam.  

In Figure 53 the O K–edge XAS of FePc in H2 and O2 are shown. There are differences in the 

O K–edge signal before and after O2 introduction. The XAS of FePc in O2 shows, as for CoPc 

in O2, mainly the gaseous O2 XAS–pattern. 

The features A and B in Figure 53 are effects of the relative amounts of Fe
2+

 and Fe
3+

: the 

band indicated with A is oxygen related to Fe
3+

 (O–Fe
3+

 bonding) and the band indicated with 

B is oxygen related to Fe
2+

 and / or related to gaseous O2. A slightly higher relative amount of 

Fe
3+

, as seen in the higher intensity for the band A in the green line, is found after O2 

exposure. Also band B is lower in the green line, indicating a lower relative amount of Fe
2+

. 
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Figure 53. In–situ O K–edge XAS of FePc in H2 (red), FePc in O2 (blue) and FePc in the second cycle of H2 (after O2 

introduction) (green) environment with pressures of 0.5 mbar. The arrows with A and B indicate the main differences 

of the FePc in H2 and FePc in the second cycle of H2. 

4. DISCUSSION 

The oxidation state change for the Fe between H2 and O2, also found by Cook et al. for FePc 

in air
43

 and the lack of oxidation state change for the Co, illustrates that CoPc and FePc have 

different ways of oxygen adsorption. Wang et al. mention that there is more charge transfer 

from the MPc molecules to the absorbed O2 molecules in the side–on configurations than the 

end–on configurations, which they have based on Mullikan charge analysis. This suggests that 

the experimentally obtained oxidation state change of Fe between H2 and O2 indicates that the 

O2 binds in a side–on configuration to FePc, as previously found by calculations from Wang 

et al.
11

 However, for FePc in O2 peaks indicative for Fe
2+

 are still visible in both the Fe L2,3–

edge XAS and Fe 2p XPS. Most likely the remaining Fe
2+

 in O2 environment is related to the 

FePc that is not in direct contact with the O2 gas.  Part of the FePc that is not in direct contact 

with the O2 gas is taken into account in the measurement of CEY–XAS and XPS 

measurements, implying that one observes Fe
2+

 which is not directly into contact with O2 plus 

surface Fe
3+

. Alternatively, this Fe
2+

 could indicate that there is a small part of O2 bound in 

the end–on configuration. Wang et al.
11

 and Sabelli et al.
44

 found that the end–on 

configuration for O2 bound to FePc (without oxidation state change) is more stable than the 

side–on configuration, so bonding of O2 to FePc in an end–on configuration might also be a 

possible explanation for the remaining Fe
2+

 in O2. For the CoPc, the Co ion remains Co
2+

, 

which means that there is no side–on O2 configuration on CoPc and only end–on 

configuration is allowed as expected.  

Comparing the experimental data with XAS calculations reveals that multiplet calculations 

using CTM4XAS can capture the main features in the XAS and XPS spectra and provide 

valuable insights for the peak assignments and interpretation of spectral changes, but the 

disadvantage is that one has to fit several semi–empirical parameters for lower–symmetry 

compounds.  
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The N K–edge XAS of CoPc in H2 and O2 show that the nitrogen atoms (surrounding the Co 

ion) contribute in some way to the O2 adsorption, while the N K–edge XAS of FePc in H2 

before and after O2 introduction show that there is a negligible effect of the nitrogen atoms 

(that are the direct neighbors of the Fe) to the O2 adsorption to FePc. 

The O K–edge XAS of CoPc in H2 and FePc in H2 confirm the observations made from the 

metal L2,3–edges, that the Co ion does not change oxidation state, while the Fe ion does 

change partially oxidation state from 2+ to 3+. 

5. CONCLUSIONS 

The Co L2,3–edge XAS as interpreted by crystal field and charge transfer multiplet 

calculations show that the Co ion in CoPc is in the low–spin state. In oxygen atmosphere, the 

occupation of the 3d–orbitals changes and the symmetry changes from 
2
B to 

2
A, but the spin 

state remains low–spin. After the CoPc has been in contact with O2, the 3d–orbital occupation 

remains fixed, i.e. the symmetry remains 
2
A. This can be due to the strong bonding of oxygen 

to CoPc or to the tendency that 
2
A is the preferred low–spin state over 

2
B in more octahedral–

like surrounding. 

The Fe L2,3–edge XAS combined with the multiplet calculations show that Fe in FePc in 

vacuum is in the 
3
E intermediate–spin state. In O2, the Fe oxidation state shifts to high–spin 

Fe
3+

, indicating a charge transfer from the metal to the oxygen in oxygen binding. Since the 

Co does not change oxidation state in O2 compared to H2, the O2 binding is likely to happen in 

the end–on configuration. This agrees well with the DFT calculations by Wang et al.
11

 and 

thereby provides experimental data supporting the proposition of the binding model with 

expected half reaction for the ORR. 
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Chapter 7. XPS and resonant photo–

emission of α–Fe2O3 and the charge 

transfer parameters 

ABSTRACT 

In this chapter, a comparison of Fe
3+

 1s XPS charge transfer multiplet calculations using Δ, U, 

Q, 10Dq and Teg and Tt2g with experimental hard X–ray Fe 1s XPS for α–Fe2O3 is performed. 

The obtained parameters are applied to the more common Fe 2p XPS calculations, which are 

shown first in this chapter and these calculations are compared with experimental 2p reference 

XPS and our experiment of hard X–ray 2p (bulk) XPS. Subsequently, the obtained calculation 

parameters are also used in Fe 3s XPS and Fe 3p XPS and compared to the corresponding 

experimental XPS. Also some experimental data on the resonant photoemission around the Fe 

3s XPS with incident energies around the Fe K–edge XAS. This chapter shows that a 

measurement of Fe 1s XPS gives more detailed information on the amount of configurations 

that have to be taken into account in the charge transfer multiplet calculations and besides that 

the values of the charge transfer parameters of the system of study. The parameters as 

obtained for Fe 1s and 2p XPS are also valid for Fe 3s and 3p XPS. 
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1. INTRODUCTION 

X–ray photoelectron spectroscopy (XPS), also known as Electron Spectroscopic Chemical 

Analysis (ESCA), is one of the most important techniques to acquire electronic and chemical 

state information of materials. XPS was developed by Kai Siegbahn and coworkers at the 

University of Uppsala, Sweden. In 1981 Siegbahn was awarded part of the Nobel Prize for 

physics for his work on XPS.
1
 

1.1 XPS versus XAS 

XPS describes a similar process as X–ray absorption spectroscopy (XAS), i.e. the excitation 

of a core electron from the ground state to some excited state. One difference with XAS is the 

difference in measurement and the type of excited state. In XAS (near–edge) an electron is 

excited to an unoccupied level, while in XPS a core electron is excited to become a “free” 

electron. A second difference is that the measurement in XAS is based on the difference 

between the incident intensity and the transmitted (or some yield mode) intensity and in XPS 

the measurements are based on the kinetic energy of the free electrons at a constant incident 

energy.
2
  

1.2 Features in XPS 

Thus, in (core–level) XPS an electron is excited to an energy high above the Fermi level and 

it can be considered as a free electron with some velocity (= kinetic energy). The shape of the 

XPS spectrum is determined by the reaction of the system on the core hole and the leaving 

electron. If no reaction takes place, the outgoing electron measures simply the binding energy 

of the core level. However, the system reacts on the core hole by relaxation processes. As an 

example, for 2p XPS an important effect of the reaction of the system is the two–electron 

integral <2p3d|1/r|2p3d> giving rise to a core hole potential, often denoted Ucd or Q. The core 

hole spin–orbit coupling is important too and gives rise to two different XPS peaks, the 2p3/2 

and 2p1/2 edges.  

The energy or energies of the exciting radiation depends on the X–ray source, e.g., Al Kα 

(1586.6 eV), Mg Kα (1253.4 eV), Cu Kα (8047.8 eV)
3,4

 or a synchrotron (~0.1–6 keV). The 

incident X–ray energy places a limit on the binding energies of the electron energy levels that 

can be studied with XPS. In this chapter we only focus on synchrotron–based XPS. The 

spectrum obtained is a plot of the number of emitted electrons per energy interval versus their 

kinetic energy (KE). Since the mean free path of the electrons is very small, the electrons 

which are detected originate from only the top few atomic layers and therefore XPS is 

considered to be a surface–sensitive technique. Quantitative data can be obtained from the 

peak heights or areas and identification of chemical states often can be made from the exact 

positions and separations of the peaks, as well as from certain spectral contours. The binding 

energy (BE) of a core electron depends on the electron density of the atom, since there is 

screening of the core electron. The electron density of an atom is affected by electronegativity 

of neighboring atoms and therefore XPS can be used as chemical shift fingerprint in 

combination with reference data, like the Handbook of X–ray Photoelectron Spectroscopy.
5
 

The emitted free electrons have KE, given by: sKE h BE    where h is the energy of the 
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incident (X–ray) photon, BE  is the binding energy of the atomic orbital from which the 

electron originates and s is the spectrometer work function. 

In addition to photoelectrons emitted in the photoelectric process, Auger electrons may be 

emitted because of relaxation of the excited ions remaining after photoemission. This Auger 

electron emission occurs roughly 10
–14

 seconds after the photoelectric effect. In the Auger 

process, an outer electron falls into the inner orbital vacancy and a second electron is 

simultaneously emitted, carrying off the excess energy. The Auger electron possesses KE 

equal to the difference between the energy of the initial ion and the doubly charged final ion 

and is therefore independent of the mode and energy of the initial ionization. So in general, 

photoionization leads to two emitted electrons: a photoelectron and an Auger electron and due 

to conservation of energy the sum of the KEs of the electrons emitted cannot exceed the 

energy of the ionizing photons. The Auger electron peaks are group of lines in rather complex 

patterns. There are some main Auger series observable in XPS. The KLL series, for example 

includes those processes with an initial vacancy in the K shell (1s) and final double vacancy 

in the L (2p) shell. The symbol V (e.g., KVV) indicates that the final vacancies are in valence 

levels. The KLL series has theoretically nine lines and other Auger series have still more. 

Because Auger lines have a KE which is independent on the ionizing radiation, they appear 

on a BE plot to be in different positions when ionized photons of different incident energies 

(i.e, different X–ray sources or incident X–ray energies in case of the synchrotron) are used.
5
  

Not all photoelectric processes are simple ones which lead to the formation of ions in the 

ground state, but there is a finite probability that the ion will be left in an excited state a few 

electron volts above the ground state. In this event, the KE of the emitted photoelectron is 

reduced, with the difference corresponding to energy difference between the ground state and 

the excited state. This results in formation of a satellite peak a few electron volts lower in KE 

(and thus higher in BE) than the main peak. More than one satellite of a principal 

photoelectron line can also be observed. The displacements and relative intensities of shake–

up satellites are useful in identifying the chemical state of an element.
5
  

With some materials, there is an enhanced probability for loss of a specific amount of energy 

due to interaction between the photoelectron and other electrons in the surface region of the 

sample. The energy loss phenomenon produces a distinct and rather sharp hump 20–25 eV 

above the binding energy of the parent line. Such phenomena in insulators are rarely sharper 

and are usually much more muted. They are different in each solid medium. With metals, the 

effect is often much more dramatic. Energy Loss to the conduction electrons occurs in well-

defined quanta characteristic of each metal. These plasmons arise from group oscillations of 

the conduction electrons. The photoelectron line, or the Auger line, is successively mirrored at 

intervals of higher binding energy with reduced intensity. The so-called bulk plasmons are the 

more prominent of these lines and a second series, the surface plasmons, exists. The energy 

loss due to plasmons is not easily observed in nonconductors nor is it prominent in all 

conductors.
5
  

Emission of an electron from a core level of an atom that itself has a spin (unpaired electrons 

in valence levels), such as the iron atom in this study, can create a vacancy in two or more 
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ways. The coupling of the new unpaired electron left after photoemission from an s–type 

orbital with other unpaired electrons in the atom can create an ion with several possible final 

state configurations and as many energies. This results in a photoelectron line which is split 

asymmetrically into several components. Multiplet splitting also occurs in the ionization of p 

levels, but the result is more complex and subtle. In favorable cases, it results in an apparent 

slight increase in the spin doublet separation, evidenced in the separation of the 2p1/2 and 2p3/2 

lines in the 3d transition metals, and in the generation of a less easily noticed asymmetry in 

the line shape of the components. Often such effects on the p doublet are obscured by shake–

up lines.  

