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P R E FA C E

The aim of this thesis is to critically review and theoretically investigate oxy-
gen K edge absorption spectra in oxide molecules and solids.
The research making up the content of this thesis in Chapter 1, Chapter 2,
Chapter 4 and Chapter 6 is the result of an extensive team work aiming to
explore the available theoretical and experimental data on oxygen 1s XAS
spectra on molecular and solid systems. We discuss important aspects of var-
ious detection routes, highligth the differences and benefits of the available
theoretical models and explore the applicability on the study of catalytic re-
actions. Emphasizing both observational and theoretical aspects, this work
provides a critical perspective on oxygen K edge absorption spectra. Chap-
ter 3 and Chapter 5 aim at detailed investigations of two popular approaches
to the modelling of K edges in molecular and solid systems: the coupled
cluster hierarchy of methods and the DFT-based ∆SCF. The results of Chap-
ter 3 and Chapter 5 test the performances of the computational methodology
chosen for the simulation of K edges in formaldehyde and derivatives and
alkaline earth metal oxides and contribute to a further understanding of the
electronic structure of the investigated systems.
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Part I

I N T R O D U C T I O N

In this thesis we discuss oxygen K edge x-ray absorption spectra of
both molecules and solids.
The thesis is divided in three parts: in part I an overview of oxygen
K edge theory and the main theoretical approximations adopted
for the modelling of XAS spectra are discussed together with the
main experimental aspects of oxygen K edge x-ray absorption mea-
surements, including x-ray sources, monochromators and detection
schemes.

Part I is based on the paper: F. Frati, M. O.J.Y. Hunault, and F.M.F.
de Groot. "Oxygen K-edge X-ray Absorption Spectra." Chemical Reviews
120.9 (2020): 4056-4110





1
I N T R O D U C T I O N

Already in 1920 Kossel gave an attractive explanation of the X-ray absorp-
tion phenomena [1, 2]:

.. in Röntgen spectra, we see that the electron cannot make small jumps outside
the atom all the neighbour trajectories are already occupied by electrons so it must
make a large jump to find a free trajectory, and the absorption occurs only when the
frequency is high enough to make it reach the surface of the atom.

Starting from the sixties a cascade of studies have been published on the-
ory, applications and techniques of x-ray methodologies, as is outlined in
the review by Stumm von Bordwehr [2].

Exploring the X-ray absorption achievements from the point of view of the
oxygen is particularly relevant given that oxygen is the third most important
element in the universe [3]. Oxygen and its compounds are widespread and
common. A large number of oxygen compounds are found in nature, and
the earth’s crust contains large amounts of oxygen- containing compounds.
Oxygen itself is necessary for the life processes involving all forms of life.
Many of the rocks and minerals are complex oxygen- containing compounds
in the form of silicates, phosphates, and carbonates.
In short oxygen and its compounds are used in quantities that are almost
beyond comprehension [4].

In this thesis the oxygen K edge x-ray absorption spectra is discussed
as an element specific analytical tool, where the oxygen 1s core electron is
excited to the lowest empty states. The 1s core electron can be excited by
the absorption of a photon in X-ray absorption (XAS), by the scattering of
an electron in electron energy loss spectroscopy (EELS) or by the inelastic
x-ray scattering (IXS) of a high energy photon. In this thesis is reported a
systematical description of the oxygen K edges of atoms, molecules, ions,
adsorbates, liquids and solids and the main experimental and theoretical
aspects related to the measurements and the calculation of the oxygen K
edge spectra. Furthermore we investigate in details two popular approaches
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to the modelling of K edges in molecular and solid systems: the coupled
cluster hierarchy of methods and the DFT-based ∆SCF.

Nomenclature: The names of many spectroscopy techniques show some
historical variation and also some research fields have different names for
x-ray absorption spectroscopy.
Throughout this thesis the term "oxygen K edge x-ray absorption spec-
troscopy" will be used instead of "K edge". One can use the 1s orbital nota-
tion and some research areas use the term "X-ray absorption near edge struc-
ture" (XANES) or "near edge X-ray absorption fine structure"(NEXAFS). In
this thesis, the abbreviation for x-ray absorption spectroscopy is XAS. The
electron energy loss spectra is indicated with EELS and alternative notations
include "near edge energy-loss spectroscopy" (ELNES). Finally inelastic x-
ray scattering (IXS) is alternatively indicated with "X-ray Raman scattering"
(XRS) or "non-resonant inelastic x-ray scattering"(NIXS).

1.1 o k edge xas theory

In oxygen K edge x-ray absorption, an x-ray with 530 eV energy excites the
initial state of the system to a final state, where the initial and final states
are many-body states of the system(Figure 1).

hν

O2p

O2s
O1s

Figure 1: Pictorial representation of oxygen K edge absorption process. Where an
electron from the 1s oxygen shell is excited to unoccupied states by x-ray
energy of 530 eV.
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The x-ray absorption process is calculated with the Fermi golden rule
using the many body initial and final state wave functions Ψi and Ψf:

σ(ω) ≈
∑
f

| 〈Ψf|ε̂ · R|Ψi〉|2 δ (ω− Efi) (1)

ε̂ ·R is the transition operator that we have approximated as the dipole oper-
ator. δ indicates a δ-function including Efi, the energy difference between the
states Ψi and Ψf. Usually the Golden Rule is reduced to a one-electron ap-
proximation, and calculations are based on the dipole approximation. The
goal is the computation of the dipole matrix elements and the transition
energies where different approximations can be adopted.

1.1.1 Density Functional Theory (DFT)

Independent particle approximation
The main point of the independent particle approximation is the decoupling of the dy-

namics of the many body system in a single-particle description. The Hamiltonian can be
rewritten with a term that mimics the interaction of the electrons with the average field
that they feel and contains the kinetic energy of the electron and the potential energy of
the electron in the field of the nuclei. With each independent electron is associated a spa-
tial function and a corresponding energy eigenvalue, obtained by solving the Schrödinger
equation with this Hamiltonian.
The independent particle approximation is also called the single particle approximation
and the corresponding Hamiltonian the one-electron Hamiltonian.

Within the independent particle approximation it is possible to replace the
many body quantities in the Fermi golden rule with single particle energies,
since the excitation process is described by the promotion of an electron
from an occupied to an unoccupied orbital (or singe particle state):

Mi→f = 〈Ψf|ε̂ · R|Ψi〉 ≈ 〈ψf|ε̂ · r|ψi〉 (2)

The many body eigenstates and upper case operators on the left side of the
equation are substituted by the lower case effective single particle states [5].
In the remainder of this thesis the term "single particle state" will be used
as equivalent to term "orbital".
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We note that this change from the many body description to a single par-
ticle description involves two, coupled, approximations: (1) the description
of the ground state in the independent particle approximation and (2) the
description of the final state in the independent particle approximation. We
note that in case of 2p (L2,3) x-ray absorption of transition metal system, it
is the final state approximation that creates the main mistakes. But in case
of oxygen K edges, we are dealing with a 1s core hole and the core hole can
be accurately approximated with a potential.
Transition energies can be computed with the Delta Kohn Sham (∆KS)
method [6, 7]. The idea behind the ∆KS method is that the transition en-
ergies can be calculated as the difference between a ground state energy,
computed with a self-consistent field calculation, and an ionized and ex-
cited state energy, obtained through a restricted open shell calculation. The
procedure introduces an occupation number constrained in the 1s oxygen
KS orbital, justified by its localized character. The non-orthogonal matrix el-
ements between the Kohn-Sham ground state determinant and each excited
state determinant are used in order to obtain the oscillator strength [8]. With
the ∆KS scheme two calculations are needed, one for the ground state and
another one for the excited state.
Good agreement with experimental results have been obtained in the calcu-
lation of small molecules and metal adsorbate clusters oxygen K edges in
terms of excitation energies [9] and trends in oscillator strengths [10] where
the energy underestimation from the TD-DFT scheme is improved [11].
Only one calculation is needed in an approximate procedure that is called
the Slater transition state[12], even if different calculations are needed for
each excited state. This procedure consists in the estimation of the excita-
tion energy as orbital energy differences between two levels of variationally
determined states, which are defined as the transition state, with only one
half electron excited [12, 13].
The Slater transition state provides an estimation of the excitation energy
with a correction to second order in the change of occupation. The formula
describes a state where half an electron has been removed from the initial
state ψi and placed in the final state ψf . It is important to notice that the
number of electrons is conserved. The ground state energy can be expressed
as a Taylor expansion to the second order in the occupation numbers.
Once we have the two energies, the transition energy can be computed as a
difference between them. Viewed as a balanced compromise between initial
and final states, the transition-state orbitals can be used to represent both
states, which reduce the evaluation of transition moments to single-electron
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transitions without affecting the other occupied orbitals [13]. The evalua-
tion of the oscillator strengths becomes simplified since the same orbitals
are used to describe the final and initial state. The weakness of the method
is that one has to compute an x-ray absorption excitation for each state.
An approximation to the Slater transition state scheme that circumvents

Figure 2: a)Representation of pseudowavefunction and pseudopotential. The pseu-
dowavefunctions are smoother than the real wavefunction near the nuclei
(where rc is the core radius), so the number of plane waves required is
reduced. b) The FCH, XCH and HCH approximations applied to liquid
H2O. [14] c)XAS final-state approximations:Z+1 equivalent core hole, full
core hole, excited core hole, Slater transition state transition state approx-
imation [15]

the state-by-state calculations required is the transition potential approach
formulated by Triguero et al. [16]. The approximation consists in removing
half an electron from the oxygen 1s core level and to obtain all the possible
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excited states with only one global diagonalization from the potential gen-
erated by the core with the half occupied core-hole.
The complete spectrum evaluation in transition potential density functional
theory (TP-DFT) consists in the calculation of the matrix elements between
the orbitals corresponding to the 1s and the unoccupied orbitals since the
initial and the final states have the same orthogonal basis set [13]. It has
been demonstrated that excitation energies computed in the TP-DFT frame-
work require relaxation effects to be taken into account up to the second
order [12]. Since the TP-DFT calculations can be considered as approxima-
tion to the Slater transition state scheme, the use of the half core-hole is
theoretically justified. Extensions of the TP-DFT method, particularly suited
when excitonic effects are strong, are the full core hole (FCH) [17] and the
excited core hole (XCH) [18].A correct description of the core hole is one of
the challenging tasks of XAS simulations.
In Figure 2 some of the approximation schemes for the core hole are indi-
cated. The Z+1 approximation, also called the empty core hole (ECH) ap-
proximation, introduces the core hole as an additional nuclear charge. The
equivalent core hole approximation is justified since for electrons in the ex-
ternal shells, a deep core hole is felt as a positive charge [19, 20].
On an oxygen 1s core excited spectrum, oxygen is replaced by fluoride
but because of the high electronegativity of the latter a charge transfer
could be induced in the neighbouring atoms with a subsequent increase
in the p-population of the excited core causing a distortion in the spectral
shape [21]. Its applicability can be questioned also if the system has shallow
core holes [22]. In the excited core hole (XCH) approach, the potential of
the first fully core excited state determines all the excited state orbitals. A
strong approximation is made in the XCH procedure since the orbitals com-
puted for one specific final state are supposed to describe the initial and the
final states and no information about the initial ground states is present in
the orbitals used [13, 18]. The FCH method is similar to the XCH: the core
electron is ionized which creates a hole in the core level but in this case, the
impact of the excited electron on the core hole is neglected [21]. The DFT
based methods cited above can, in principle, be applied to atoms, molecules
and condensed phases. All these one electron calculations approximate the
particle hole and the correlation effects.
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1.1.1.1 DFT in solids

If one deals with solids the Fermi Golden Rule is usually rewritten as:

σ(ω) ≈M2ρ (3)

where M is the one electron transition matrix element, and ρ is the empty
density of states. All electronic structure schemes can in principle be used in
order to generate the density of states (DOS) and within a conceptual DFT
framework, many routes can be used to evaluate the empty DOS and the
XAS spectral shape.
The specific methods can be divided into:

• real space multiple scattering methods (FEFF [23]): the multiple scat-
tering paths of the incoming photoelectron wave are computed solving
the Green function equation in order to obtain the XAS spectrum.

• reciprocal space band structure methods (Wien2K [24], Quantumespresso [25]):
the XAS spectrum is constructed from the energy of the photoelectron
wave in different points of the band structure reciprocal space.

• real space wave function method (ADF [26], ORCA [27]) where the
non-periodicity constraint makes the method suited for clusters and
molecules.

We refer to the websites and original references of the methods indicated
for details. The majority of solid state x-ray absorption calculations have
been performed with local-density approximation of the density functional
theory. A large number of specific procedures have been developed to solve
the one electron Schrödinger equation. Using a linear method, different rou-
tines can be used to solve the band structure problem.
The two main schemes make both use of the variational principle for the
one electron Hamiltonian and their difference lies in the formulation of the
trial functions: linear combinations of energy independent augmented plane
waves (LAPW) or muffin-tin orbitals (LMTO). The strength of these proce-
dures is the use of the variational principle to solve the Schrödinger equa-
tion with energy independent basis functions, so that the secular equations
become linear in energy [28]. A plane wave basis set with a pseudopoten-
tial approximation has been introduced to model the interaction between
ions and valence electrons [29]. The pseudopotential neglects the inner core
electrons and their strong potential due to the attraction to the nuclei. All
electron descriptions of the system involve a strong orthogonal constraint be-
tween all the core and valence orbitals. The orthogonality relation presumes
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strong oscillations of the valence orbitals in the vicinity of the nucleus, as in-
dicated in Figure 2 These oscillations, which require a large number of plane
waves to be described, can be neglected in the pseudopotential framework,
where the orthogonality relation is no longer valid and only a reduced num-
ber of plane waves is needed to describe the correct behaviour of the valence
wave functions. The pseudopotential is then constructed for an initial DFT
calculation for an isolated atom: a core radius rc should then be chosen and
the valence wave functions are adapted to it in order to remove the nodal
structure, these are the pseudo wave functions.
The pseudopotential approximation has been widely employed to model
the oxygen K edge XAS in many different systems and satisfactory agree-
ment with experiment has been reached.

1.1.1.2 Core hole effects in solids

It has been demonstrated that the core hole effects are stronger for spectra
arising from elements in a ionic or covalent compound with lower elec-
tronegativity [30]. In Figure 3 the theoretical results for the ionic compound
BeO are compared for both the metal and the oxygen edge with and with-
out the core hole. The presence of the core hole alters both spectra, but in
the oxygen case the modifications to the spectral shape are less significant.
Although core hole effects have to be taken into account in order to have a

good agreement with experiment, omitting any treatment of the core hole
results usually in a shift of the threshold to higher energies and modified
peak intensities in the low energy part of the spectra [30]. In Figure 3 the
oxygen K edge spectra of GeO2 with and without the core hole is compared
to the experiment. In this case, the relative intensities of some peaks are
better reproduced without the inclusion of the core hole. This is evidence
that the core hole potential, in the adopted supercell approach, is too attrac-
tive [31, 32].
If one compares the spectra without the inclusion of the core hole with
the ground state DOS calculations, one can show that in some systems a
ground state calculation can give features consistent with experiment [31]
and provide information to explain the features in terms of orbital hybridiza-
tion [33].



1.1 o k edge xas theory 11

Energy(eV)

Energy(eV)

Exp.

Calc. with core-hole
Calc. without core hole

O s

O p

L
o

ca
l 

D
O

S
 (

st
at

es
/e

V
/a

to
m

)

A
b

so
rp

ti
o

n

b

b'

c

c'
d

e

-10 0 10 20 30 40 50 -10 0 10 20 30 40 50

Energy(eV)

A
b

so
rp

ti
o

n

Energy(eV)

A
b

so
rp

ti
o

n

With core hole

Without core hole
With core hole

Without core hole

530           535           540            545           550 

5               10             15           20 

c) d)a) b) Be-K edge O-K edge

Figure 3: a) Theoretical GeO2 oxygen K edge with and without core hole compared
with experiment b) Theoretical oxygen K edge XAS without core hole
compared with a ground state oxygen DOS calculation [31]. c) The beryl-
lium K edge of BeO calculated with and without core hole, d) The oxygen
K edge of BeO calculated with and without core hole [30].

1.1.2 Beyond the one particle approximation

We have seen that the one body DFT calculations successfully describe the
oxygen K edges of delocalized systems. However they lack accuracy in the
description of partly localized and atomic edges, where many body and
multiplet effects are important. This encouraged the push to go beyond the
single particle picture with the inclusion of many body effects. After the
first attempts made by Zangwill and Soven [34] and Zaanen et al. [35] to
overcome the single particle description, nowadays the most widely used
scheme are the Bethe Salpeter equations (BSE) [36] and the time dependent
density functional theory (TD-DFT) [37] based methods.
When Runge and Gross [38] proposed the TD-DFT scheme to compute spec-
tra, it became very popular for molecules but its implementation for solid
systems is more recent [39]. The TD-DFT description of the x-ray absorp-
tion cross section enriched with the core hole contribution is also called the
adiabatic local-density approximation. In this framework, the exchange cor-
relation kernel depends only on the density in the ground state(t=0). The
potential generated by the kernel is local in space and time, and it is ex-
actly this feature that produces an unsatisfactory long-range behaviour in
solids [37, 40].
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Another obstacle to the correct description of solids with TD-DFT is linked
to the inability of the latter to reproduce bound excitations [39] that leads to
failure of the core hole effect description. Many attempts [41–43] have been
made in order to make TD-DFT suitable for the description of the photoab-
sorption process in extended system, since it would be desirable in terms of
simplicity [37], that is two-point equations are required in TD-DFT instead
of the four-point equations in BSE. The Bethe-Salpeter equation [44] repre-
sents the equation of motion of a particle-hole state, as for example a photo
excited electron to the conduction band from the 1s oxygen orbital.
The BSE description of x-ray absorption includes single-particle terms that
describe the quasi-particle energies of the core hole and the excited pho-
toelectron, together with the interaction between them. The interaction be-
tween the electron-hole pair has two terms: the Coulomb interaction, which
includes adiabatic screening of the core hole, and an unscreened exchange
term [45]. BSE calculations are considerably heavy in terms of computa-
tional cost and usually they have been limited to systems of restricted di-
mension.
A BSE calculation consists of the following steps (i) determine the ground-
state electronic structure, (ii) correct the quasiparticle energies by adding a
GW self-energy, (iii) evaluate the screening response to the core-hole, and
(iv) determine the excitation spectrum of the BSE Hamiltonian. Liang et
al. reported the oxygen K edge spectra of several transition metal oxides
obtained through the BSE procedure and they showed the accuracy of the
method in predicting the excitonic character of some peaks. The reproduc-
tion of the correct excitonic features of the spectra, is insured in BSE by the
screened Coulomb interaction W, present in the interaction kernel, that acts
on the electron hole matrices and introduces a long range coupling between
the electron and the hole wave functions [46].

An overview of the calculation procedures is given in Figure 4

1.1.2.1 Charge transfer multiplet calculations

Van Elp and Tanaka calculate the oxygen K edge spectra of transition metal
ions from a charge transfer multiplet model [47]. The charge transfer multi-
plet model has been successfully applied to the metal L2,3 edges (2p XAS)
of transition metal ions [48], which makes it interesting to check its appli-
cability to the oxygen K edges of the same systems. There are however a
number of differences between the metal L2,3 edge and the oxygen K edge,
in particular the metal L2,3 edge creates excitonic states that are dominated
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Liquid Molecule Solid
Dynamics 
QM/MM

DFT Band-structure or
Multiple scattering

O (p) of empty 
MOs

O (p) of empty 
DOS

+ core hole + core hole

TDDFT TDDFT or
    BSE

Figure 4: The oxygen K edge spectra can in first approximation be calculated from
DFT codes, where molecules are usually calculated from molecular DFT
codes and solids with band structure codes or multiple scattering. The
oxygen p-contribution to the MO’s or the oxygen p-projected DOS can
be compared with the oxygen K edge spectral shape, where also matrix
elements are included. As a next step, the core hole effect can be included,
where many different procedures have been used both for molecules and
solids. In case of solids one has to perform a super-cell calculation to avoid
the core hole to interact with each other. Formally the correct way to cal-
culate the oxygen K edges is to apply electron-hole excitation schemes
such as TD-DFT or BSE, where the complexity of the calculations ne-
cessitate approximations. In systems where the dynamics of the system
is important (including liquids) the calculations must be combined with
molecular dynamics calculations. Because of the 300 meV lifetime broad-
ening, (in most cases) the effects of multiplets, orbital polarization and
magnetic exchange are not visible. Vibrations are visible in case of (small)
molecules.
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by large 2p3d interactions (multiplet effects) and a large 2p core hole spin
orbit coupling. These interactions are absent for the oxygen K edge and
only the dd-electron correlations remain. The exchange interaction of the
dd-electrons is treated in spin-polarised DFT calculations, leaving out only
the orbital polarization.
In other words, the charge transfer multiplet calculations include the orbital
polarization, but they do not include the band structure effects due to the
crystal structure. Because the oxygen K edge is broadened by the 300 meV
lifetime broadening, we do not expect that the orbital polarization effects
will be visible.