The electrons leaving the sample are detected by an electron spectrometer according to their 

kinetic energy. The analyzer is usually operated as an energy window, referred to as the pass 

energy, accepting only those electrons having an energy within the range of this window. To 

maintain a constant energy resolution, the pass energy is fixed. Incoming electrons are 

adjusted to the pass energy before entering the energy analyzers.
5
  

1.3 2p XPS of α–Fe2O3 

For 3d metal materials, commonly XPS studies are performed on the 2p levels of the 3d metal 

of interest (2p XPS), mainly due to the BE around 700 eV which can easily be accessed by the 

different X–ray sources. For XPS with materials that have unpaired electrons, one expects 

multiplet effects in the XPS as mentioned in section 1.2. The 2p XPS has been studied for a 

lot of elements and reference books show the dependence of XPS binding energy with the 

chemical and oxidation state of the studied atom.
5
 In addition, as mentioned in section 1.2 the 

general XPS is a surface–sensitive technique, since it depends on the work function of 

electrons leaving the material. For synchrotron–based XPS one could opt for more bulk–

sensitive XPS by choosing harder incident X–ray energies, which will be described in section 

1.4.    

As mentioned in section 1.2, in 2p XPS an important effect is the two–electron integral 

<2p3d|1/r|2p3d> giving rise to a core hole potential, denoted Q in this study. The core hole 

spin–orbit coupling is important too and gives rise to the 2p3/2 and 2p1/2 edges. Also the 

ordering of states in the final state is modified: the charge transfer effect, which has been 

shown by Zaanen et al.
6
 and will be explained further in the theoretical section. The 

importance for electronic structure is that in the analysis of the (2p) XPS spectra, parameters 

which are used in the Hubbard model can be determined more accurately than in the 

corresponding valence spectra.
7,8

 

The Fe 2p XPS spectrum of α–Fe2O3 has been studied a lot in combination with detailed 

analysis.
9-11

 Fujii et al. have shown an α–Fe2O3 spectrum combined with a charge transfer 

multiplet calculation using two configurations (Fe
3+

, d
5
 and d

6
L) with Δ= 2 eV, Teg= 2.6 

(Tt2g= 1.3), U= 7.5 eV and Q= 8.0 eV and a 10Dq= 0.5 eV.
11

 These used charge transfer 

parameters are a starting point for our fits. It was found that it is sometimes necessary to 

include three electronic configurations for the 2p XPS,
12

 so we will use three electronic 

configurations instead of two electronic configurations. 
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Caliebe et al.
13

 performed RIXS on α–Fe2O3 and show calculations with Q(1s/2p d)= 7.3 eV, 

Teg= 2.3, U= 6.0 eV and Δ= 4.7 eV and they used a crystal field value of 10Dq= 0.94 eV, 

while Kuiper et al. used a value of 10Dq= 1.45 eV. In general the value of 10Dq does not 

matter too much, but for this study the 10Dq will be set around 1.8, which is related to 0.6 

10Dq points per valence and this value is important in the case of the second configuration 

d
6
L, since 1.8 eV is close to the high– to low–spin transition in the case of d

6
(L) (as was 

found in chapter 4). 

1.4 Hard X-ray photoemission spectroscopy 

Hard X–ray photoemission, in literature abbreviated with HXPS or HAXPES or HX–PES, in 

which the excitation energies range from about 1.5 keV to 6 keV, is emerging as a new 

technique with broad possibilities for studies of complex materials and buried–layer 

nanostructures. Due to the increased electron inelastic mean free paths at higher excitation 

energies, it is possible to more cleanly probe bulk composition, atomic structure and 

electronic structure, as well as better depth profiling for multilayer nanostructures of interest. 

For hard X–ray PES, the Cu Kα1 can be used as X–ray source
4
 and at different synchrotrons 

in the world it is possible to measure hard X–ray photoemission, among them ESRF,
14

 Bessy 

II
15,16

 and Spring–8.
17-19

 Since the “free” photoelectrons have higher kinetic energy, this hard 

X–ray XPS technique is sometimes called High Kinetic Energy XPS or HIKE–XPS. 

In addition the use of hard X–rays for photoemission studies allows the measurement of the 1s 

XPS spectra and, even more interesting, the measurement of a range of XPS spectra at the X–

ray absorption edges like 1s when tunable X–ray sources (synchrotrons) are used as the 

excitation X–ray source. Over the last 10 years hard X–ray excited X–ray emission 

experiments have reached a number of interesting options to reach detailed information on the 

electronic structure of solids: 1s2p resonant inelastic X–ray scattering (RIXS)
13

 and 1s3p 

RIXS have been used for a wide variety of materials including iron oxides.
20

 In this chapter 

hard X–ray photoelectron emission is performed to explore its capabilities on understanding 

electronic structure of iron compounds.  

1.5 Fe 1s XPS 

For 3d materials, such as the iron oxide α–Fe2O3 system we study in this chapter, the 

photoemission of the 1s level is particularly important as a probe of the electronic structure of 

these materials, since the 1s XPS peak is expected to possess the simplest shape due to the 

absence of spin–orbit splitting and the fact that the exchange splitting is expected to be at a 

minimum due to the small overlap between 1s and unfilled d orbitals.
21

 Hard X–ray XPS has 

been performed on iron metal and other 3d transition metals before, using a Cu Kα1 source,
4,22

 

and on Ti metal and TiO2
23,24

 but to our knowledge 1s XPS using hard X–ray photoemission 

has not been applied to iron oxides before. 

While the 1s edge is not affected by spin–orbit coupling and multiplet effects, which are 

useful effects for symmetry determination
2
 but complicate the detailed analysis of 2p, 3s and 

3p XPS, this means that 1s XPS spectra could turn out to be very convenient spectra for the 

determination of the charge transfer parameters described in more detail in the Theoretical 

Section (e.g., Δ, U, Q, etc.). 
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1.6 Resonant Photoemission Spectroscopy 

As soon as core hole creation takes place, there is a large chance that decay occurs. This 

implies that close to the XAS absorption edge, decay processes will be different from off–

resonance excitations. A major effect is the coherence between excitation and decay as 

described subsequently. Another interesting feature of resonant photoemission is that the 

direct PES channel and the indirect XAS+AES channel have the same initial and final states, 

hence they interfere with each other.
2
 

Thus, one can combine XAS and XPS and measure the XPS spectra as a function of the X–

ray excitation energy, for example while scanning through an absorption edge, which would 

result in some resonant photoemission. The resonant photoemission study we have performed 

is the scan through a Fe 1s XAS spectrum and measure at every excitation energy the 3s and 

3p XPS spectral shape. Off resonance, the 3p XPS spectral shape is given by the transition 

from the 3d
n
 + 3d

n+1
L to 3p

5
3d

n
 ε + 3p

5
3d

n+1
L ε final state, with ε being the “free” electron. 

On–resonance a second channel becomes available from the 3d
n
+3d

n+1
L ground state via the 

1s
1
3d

n+1
 + 1s

1
3d

n+2
L state in 1s XAS to the 3p

5
3d

n
 ε + 3p

5
3d

n+1
L ε final state. This resonance 

channel reaches exactly the same final state, which implies that both channels interfere. 

2. THEORETICAL SECTION 

XPS can be calculated using the charge transfer multiplet program. The Fe 1s XPS 

calculations are performed taking into account three ground states (and three excited states 

with a free electron), which are EG1= 3d
5
, EG2= 3d

6
L and EG3= 3d

7
L

2
, where L is an 

electron hole in a ligand. In principle even more states could be taken into account, but the 

computational demands grow rapidly and for the iron it is not possible to take into account 

four ground states. The energies of these states depend on the parameters Δ, U and Q as 

shown in Figure 54. These parameters have the following physical meaning: Δ is the energy 

difference between the initial ground state and the first excited ground state, U is the Hubbard 

U parameter which is the 3d–3d Coulomb interaction potential, actually it can be seen as the 

difference in energy of 3d
n
+3d

n
 and 3d

n-1
3d

n+1
.  

 

Figure 54. Schematic representation of the ground states EG1, EG2, EG3 and EG4 and the final states EF1, EF2, EF3 

and EF4 with the dependence of the relative energy of these states on Δ, U and Q. 
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This Hubbard parameter U should be the same in 1s, 2p, 3s and 3p XPS, since the different 

core levels do not change the 3d–3d interaction directly. Also Δ is an universal value for 1s, 

2p, 3s and 3p XPS. Q is the core–valence (so 1s3d, 2p3d, 3s3d or 3p3d) exchange potential. 

Other important parameters are the F
dd

, F
pd

 and G
pd

 Slater integrals for the calculations. In 

general the Slater integrals are reduced to 85% of the Hartree–Fock values to account for solid 

state effects. For the 3s and 3p XPS the F
pd

 and G
pd

 Slater integrals are further reduced to 60% 

of the Hartree–Fock values, but the F
dd

 Slater integrals are still reduced to 85% of the 

Hartree–Fock values. 

The intra–atomic multiplet interaction and the inter–atomic charge fluctuation are important 

to the 2p and 3s XPS. The energy level inversion between the d
n
 and d

n+1
L state occurs in the 

final state of 3s and 2p XPS for Ni and Co halides. The importance of the d
n+2

L
2
 state in the 

final state of the 2p and 3s XPS was noted, especially for the chlorides and bromides of Co 

and Ni halides.
12

 Also Zimmermann et al. indicate that the Fe 2p XPS of α–Fe2O3 contains a 

main line and two satellites.
25

 

With regard to the details of the electronic configuration, 2p XAS is not the ideal tool, mainly 

because of the insensitivity of some of the parameters of the model Hamiltonians to the 

simulations of the spectral shape. In this respect (2p) XPS and valence band photoemission 

spectroscopy are better tools in order to determine the parameter values in the various short 

range models like charge transfer multiplet codes such as can be performed with the interface 

CTM4XAS,
2
 but with the CTM4XAS interface currently only a maximum of two 

configurations can be taken into account in the calculation. 

For XPS, the effect of the core hole is important and, in fact, it localizes the problem. The 

higher–order terms of the core hole interaction with the 3d band are also important. The two–

electron integrals <2p3d|1/r|2p3d> and <2p3d|1/r|3d2p> contain the higher–order terms F
2
, G

1
 

and G
3
 Slater integrals. These have large values and give rise to a series of final states with 

different symmetries and energies: the so–called final state multiplet. PES dipole selection 

rules are neglected, which means all final state symmetries are allowed.
7
  

In the short range models as used for core spectroscopies, only the 3d state and ligand p band 

are retained. The 3d band is considered localized with an energy Ed and a coulomb repulsion 

energy U. The 3d states interact with ligand p state at energy position Ep. The hopping 

matrices are generally denoted as Tpd (e.g., in this chapter Teg and Tt2g are used, meaning 

interactions between the oxygen ligand 2p state and the eg and t2g d–states of the iron in 

octahedral symmetry). Also the ligand p states interact with each other via Tpp. This short 

range model can be used for a cluster describing the transition metal ion and its nearest 

neighbor ligand ions. The ligand states can also be described as bands by including the k–

dependence of the p band. Each transition metal atom contains localized 3d states but all other 

states are in principle described as bands. The Hamiltonian which is used (in the ground state 

of) in the short range (Anderson impurity) model is:  

† †( )d d pk pk pd d pk pk d d

k k

H n n T a a a U n n            (7.1) 
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where †

da  is the creation of a localized d state, nd (
†

d da a ) is the occupation number operator 

of the localized state. To describe the ground state, the starting point is a specific 3d 

configuration (3d
n
) as given by the formal valence of the ion of interest. If the hopping of this 

localized state with the ligand p band is considered, this gives rise to 3d
n+1

L configuration 

with and energy 
d p  , which is denoted here as Δ, the charge transfer energy. The 

electronic configuration of the ground state is given by a linear combination of 3d
n
+3d

n+1
L, 

plus, if necessary, the other more excited states. This ground state is determined by U, Δ and 

Tpd plus the shape of the band. In the final state of 2p XPS a core hole is present, which 

couples strongly to the 3d state via Q, which pulls down states with extra 3d electrons. The 

core hole in principle also couples to other valence states, but in most cases these couplings 

are assumed to be effectively included in Q. The final state Hamiltonian becomes:  

† †( ) ( )d d pk pk pd d pk pk d d d c c

k k

H n n T a a a a U n n n                (7.2) 

The four parameters Δ, Tpd, U and Q determine the shape of the 2p XPS (neglecting the 

multiplet effects for a moment).
8
 The energy of the core state (Ec) determines the energy 

position of the 2p edge. The situation for a typical charge transfer insulator (Δ= 3, U= 7 eV) 

is: the ionic configurations are given and the effects of hybridization are not included. In XPS, 

the ordering of the final states is changed because of the effect of the core hole potential 

<2p3d|1/r|2p3d>, Q. The energy difference between the localized state and the band in the 

final state, Δf(XPS) is given by Δ–Q, which for charge transfer insulators is negative. In general, 

Q is slightly larger than U. In the case of 2p XPS the situation is as follows: in general there 

are two (or three) low–lying states in the final state and their ordering has been changed with 

respect to the ground state. Under complete neglect of the hybridization only the 2p
5
3d

n
 final 

state can be reached. If hybridization is turned on the (two) lower states gain in intensity: 

partly due to ground state hybridization, but mainly due to final state hybridization and 

additionally due to the interference term.
7,8

  

In the case of 2p XPS of NiO and certain copper compounds it is necessary to extend the 

impurity model to a large cluster to allow for non–local screening effects, that is the formation 

of completely screened core hole (cd
9
 instead of normal cd

9
L) while the valence hole moves 

to a neighboring Ni to form a d
8
L state.

26,27
 

In general, the 2p XPS spectrum will contain large charge transfer satellites. XPS is sensitive 

to charge transfer effects, or in other words to the electronic configuration of the ground state. 

Δ determines for example the iconicity of a system: the higher Δ, the more ionic the 

corresponding metal ion.
7
  

The results of the multiplet calculations, the calculated transition energies and the 

corresponding oscillator strengths (sticks), are broadened with a Lorentzian of 0.4 eV and a 

Gaussian of 0.25 eV to account for the life time broadening and the experimental resolution 

respectively. In general for oxidized systems it is considered that Teg= 2 and Tt2g= 1.
28

 In all 

the cases considered |Teg|=2*|Tt2g| was used and we optimized the Teg values starting from 

Teg= 2. Bocquet et al. have shown metal 2p XPS calculations with configuration interaction 
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cluster model calculations for divalent and trivalent transition metal compounds.
29-32

 They 

varied Δ, U and T and show for different valences the best–fit parameter. For Fe
3+

 in the case 

of Fe2O3 or the comparable LaFeO3 they obtained best agreement with (Fe 2p XPS) 

experiment
32

 with about the following value ranges for the Δ, U, T and Q parameters: 2< Δ< 

4, 7< U< 7.5 and Teg~ 1.5. Combined with the data and analysis of other references,
10,11,29

 

these values are used as the starting point in our multiplet calculations. The values for Q were 

varied between U+0.5 and U+2.5.  

3. EXPERIMENTAL SECTION 

Hard X–ray (resonant) photoemission spectroscopy has been performed on α–Fe2O3. An 

incident X–ray energy of 10 keV was used for the Fe 1s XPS spectrum and an incident X–ray 

energy of 7.7 keV was used for the Fe 1s XAS, 2p XPS. The (off–)resonant photoemission 

spectra were taken in the appropriate Fe 1s XAS range. The recordings are performed with the 

VOLPE spectrometer at ID16.
14,33

 The photo energy band pass at 10 keV is 0.48 eV and at 7.7 

keV it is 0.42 eV, which is related to the energy resolution of the incident beam. The dwell 

time was 2 seconds, the pass energy was 40 eV. The energy scale is aligned on the Fermi 

energy of a gold foil reference, although for the Fe 1s XPS the energy scale is not further 

aligned (since the Fermi energy of the gold foil could not be measured at 10 keV with the 

VOLPE Spectrometer). Scaling the energies on the Fermi energy of the gold foil, one is 

circumventing that the analyzer work function is unknown and the experimental data are then 

aligned on the well observable Fermi energy of gold. 

4. RESULTS & DISCUSSION 

Using fitting with experimental data the possible set of charge transfer parameters is obtained 

with 10Dq= 1.9 eV, Teg= 2.7 and Δ= 3 eV, U= 7.5 eV and Q= 9 eV. The corresponding 

energies of the ground and final states are shown in Table 34 as well as the energies for the 

charge transfer parameters used by Fujii et al.
11

 The obtained charge transfer parameters were 

obtained by the fit on 2p and 1s XPS shown below, but should as well be used for simulation 

of Fe 3s and Fe 3p XPS and even for Fe 1s XAS and 2p XAS, but note that the energy of the 

third state EG3 is rather high compared to EG1 and EG2 so for 1s and 2p XAS it would not 

matter if only two states are used. The EG4 and EF4 are also shown with their relative energy, 

but unfortunately the charge transfer multiplet program does not work with four 

configurations. 

Table 34. Energy of the ground states (EG1, EG2 and EG3) and final states (EF1, EF2, EF3) for two combinations of 

Δ, U and Q. For comparison also the EG4 and EF4 are shown, but these states were not used in the calculations. 

 Δ= 3, U= 7.5, Q= 9 Δ= 2, U= 7.5, Q= 8 (Fujii et al.
11

) 

EG1 0 0 

EG2 3 2 

EG3 13.5 11.5 

EG4 31.5 28.5 

EF1 0 0 

EF2 –6 –6 

EF3 –4.5 –4.5 

EF4 4.5 4.5 
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4.1 Fe 2p XPS 

The Fe 2p XPS obtained with hard X–rays (black dotted line in Figure 55) resembles surface 

2p XPS of α–Fe2O3 from literature
9,11,34

 as can be seen on comparing the references with 

normal emission at 90º (blue) and grazing incidence of ~7º (pink) at the top of Figure 55 with 

the black dotted line. The Fe 2p XPS also agrees with experiments by Zimmermann et al.
25

 

The parameters used for the calculations on the surface XPS spectrum by Fujii et al.
11

 were 

Δ= 2 eV, U= 7.5, Q= 8 eV, Teg= 2.6, Tt2g= 1.3 and the Slater integrals were reduced to 85%. 

The difference between the t2g and eg level, 10Dq, was set to 0.5 eV in those calculations, 

which is rather low for Fe
3+

. Something like 10Dq= 1.8 eV would be more logical, but it 

seems that the 10Dq value is not too important for the shape of the XPS. However, we note 

that certain values of 10Dq might change the XPS shape, which is most likely related to a 

change from high–spin to low–spin for the second configuration (d
6
L) which has an important 

contribution to the final state of XPS.  
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Figure 55. Experimental Fe 2p XPS of α–Fe2O3 versus binding energy (black dotted) compared with charge transfer 

multiplet calculations using 10Dq= 0.5 eV, Δ= 2 eV, U= 7.5 eV and Q= 8 eV and Teg= 2.6 as published by Fujii et al.
11

 

(red) and 10Dq= 1.9 eV, Δ= 3 eV, U= 7.5 eV and Q= 9 eV and Teg= 2.7 (green). Both calculations are performed with 

85% of the Hartree–Fock Slater integrals. On top two reference 2p XPS spectra as published by Fujii et al.
11

 (pink) 

and Droubay et al. (blue)
35

 are shown.  

The two calculations using three ground state configurations in the charge transfer multiplet 

calculations that agree with the bulk 2p XPS spectrum are with the charge transfer parameters 

Δ= 2 eV, U= 7.5 eV, Q= 8 eV, 10Dq= 0.5 eV and Teg= 2.6 (parameters in the paper by Fujii 

et al.
11
) and Δ= 3 eV, U= 7.5 eV, Q= 9 eV and 10Dq= 1.9 eV and Teg= 2.7.  The differences 

between the reference experimental 2p XPS spectra of Fujii et al.
11

 and Droubay et al.
35

 are in 

the 708–710 eV region. The double–peak pattern in the XPS spectrum at normal emission 

(90º) published by Droubay et al. compares to a single broader peak with a shoulder at lower 

BE in the spectrum of Fujii et al.
11

 and this difference can be ascribed to the difference in 

geometric and electronic structure of the Fe at the surface relative to the bulk.
35

 In the bulk 2p 

XPS that we have measured, also two peaks are encountered (Figure 55): the peak at lower 

BE corresponds to surface related XPS and the lower symmetry at the surface is not taken into 

account in our multiplet calculations, so that is the reason why the calculations do not entirely 
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fit on this BE band at 710 eV. Another reason for the two–peak pattern could be the 

occurrence of both Fe
2+

 and Fe
3+

, but this Fe
2+

 could be closely related to a surface effect. 

Figure 56 shows the comparison between taking three and two configurations into account in 

the charge transfer multiplet calculation with the charge transfer parameter set we obtained as 

a good fit for Fe 2p XPS.  
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Figure 56. Fe 2p XPS charge transfer multiplet calculation with 10Dq= 1.9, Δ= 3, U= 7.5, Q= 9 eV and Teg= 2.7 with 

85% reduced Slater integrals using three configurations d
5
+d

6
L+d

7
L

2
 (black) compared to two configurations d

5
+d

6
L 

(red). 

From Figure 56, it can be concluded that there is not too much difference between taking two 

or three configurations into account in the XPS charge transfer multiplet calculations. In the 

two configurations case, there seems to be a double–peak pattern around 730 eV instead of 

one band and the features around 718 eV are a little different compared to the three 

configurations case. However, for Fe 1s XPS discussed in the following section, it will be 

clear why we take into account three configurations. Figure 57 shows the Fe 2p XPS 

calculations and the dependence on the different Slater integrals and on the 2p spin–orbit 

coupling by setting these values one by one to zero.  
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Figure 57. Fe 2p XPS charge transfer multiplet calculation with 10Dq= 1.9, Δ= 3, U= 7.5, Q= 9 eV and Teg= 2.7 with 

85% reduced Slater integrals (black) compared with Fpd Slater integrals set to zero (red), Gpd Slater integrals set to 

zero (green), Fpd and Gpd set to zero (blue), 2p spin–orbit coupling (2p LS) set to zero (light blue), 2p LS and Fpd set to 

zero (pink), 2p LS and Gpd set to zero (dark green) and 2p LS, Fpd and Gpd set to zero (dark yellow). 
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There is for Figure 57 almost no difference between the full 2p XPS multiplet calculation 

(black) and the one with the Fpd Slater integrals set to zero (red). Setting the Gpd to zero 

(green) changes the 2p XPS and by setting the 2p spin–orbit coupling (2p LS) to zero, a 

calculation comparable with a 1s or 3s XPS calculation is obtained. By setting all the values 

Fpd, Gpd and 2p LS to zero one will find three peaks which are exactly the three configurations 

taken into account in the charge transfer calculation.  

4.2 Fe 1s XPS 

Figure 58 shows the experimental Fe 2p XPS and the binding energy shifted Fe 1s XPS of α–

Fe2O3. The experimental Fe 1s XPS in Figure 58 shows three peaks. On itself, excitation of an 

1s electron (Fe 1s XPS) would only give rise to a single peak, so three peaks would 

correspond to (at least) three different states that contribute to the ground and final state of the 

XPS process. Based on the Fe 2p XPS it is not clear that one should take into account three 

configurations, since the third configuration ends up below the L2 edge. Interestingly, 

Grosvenor et al. show a multi–peak fitting of Fe 2p XPS of α–Fe2O3 and three contributions 

and an extra surface contribution are taken into account.
10

 This motivated us further to look 

for calculations with three initial states as mentioned in the Theoretical Section and found 

before for the nickel and cobalt halides.
12

 Secondly, it seems that for Fe 2p XPS it almost does 

not matter if one takes two or three configurations into account. Because the Fe 1s XPS does 

not have core spin–orbit coupling and does not suffer from core-valence multiplet effects, the 

three peaks should indicate the three different ground states, the formal valence d
5
 and two 

satellite peaks. 
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Figure 58. Experimental Fe 2p XPS and Fe 1s XPS (shifted to the 2p BE by subtracting 6408.2 eV) of α–Fe2O3. The L3 

and L2 edge of the Fe 2p XPS are indicated. 

In Figure 59 the comparison between the experimental Fe 1s XPS and the calculations with 

the charge transfer parameter set as obtained for 2p XPS are shown and the agreement is quite 

good, although the intensity of the band around 7135 eV is a little too low in the calculations 

compared to the experiment. No background was subtracted from the experimental 1s XPS. 

Secondly, it might be that a fourth configuration is required for a correct calculation of the 

intensity of the peak at 7135, especially considering the relative energy of the EF4 state 

(Table 34) that is around 4.5 eV compared to EF1.  
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Figure 59. Experimental Fe 1s XPS versus binding energy for α–Fe2O3 (black dotted) compared with charge transfer 

multiplet calculations using 10Dq= 0.5 eV, Δ= 2 eV, U= 7.5 eV and Q= 8 eV and Teg= 2.6 (parameter set as in the 

paper of Fujii et al.,
11

 red) and 10Dq= 1.9 eV, Δ= 3, U= 7.5 and Q= 9 eV and Teg= 2.7 (green). Both charge transfer 

multiplet calculations are performed with 85% of the Hartree–Fock Slater integrals. Note that for the experimental 

Fe 1s XPS the binding energy axis has not been corrected for the instrumental work function. 