1.1.2.2 Post Hartree-Fock Methods

Excitations from core orbitals to empty molecular orbitals cannot be com-
puted with Hartree Fock because of some serious difficulties [49]:

• Convergence achievement,

• Variational collapse [50],

• Correlation effects,

Post Hartree Fock schemes have been investigated in order to overcome
these difficulties. Approaches based on the coupled cluster hierarchy have
been developed by Coriani [51] and Nooijen [52] using a linear response ap-
proach and an equation of motion respectively. These methods yield a very
good description of the initial and final state wave functions but, because of
the high computational cost, their applicability is limited to small molecular
systems.
Asmuruf and Besley, proposed a second order perturbative approximation
to the coupled cluster with single and double excitation (CCSD) based on
a single configuration interaction (CIS). The methodology provides results
equivalent to TD-DFT for the valence excitations but, because of the inclu-
sion of the exact Hartree Fock exchange, better performance is obtained in
the core excitation treatment [53]. Additional methods include the symme-
try adapted cluster configuration interaction (SAC−CI) [54] and multicon-
figurational self consistent field schemes [55].
The applicability of these methods is limited to small system since the choice
of a relevant active space including local and non-local orbitals yields large
calculations [56].



1.2 experimental aspects 15

1.2 experimental aspects

The oxygen K edge can be measured with x-ray absorption spectroscopy
(XAS), using a 530 eV x-ray for the excitation of a 1s core electron to an
empty state. There are two alternative techniques based on the inelastic scat-
tering of electrons, respectively the inelastic scattering of photons. Electron
energy loss spectroscopy (EELS) measures the energy loss of an electron
and inelastic x-ray scattering the energy-loss of an x-ray beam. An x-ray
absorption experiment needs:

• An x-ray source

• A monochromator

• A detector

where the sample condition is also an important aspect. In the next section
we briefly introduce some aspects of the experimental conditions.

1.2.1 Sources for x-ray absorption spectroscopy

Historically, XAS was measured with x-ray tubes [2]. X-ray tubes give the
largest part of their x-ray emission in the form of intense monochromatic
x-ray energies related to the specific core-core x-ray emission channel, for
example the aluminium Kα source at 1486 eV.
A second source of x-rays from the tube is the so called bremsstrahlung.
The bremsstrahlung energy loss is due to the slowdown of electrons from
the metal in the anode and gives rise to a continuous spectrum of x-rays.
Bremsstrahlung is much lower in intensity than the specific x-ray emission
lines but with a source optimised for bremsstrahlung emission, one has
enough photons for good x-ray absorption measurements. The 1920 paper
from Kossel describes the analysis of the XAS spectral shape [1]. Kossel al-
ready realised that the x-ray absorption spectral shape was influenced by the
valence electrons and the other "external conditions" of the absorbing atom
in the surroundings where it was embedded. Using an x-ray tube, Fischer
measured a series of oxygen K edges in 1971 with 0.9 eV resolution [57].
To compare x-ray sources one usually compares the spectral brightness or
brilliance of the x-ray beam, which is defined as the number of photons
(in a certain bandwidth) per second and per mm2 and mrad2, where the
brilliance of an x-ray tube is 10

8. Depending on the details of the XAS ex-
periment (for example is one measures a gas or a solid), the divergence and
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the spot size is often not crucial and the x-ray flux is a more important prop-
erty. The flux is defined as the number of photons (in a certain bandwidth)
per second.

Synchrotron radiation emerged in the 1960’s but a limiting factor for oxy-
gen K edge XAS measurements was the absence of x-ray monochromators
for the 500 to 600 eV range with good resolution. Synchrotron radiation
covers all x-ray energies with a brilliance between 10

13 to 10
18 photons/sec

/mm2 /mrad2, in other words 10
5 to 10

10 more bright than an x-ray tube.
The x-ray monochromators were improved in the 1970’s and in 1980 Stohr
et al. measured the oxygen K edge spectrum with 2 eV resolution [58]. A big
step in experimental resolution was set in the 1980’s with the development
of the SX700 monochromator by Petersen [59] and the DRAGON monochro-
mator by Chen and Sette [60]. Both beamlines reached a resolution that was
better than the oxygen K edge lifetime broadening of 0.3 eV, which implies
that from this time the experimental resolution of oxygen K edges was not
limited by the experimental resolution, but by the intrinsic lifetime broaden-
ing.
More than 95% of all oxygen K edges are measured with synchrotron ra-
diation sources, but next to the synchrotron and x-ray tubes a number of
additional x-ray sources exist, respectively:

• plasma sources

• high harmonic generation (HHG)

• x-ray free electron lasers (XFEL)

With a plasma source one is also able to measure soft x-ray spectra [61]. Kuhl
et al. [62] measured an oxygen K edge spectrum with 2 eV resolution. Soft x-
rays can also be generated with HHG laser systems. Most present HHG laser
systems operate up to 100 eV and they are especially used for femtosecond
pump-probe experiments. Extensions to the oxygen K edge at 530 eV are
in principle possible on some newly developed sources and/or they are
foreseen in the near future [63–67]. The use of HHG and XFEL lasers for
time-resolved experiments is discussed in the section 2.6. The oxygen K
edge of cosmic sources is measured with x-ray satellites XMM Newton and
Chandra, with a resolution of approximately 2.0 eV [68].
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1.2.2 Detection techniques

Transmission detection: X-ray transmission is the most direct technique to
measure an oxygen K edge XAS spectrum and it allows the quantitative
detection of the x-ray absorption cross section. The attenuation of 530 eV
x-rays is only 100 nm at the oxygen K edge of solid oxides, implying that
one needs thin samples. A transmission measurement is only quantitatively
correct if the measured sample is homogeneous in thickness. If thickness
variations occur, the spectral shape will appear distorted with essentially
the high-intensity peaks appearing flattened. This so-called pin-hole effect
also plays a role for samples that are inhomogeneous, for example samples
containing nanoparticles or otherwise nano-structured objects that are mea-
sured with an area-averaged x-ray probe.
Alternative detection methods are based on decay channels of the core hole.
Fluorescence yield (FY) measures the amount of x-rays that are emitted. The
energy that is gained by the electron that fills the core hole can also be used
to emit another electron in the Auger process. In the further relaxation of
the core hole more electrons can be emitted and electron yield (EY) also
measures the total amount of emitted electrons.

Fluorescence Yield detection: The core hole is filled with an electron from
another shell and the energy can be emitted as an x-ray.
Detecting the fluorescent x-rays after radiative core hole decay can yield
a method that is proportional to the XAS spectral shape. In total fluores-
cence yield (TFY) detection one detects all emitted x-ray photons, from all
elements present in the sample. Assuming that all non-resonant photoion-
ization provide a constant background, the TFY measures the XAS spectral
shape. However, spectral distortions can occur due to saturation and self-
absorption effects, because usually the x-ray emission (being off-resonance)
has a larger probing depth than the penetration depth of the x-ray at the
edge [69–71]. While scanning through an absorption edge the x-ray pene-
tration depth varies due to the XAS spectrum and if there is no background
absorption, the observed spectral shape would be highly distorted. If the
background x-ray absorption dominates, the x-ray penetration depth is con-
stant over the edge and no saturation occurs. In other words, TFY can only
be used for materials where the observed element is dilute.
We note that if the concentration of the absorbing element is very low, the
FY from the other elements might dominate the signal and the specific FY
from the dilute element will have low signal-to-noise. Bulk oxides are too
concentrated and their TFY spectra appear highly saturated. In addition to
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saturation effects, there can be effects due to self-absorption, in other words
the re-absorption of the emitted x-ray emission. Again this effect is only sig-
nificant for concentrated samples [72]. Saturation and self-absorption effects
are angle dependent, which also offers a method to quantify the saturation
effects.
In case of the oxygen K edge, there are no spectral modifications due to
state dependent decay [73–75]. Instead of TFY only a limited energy range
of the x-ray emission can be detected. Such partial fluorescence yield (PFY)
method can have an advantage if the x-ray emission signal is dominated by
another element. As such, PFY measurements allow the detection of XAS
spectra of very low concentrations, down to the 100 ppm range [76]. A spe-
cial type of PFY is inverse PFY (IPFY). In this method one detects the FY
of a different element than the element from which the XAS spectrum is
measured, where one can prove that in IPFY measurements no saturation
effects can occur [77].