4.3 Fe 3s XPS 

The values for Δ, U and Q as used for the Fe 1s and 2p XPS are also applied to the 

experimental Fe 3s XPS spectrum of α–Fe2O3. The difference with the 2p and 1s XPS 

simulations is that the F
pd

 and G
pd

 Slater integrals obtained with Hartree–Fock are (instead of 

reduced to 85%) reduced to 60% of the Hartree–Fock values.  
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Figure 60. Experimental Fe 3s XPS of α–Fe2O3 (black dotted) compared with Fe 3s XPS charge transfer multiplet 

calculations with 10Dq= 0.5 eV, Δ= 2 eV, U= 7.5 eV and Q= 8 eV and Teg= 2.6 (red, parameters from Fujii et al.
11

) and 

10Dq= 1.9, Δ= 3, U= 7.5, Q= 9 and Teg= 2.7 (green line). For both charge transfer multiplet calculations the Fpd and 

Gpd Slater integrals are further reduced, to 60% of the Hartree–Fock Slater integral values. 

Still, there is a difference between the experiment and the multiplet calculations (Figure 60), 

which is ascribed to configuration interaction between Fe 3s photoemission and 1s3p3p 

photoemission that is also occurring in the same energy range and is not taken into account in 
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the calculations.
36,37

 The shape of the experimental Fe 3s XPS agrees with literature.
34

 

Fujimori et al. ascribe the bands at 94.3 and 100.3 to 
7
S and 

5
S components separated by 6 eV 

through exchange interaction with the magnetic d
5
 shell,

34
 although this is a simplified 

attribution of peaks neglecting other multiplet effects. The magnitude of the separation is 

proportional to the number of unpaired d electrons, i.e., proportional to the total spin S, and 

the predicted relative intensities are given by the relation S/(S+1). 

4.4 Fe 3p XPS 

In Figure 61 the experimental Fe 3p XPS pattern of α–Fe2O3 is shown, which agrees with 

literature.
25,34

 The experimental Fe 3p XPS is compared with two Fe 3p XPS charge transfer 

multiplet calculations using the parameters mentioned above (Table 34). Note that the 

calculations show much more details than the experimental Fe 3p XPS, so it is not easy to say 

if there is a good agreement between the calculations and the experimental Fe 3p XPS. In 

general the spin–orbit coupling is small and is only reflected in a broadening of the main 

lines.
25

 Zimmermann et al. confirmed that the observed satellites for Fe 2p, 3s and 3p XPS are 

of intrinsic nature and not due to extrinsic losses like plasmons. 
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Figure 61. Experimental Fe 3p XPS of α–Fe2O3 (black dotted) compared with Fe 3p XPS charge transfer multiplet 

calculations using 10Dq= 0.5 eV, Δ= 2, U= 7.5, Q= 8 eV and Teg= 2.6 (values as published by Fujii et al.
11

) and the Fpd 

and Gpd Slater integrals are reduced to 60% of the Hartree–Fock values (red line) and 10Dq= 1.9, Δ= 3, U= 7.5, Q= 9 

eV and Teg= 2.7 and the Fpd and Gpd Slater integrals are also reduced to 60% of the Hartree–Fock values (green line). 

4.5 Fe 1s XAS 

The Fe K–edge XAS of α–Fe2O3 is quite well known. Our obtained XAS in Figure 62 with a 

diode agrees with other published data,
38

 but the energy resolution seems a little worse in our 

spectrum. Another option might be that there is some saturation effect by the fluorescent X–

ray signal in our data. In the figure, the points are indicated which were used as the incident 

energy for (resonant) photoemission experiments. 

 



195 
 

7,08 7,09 7,10 7,11 7,12 7,13 7,14

0,0

0,2

0,4

0,6

0,8

1,0

 

 

In
te

n
s

it
y

Photon Energy (keV)

 

Figure 62. Fe K–edge XAS of α–Fe2O3 with bullets indicating excitation energies for the (resonant) photoemission 

spectra in Figure 63. The spectrum was obtained by measured the fluorescence with a diode. 

4.6 Fe 1s resonant photoemission 

For selected excitation energies as indicated in Figure 62, the photoemission spectra were 

taken for BE between 80 and 170 eV. The resulting photoemission spectra are shown in 

Figure 63. The bands around 90 to 110 eV are indicated with the direct Fe 3s XPS, the 

exchange coupling of the spin of the 3s core hole to the total spin of the 3d valence shell (the 

XC–satellite) and a second satellite, a charge transfer satellite.
25
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Figure 63. Photoemission of α–Fe2O3 around the Fe 3s XPS for excitation energies of 7080 (off resonance, before edge, 

black), 7110 (pre–edge, red), 7111.2 (2
nd

 pre–edge, green), 7114.3 (blue), 7119.6 (light blue), 7123 (pink), 7127 (main 

edge, dark green), 7129 (dark yellow), 7131 (dark blue) and 7135 eV (dark pink). 

In Figure 63 it can be seen that the α–Fe2O3 sample contains some lead (Pb, 4f peaks between 

140–150 eV). At the main edge of the Fe K–edge XAS, a band also appears in this range 

which is a 1s3s3p resonant Auger band. Running over the Fe K–edge XAS pattern, the Fe 3s 

XPS changes slightly. This is due to some possible 1s3s3d and Auger 1s3p3p, which occur in 

the BE range around 105 eV.  
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Figure 64. Difference between photoelectron spectrum signal of measurements with excitation energies at the pre–

edge and main edge of Fe K–edge XAS (7110 to 7135 eV) of α–Fe2O3 related to the photoelectron spectrum measured 

off–resonance (7080 eV). 

In Figure 64, the difference of the spectra with respect to the off–resonant spectrum (7080 

(off–res., black line in Figure 63 on the bottom). In the Fe 3s XPS region between BE of 90 

and 110 eV, small changes are found at the pre–edge excitation energies. At the main edge of 

7127 eV a big difference is found and after the main edge small distortions of the Fe 3s XPS 

are still found. This can be related to the resonant photoemission. The difference part around 

105 to 110 eV can be ascribed to 1s3p3p Auger PES occurring around the main edge of Fe K–

edge XAS. In the BE range of 140–150 eV a broad difference band can be found at excitation 

energies of 7123 eV and higher excitation energies. These difference bands indicate the 

1s3s3p and 1s3s3s (resonant) Auger transitions that occur above the 1s treshold.   

5. SUMMARY & CONCLUSIONS 

In this chapter Fe 2p, 1s, 3s and 3p XPS, K–edge XAS in combination with 1s resonant 

photoemission of α–Fe2O3 are shown. Charge transfer parameters obtained for Fe 2p and 1s 

XPS are applied on calculations of the Fe 3s and 3p XPS and are compared with the 

experimentally obtained Fe 2p, 3s and 3p bulk XPS. Some resonant photoemission 

experiments are shown for the Fe 3s XPS region, but there was not much resonance present.  

The values obtained from the calculated Fe 2p and 1s XPS are in close agreement with values 

found for Fe 2p XPS by Bocquet et al.
32

 The Fe 1s XPS contains three bands and this means 

that three configuration have to be taken into account in the charge transfer multiplet 

calculations of Fe XPS of α–Fe2O3, although it was shown that there is not a big difference 

between two and three configuration in the case of Fe 2p XPS.  
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Chapter 8. In–situ X–ray Raman 

spectroscopy of LiBH4 

This chapter is based on the following publication: P.S. Miedema, P. Ngene, A.M.J. van der 

Eerden, T.–C. Weng, D. Nordlund, D. Sokaras, R. Alonso–Mori, A. Juhin, P.E. de Jongh, 

F.M.F. de Groot, PCCP 14 (2012) 5581–5587. 

ABSTRACT 

X–ray Raman Spectroscopy (XRS) is used to study the electronic properties of bulk lithium 

borohydride (LiBH4) and LiBH4 in porous carbon nano–composites (LiBH4/C) during 

dehydrogenation and after rehydrogenation. The lithium (Li), boron (B) and carbon (C) K–

edges are studied and compared with calculations of the starting material and intermediate 

compounds.  Comparison of the B and C K–edge XRS spectra of the as–prepared samples 

with rehydrogenated samples shows that the B and C electronic structure is largely regained 

after rehydrogenation. Both Li and C K–edge spectra show that during dehydrogenation, part 

of the Li intercalates into the porous carbon. This study shows that XRS in combination with 

calculations is a promising tool to study the electronic properties of nano–crystalline light–

weight materials for energy storage. 
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1. INTRODUCTION 

1.1 X–ray Raman Spectroscopy 

The X–ray spectra of light elements, such as lithium (Li), boron (B) and carbon (C), occur in 

the soft X–ray energy range at respectively 60 eV, 180 eV and 280 eV. X–ray absorption 

spectroscopy (XAS) can be measured in transmission, electron yield or fluorescence yield. 

Due to the path lengths of soft X–rays, transmission X–ray absorption measurements in the 

energy range of 50 to 250 eV are as yet impossible. Above 250 eV, transmission X–ray 

microscopy can be performed at ambient pressure
1
 using specialized nano-reactors.

2
 The 

electron yield mode can as yet only be performed at the mbar pressure range.
3
 Fluorescence 

yield probes deeper into the sample, but this probe has very low yield for soft X–ray energies 

and suffers from saturation effects in concentrated systems.
4
  

X–ray Raman Spectroscopy (XRS) measures the energy loss of a hard X–ray beam and as 

such it is a technique that can retain the experimental advantages of hard X–ray measurements 

(deeper probing depth implying more realistic samples, less beam damage, experiments in gas 

environment), while revealing the information equivalent to the soft X–ray absorption 

spectra.
5,6

 Thus, XRS on the K–edge of the light–weight elements can circumvent the 

problems related to soft X–rays. Initially, the low cross–section of XRS made this technique 

impractical, but intense new X–ray facilities and improvements in X–ray optics helped XRS 

to become an interesting spectroscopic tool.
7
 The difference between XRS and XAS is the 

transition operator. In XAS the electronic transition can be approximated as a dipole 

transition, while for XRS also higher order transitions (quadrupole etc.) are allowed, 

depending on the q–vector, related to the angle between incident and scattered X–rays. At low 

values for q only dipole transitions are allowed. Note that resonant X–ray Raman 

Spectroscopy, also known as resonant inelastic X–ray scattering (RIXS) would even give 

more electronic information, but because the B and Li K–edges are at 60 eV and 180 eV soft 

X–ray edges, in–situ RIXS experiments cannot be performed.  

In this study we show experimental XRS data on the B K–edge and Li K–edge of the 

hydrogen storage material LiBH4 and compare the XRS with XAS calculations.  

1.2 Background on (nanoconfined) LiBH4 

LiBH4 is a complex metal hydride that has recently attracted much attention as a potential 

material for onboard hydrogen storage in cars due to its hydrogen content of 18.5 wt%. When 

heated, it decomposes into LiH and B in three intermediate steps, releasing 13.8 wt.% 

hydrogen.
8
 The reaction pathway and intermediate decomposition products have been subject 

of a number of recent investigations.
9-11

 The intermediate products are generally amorphous 

and their formation depends on experimental parameters such as temperature, heating rate and 

the carrier gas. Kang et al. proposed that LiBH and LiB are the intermediate phases.
12

 The 

reaction would in that case proceed according to:  

LiBH4  LiBH + 3/2 H2   LiB + 2 H2 
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Based on calculations, Ohba et al. predicted that monoclinic Li2B12H12 is formed as the 

intermediate compound, both during the dehydrogenation of LiBH4 and during the subsequent 

rehydrogenation.
13

 In their search for stable intermediates, no compound or crystal structure 

more stable than monoclinic Li2B12H12 was found.
13

 They propose the following reaction:  

LiBH4  1/12 Li2B12H12 + 5/6 LiH + 13/12 H2   LiH + B + 3/2 H2 

Orimo et al. published experimental XRD and Raman spectra at different temperatures, which 

are in agreement with the proposed intermediate Li2B12H12.
9
 Nuclear Magnetic Resonance 

(NMR) spectroscopy experiments by Hwang et al. gave further confirmation of the formation 

of Li2B12H12 during the decomposition of LiBH4.
10

 Other literature suggests that Li4B4H10 

(LiBH2.5) could be a possible intermediate decomposition product of LiBH4. Many other 

stable boron–hydrogen complexes are known, such as B4H8 and B4H10.
11

 

The rates of hydrogen release and uptake in LiBH4 can be improved by confinement in 

nanoporous carbon which sometimes also results in a change in the stability and 

decomposition pathway of the compound.
14-16

 At the moment the exact role of the nano–

confinement and the carbon in improving the hydrogen sorption properties of LiBH4 is not 

well understood. Nanoconfined LiBH4 and other complex hydrides often lack long–range 

crystallinity and therefore cannot be characterized using a conventional techniques like XRD, 

and due to weak scattering of electrons by the light elements Li and B, LiBH4 cannot be 

reliably imaged with TEM. 

In this chapter, we show the suitability of XRS as a tool to study the chemical and structural 

transformations that occur in Li, B and C during the dehydrogenation and after subsequent 

rehydrogenation of both bulk LiBH4 and nanoconfined LiBH4. 

2. EXPERIMENTAL AND THEORETICAL SECTION 

2.1 Experimental Section 

2.1.1 Samples and sample preparation 

LiBH4 powder (95% pure) was purchased from Acros–organics. Lithium metal foil (99.9% 

pure) and BN powder (98% pure) were purchased from Sigma–Aldrich and Li4SiO4 powder 

(99.9% pure) was purchased from Alfa Aesar. The graphite and porous carbon (High surface 

area graphite: HSAG–500, pore volume 0.65 cm
3
/g, broad pore size distribution but majority 

pore size 2–3 nm) were provided by Timcal Switzerland. The nanoconfined samples were 

prepared by melt-infiltration of 25 wt% LiBH4 into the porous carbon (LiBH4/C) under a 

hydrogen pressure of 100 bar at a temperature of 295°C.
17

 Sample preparation and handling 

was conducted in an argon filled glove box (typically < 1 ppm of oxygen and moisture) to 

avoid contamination. The prepared samples were packaged and shipped to the USA in an air–

tight container. This air–tight container was made of steel and was introduced in the argon 

filled glove box. The samples were put in small bottles and closed and put in the air–tight 

container creating a double protection against oxygen and vapor contamination. This air–tight 
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container was brought in a nitrogen filled glove box at the Stanford Synchrotron Radiation 

Lightsource (SSRL) and opened inside the glove box. 

2.1.2 In–situ cell 

An in–situ XAS cell, developed by our group for measurements of samples under reaction 

conditions at elevated temperatures and flowing or static gas atmospheres, was used.
18,19

 This 

cell was originally developed for transmission XAS and for fluorescence yield XAS. In this 

original reactor cell, the signal was disturbed by scattered and fluorescence light of the 

interior wall of the in–situ cell. This disturbance can especially occur for samples containing 

iron and other metals from the transition metal group. To circumvent this disturbance, the 

application of a gold coating of ~40 micron thickness was used on both the interior wall of the 

in–situ cell as well as the cylinder with the sample holder. This created a reactor cell with a 

completely covered golden interior. The upper part of the cell accommodates tubes for liquid 

nitrogen feed to cool the sample, connections for a furnace and a thermocouple. On top a 

reservoir for liquid nitrogen can be placed. The reaction chamber usually is at ambient 

pressure and can be flushed with gases. The cell is double–walled and can be water–cooled to 

prevent the windows to be overheated and to prevent condensation of water vapor on the 

windows during cooling of the cell. The sample holder has a slit (3 x 12 mm) for a pressed 

sample wafer. The in–situ cell can be used for transmission measurements, for fluorescence 

and for XRS. The sample holder is placed perpendicular or at an angle (35 to 60 degrees) to 

the incoming beam. The fluorescent radiation emitted by the sample is measured with a solid 

state detector perpendicular to the direction of the incident beam, through the large window in 

front. Both the entrance flanges and fluorescence window are sealed by Kapton foil (25 µm).  

 

Figure 65. Picture of the lower part of the in–situ cell. 

For our purpose of XRS experiments, the position of the in–situ cell has been optimized for a 

large solid angle of the (high momentum transfer q) inelastic scattered X–rays through a large 

exit window (see Figure 65). The exit window is wide enough to record the high and low q 

inelastic scattered X–rays without changing the cell position.  
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For the XRS measurements, the samples were pressed in the sample holder which was placed 

in the air–tight in–situ cell in a nitrogen filled glove box available at the Stanford Synchrotron 

Radiation Lightsource (SSRL). The whole in–situ cell was then taken out of the glove box 

and taken to the beam line for measurements. 

2.1.3 X–ray Raman Spectroscopy measurements 

Lithium (Li), boron (B) and carbon (C) K–edge XRS spectra were collected at SSRL 

beamline BL6–2 ES2. The in–situ cell was mounted on a pre–constructed plate, so that the in–

situ cell was every time at exactly the same angle with reference to the beam. The XRS scans 

were performed using the inverse energy scan technique:
20,21

 the scattered photons are 

analyzed at a fixed energy and the energy transfer is controlled by tuning the incident photon 

energy. The incident photon energy was selected with a Si(311) monochromator. The XRS 

spectra were collected by scanning the incident beam energy relative to the fixed analyzer 

energy of 6462.20 eV with a resolution of 0.3 eV. The XRS spectra were measured using 25 

detector crystals with an average q–vector of 1.3 atomic units, implying essentially pure 

dipole transitions. The XRS spectra are plotted as normalized scattered intensity versus 

energy loss (incident energy minus elastic energy). During the XRS measurements, the cell 

was under a nitrogen atmosphere. 

The Li and B K–edge XRS of LiBH4 powder were measured at room temperature (RT), 

200°C and then at RT after cooling down. XRS of the LiBH4/C were measured at RT, 200°C, 

450°C and again at RT after cooling down. The B and Li K–edges of bulk LiBH4 and 

LiBH4/C (as synthesized, de–hydrogenated and re–hydrogenated) were compared with XAS 

calculations (see theoretical section). C K–edge XRS of some of the samples have been 

measured at RT before and after dehydrogenation and after rehydrogenation. Note that the 

rehydrogenated samples are not identical to the samples as prepared and the samples during 

dehydrogenation. The rehydrogenated samples were prepared by melt infiltration, 

dehydrogenated and rehydrogenated after ex–situ in the lab in Utrecht. The conditions for the 

rehydrogenation were 50 bar H2 pressure at 325 °C for three hours. 

2.2 Theoretical Section 

Li and B K–edge XAS calculations were performed for the following model compounds: LiB, 

LiBH and LiBH4,
12

 BN,
22

 Li (metal), B(tetragonal), and B(hexagonal),
23

 LiH,
24

 Li2B12H12,
13,25

 

and B2O3.
26

 Details about the crystal structures are given in Table 35. First principles 

calculations were performed using the QUANTUM–ESPRESSO first principles total–energy 

code.
27

 The code uses plane waves and periodic boundary conditions. The XAS spectra are 

obtained in two steps: first the charge density is obtained self–consistently using the PW 

package of the QUANTUM–ESPRESSO distribution
27

 (self–consistent field (scf) 

calculation), then the XAS spectrum is computed in a continued fraction approach using the 

XSPECTRA package.
28-30

 We use the General Gradient Approximation. For Li and B norm–

conserving pseudopotentials with two projectors per channel are used, and for O, N, and H, 

ultra–soft pseudopotentials are used. The electronic configurations are the following: 1s
1
 for 

H, 2s
2
2p

4
 for O, 2s

2
2p

3
 for N, 2s

2
2p

0.9
 for B, 2s

0.9
2p

0
 for Li, 2s

2
2p

1
 for B* (absorbing boron 

atom with a 1s core hole) and 2s
1
2p

0
 for Li* (absorbing lithium atom with a half 1s core hole), 
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all without nonlinear core correction. For Li* only a half core hole is considered, since there 

are in total three electrons in lithium and therefore a full core hole could collapse the Li* 

pseudopotential. 

The effect of the 1s core hole is taken into account using a supercell whose size is chosen 

large enough to avoid interaction between neighboring core holes (Table 35) and where the 

absorbing atom carries a core hole.  

Since it may be debated whether XAS calculations for K–edges of light–elements lower than 

carbon shall be done with or without the 1s core-hole,
31-33

 calculations were performed with 

(full or half) or without the core hole on the absorbing atom. The absorption cross section was 

computed in the electric dipole approximation. The isotropic XAS spectrum was calculated 

according to the formula given by Brouder,
34

 depending on the symmetry of the crystal. 

Convergence of the XAS spectra is reached for the following set of parameters: a 60 Ry 

energy cutoff for the plane–wave expansion, a 600 Ry cutoff for the charge density, a 

Monkhorst–Pack k–point grid which depends on the system (see Table 1) for the self–

consistent electronic potential calculation and a 8 x 8 x 8 k–point grid for the absorption 

cross–section calculation. For the convolution of the XAS spectra we used a constant 

broadening parameter of 0.3 eV both at the Li and B K–edge. The calculated spectra were 

aligned to experiment. 

Table 35. Cyrstal structures, their supercell sizes and k–point grid used in the self–consistent field (scf) calculations. 

Structure Structure 

information 

Supercell size k–points 

(scf) 

Reference 

LiB Pnma 2x4x2 4x4x4 J.K. Kang et al.12 

LiBH Pnma 2x4x2 4x4x4 J.K. Kang et al.12 

LiBH4 Pnma 2x2x2 3x3x3 J.K. Kang et al.12 

LiBH4–HT P63mc 2x2x2 4x4x4 J.-Ph. Soulié et al.48, data for LiBH4 at 408K 

BN P 63/mmc 4x4x2 4x4x4 R.S. Pease22 

Li (metal) Fm3m 2x2x2 4x4x4 www–MINCRYST(2011)23, card nr. 2605 

B (tetra) P4(2)/nnm 1x1x2 5x5x5 www–MINCRYST(2011)23, card nr. 593 

B (hexa) R3(-)m 2x2x1 4x4x4 www–MINCRYST(2011)23, card nr. 594 

LiH Fm3m 4x4x4 /5x5x5 1x1x1 Ref. 24 

Li2B12H12 Pa-3 1x1x1 4x4x4 J.-. Her et al.25 

B2O3 P3121-c2a 2x2x1 8x8x8 H. Effenberger et al.26 
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3. RESULTS AND DISCUSSION 

3.1 Reference systems 

In Figure 66A the B K–edge XRS for bulk LiBH4 and for the LiBH4/C are shown. Both the B 

K–edge spectra of bulk LiBH4 and LiBH4/C have a main peak at 191.7 eV. The spectrum of 

LiBH4/C as prepared has a second peak at 194 eV, which cannot be directly attributed. This 

peak might originate from oxidic boron, such as LiBO2 or B2O3, which have quite an intense 

peak at about 194 eV.
35-37

 In Figure 66C XAS calculations for crystals of LiBH4 (bottom 

lines) and B2O3 (top lines) are shown. The XAS of the LiBH4 with core hole (solid line) 

agrees with the experimental XRS in Figure 66A. The XAS calculation for B2O3 with core 

hole agrees with other published XAS and EELS spectra.
36-38

 XAS calculations for proposed 

intermediate compounds, including Li2B12H12 and LiBH, were performed but none of the 

calculations resembles the experimental B K–edge XRS spectrum as will be clear from the 

discussion of those spectra in subsection 3.4. The calculated XAS of some possible 

intermediate and final states of dehydrogenation of LiBH4 are given in Figure 68(A and C). 

 

Figure 66. (A) B K–edge XRS on bulk LiBH4 powder (bottom line) and LiBH4/C as prepared (LiBH4/C, line on top); 

(B) Li K–edge XRS on bulk LiBH4 powder (bottom line) and lithium metal foil (Li (metal), line on top); (C) XAS 

calculations on the B K–edge for LiBH4 (bottom lines) and for B2O3 (lines on top); (D) XAS calculations on the Li K–

edge for LiBH4 (bottom lines) and for lithium (Li (metal), lines on top). For all calculations in C and D, the solid lines 

are the calculations with (half) core hole and the dotted lines are the calculations without core hole. 

For the Li K–edge XRS of lithium metal foil (Li (metal) and LiBH4 bulk powder the XRS is 

shown in Figure 66B. The XAS calculation for the Li K–edge of LiBH4 is shown in Figure 

66D. The XAS calculations with a half core hole for the Li K–edge of LiBH4 (Figure 66D, 
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bottom solid line) reproduce the XRS peaks at the same energies, but the intensity of 

especially the first peak in XRS is lower in the XAS calculations. This could be an effect of 

the background subtraction of the experimental XRS of LiBH4, which could lead to intensity 

differences with the calculated XAS. Other reasons could be the half core hole effect in the 

calculation or the lower symmetry in the experimental LiBH4. 