Electron Yield detection: In total electron yield (TEY) electrons that es-
cape from the sample are detected in electron analysers. This can include
the integrated signal from energy-dispersive detectors or, in case of conduc-
tive samples, the current measurement to the sample. If the energy of the
electrons is selected, one speaks of partial electron yield (PEY) or with the
detection of a specific decay channel also of Auger electron yield [78].
A special property of electron yield is that the electrons have an escape
depth that is in the order of a few nm, much shorter than the x-ray penetra-
tion depth, implying that in most cases the TEY signal is not saturated [79,
80]. Thus electron yield detection turns XAS into a surface-sensitive probe.
This can be used to enhance the signal from the surface and near surface
part of the sample. The surface sensitivity also implies that the measured
signal is not exactly equal to the bulk signal. In case of surface oxidation
or surface modification, the electron yield signal is different from the XAS
spectrum of the bulk system. Even for a perfect surface in a single crystal
the TEY signal will be different from the bulk because the atoms in the
top layer at the surface have a different surroundings and corresponding
electronic structure. Due to the probing depth of only 4 nm, the top layer
contributes significantly ( 10%) to the total spectral shape. In addition, most
crystal show surface reconstructions that extend a few layers into the crys-
tal. This makes that TEY measurements will usually be affected by surface-
induced effects to some extend. If TEY is measured under a gas atmosphere,
conversion electron yield (CEY) appears as an additional option [81]. In a
gas atmosphere, the electrons emitted from the sample create ions that are
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counted and as such the CEY method effectively measures the XAS spectral
shape. Often two detectors are used that measure respectively the gas phase
and the sample surface plus gas phase, allowing both signals to be differ-
entiated [82]. The conversion of electrons to ions can be dependent on the
electron kinetic energy and the molecules in the gas phase, which implies
that CEY should be well calibrated during the experiments.
Another type of CEY is applied in liquids. One can measure the XAS spec-
trum of a surface that is in contact with a liquid, by detecting the ions that
are generated in the liquid by the escaping electrons, also known as the ion-
current detection [83]. In general these CEY methods should always be well
calibrated and tested to check their linearity with the XAS cross section.

Ion Yield detection: Ion yield detection is different from the ions mea-
sured in CEY methods described above. In ion yield one measures a specific
ion with a mass spectrometer while scanning through the XAS spectrum.
Himpsel et al. used ion yield detection to measure the surface of a CaF2
crystal [84]. Ion yield detection is a common technique in gas phase exper-
iments, where it is linked to photofragmentation detection. The oxygen K
edge can be measured by detecting various possible ionic fragments that are
produced by the XAS process [85].
Ion yield detection has been applied to the oxygen K edge by Hayakawa et
al. who measured a series of cerium oxide clusters [86]. Figure 5b gives an
overview of the detection techniques of x-ray absorption spectroscopy, in-
cluding transmission, electron yield, fluorescence yield and ion yield meth-
ods.

1.2.2.1 Inelastic X-ray scattering

Inelastic x-ray scattering, also known as X-ray Raman Scattering (XRS), mea-
sures the inelastic scattering of hard x-rays, not resonant with a core level.
IXS is a low-intensity experiment, implying that an intense synchrotron or
XFEL beamline is required.
The oxygen K edge can be measured with IXS by detecting the 530 eV en-
ergy loss. By changing the scattering angle of the IXS experiment one can
modify the momentum transfer. An important application of q-dependent
measurements is the change of the ratio between dipole and quadrupole
transitions. Pylkanen et al. applied q-dependent IXS to the oxygen K edge
of a series of alcohols [87]. The advantage of the hard x-rays used in IXS
is that one can measure the oxygen K edge under extreme conditions, for
example high-pressure [88]. High-pressure studies include the study of the
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(a) Detection techniques of XAS

525   530  535   540   545  550   555   
Photon Energy (eV)

Int
en

sit
y (

a.u
)

Cu2O

CH3OH+O2

Plate signal
Gas phase detector 

signal
Subtraction

 π* σ*

(b) In situ

Figure 5: Upper panel: overview of the detection techniques of x-ray absorption
spectroscopy, including transmission, electron yield, fluorescence yield
and ion yield methods. Sample measurement details are given in green
and the pressure in blue. Lower panel:the oxygen K edge of a mixture
of methanol and oxygen at 0.52 mbar that reacts on a Cu foil at 520 K.
The detector near the surface detects the signal from the gas phase and
the surface; the detector far from the surface detects the pure gas phase
spectrum[82].
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phases of supercritical and solid phases of H2O [89] and studies regarding
the nature of the high-pressure phases of silicates [90].

1.2.2.2 Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) is usually measured with transmis-
sion electron microscopes (TEM), but historically some dedicated EELS ma-
chines have also been used, for example the EELS experiments performed
by the group of Fink [91]. The resolution of EELS in dedicated electron mi-
croscopes is 0.3 eV or better since the 1990s [92].
As a rule EELS is performed with an electron beam with an energy above
100 keV. The high energy and low momentum transfer effectively turns the
1/e Coulomb operator in inelastic electron scattering into an effective optical
operator. Studies using low-energy (100 eV) electrons, for example resonant
EELS at electron energies equal to core level binding energies is mainly lim-
ited to metal edges and to valence excitations [93, 94]. Using a 100 keV elec-
tron beam at low scattering angle, one can approximate the EELS spectrum
with the dipole approximation. Under these approximations (high primary
energy, low scattering angle) EELS becomes essentially equivalent to x-ray
absorption. In EELS one can tune the dipole/quadrupole ratio by chang-
ing the scattering angle. In the remainder of the manuscript we will treat
EELS spectra conceptually equal to XAS spectra. TEM-EELS has the advan-
tage that one can reach atomic resolution, allowing the measurement of an
oxygen K edge of one atom (or better one atomic column) through a sample.

1.2.2.3 In situ experiments

Oxygen K edge XAS is usually performed in vacuum. Soft x-rays have a
penetration depth through air in the order of 1 cm. In principle this is long
enough to perform transmission or x-ray fluorescence experiments. From
1988 Fischer et al. performed a series of in-situ TFY experiments at pres-
sures up to 100 mbar [95]. Using nanoreactors in a scanning transmission
x-ray microscopy (STXM) the oxygen K edge of Fe3O4 supported on SiO2

has been studied at 1 bar under Fischer-Tropsch conditions [96]. A more
popular approach is to use electron yield detection. Because TEY is surface
sensitive and TFY is bulk sensitive their comparison can be very useful. TFY
and TEY were compared to study the changes of propylene on the surface of
Ag/Y zeolites. The use of both TFY and TEY nicely separates the behaviour
of the surface and the bulk [97].
Traditionally in-situ TEY measurements are performed in combination with
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x-ray photoemission and the XPS detector makes it difficult to go above 10

mbar pressure. A series of 1 to 10 mbar in-situ oxygen K edge studies have
been performed on so-called near-ambient pressure photoemission beam-
lines [98]. This allows the study of the surface of heterogeneous catalysts
under working conditions in a flow-through reactor.
Figure 5b shows the oxygen K edge of a mixture of methanol and oxygen
at 0.52 mbar that reacts on a Cu foil at 520 K. The spectral shapes are a
combination of O2, CH3OH and the Cu2O surface species. The system uses
one detector that measures the gas phase and a second detector that mea-
sures the combination of the surface and the gas phase. Using the difference
between the two detectors, the surface signal can be revealed. Experiments
can be performed at different gas mixtures, pressures and temperatures, as
has been described in a number of applications [98–102]. A series of de-
tailed in-situ oxygen K edge studies has been applied to vanadium oxides,
under different gas atmospheres and with different loadings of the vana-
dium. The analysis of the oxygen K edge, in combination with DFT studies
allows the distinction between separate vanadium, silica and interface con-
tributions [103, 104].
A more recent development is to use CEY detection up to pressures of 3

bar [105].

1.2.2.4 Time-resolved XAS

One can combine oxygen K edge XAS with time resolved measurements.
Cavalleri et al measured the time evolution of the oxygen K edge of VO2

using a laser-sliced synchrotron beam with a time-resolution of 500 fs, from
which new information on the photoinduced metal-insulator transition in
VO2 was found [106].
The LCLS X-ray FEL was used to study the changes in the excited-state
electronic structure of the nucleobase thymine, by using the changes in the
oxygen K edge [107]. A number of fs oxygen K edge XFEL studies have been
performed on adsorbates, for example CO on Ru(0001) [108, 109]. Femtosec-
ond XFEL studies focussing on the oxygen 1s x-ray emission channel have
also been performed on water [110, 111]. As mentioned above, HHG sources
have reached the oxygen K edge energy and femto- and attosecond oxygen
K edge spectra are foreseen in the near future [63–67].
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1.2.2.5 X-ray and electron spectromicroscopy

Before discussing some X-ray microscopy options, first transmission elec-
tron microscopes (TEM) will be briefly discussed. With TEM one can mea-
sure core levels below 1000 eV with atomic resolution (down to 0.1 nm) [112,
113], for example Muller et al studied the Si:SiO2 interface, indicating a dif-
ferent electronic structure of oxygen at the interface [114]. Egoavil et al. stud-
ied La2CoMnO6 films on SrTiO3(111) substrates [115]. They use cobalt and
manganese EELS to determine the site specific valence, in combination with
the oxygen K edge based EELS maps. Zhou et al. studied ZrO2-(La, Sr)MnO3

thin films using the atomic EELS contrast of several elements, including the
oxygen K edge [116]. The methods used to derive the atomic resolution
images are explained by Wang et al. [117], who used the oxygen K edge
of SrTiO3 as an example. With scanning transmission x-ray microscopy one
can measure the oxygen K edge with spatial resolution. Such STXM-XAS ex-
periments are analogous to STEM-EELS, with the difference being that with
TEM one can reach 0.1 nm resolution and with TXM 10 nm. On the other
hand STXM allows for thicker samples and operando conditions [118]. De
Smit et al. used the oxygen K edge STXM data to provide a thickness pro-
file of their Fe3O4/SiO2 catalyst sample, while the metal edges were used
to probe their spatial variation and valence [96]. Sharma et al. studied the
oxygen K edge spectra in graphene and graphene oxide with a STXM mi-
croscope [119]. The STXM microscopes can also be used to select a specific
small oxide material and, for example, Ward et al. studied the oxygen K
edge of uranium minerals [120], while a series of rare earth oxides have also
been studied with a STXM [121].
An alternative x-ray microscopic technique is x-ray photoelectron emission
microscopy (PEEM). In X-ray PEEM one measures the emitted electron with
an electron microscopic lens system. X-ray PEEM is mainly used to study
magnetic structure, using either magnetic linear dichroism (MLD) or mag-
netic circular dichroism (MCD). Kinoshita et al. studied the magnetic do-
main structure of a NiO(100), comparing the x-ray PEEM images measured
at the oxygen K edge with the nickel L edge [122]. Oxygen K edge PEEM
was also used to study polymer mixtures [123].