3.2 Bulk LiBH4 during dehydrogenation 

The experimentally obtained XRS spectra of the Li and B K–edge for LiBH4 and LiBH4/C at 

different temperatures during dehydrogenation are shown in Figure 67. Figure 67A and C are 

the B K–edge XRS spectra and Figure 67B and D the Li K–edge XRS of bulk LiBH4 and 

LiBH4/C respectively. In the Li K–edge XRS for bulk LiBH4 (Figure 67B), there are no 

significant changes between the spectrum at room temperature, the spectrum at 200°C and the 

spectrum after heating and cooling down to room temperature, although one could argue that 

the features between 60 eV and 70 eV become less pronounced. The B K–edge spectra for 

bulk LiBH4 in Figure 67A show an extra peak at 194 eV upon heating. The first peak, 

corresponding to LiBH4, does not disappear but coexists with the new peak at 194 eV. Higher 

temperatures than 200°C were not used for the bulk LiBH4 powder sample to prevent the 

LiBH4 from melting and coating the interior of the in–situ cell.  

 

Figure 67 (A+B) B K–edge XRS (FIG. A) and Li K–edge (FIG. B) XRS of bulk LiBH4 powder at room temperature 

(RT, bottom line), at 200°C (200°C, line in the middle) and at RT after being at 200°C (RT (after), top line); (C+D) B 

K–edge XRS (FIG. C) and Li K–edge XRS (FIG. D) of nano–composite LiBH4/C at room temperature (RT, bottom 

line), at 175°C, at 450°C and after the treatment at room temperature (RT (after), top line). 
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3.3 Nanoconfined LiBH4 during dehydrogenation 

For the nano–composite LiBH4/C at room temperature, two peaks are present in the B K–edge 

spectrum (Figure 67C, bottom line). These are the same peaks as in the B K–edge spectra of 

the bulk LiBH4 powder at 200°C and bulk LiBH4 powder after heating and cooling down to 

room temperature (RT (after), top line) in Figure 67A. The nanoconfined structure of 

LiBH4/C is therefore supposed to be close to that of the bulk LiBH4 structure. For LiBH4/C at 

175°C, the peak at 191.5 eV almost disappears. At higher temperatures the 191.5 eV peak 

disappears completely. Only the peak at approximately 194 eV remains. This peak is 

attributed to  “B2O3-like” materials, so it seems the boron is oxidized. A single peak at 194 eV 

distinguishes from the calculated XAS spectra of LiB, LiBH and Li2B12H12 and B(tetragonal), 

where also intensity close to 194 eV can be found, but then also other peaks at different 

energies should be visible. The Li K–edge XRS of LiBH4/C (Figure 67D) changes completely 

going from room temperature to higher temperatures. The Li K–edge XRS at room 

temperature looks rather similar to the Li K–edge XRS of bulk LiBH4 in Figure 67B. Li K–

edge spectra at higher temperatures have two broader peaks, which could correspond to 

lithium atoms intercalated in the carbon structure as previously reported.
42

 The Li K–edge 

XAS of intercalated lithium atoms into carbon (LiC6) has two broad peaks in the 62–70 eV 

range.
43

 An alternative explanation of the peaks is the formation of LixOyHz
37,44

 or LiBO2, as 

it was recently reported that NaBO2 can be formed in the case of nanoconfined NaBH4.
45

  

3.4 XAS calculations of possible intermediate / final states of dehydrogenation of 

LiBH4 

In Figure 68 B K–edge and Li K–edge XAS calculations of different possible intermediate 

and final states are shown. Figure 68A and C show the B K–edge XAS calculations for the 

possible intermediate compounds LiBH, LiB, Li2B12H12 (Figure 68A) and LiBH4–HT, BN, 

tetragonal and hexagonal boron (Figure 68C). At first glance it might be possible that there is 

Li2B12H12 in our experiment, since a peak close to the LiBH4 is visible in the solid blue line 

calculation. However in our experimental spectra at higher temperatures shown in Figure 67 

the second peak of the calculated Li2B12H12 just at about 196 eV is not visible, which leads to 

the conclusion that no Li2B12H12 is present in the experiments. In principle, also LiB could be 

found in the experimental data of Figure 66 and Figure 67 but our experimental data are too 

noisy to confirm the conformation of LiB and especially the peaks of the oxidic boron disturb 

this signal. From the spectra in Figure 68C, the only other possible material that may be 

present in our experiment is tetragonal and / or hexagonal boron. However, the other peaks of 

these calculations are not visible in the experimental XRS.  

Figure 68B and D show the Li K–edge XAS calculations for the possible intermediate 

compounds LiBH, LiB and Li2B12H12 and LiBH4–HT, Li(metal) and LiH. In the experimental 

Li K–edge XRS at elevated temperatures shown in Figure 67 for LiBH4/C, there is a 

possibility that the patterns of LiBH, LiB and Li2B12H12 (Figure 68B) are present in the 

experimental XRS, but then the B K–edge calculated patterns from Figure 68A should also 

have been visible in the experimental XRS spectra of Figure 67. These combined arguments 

lead to the conclusion that Figure 67D shows no intermediate products,  but either the 

intercalated Li (LiC6) or LiOxHy formation. The Li K-edge XAS patterns of LiBH4–HT, 
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Li(metal) and LiH are quite different from the XAS of LiBH4 and also from the XRS of 

LiBH4/C at elevated temperatures. Thus, it can be concluded that the experimental XRS of 

bulk LiBH4 powder at higher temperatures in the main text (Fig. 3B) only accounts for LiBH4.  

 

Figure 68. (A+C) B K–edge XAS calculations for (A) LiBH4 (black lines) LiBH (red lines), LiB (green lines) and 

Li2B12H12 (blue lines) and (C) LiBH4–HT (red lines), BN (green lines), B(tetragonal) (blue lines) and B(hexagonal) 

(light blue lines). (B+D) Li K–edge XAS calculations for (Fig. B) LiBH4 (black lines), LiBH (red lines), LiH (green 

lines) and Li2B12H12 (blue lines) and (Fig. D) LiBH4–HT (red lines), Li(metal) (green lines) and LiH (blue lines). Solid 

lines represent the calculations with full or half core hole and the dotted lines are the calculations without core hole. 

For all the B and Li K–edge XAS calculations shown in Figure 66 and Figure 68, it is clear 

that the peaks of XAS shift to lower energy when there is a core hole used in the calculation. 

In addition, the peaks are narrower and more pronounced in cases when the calculation 

includes a core hole. It was claimed that XAS calculations on B K–edges with full core hole 

are in better agreement with experimental results than calculations without core hole.
39-41

 In 

this study this claim is confirmed. For Li K–edges we can state that XAS calculations with 

half core hole compare better with experimental XRS results than XAS calculations without 

core hole. 

3.5 Rehydrogenation of nanoconfined LiBH4 

The B K–edge spectra of LiBH4/C as prepared and the re–hydrogenated LiBH4/C are shown 

in Figure 69A. The as prepared and rehydrogenated spectra resemble each other, which 

indicates that the hydrogen desorption from the nanoconfined LiBH4 is reversible and that the 

electronic structure of the as prepared sample is largely regained after rehydrogenation.   
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Figure 69. (A) B K–edge XRS comparison at room temperature of LiBH4/C as prepared (as prep., bottom line) with a 

sample that has been dehydrogenated and subsequently rehydrogenated (rehydr., top line) again; (B) C K–edge XRS 

spectra at room temperature of LiBH4/C as prepared (as prep., bottom line), after dehydrogenation (dehydr., line in 

the middle) and rehydrogenation (rehydr., top line); (C-D) C K–edge XRS spectra at room temperature of physical 

mixtures of (Fig. C) LiBH4 and graphite as prepared (as prep., bottom line) and after dehydrogenation (dehydr., top 

line) and (Fig. D) LiBH4 and porous carbon as prepared (as prep., bottom line) and after dehydrogenation (dehydr., 

top line). 

3.6 Carbon K–edge measurements 

In Figure 69(C,D) C K–edge XRS spectra are shown for physical mixtures of LiBH4 and 

graphite (Figure 69C) and porous carbon (Figure 69D). There are differences for graphite and 

porous carbon: in Figure 69C the C K–edge XRS does not differ in the as prepared and 

dehydrogenated case, so the graphite carbon does not play a role in the (stabilization of the) 

dehydrogenation process. The spectrum of a physical mixture of LiBH4 and porous carbon 

shows a clear difference between the as prepared and the dehydrogenated sample (Figure 

69D). A peak appears at approximately 291 eV as indicated with the arrow. This peak might 

indicate a carbon that is bound to oxygen. The C K–edge XRS of LiBH4/C as prepared by 

melt infiltration (bottom line, as prep.), dehydrogenated (dehydr.) and rehydrogenated 

(rehydr.) are shown in Figure 69B. The C K–edge XRS of LiBH4/C as prepared and after 

dehydrogenation are different. The peak at the same spot at 291 eV as in Figure 69D comes 

up. The peak shift in the present case (–1.3 eV) is different from the –0.6 eV as reported by 

Balasubramanian,
43

 thus it cannot be directly attributed to lithium intercalation. The C K–

edge XRS of the as prepared physically mixed LiBH4 and porous carbon with the LiBH4/C 

confirm that the nature of the carbon does not change by the melt infiltration procedure. An 
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additional remark is that the morphology of the porous and non–porous carbon materials is 

different.   

The Li K–edge XRS in Figure 69D for LiBH4 after dehydrogenation (RT (after), top line) has 

features that correspond to the Li K–edge of LiC6 as reported by Balasubramanian et al.
43

 

This has the effect of stabilization of the dehydrogenation products of LiBH4 and hence 

facilitation, by lowering the enthalpy change (ΔH), for dehydrogenation. The rehydrogenated 

LiBH4/C sample has an XRS spectrum that is the same as the XRS spectrum of the LiBH4/C 

as prepared. This confirms that the electronic structure of the nanoconfined LiBH4 is largely 

regained by rehydrogenation. Note that XRS cannot give proof for the fraction that can be 

rehydrogenated. 

The samples under investigation show oxygen contamination. Due to the oxygen cleaning 

ability of the materials under study, meaning that these materials will pick up any (scarce) 

amount of oxygen in the environment, it is almost unavoidable to get rid of the oxygen 

contamination that we observe. The most likely source of oxygen is the oxygen that is created 

upon heating of the steel chamber, which is unavoidable in the present experiment. Note that 

the amounts of oxygen contamination are not clear, since the B K–edge peak at 194 eV is 

very intense, so even visible for small amounts of oxygen contamination.  

Nevertheless, this investigation shows that differences in the electronic structure during 

dehydrogenation and after rehydrogenation can be obtained using XRS. However, due to 

circumstances we did not find a clear proof for the intermediates during dehydrogenation. 

This could mean that the electronic structure changes are not too clear from XRS, although 

we could observe a slight broadening of the first peak in the B K–edge after dehydrogenation.  

One important improvement would be the energy resolution. If the energy resolution is 

improved, the differences and therefore the possible intermediate states would be much 

clearer. Recently, we have performed experiments that show better signal–to–noise for 

especially the B K–edge, which might give more detailed information on the sorption 

intermediate and final structure. 

4. CONCLUSIONS 

In this chapter we have shown XRS spectra of bulk LiBH4 and nanoconfined LiBH4/C. With 

the XRS technique, changes in the electronic structure during dehydrogenation and after 

rehydrogenation of the separate elements lithium, boron and carbon can be studied. 

Unfortunately oxygen–containing compounds were detected. The sample handling needs to be 

optimized. Nevertheless, it was found that the electronic structure of the rehydrogenated 

samples was confirmed to be the same as the as prepared samples, which means that the 

expected reversibility, which was based on the bulk LiBH4 and NMR results
9
 was in this 

paper found on the basis of a technique that does not need crystalline materials. The major 

advantage of XRS measurements is that one can measure the Li and B K–edges with hard X–

rays, allowing in–situ experiments that are not feasible with direct XAS measurements. 
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This study showed that in–situ XRS experiments in combination with calculations are a 

promising tool to study the electronic properties of nano–crystalline or nano–sized non–

crystalline light–weight materials for energy storage. In the future, we hope to study more 

relevant reference systems and find the route of dehydrogenation and rehydrogenation for 

both the bulk LiBH4 and nanoconfined LiBH4/C. 
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Summary 

This thesis dealt with X–ray spectroscopy on inorganic materials and especially on the 

elements of the 3d series. The first few chapters treated theoretical treatments: in chapter 2 

the Ca L2,3–edge X–ray absorption spectra of calcium oxide and calcium fluoride calculated 

with different ab–initio and semi–empirical calculation models were compared and it was 

concluded that both DFT–CI and the semi–empirical crystal field multiplet program agree 

well with the experimental Ca L2,3–edges of the studied compounds.  

In chapter 3 the theoretical treatment of XMCD of the 3d–series from Manganese to Copper 

in combination with the analysis of the so–called XMCD sum rules was discussed and 

differences between the sum rules and real calculated values were analyzed. The orbital 

moment sum rule was found to be correct for all studied 3d–systems (3d
4
 to 3d

9
), but 

comparison between the spin sum rule and the calculated spin displayed errors due to the 

crystal field effects and the 3d spin–orbit coupling which were small for 3d
7
 and 3d

8
 (5–20%), 

but become larger for 3d
4
 to 3d

6
. In case of 3d

9
, the spin sum rule was completely correct. 

From chapter 4 on, the focus was on iron systems and particularly on the high–, intermediate– 

and low–spin cases of iron depending on the crystal field strength and the symmetry. In 

chapter 4 the topic was the shape of the X–ray absorption spectra as function of the spin 

state, while in chapter 5 RIXS patterns were discussed as function of the spin state. Both 

chapter 4 and chapter 5 gave evidence that it is possible to determine the spin state on the 

basis of the shape of the X-ray absorption spectra and / or RIXS spectra. 

From chapter 6 on, combinations of experimental X–ray spectra and X–ray spectroscopy 

calculations were discussed: in chapter 6 the in–situ X–ray absorption and photoemission of 

iron– and cobalt–phthalocyanine in different gas environments (e.g., hydrogen, oxygen and 

carbon monoxide) with a pressure of 0.5 mbar was shown. The experimental results were 

compared with multiplet calculations and the combined approach confirmed that it is most 

likely that oxygen absorbs in two different ways on the iron (both as a parallel molecule on 

top of the metal center and as a bond of the metal with one of the oxygen atoms), while for the 

cobalt phthalocyanine the oxygen molecule only binds to the metal center with one of the two 

oxygen atoms, while the second oxygen atom is further away from the phthalocyanine 

surface. Combined with other literature this difference in geometry of the oxygen molecule is 

expected to lead to different catalysis pathways of oxygen with hydrogen. 

In chapter 7 the focus was on hard X–ray XPS on the iron oxide hematite, α–Fe2O3. For hard 

X–rays it is possible to excite the Fe 1s electron to the vacuum and in chapter 7 it was 

explained that the Fe 1s XPS gives extended interesting information on the charge transfer 

parameters used to calculate XPS on the basis of multiplet calculations. Since Fe 1s XPS does 

not have core spin–orbit coupling and the 1s hole does not have interaction with the valence 

3d band, the Fe 1s XPS pattern should be quite simple. In this chapter it was shown that for 

the simulation of Fe 1s XPS three configurations (d
5
, d

6
L and d

7
L

2
) were necessary to 

describe the three–peak pattern. The charge transfer parameters as obtained from the Fe 1s 
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XPS fit combined with the three–configurations calculation were used as well for the 

simulation of the Fe 2p XPS, but compared to a Fe 2p two–configurations XPS calculation 

with the same charge transfer parameters, it does not give extra spectral shape. For Fe 3s XPS 

and Fe 3p XPS the calculations with the same parameters gave good agreement, but it was 

noticed that in Fe 3s and 3p XPS there is a contribution of Auger emission as well as resonant 

photo–emission.      

In chapter 8 X–ray Raman spectroscopy was applied to the hydrogen storage material LiBH4 

and its nanoconfined equivalent. In this chapter, it was shown that the hydrogen sorption 

(desorption and re–absorption) could in principle be tracked by the B and Li K–edge X–ray 

Raman spectra. This was shown by comparing XAS calculations of possible intermediates 

and final states of the dehydrogenation. XRS was obtained for the samples as prepared and 

heated to different temperatures. During the heating, hydrogen desorption occurred and 

differences in especially the B K–edge X–ray Raman spectra were observed, but there was 

room for improvement for the signal–to–noise ratio. Besides that, the differences obtained in 

the spectra were the result of oxygen uptake by the samples. Nevertheless, the potential of this 

technique for the study of hydrogen storage materials was clear.  

In general, the research in this PhD thesis has demonstrated that X–ray spectroscopic 

techniques in combination with calculations lead to a more advanced knowledge on electronic 

structure and electronic transitions of the system under study.  

Samenvatting (voor leken) 

Scheikunde 

Scheikunde is de studie van de samenstelling en bouw van stoffen en de reacties tussen 

stoffen en in het bijzonder is het de studie van bindingen tussen atomen. Atomen bestaan uit 

neutronen, protonen en elektronen, waarbij protonen positief geladen zijn, neutronen geen 

lading hebben en elektronen negatief geladen zijn. Deze deeltjes zijn allemaal veel te klein (de 

atoomkern is kleiner dan 1 femtometer, oftewel kleiner dan 1 gedeeld door een miljoen en 

nogmaals gedeeld door een miljoen millimeter) om met het blote oog te aanschouwen. De 

bindingen tussen atomen worden veroorzaakt door de interactie tussen de kernen bestaande 

uit de neutronen en protonen met de omliggende elektronen.   

In de scheikunde wordt onderscheid gemaakt tussen organische en anorganische chemie. De 

organische chemie is de studie aan het element koolstof en de belangrijkste bindingen van 

koolstof met voornamelijk zwavel, zuurstof, fosfor, stikstof en waterstof. Aan de andere kant 

is daar anorganische chemie die de studie aan alle elementen van het Periodiek Systeem 

behalve koolstof tot zich mag rekenen. Ook bestaat er een combinatie van koolstof met 

metalen die onder zowel organische als anorganische chemie kan worden ingedeeld. In dit 

proefschrift ligt de focus op anorganische materialen. 

Hoe kan er nu op een directe manier naar elektronen van deze materialen “gekeken” worden? 
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Röntgenstraling 

Röntgenstraling is een specifieke vorm van straling die ten opzichte van zichtbaar licht veel 

meer energie bevat en deze straling wordt onder andere gebruikt om door (softe) materialen 

heen te kijken, zoals in het ziekenhuis gebeurt of in science–fiction series en films wordt 

gesimuleerd. Voor de studie aan materialen, de scheikunde, heeft röntgenstraling ook nuttige 

toepassingen. Zo kan röntgenstraling weerkaatst worden door een gestructureerd kristal–

rooster en dat wordt röntgendiffractie of röntgenverstrooiing genoemd, afhankelijk van de 

specifieke toepassing.  

Daarnaast kan men de energie van de röntgenstraling variëren. Deze variatie kan vergeleken 

worden met het (langzaam) wisselen van kleur van rood licht naar violet licht in het zichtbare 

licht spectrum, maar dan nu in het röntgenstraling spectrum. Dan spreekt men van 

röntgenspectroscopie. Hierbij kan gedacht worden aan het meten van de absorptie van 

röntgen, dat wil zeggen het verschil tussen de intensiteit van het invallende (röntgen) licht (I0) 

op een materiaal en de intensiteit van het licht die door het materiaal heen gaat en aan de 

achterzijde van het materiaal eruit komt (It). Het verschil kan beschreven worden door de 

eigenschappen van het materiaal (verenigd in de absorptie coëfficiënt μ) en de dikte (d) van 

het materiaal met de formule van Lambert-Beer: It= I0 e
μ*d

. De energie van de röntgenstraling 

wordt gebruikt om in het materiaal elektronen naar hoger–energetische toestanden te brengen.   

 

Figuur 1. Schematische weergave van verschillende vormen van spectroscopie. Het materiaal is weergegeven in blauw 

met dikte d en de röntgenstraling is weergegeven met rode pijlen. Links is er een rode pijl met I0, dit is invallende 

röntgenstraling met intensiteit I0. De intensiteit It is de intensiteit van de röntgenstraling die volledig door het 

materiaal is heen gekomen (rode pijl aan de rechterkant van het materiaal). F geeft de eventuele emissie of 

fluorescentie van Röntgenstraling weer. In het groen is schematisch de afgifte van elektronen (e
–
) onder invloed van 

de invallende röntgenstraling weergegeven.  

Noot: deze figuur is schematisch. De elektronen zijn bijvoorbeeld in werkelijkheid niet direct waar te nemen en qua 

grootte veel en veel kleiner dan het weergegeven materiaal. 

Daarnaast kan de emissie van röntgenstraling met minder energie dan de invallende 

röntgenstraling (of andere straling zoals UV of zichtbaar licht met minder energie) gemeten 

worden, zogenaamde emissiespectroscopie, weergegeven met een rode pijl met F in Figuur 1. 

Dit is een gevolg van de röntgenabsorptie en is een reactie op de hoger–energetische toestand 

die door deze röntgenabsorptie ontstaat, om terug te vallen in een lager–energetische toestand 

onder het uitzenden van licht (wat gelijk staat met het vrijkomen van energie). 
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Aangezien röntgenstraling veel energie bevat, kan de invallende röntgenstraling er ook voor 

zorgen dat de elektronen uit het materiaal geschoten worden, het zogeheten foto–elektrisch 

effect, zoals schematisch weergegeven in Figuur 1 met de groene bolletjes. De spectroscopie 

die vervolgens de snelheid in combinatie met de  hoeveelheid van de vrijkomende elektronen 

meet wordt röntgen foto–elektron spectroscopie genoemd.  

Al de genoemde röntgenspectroscopieën zijn technieken die in dit promotieonderzoek 

gebruikt zijn voor de studie aan elektronische eigenschappen van materialen. Ook een 

combinatie van spectroscopische technieken geeft meer inzicht in de eigenschappen van 

materialen.   

Afhankelijk van de energie van de röntgenstraling wordt er meer of minder door het materiaal 

geabsorbeerd. Dit heeft te maken met het feit dat een materiaal specifieke hoger–energetische 

toestanden heeft en dat elektronen ook in verschillende schillen zitten om het atoom heen, 

allemaal met een verschillende energie en dit heeft als gevolg dat er een bepaalde energie 

bereikt moet worden voordat elektronen naar hoger–energetische toestanden kunnen worden 

geschoten. Daarnaast is het zo dat de binnenste schillen rondom atomen energieën hebben die 

specifiek zijn voor het element. Dit betekent dat röntgenspectroscopie element–specifiek is en 

bij materialen dus onderscheid kan maken tussen de verschillende elementen van het 

Periodiek systeem in het materiaal of de binding die bestudeerd wordt.   

Het kennen van de energie van de schillen en de elektronen is een studie op zich, de kwantum 

chemie en dichtheidsfunctionaal theorie. Deze theorieën zijn in hoofdstuk 1 uitgelegd en deze 

theorieën zijn in dit proefschrift gebruikt om röntgenspectroscopie theoretisch te beschrijven.  

 

 

Figuur 2. Kristalveldsplitsing van d–orbitalen (of d–toestanden) met de energie van opsplitsing 10Dq. 

Een van de eenvoudigere modellen om röntgenabsorptiespectra te berekenen is het kristalveld 

multiplet model. Hierbij wordt uitgegaan van de kwantumchemische berekening van het 

atoom dat de röntgenstraling absorbeert. Daarnaast neemt het kristalveld multiplet model de 

direct omringende atomen mee als punten in de ruimte. Hierdoor ontstaat er een specifieke 

symmetrie en een kristalveld dat zelf kan worden bepaald. Door een combinatie van theorie 

en röntgenspectroscopie–experimenten kan gedetailleerde informatie over de elektronische 

eigenschappen van materialen gevonden worden. In het geval van studies aan d–metaal 
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atomen in een kristalveld, vindt er een splitsing van energetische toestanden van elektronen 

plaats zoals weergegeven in Figuur 2. De term 10Dq staat voor de energie van het kristalveld 

in dit geval. 

Zoals hierboven al vermeld is het voor röntgenspectroscopie van belang dat de energie van de 

röntgenstraling gevarieerd kan worden. Op dit moment is dat alleen mogelijk bij zogenaamde 

synchrotrons. Dit zijn ovaalvormige gebouwen en slechts op een beperkt aantal plekken in de 

wereld te vinden, zoals bijvoorbeeld in Grenoble (Frankrijk), Hamburg en Berlijn (Duitsland), 

Berkeley en Stanford (Californië, VS).  

In dit proefschrift is in hoofdstuk 2 een vergelijking gemaakt tussen verschillende 

kwantumchemische en dichtsheidsfunctionaal methoden om röntgenabsorptiespectra te 

berekenen op de specifieke materialen calcium oxide en calcium fluoride.  