1.2.2.6 Using the oxygen K edge as resonance

Resonance studies include the use of the oxygen K edge in resonant photoe-
mission spectroscopy (RPES) and resonant inelastic x-ray scattering (RIXS).
In addition one could perform x-ray scattering at the oxygen K edge and res-
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onant EELS with electron sources. The oxygen K edge of solid samples does
not contain excitonic states, which turns the two-dimensional RIXS plane es-
sentially in a convolution of the oxygen K edge and the non-resonant 1s2p
x-ray emission spectrum [124]. The oxygen K edge is particularly used as
a resonator for the iridates. Because the Ir 2p edge lies in the hard x-ray
range, it has low-resolution. The soft x-ray oxygen K edge then adds im-
proved resolution to study the electronic structure. This has been used for
Ba2IrO4 [125] and SrIrO4 [126], where the magnon dispersion is measured.
The oxygen K edge RIXS spectra are also used to study the core hole clock
mechanism, in which it is reasoned that by changing the excitation energy,
one change the ratio between resonant and normal decay channels. An ex-
ample is the study on the oxygen K edge RIXS of alcohols [127].



Part II

AT O M I C A N D M O L E C U L A R S Y S T E M S

In part II the discussion moves to oxygen atoms, ions, binary molecules,
water and larger molecules containing oxygen, including biomolec-
ular systems. The results are disccused in term of chemical environ-
ment influence on the photoadsorption process and available decay
channels giving rise to the spectra.
Chapter 3 reports the performance of a core-valence separated scheme
within the coupled cluster (CC) hierarchy of methods CC singles
(CCS), CC singles and approximate doubles (CC2) and CC sin-
gles and doubles (CCSD) in reproducing the K-edge x-ray absorp-
tion spectra of the low-Z elements carbon, oxygen and fluorine in
formaldehyde (CH2O), carbonyl fluoride (CF2O), formyl fluoride
(CHFO) and formic acid (CHOOH). Moreover, a simulation of the
vibronic progressions in the 1s→ π∗ bands of both carbon and oxy-
gen in formaldehyde at the CVS-CCSD level is reported. Part II
is based on the papers: Frati F., M. O.J.Y. Hunault, and F.M.F. de
Groot. "Oxygen K-edge X-ray Absorption Spectra." Chemical Reviews
120.9 (2020): 4056-4110 and F. Frati, F.M.F. De Groot, J. Cerezo, F. San-
toro, L. Cheng, R. Faber and S. Coriani Coupled cluster study of the x-ray
absorption spectra of formaldehyde derivatives at the oxygen, carbon, and
fluorine K-edges. The Journal of Chemical Physics, 151(6)(2019) 064107.





2
AT O M I C A N D M O L E C U L A R S Y S T E M S

2.1 the oxygen atom

Atomic oxygen has a total of eight electrons with the electronic configura-
tion 1s22s22p4.
The 2p orbitals are partially filled and there are different ways to arrange
the electrons in the 2p orbitals. Figure 6 shows the oxygen K edge of atomic
oxygen on a logarithmic scale. In the first peak at 528 eV, a 1s electron fills
one of the two 2p holes and the final state configuration is 1s12s2 2p5. This
configuration has two open shells, i.e. 1s1 2p5. The term symbols of such
configuration can be found from the multiplication of the term symbols
from the individual shells, in this case 2S times 2P, yielding respectively 1P

and 3P. In oxygen these states are split by 2.5 eV. Including the 2p spin-orbit
coupling yields the 3P0, 3P1 and 3P2 states. This implies that from the 3P2
Hunds rule ground state one can reach three final states, respectively the
1P1, 3P1 and 3P2 states. The 3P1 and 3P2 states are separated by only 40 meV
and appear as one peak in the experiment.

Energy states of open shell systems The description of the energy states of open
shell systems needs a description of the coupling of their angular momenta to describe
the many electron states. The L, S and J quantum numbers of the multi-electron state are
indicated with a so-called term symbol that is written as 2S+1LJ. The 2p4 configuration
of an oxygen atom has the term symbols 3P, 1D and 1S, where the orbital quantum is
indicated with letters:. L=0 is written as S(harp), L=1 as P(rincipal), L=2 as D(iffuse) and
L=3 as F(undamental).
The 3P state is split by the 2p spin-orbit coupling into respectively 3P0, 3P1 and 3P2 states,
using the rule that J runs from |L− S| to L+ S in steps of one. The Hunds rules determine
the state with the lowest energy, respectively the state with (1) the largest S, (2) the largest
L and (3) the largest J, where in case a shell is less than half-filled the lowest J is the
ground state due to the inverted effect of the spin-orbit coupling. This makes the 3P state
the ground state. The 1D has an energy of 2.0 eV above the ground state and the excitation
energy of the 1S state is 5.5 eV. The 2p spin-orbit splitting is small and the energy difference
between the 3P2 ground state and the 3P1 state is only 25 meV.

27
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The 1P1 state, which is 2.5eV higher in energy is not visible due to its low
relative intensity of 10

−5. The result is that the excitation from the 1s to the
2p state has effectively one visible peak as shown in Figure 6 at 528 eV.
The ionization energy of the oxygen atom relates to the excitation of the
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Figure 6: Experimental atomic oxygen K edge x-ray absorption spectrum from
ref. [128]. The 1s to 2p transition is visible at 527 eV. The Rydberg states
are visible above 540 eV.

1s electron into a free electron. In fact there are two ionization energies de-
pending on the relative orientations of the spins of the excited core electron
and the two holes in the 2p states. This yields respectively states with S=2

or S=4, as indicated in Figure 6 at 545 eV and 548 eV [129].
The peaks in between the edge and the ionization energy above 540 eV are
assigned to transitions from the 2p4 ground state to the 1s12p4(np) states,
where n can take the values 3, 4, 5, etc., the so-called Rydberg states. The
1s12p4 configuration is split into multiplets by the 1s2p exchange, the 2p2p
electron-electron interactions and the small 2p spin-orbit coupling. The term
symbols are respectively 2S, 2P, 2D and 4P, from which only the 2P and 4P

states gain detectable intensity. The 2P and 4P states are split by 3.5 eV and
this yields two series of Rydberg states as given numerically in table 1 [130].

The 1s2p peak and the Rydberg peaks in the oxygen K edge of the oxy-
gen atom have been calculated by Petrini and Araujo [131]. The analysis of
resonant Auger spectra gives a more complete understanding of the nature
of the states in the oxygen K edge XAS [132].



2.1 the oxygen atom 29

Configuration Energy
Expt.
(eV)

Energy
Th. (eV)

Relative
Inten-
sity

Expt.

Relative
Inten-
sity
Th.

1s2s2
2p5(3P) 527.8 528.1 100 100

1s2s2
2p4

3p(4P) 541.3 542.2 6.2 5.1
1s2s2

2p4
4p(4P) 542.6 543.8 1.6 1.9

1s2s2
2p4

5p(4P) 543.2 544.3 0.36 1.1
1s2s2

2p4
3p(2P) 545.6 545.6 5.4 2.0

1s2s2
2p4

4p(2P) 547.2 547.2 1.9 0.5
1s2s2

2p4
5p(2P) 547.7 547.8 0.36 0.24

Table 1: Comparison of experimental and theoretical energies and relative intensi-
ties of the two Rydberg series converging to the 4P and 2P limit of atomic
oxygen [130].

2.1.1 Oxygen ions

When oxygen is ionized the ground state changes from 2p4 to 2p3, yielding
a new ground state symmetry as indicated in table 3. Because the positive
charge of the O1+ ion, it costs more energy to excite its 1s core electron.
The energy shift from a neutral oxygen atom to a O1+ ion is 4.5 eV. Table 2

makes use of data on oxygen ions from x-ray satellites such as the Chandra
X-ray observatory and XMM Newton. These x-ray satellites are able to de-
tect the oxygen K edge XAS spectrum with around 200 meV resolution [129].
Oxygen is often studied as it plays a key role in the understanding of the
chemical evolution of the Universe [133].
If the oxygen atom is ionised to a O1+ ion, the oxygen 1s binding energy in-
creases due to the decrease of the valence electrons [134]. The O2+ and O3+

ions have a XAS spectrum containing three peaks. Due to their less-than-
half-filled configuration and related Hunds rule ground state with mini-
mum J, three final states have similar intensity.

Photoionization and photoabsorption cross sections used to model im-
portant astrophysical processes have been provided first by theory [135] as
at that time limited experimental reliable data were available. Early theo-
retical photoionization cross sections are computed by means of Hartree-
Slater wave functions [136] and Dirac-Slater wave functions [137]. Pradhan
et al. [134] calculated the resonant transitions energies and the resonance
oscillator strengths from the ground state of different oxygen ions (of astro-
physical importance) by means of Breit-Pauli R-matrix method.
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Ion Conf. Symmetry 1s2p (eV)

O 2s22p4 3P 528.8
O1+

2s22p3 4S 533.3
O2+

2s22p2 3P 537.2
O3+

2s22p1 2P 545.8
O4+

2s2 1S 554.6
O5+

2s1 2S 562.3

Table 2: Theoretical 1s2p excitation energies of oxygen ions. The Hunds rule ground
state is given and the symmetries of the main peaks in the final state [134].

Photoabsorption cross sections have been calculated with the R-matrix ap-
proaches [138] and multiconfigurational methods (MCHF [139] and MDHF [132]).
McLaughlin et al. [140] reported photoabsorption cross sections obtained
with RMPS and high resolution experimental measurements.

2.2 molecular systems

2.2.1 The binary molecules CO, NO and O2

In CO, NO and O2 molecules there are respectively 14, 15 and 16 electrons
that can be placed into the molecular orbitals. The orbitals in molecules can
be constructed from the combination of the atomic orbitals. Figure 7 shows
the molecular orbitals of O2, CO and NO. The 1s orbitals of O2 are not
overlapping with the neighbour orbitals and keep their atomic character.
The 2s and 2p orbitals of O2 have overlap with the neighbour 2s and 2p
orbitals and have σ bonding and anti-bonding orbitals. The 2p orbitals of
O2 also have π overlap with the neighbour 2p orbitals. The anti-bonding
π∗2p molecular orbitals contain two paired electrons and the anti-bonding
σ∗2p are empty.
At higher energies one can find the molecular orbitals due to 3s, 3p and
3d atomic orbitals. The molecular orbitals of NO are equivalent with one
electron in the anti-bonding orbital π∗2p and CO has zero electrons in the
anti-bonding orbital π∗2p. Because for CO, NO and O2 molecules there are
two partly empty 2p-states, one expects two peaks in the XAS spectrum
corresponding respectively to transitions to the π∗ and σ∗ states.

O2: The π∗2p orbital in O2 is doubly degenerate and half filled, implying
that different electronic states can be obtained depending on the electronic
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Figure 7: Molecular orbital diagram of CO, NO and O2. The three MO energy
schemes are equivalent, where in case of O2 the order of the bonding
σ2p and π2p states are inverted due to a decreased influence of the 2s
states. The anti-bonding orbital π∗2p is filled with respectively 0, 1 and 2

electrons, creating the triplet ground state for O2.

configuration.
There are three different states, respectively 3Σg, 1∆g and 1Σg corresponding
to different arrangement of these electrons in the C2 point group symmetry.
The ground state of molecular oxygen is the triplet state 3Σg.
The oxygen K edge spectrum of O2 has been extensively studied [141–154].
The strong first resonance in the oxygen K edge absorption spectrum (Eedge)
at 531 eV (O 1s −→ π∗) has been analysed and the vibrational structure has
been resolved [153].
The ionization energy Eion of O2 is found at approximately 547 eV and like
for the oxygen atom, it is split into a quartet and a doublet state depending
on the coupling of the core electron spin to the valence spins, indicated in
Figure 8.

The challenging part of the assignment of the peaks in the O2 absorption
spectrum is the region between 535 and 545 eV. In this region we expect the
2pσ∗ peaks but also the Rydberg states.
The 1s−→ σ∗ resonance is split into two features converging to the 4Σ− and
2Σ− ionization thresholds at 543.39 and 544.43 eV [145, 152, 154, 156]. Ko-
sugi et al. reported symmetry resolved oxygen K edge spectra where two
σ features with different intensities are assigned to the bound state transi-
tions 2pσ∗ [141, 157]. The solid state oxygen K edge spectra of O2 show no
strong quenching or broadening of these peaks [158]. This suggest that the
peaks cannot be assigned to Rydberg states, because the Rydberg states will
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Figure 8: a) The oxygen K edge of O2 from ref. [141], including a high-resolution in-
set of the Rydberg states. b) Energy level diagram and allowed transitions,
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and 4Σ. The exchange splitting arises from differences in the magnetic ex-
change interactions in the final states yielding the experimental peaks B
and C [155].

behave differently in the solid state, due to strong intermolecular overlap of
the extended 3p and 4p states.
Wurth at al. [155] reported an exchange splitting of 4 eV and assigned the
σ∗ resonance to the spin up and spin down transitions 1σg −→ 3σ∗u [155].
Ruckman et al. studied the O2 gas phase spectrum in comparison with the
oxygen K edge of the alkali metal superoxides and they reported an ex-
perimental exchange splitting value of 0.4eV [159], with both components
located in peak B. The exchange splitting value that can be found in the
literature span a broad range and this can be ascribed to the theoretical dif-
ficulties in treating the Coulomb and exchange interaction in the core hole
excited states [160]. These two different interpretations of the absorption in-
teraction lead to different conclusions.
Comparing the adsorbed O2 and gas phase, the changes in the peak po-
sitions and intensities are interpreted either as quenching of the exchange
splitting [155] or as the consequence of the Rydberg nature of peak C in free
O2 [159]. The analysis of the de-excitation spectra helps the separation be-
tween σ∗ and Rydberg core excited states. The de-excitation spectra excited
at feature C can be understood from the decay of one or more Rydberg
states whereas the de-excitation spectra for the chosen excitation energies
within feature B are associated with the decay of the 2pσ∗ state.
Under pressure O2 condenses to a liquid and at 5.5 GPa it solidifies to a
solid. As a function of pressure several solid O2 phases exist [161]. The oxy-
gen K edges of the liquid and solid O2 phases show that as a function of
pressure the π∗ and the σ∗ peaks move to higher energy, consistent with a
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decreasing O-O interatomic distance. In addition the π∗ loses intensity due
to the increased interaction between the O2 molecules leading to a singlet
ground state for the ε (O2)4 phase [161].

NO: The electronic configuration of NO is equivalent to that of O2 with
only one electron in the 2pπ orbital, resulting in a ground state symmetry
with term symbol 2Π. Figure 9 shows the oxygen K edge spectrum of NO,
which is similar to that of O2. The π∗ peak at 532.55 eV followed by the σ∗

peak at 546 eV. Because NO is an open shell molecule the excitation of the
inner 1sσ electron in the oxygen K edge results in the coupling between the
unpaired electron spins of the core and valence shells [162]. This implies
that the π∗ peak at 532.7 eV is split into three states, respectively 2Σ−, 2∆,
2Σ+ [141, 162].

Figure 9: Oxygen K edge spectrum of NO where the ionization limits are indicated
as 1Π and 3Π [163]. The three theoretical components (2Σ−, 2∆ and 2Σ+)
in 1s2p peak at 532.7 eV are indicated.

The core-valence interactions also yield two ionization thresholds (∆ =

∓1/2) 3Π and 1Π [164]. The symmetry resolved spectra confirm their bound-
state transition character.
The atomic population analysis [165] and photoelectron measurements [166]
find that the 2pπ∗ orbitals have an high percentage of nitrogen character.
Auger decay investigations suggest that the three doublets state give the
highest contribution to the high energy auto-ionizing lines observed in the
oxygen K Auger spectrum [167]. The feature with a maximum around 540



34 atomic and molecular systems

eV has been assigned to Rydberg transitions with quantum number n=3

while the σ resonances are observed above the ionization threshold [141,
162]. Three series (ns, np and nd) of Rydberg states are found [164].

CO: Carbon monoxide (CO) has a singlet ground state, where there are
no electrons in anti-bonding orbitals. The molecule has a closed shell config-
uration and its ground state is a totally symmetric singlet 1Σ+. In Figure 10,
the CO oxygen K edge spectra is reported. The first feature in the oxygen K
edge is the bound excitation into an antibonding π∗ orbital that can be vi-
brationally resolved [153, 164]. Also for CO the σ shape resonance appears
above the ionization threshold. The two higher energy peaks are assigned
to 3sσ and 3pπ Rydberg excitations.
The features in the continuum have been interpreted as the l=3 shape res-
onance enhancement in the σ channel [168] or as a transition to the quasi-
bound σ∗ [169]. In Table 3 we compare the excitation energies to the 2pπ∗

Figure 10: Oxygen K edge spectrum of CO where the ionization potential (IP) is
indicated [157].

peak in CO, NO and O2. The excitation energy increases from O2 to CO,
indicating that it becomes more difficult to excite the 1s core electron to the
2pπ∗ state. The nitrogen K edge shift down in going from N2 to NO. An
increase in the excitation energy was also seen for the change from oxygen
atoms to ions. Extrapolating this to NO, indicates that the oxygen atom in
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Table 3: The energy position of the 2pπ∗ peak of binary molecules and ions.

The 2pπ∗ peak energy
Energy (eV) reference

O−
2 529.0 [159]

O2 530.8 [141]
O+
2 533.2 [170]

NO 532.7 [141]
CO 534.2 [153]

CO+
533.8 [171]

NO is more positive than in O2, with the N atom being more negative. In
CO the oxygen atom is even more positive. Ions of two atom oxides: Lind-

blad measured the oxygen K edge of a O+
2 and CO+ molecules. The 2pπ∗

peak shifts to higher energy in O2, in agreement with its positive charge
implying a higher excitation energy [170].
Ruckman et al. measured the oxygen K edge spectra of the alkali superoxide
KO2 [159]. These systems can be considered as containing K+ and O−

2 ions
and the oxygen K edge of KO2 can be interpreted as that of O−

2 . The 2pπ∗

peak shifts to lower energy in O−
2 . The removal of a valence electron in the

CO molecule will create a vacancy in the 5σ orbital, implying that the first
peak corresponds to transitions into this orbital.
The peak at 533.8 eV is the 2pπ∗ peak that has shifted to lower energy from
534.2 eV in CO [171], with the corresponding carbon 2pπ∗ peak shifting 2.6
eV to higher energy. This indicates that the positive charge of the CO+ ion
is mainly at the carbon site.

2.2.2 Molecules with three atoms

In this section we discuss some molecular systems with three atoms. The
general interpretation of the oxygen K edge remains similar to the binary
molecules, that is one observes the lowest empty orbitals and at higher ex-
citation energies they are mixed with Rydberg states. Figure 11 shows the
molecular orbitals of O3, CO2 and NO2.

O3: Ozone, O3, is a bent molecule with a central oxygen atom and two
equivalent end oxygens. This creates a new situation compared to O2 be-
cause it is now possible to excite a 1s core electron from two different oxygen
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Figure 11: Molecular orbital diagrams of CO2, NO2 and O3. The MO schemes are
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orbital is respectively 0, 1 and 2.

atoms. The molecular orbitals of O3 can be divided into π orbitals and sigma
orbitals. The π orbitals for bonding, non-bonding and antibonding combi-
nations, with only the 2pπ∗ anti-bonding orbital empty. At higher energy
there are two 2pσ∗ anti-bonding orbitals. The O3 oxygen K edge spectrum
shown in Figure 12 shows two sharp peaks appear at 529 and 536 eV [172].
The first sharp peak has been ascribed to the transition from the 1s electron
of the terminal oxygen to the 2pπ∗.
The second sharp peak at 536 eV is ascribed to transitions from the 1s elec-
tron of the central oxygen to the 2pπ∗. Note that both the peaks at respec-
tively 529 and 536 eV originate from the same molecular orbital, still they
appear at 7 eV difference in their excitation energy because the terminal oxy-
gen atoms is much lower in energy. In other words the central oxygen atom
is more positively charged. The complete analysis shows that the second
peak also has some intensity from transitions into the 2pσ∗ anti-bonding
orbitals for the terminal oxygens. The peaks at 540 to 545 eV are due to
transitions into the (mixed) 2pσ∗ anti-bonding orbitals and to Rydberg tran-
sitions. To summarise, it is interesting to compare the assignments for the
oxygen atom and the O2 and O3 molecules.