In hoofdstuk 3 is het gebruik van röntgenabsorptiespectroscopie aan magnetische eigen–

schappen tot in detail geanalyseerd door middel van een volledig theoretische behandeling 

van röntgen spectra in combinatie met een uitwerking van deze gesimuleerde spectra zoals 

gebruikelijk is bij experimentele spectra. Bij analyse van magnetische eigenschappen wordt 

gebruik gemaakt van dichroisme. Alle vormen van straling, licht, UV, Röntgen kunnen 

linksdraaiend of rechtsdraaiend zijn en het verschil tussen de röntgenabsorptiemetingen van 

linksdraaiende en rechtsdraaiende röntgenstraling is het dichroisme spectrum. Dit geeft 

informatie over belangrijke magnetische eigenschappen zoals het spinmoment en 

baanmoment van de gemeten stof via de zogenaamde sommatieregels voor röntgen 

Magnetische Circulaire Dichroisme. Uit dit hoofdstuk blijkt dat men voorzichtig dient om te 

springen met deze sommatieregels omdat verschillende effecten de wetmatigheid van deze 

regels teniet doen of in elk geval gedeeltelijk teniet doen. 

Hoofdstuk 4 gaat over de theoretische analyse van röntgenabsorptiespectra van ijzer ionen in 

specifieke symmetrische bindingen met andere (niet-gedefinieerde) zogenaamde ligand 

atomen. Een specifiek resultaat is dat de vorm, het piekenpatroon van het absorptiespectrum 

specifiek afhangt van de energie van het kristalveld, dat weer samenhangt met de symmetrie 

en de afstand van de ligand atomen en tevens met de energieën van de toestanden van de 

elektronen in de buitenste schil, in de zogenaamde 3d schil in het geval van ijzer. Dit heeft te 

maken met de totale spin van het systeem, dat wil zeggen de spin van alle elektronen 

opgeteld. De spin van een elektron heeft te maken heeft met de beweging (linksom of 

rechtsom) van de elektronen om hun eigen as. Er bestaan zogenaamde hoge–spin en lage–spin 

toestanden en tevens intermediaire–spin toestanden. In Figuur 3 worden voorbeelden van 

verschillende spin–toestanden getoond voor een ijzer atoom met de zes elektronen uit de 3d 

schil. Hierbij worden voor de verschillende spin (linksom of rechtsom) pijltjes gebruikt met 

spin–omhoog of spin–omlaag (arbitrair). Hierbij is het belangrijk te weten dat elke specifieke 

toestand, hierna orbitaal genoemd, maar twee elektronen kan bevatten: één elektron met spin–

omhoog en één elektron met spin–omlaag. De spin van een elektron kan een waarde hebben 

van + ½ of –½. Door de spin–omhoog elektronen (met de waarde +½) op te tellen bij de spin–

omlaag elektronen (met de waarde –½) krijgt men de totale spin van een systeem. In het 

linker plaatje van  Figuur 3 is dit vijf keer ½ minus een keer ½ en dat geeft een spin van twee. 
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In het middelste plaatje van Figuur 3 is dit drie keer ½ minus drie keer ½ resulterend in een 

spin van nul en in het rechter plaatje is dit vier keer ½ minus twee keer ½ en dat leidt tot een 

spin van één. Hieruit blijken ook de namen “hoge–spin”, “lage–spin” en “intermediaire–spin”, 

want deze hangen samen met de waarde van de totale spin.  

 

Figuur 3. Spin toestanden voor de zes elektronen van ijzer in de 3d schil: hoog, laag en intermediaire-spin. Het figuur 

toont 5 toestanden met verschillende energie (de horizontale lijnen) en de pijltjes stellen de elektronen voor die de 

verschillende toestanden bezetten. De spin per elektron wordt weergegeven met pijltjes naar boven en naar beneden 

gericht. 

In hoofdstuk 5 is er verder ingegaan op het verband tussen de energie van het kristalveld en de 

combinatie van absorptiespectroscopie en resonante röntgenemissiespectroscopie. Dit wil 

zeggen dat bij specifieke energie(ën) van invallende röntgenstralen de intensiteit van 

röntgenemissie verbetert. In dit hoofdstuk komt naar voren dat ook de resonante 

röntgenemissiespectra specifiek afhangen van het kristalveld rondom het ijzer ion en de spin 

toestand van het ijzer ion. Daarnaast zijn er specifieke keuzes voor de energie die ook bepalen 

of de spectra verschillen geven tussen ijzer ionen in verschillende spin–toestanden,  

In hoofdstuk 6 wordt een experiment behandeld waarin de reactie van zuurstof (O2) met 

waterstof (H2) centraal staat. Deze reactie is van belang met betrekking tot de waterstof-

economie en in het bijzonder de waterstof-brandstofcel. Het blijkt dat deze reactie op 

meerdere manieren kan plaatsvinden met verschillende reactieproducten: 

H2+O2H2O2 (waterstofperoxide) 

2H2+O2H2O (water) 

Vanuit ecologisch (en ook vanuit elektrisch) oogpunt is de reactie met het reactieproduct 

water de favoriete reactie. Het maakt echter uit wat voor soort stof wordt gebruikt om de 

reactie te versnellen, te katalyseren. Deze stof, de katalysator, is in de huidige commerciële 

brandstofcellen platina metaal en dat is een vrij duur metaal. In hoofdstuk 6 is gekeken naar 

de alternatieve katalysatoren ijzer phthalocyanine en kobalt phthalocyanine. Deze poeders 
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bestaande uit de moleculen zoals gegeven in Figuur 4 blijken helaas ook de reactie met als 

reactieproduct waterstofperoxide te katalyseren.  

 

Figuur 4. Metaal Phthalocyanine molecuul, waarbij de centrale X een kobalt of ijzer atoom is. Deze figuur is een 

reproductie van de eerste figuur in hoofdstuk 6. 

Volgens een eerder gepubliceerd theoretisch onderzoek heeft dit te maken met hoe het 

zuurstof–molecuul, O2, aan het metallisch (ijzer of kobalt) centrum bindt. Hoofdstuk 6 

versterkt de resultaten uit dit eerder gepubliceerde theoretische werk met experimentele 

röntgenabsorptiespectroscopie en röntgenfoto–elektronspectroscopie aan het metaal centrum, 

de omringende liganden, de stikstof atomen, N, (zie Figuur 4) en het zuurstof in combinatie 

met theoretische berekeningen.    

Hoofdstuk 7 van dit proefschrift heeft betrekking op de röntgenfoto–elektronspectroscopie 

van ijzer. In dit hoofdstuk wordt getoond dat de theoretische behandeling van röntgen foto–

elektronspectroscopie vergemakkelijkt kan worden als hoogenergetische röntgenstraling 

wordt gebruikt.  

Hoofdstuk 8 heeft als onderwerp röntgenabsorptiespectroscopie aan waterstof–opslag–

materialen. Waterstofopslag–materialen bestaan vaak uit de lichtere elementen (de elementen 

bovenin de eerste rijen van het Periodiek Systeem zoals lithium, boor, koolstof, stikstof, maar 

ook bijvoorbeeld natrium en aluminium) en dat maakt röntgenabsorptiespectroscopie 

moeilijker omdat hiervoor energieën gebruikt dienen te worden die ook vrij gemakkelijk door 

lucht worden geabsorbeerd. Er moet dan in principe in vacuüm gemeten worden in het geval 

van directe röntgenabsorptie. Als men echter wil onderzoeken hoe de waterstofopslag–

materialen waterstof afgeven en opnemen dan dient men “in–situ” te meten, dat wil in dit 

geval zeggen in de specifieke omgeving van een niet–reactief gas zoals helium of stikstof. 

Daarnaast zal er gedurende het opwarmen van waterstofopslag–materialen ook waterstof 

vrijkomen wat een vacuüm–meting erg moeilijk maakt. Dan is hoog–energetische of harde 

röntgenstraling een veel betere optie dan laag–energetisch röntgenstraling. In hoofdstuk 8 

wordt een röntgenspectroscopie gebruikt die gebruik maakt van harde röntgenstraling maar 

die toch een spectrum vergelijkbaar met een röntgenspectrum kan meten. Dit gebeurt door 
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gebruik te maken van de verschillen tussen de ingaande energie van de röntgenstraling en de 

energie van de verstrooide Röntgenstraling. Dit wordt röntgen Raman spectroscopie 

genoemd. Door gebruik te maken van deze spectroscopie hebben we laten zien dat verschillen 

in het waterstofopslag–materiaal lithium boorhydride tijdens opwarmen van het materiaal 

kunnen worden waargenomen. Helaas is het onderscheid tussen de spectra nog te klein om 

voldoende te kunnen zeggen over wat er precies in het materiaal gebeurt, maar toekomstig 

onderzoek waarbij de resolutie verbetert en ook de signaal–ruis verhouding verbetert zal 

hopelijk meer informatie opleveren over dit soort waterstofopslag–materialen. 
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blij dat je me hebt geholpen mijn kennis van het programma uit te breiden. Daarnaast heb ik 

twee literatuurscripties begeleid en aan beide scripties heb ik nog een hoop gehad. Voor hun 

goede werk wil ik Arjen en Korneel bedanken en ik was dan ook niet verbaasd dat jullie 

beiden iets later collega’s van me werden.   

Arjan, ik heb de afgelopen vijf jaar met veel plezier met jou samen in een huis gewoond en 

wc, douche en keuken met jou gedeeld en ik was altijd weer blij als jij je BBQ skills toonde. 

Fouad, ik wil jou bedanken voor de leuke etentjes die we in de laatste paar jaar hebben gehad 

en die me even afleidden van het PhD onderzoek.  

Daarnaast wil ik natuurlijk de rest van de vakgroep die ik tot nu toe vergeten ben te noemen, 

bedanken voor de leuke borrels, kerstdiners, zeer memorabele LIITs en de vakgroepuitjes.  
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Ook mag studievereniging Proton niet in het dankwoord ontbreken. Dankzij Proton ben ik van 

een verlegen jongeman een iets minder verlegen jongeman geworden. In eerste instantie will 

ik daarvoor mijn eerstejaars mentoren Tom, Jochem en Martin bedanken. Ook wil ik Tima, 

Angelique, Piet, Marieke en Tom bedanken voor alle (zowel positieve als negatieve) 

ervaringen uit ons bestuursjaar en de lol tijdens en daarna die ik met jullie gehad heb.  

Daarnaast wil ik een hoop mede-studenten bedanken voor de leuke studietijd en ook de tijd 

daarna: Inge, Lodewijk, Marieke, Edo, Tima, Timo, Matti, Hilde, Davide, Veronique, 

Marleen, Bart, Tamara, Robbert, Tim, Janne-Mieke, Winnie, Tiemen, Paul, Christine, Robin, 

Remi, Frank, Anke, Susanne, Bieneke, Joost (2x) en Jack. In het bijzonder, Victor, Raoul, 

Judith, Tania, Tom, Tamara, Janne-Mieke, Jack, met jullie heb ik met veel plezier meerdere 

oudledenactiviteiten tijdens mijn AIO-tijd georganiseerd en ik vond de vergaderingen ook 

altijd zeer gezellig en een welkome afwisseling ten opzichte van mijn onderzoek.  

Daarnaast natuurlijk het frisbeeteam waarmee we meerdere keren de ONCS onveilig hebben 

gemaakt met als toetje natuurlijk het sterrenteam inclusief BBQ koks, rollator, eigen 

muziekinstallatie en cheerleaders waarmee we vorig jaar afscheid namen van de ONCS.  

Boudewijn, Joris, Willem, Paul, Arno, Timo en Sweitse. Ik vind het fijn dat we na de 

middelbare school nog steeds contact houden en ik vermaak me altijd kostelijk tijdens de 

spelletjesavonden bij Boudewijn, vooral als het om suicide acties of de onzichtbare extra 

opdracht bij risk gaat. 

Finally, I would like to thank my paranimphs. Luis, you started in the same year as I and I 

think we shared very nice moments, including dinners, party crashing and just relaxing in the 

park. As I said above, I think we directly had a connection when you came in my office. In 

the last four years we shared all the good and bad things that occured. I expect that you, as I 

write this, also complete writing your thesis and have a good defense later this year or in 

2013. I hope we will not lose contact and see each other later, possibly in Berlin or 

somewhere else.   

Dan mijn tweede paranimf, mijn broertje Cornelis. Cornelis, ik ken je al bijna mijn hele leven 

(-1 jaar en 10 weken) en ik vraag me af wat ik zonder je zou moeten. Bedankt voor al de 

huishoudelijke klusjes, de vele keren rijden, het helpen met verhuizen en natuurlijk de 

woordgrappen die me scherp hielden.   

Dan de rest van mijn familie. Jetse en Dewi, jullie wil ik bedanken voor wat leven in de 

brouwerij in het ouderlijk huis, die ik in Utrecht in mijn eigen huis soms miste. Papa en 

mama, jullie ben ik dankbaar voor mijn opvoeding, en het vertrouwen dat het allemaal wel 

goed zou komen met mijn (‘iets met Röntgen’) onderzoek.  

Bedankt allemaal! 

Piter   
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