• The oxygen atom only has the main 2p peak and at higher energy the
Rydberg states.

• The O2 molecule has different chemical states, respectively the 2pπ∗

and 2pσ∗ peaks.
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• The O3 molecule has different oxygen atoms, respectively at the center
and at the edge of the O3 molecule, yielding different peaks related to
the same 2pπ∗ orbital due to different core hole potentials.

Figure 12: a) Oxygen K edge TIY spectrum of ozone [172]. The peaks at 529 eV and
536 eV are excitations into the same 2pπ∗ state, from respectively the
terminal OT and the centre oxygens OC. Note that the small peak at 531

eV is due to the presence of some O2. b) Oxygen K edge spectrum of
CO2 from ref. [173]. The 2pπ∗ state is seen at 535 eV. Above 538 eV the
2pσ∗ and the Rydberg states are visible.

NO2: Nitrogen dioxide is a bent molecule with a central nitrogen atom
and two equivalent end oxygens, in other words it has a similar structure
to O3. This implies that also the molecular orbitals of NO2 are similar to
those of O3 and the π orbitals form bonding, non-bonding and antibonding
combinations. Because there is one electron less the non-bonding π orbital
contains only one electron. The oxygen K edge of NO2 contains two sharp
peaks, respectively related to the non-bonding and anti-bonding π orbitals.
At higher energy we observe broad structures due to the σ orbitals and
Rydberg states. It is interesting to note that both NO2 and O3 have two π
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related peaks, but for NO2 they relate to two different orbitals, while for O3

they relate to the same orbital, but a 1s core hole on two different oxygen
atoms, center respectively end.

Renner Teller effect: The break down of the adiabatic approximation in triatomic
molecules is called the Renner Teller effect.
The experimental manifestation of this effect is an irregular vibrational structure of the
spectra that reflects the coupling of two electronic states in the bent nuclear conformations
which were degenerate at the linear molecular geometry. The Renner Teller effect is a conse-
quence of the electrostatic interaction between two components of an electronic state with
a non-zero angular momentum.

CO2: Carbon dioxide is a linear molecule with the bonding and non-bonding
2p orbitals occupied. It is a closed shell system that has a ground state
term symbol 1Σ+g . The lowest three empty states are respectively the dou-
ble degenerate 2pπ∗ state, followed by two anti-bonding 2pσ∗ states. The
2pπ∗ state is doubly degenerated but upon the oxygen K shell excitation
the equilibrium bond angle is changed and the degeneracy is removed by
the Renner-Teller effect [162, 174]. Because of the energy lowering result-
ing from bending the structure, the 2πu splits in two components. The first
peak in Figure 12 corresponds to the promotion of an oxygen core electron
to the two component of the lowest empty molecular orbital 2πu. This peak
presents a large FWHM compared to the elastic peak [162], which suggests
that not only the excitation from the K shell to the 2π orbital contributes
to this peak but also the lowest 1sσu −→ 3sσg Rydberg transition with anti-
bonding valence character [173].
This hypothesis is supported by the fact that this transition is optically al-
lowed. The peaks in the higher energy part of the spectrum can be assigned
to Rydberg transitions [173]. Thus all the pπ, pσ and σ transitions are al-
lowed. This can lead to the conclusion that a mixing of the valence state
with the σ∗ antibonding resonance occurs [174].
Shieh et al. studied the oxygen K edge of CO2 under pressure [175]. The
pπ peak disappears at 37 GPa and it is replaced by two structures at respec-
tively 532 eV and 540 eV. At pressures above 37 GPa CO2 does not exist as
separate molecules, but has polymerised.
There are several options for the condensed phase of CO2, with the phase
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where carbon is fourfold coordinated can best explain the observed spectral
changes [175].

2.2.3 Water

H2O is studied in the gas, liquid and solid phase. In this section we briefly
discuss all the states of water.
The oxygen K edge of water is a very active research field and we do not
intend to cover all developments but focus only on the basic components
in the analysis. Readers are referred to recent reviews on the x-ray spec-
troscopy of water, in particular the recent reviews by Smith and Saykally [176]
and by Nilsson and Petterson [177]. Gas phase H2O is a bent molecule
with five occupied orbitals. The highest occupied molecular orbital, is a
non-bonding 1b1 orbital derived from the oxygen 2px orbital without con-
tributions from the hydrogen 1s orbital, in other words it is the "lone pair".
At lower energy the orbitals are respectively from highest to lowest energy
the 3a1, 1b2 and 2a1 molecular orbitals with contributions from hydrogen 1s
and oxygen 2s and 2p orbitals, i.e. participating in the O-H bond. The two
lowest unoccupied molecular orbitals are the O-H 4a1 and 2b2 antibonding
orbitals.
Water molecules in liquid and solid phases show two different types of O-H
interactions: (1) covalent intramolecular O-H bonding and (2) weak inter-
molecular hydrogen bonds [178].
The study of the oxygen K edge allows the investigation of the unoccu-
pied states, most importantly the antibonding O-H molecular orbitals and
their character that is sensible to the H-bonding network around the probed
oxygen atom. The oxygen K edge spectrum of water is considered as being
formed by three regions: the pre edge region at 535 eV, the main edge region
around 537 eV and the post edge region at 541 eV. These regions go through
modifications depending on the water phase. In figure 13 the oxygen K edge
spectra of ice, liquid and gas phase water are compared. The gas phase spec-
trum shows the anti-bonding orbitals in the molecular MO scheme. In case
of the liquid state, the pre-edge has been ascribed to the presence of bro-
ken H-bonds by computational and experimental studies [180], the main
edge region has been ascribed to interstitial water molecules [56]. The post-
edge region contains features that consist of states delocalized trough the
H-network and results from a tetrahedral ice-like coordination [87].
Cavalleri et al. investigated the spectral change for the pre and main edge
going from the free molecule to the pentamer. They highlighted the role of
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Figure 13: X-ray absorption spectra of gas phase water, liquid water at 299K and
ice grown on BaF2 at 144K [179].

the H-bond directionality on the spectral shape: the unoccupied antibond-
ing O-H orbitals, in gas phase, are polarized towards the hydrogen, so they
have a strong sensitivity to additional H-bonds [181]. The features that con-
stitute the post-edge region have been related to states that are localized
along the H-bond. These states give rise to the conduction band in the ice
phase with a strong intensity due to the fact that both OH groups are in-
volved in donor hydrogen bonds [182]. The three different regions of the
water spectra are affected by several factors such as a change in tempera-
ture, different solvents and isotope effects. Heating the liquid will cause the
post edge region to lose intensity while the pre-edge and the main-edge will
increase their intensity. The study of Wernet et al. [183] gave rise to a huge
debate on the local structure of liquid water at different temperatures.
It has been concluded that the spectrum of liquid water is composed of two
different species: a species with two hydrogen bonded configurations with
one strong donor and one strong acceptor bond donating H-bond and a
second species that is more symmetric with a tetrahedral-like coordination
close to the ice coordination.
Increasing the temperature, the water structure diverges from the tetrahe-
dral like coordination. Also different solvents such as benzene, acetonitrile
and chloroform [184] can be seen as hydrogen bonding network perturba-
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tions that allow symmetrical bonding and promote ice-like structures with
a consequent increase in the post edge structure.
Fuchs at al. [185, 186] observed a significant isotope influence in the spectra
of liquid water: the pre edge peak shows a blue shift in the D2O spectra
due to the different zero point energies of the ground states and a reduced
intensity in the pre edge region of the deuterated species due to smaller
distortion of the bonding network.

2.2.4 Bio-organic molecules

The general interpretation of the oxygen K edges of large molecules is simi-
lar to the small molecule discussions above. The peaks in the oxygen K edge
are analysed in terms of the lowest empty orbitals, where in case of two or
more non-equivalent oxygen atoms in a molecule, the individual spectra of
the oxygen atoms are added, taking into account that there can be different
excitation energies into the same orbital. A large number of oxygen K edge
spectra are given in the COREX database [187].
XAS studies of bio-organic molecules are difficult due to the risk of beam
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Figure 14: (a) Time evolution of the oxygen K edge spectra of cysteine at time zero
and after 17 minutes without any rescaling [188]. (b) Oxygen K edge of
DPPC at grazing incidence (GI) and normal incidence(NI) before and
after the irradiation [189].

damage [188]. The main degradation processes that can occur when measur-
ing the oxygen K edge can be grouped as [188]: (a) dehydrogenation due to
the O−H group, (b) dehydration, i.e. the loss of water molecules because of
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the C−OH bond, (c) decarboxylation (loss of molecular CO2) and (d) decar-
bonylation, the loss of molecular CO.
Zubachius et al. [188] investigated the radiation induced modification in the
oxygen K edge spectra of cysteine (Figure 14). The spectral shape is less
affected by the beam damage than the intensity, the spectra recorded after
17 min of exposure has an intensity of one order of magnitude lower than
the pristine system. This implies that at least 90% of the oxygen present
in the molecule has been detached as H2O or CO2. Radiation damage can
manifest itself in the oxygen K edge measurements also as perturbation of
the supramolecular structure [190, 191].
Panajotović et al. investigated the radiation damage on phospholipidic mem-
branes and they tested the impact of different incidence modes on the spec-
tra: many broken σ bonds especially in normal mode and new features
appeared [189].
Other common chemical modifications induced by ionizing radiation are the
formation of free radicals [192, 193], where the reduction product is usually
formed by the addition of an electron to the carbonyl oxygen of the carboxyl
group [192, 194–196]and mass loss phenomena, [197, 198] depending on fac-
tors such as the initial mass, the dose rate and the area of irradiation [197].

Amino acids, polypeptides and proteins: The measurement of the oxy-
gen K edge XAS in amino acids is a powerful tool since oxygen can be
in different bonding environments and different chemical shifts for each
oxygen in amino acids are observed [200]. In Figure 15 the oxygen K edge
spectra of all the 22 amino acids are reported [199]. The spectra show a dom-
inant peak that has been assigned to the π∗ resonance followed by the σ∗

resonance at higher energy. In the aspartic acid spectra, a peak around 534.0-
534.5 eV, with an energy difference from the main peak of 1.5 eV has been
reported and assigned to the 1s→ π∗ excitation of the OH oxygen in carboxy
group [199–201]. Also the glutamic acid shows a similar feature [199]. From
the hydroxyl group of serine, threonine and hydroxyproline, a σ∗ (O−C)
transition occurs in the range ≈ 538-540 eV [199]. A probable contribution
from residual water is expected in the energy range 537-540 eV [199, 202].
Even if isolated amino acids in gas phase are always neutral, in solution any
change in pH can bear dramatic changes in their charge state as they can
exist as cations at low pH values, charge neutral zwitterions at intermediate
pH values, and anions in basic solutions.
The addition or removal of a proton affects the local symmetry of the electric
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field surrounding the terminal oxygen [202], so the energy levels of molecu-
lar orbitals at the carboxylic group would be modified by any pH change.
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Figure 16: Oxygen K edge spectra of 0.6M glycine (aq) as a function of pH. A small
red shift is observed for the acidic solution, which has been illustrated
by a dotted line through the center of each peak. This shift is caused by
the protonation of the carboxylate subgroup at low pH, and the resultant
breaking of the degeneracy in the O1s→ π∗CO transition[202].

In Figure 16 the spectra in solution of glycine at different pH values is re-
ported. The terminal carboxyl group of glycine is protonated in an acid en-
vironment so a lift of the degeneracy CO double bond and a feature around
535 eV due to the C−O bond is expected. The strong background from the
aqueous solution cannot be easily subtracted and makes the attempt to iden-
tify further resonances difficult[202].

DNA components: In Figure 17 the oxygen K edge XAS spectra of uracil
(U), thymine (T), cytosine (C) and guanine (G) are reported[203]. The bases
show a strong feature around 532 eV arising from the carbonyl group (π∗CO),
and a σ∗ resonance above 535eV, thymine shows a splitting of the π∗ main
resonance due to an energy differnce of teh two C=O bonds [204–206].
Also the uracil spectra has a splitting in the first π∗ peak, but less pro-
nounced; the stronger blue shift of the π∗2 of thymine is related to the
substitution effect of the methyl group. DNA is built up by nucleobases
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attached to ribose sugar and phosphate groups. The way the sugar and the
phosphate group effects the spectra of oxygen K edge of thymine is shown
in Figure 17. With the addition of sugar and phosphate the spectrum ac-
quires features characteristic of the phosphate group as the enhancement
of the σ∗(C−O) structure [203, 204]. The small peak in the π∗ region comes
only from the base [203].

T

T+Sugar

T+Sugar
+Phosphate

Na2HPO4

525        530         535        540        545         550        555  
Energy(eV)

Int
en

sit
y

a) b)

T

U

Energy(eV)

Int
en

sit
y

525    530     535     540     545     550    555

G

C

σ∗

π∗

π∗21π
∗

Figure 17: Figure a) Oxygen K edge spectra of uracile, thymine, citosine and
guanine together with their molecular structure and the peak assign-
ment[203]. Figure b) Effect on the oxygen K edge spectra from adding
sugar and phosphate groups of DNA to thymine[204]

2.3 adsorption

2.3.1 Atomic adsorption

Molecules adsorbed on a surface change their electronic structure and the
oxygen K edge is a useful tool to study the adsorption processes of oxygen-
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containing molecules. The adsorption phenomena of small molecules are
particularly important as the fundamental steps in catalytic processes.
The interaction of oxygen atoms with a surface is strong due to the bonding
of the oxygen 2p orbitals with the metal orbitals near the Fermi level. Three
2p orbitals are involved in the surface chemical bond with an adsorbing
atom.
The interaction with the 2pz orbital has σ symmetry with respect to the
surface. The 2px and 2py orbitals are parallel to the surface and can only
interact with the surface s atomic orbitals in high coordination sites. This
bonding interaction contributes significantly to the total surface bond en-
ergy implying that bonding to high coordination sites is favoured. The 2p
orbitals form bonding and anti-bonding orbitals with the metal orbitals.
Figure 18 shows the oxygen K edge of oxygen adsorbed on a Cu(100) sur-
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Figure 18: The oxygen K edge of oxygen adsorbed on a Cu(100) surface
(points) [207] compared with the Cu L3 edge shifted by 401 eV [208]

face (points) compared with the energy shifted copper 2p XAS spectrum of
copper metal.
The atomic energy of the 2p orbital is below the Fermi level, implying that
the anti-bonding combinations will have mainly metal character. The oxygen
K edge in first approximation maps the empty metal states, slightly shifted
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to higher energy due to the anti-bonding character. From this analysis, one
would expect that if an oxygen atom is adsorbed on a copper surface, in
first approximation the oxygen K edge will map the empty metal states and
as such it will look similar to the copper 2p XAS spectrum that maps the
empty copper s states.

2.3.2 Molecular adsorption

X-ray absorption of the adsorption of molecules to surfaces has been dis-
cussed in detail in the book Chemical bonding at surfaces and interfaces by
Nilsson, Pettersson and Norskov [209]. The adsoption of oxygen-containing
molecules to a surface is weaker than that of oxygen atoms.
In a molecule the atom that binds to the surface is still bonded to other
atoms from the molecule. The adsorbed atom divides its bonding strength
between the molecule and the surface, with the consequence of weaker
bonding than an isolated oxygen atom. One can distinguish physisorption
and chemisorption. In chemisorption there is a chemical bond between the
molecule and the surface, while in physisorption the molecule is attached
to the surface without a chemical bond, for example via van der Waals in-
teractions.

CO on metal surfaces: The bonding of CO on Ni(100) was studied in de-
tail in 1982 by Stohr and Jaeger [210]. One observes the transitions to the 2π∗

orbital at 534.0 eV and to the σ∗ orbital at 550.0 eV. In the free CO molecule,
these excitation energies are respectively 534.2 eV and 550.9 eV (see Table 3),
implying that the 2π∗ excitation energy does not shift while the σ∗ orbital
shifts by 0.9 eV. Thus, the energy difference between the 2π∗ and the σ∗ or-
bitals is reduced from 16.8 eV in free CO to 16.0 eV in CO/Ni(100). This
energy reduction can be ascribed to the shift to higher energy by the anti-
bonding combination of the 2π∗ orbital and the Ni 3d orbitals.
Figure 19 shows an angular dependence. At normal incidence the 2π∗ peak
is strong because the electric field is aligned with the 2π∗ resonance. At graz-
ing incidence the electric field is parallel to the CO axis, hence perpendicular
to the 2π∗ orbital and the 2π∗ resonance is small. The argument is reversed
for the σ∗ orbital that has the highest intensity when the electric field is
parallel to the CO axis. This angular dependent effect, also known as linear
dichroism, indicates the bonding orientation of the adsorbed molecule.
Tillborg et al. studied the oxygen K edge XAS spectra of CO adsorbed on
three different sites on a Ni(100) surface, respectively hollow sites, bridge
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sites and on-top sites. The energy position and relative intensity of the oxy-
gen K edge indicates the difference in chemical bonding [211].
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Figure 19: The oxygen K edge of CO on Ni(100) [210]. The 2π∗ orbital is visible at
534.0 eV and to the σ∗ orbital at 550.0 eV.

Linear Dichroism
Linear Dichroism or Polarization Dependent x-ray absorption concerns the difference in

XAS spectral shape of a system as a function of its angle with respect to the x-rays.
At a bending magnet beamline, the x-ray is linearly polarized in the plane of the syn-
chrotron. This implies that the x-ray excites the electric dipoles that are aligned in this
plane. Assuming a planar molecule lying on a flat surface, one can excite the planar bonds
if the x-ray polarization vector lies in this plane.
The bonds perpendicular to the plane are excited when the sample is turned with the elec-
tric vector perpendicular to the molecular plane. This yields two polarization dependent
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spectra and the difference spectrum is the Linear Dichroism spectrum. If the symmetry of
the system is broken by a magnetic field, there will also be linear dichroism, which then is
called Magnetic Linear Dichroism (MLD).

2.4 analysis of catalytic reactions

The information on the adsorbed species can be used in the analysis of oxy-
gen K edges of catalytic reactions.
One can study the oxygen K edge XAS spectra under in-situ conditions.
The most common approach uses conversion electron yield, i.e. the excited
electrons ionise the gas phase and the resulting ionised ions are detected.
Often these experiments are performed in so-called near-ambient-pressure
XPS set-ups, implying that the gas pressure is in the mbar range [82], but
one could also use 1 bar pressures in dedicated in-situ XAS reactors.
Knop-gericke et al. studied methanol oxidation to formaldehyde over cop-
per metal [82]. One detector tracks the oxygen components in the gas phase
and a second detector tracks the oxygen components of the surface and gas
phase combined, allowing the determination of the surface species by sub-
tracting the pure gas phase spectrum. The oxygen K edge as a function of
temperature indicates a transition from Cu2O at 540 K to a species that is
described as adsorbed oxygen atoms that mainly interact with the copper
s states. The different oxygen species are then correlated with the catalytic
reactions [82]. Pfeifer et al. performed a detailed study on the comparison
between amorphous and crystalline rutile IrO2, which is important regard-
ing its behaviour as electrocatalyst for the oxygen evolution reaction [212].
The rutile phase is a pure Ir4+ O2− oxide and the oxygen K edge shows two
peaks: a sharp peak at 530 eV related to the empty Ir 5d states and a broad
peak at 533 eV due to the sp-band. The amorphous IrOx shows additional
fine structure in the 5d spectral region, which in the paper is assigned to
partial reduction to Ir3+, due to the formation of Ir vacancies. In our opin-
ion, a shift to lower energy in the oxygen K edge should be related to an
oxidation to Ir5+, in other words the Ir vacancy creates Ir5+ sites at neigh-
bouring positions, which causes a shift to lower binding energy.
Tesch et al. studied the behaviour of MnOx electrocatalysts as a function of
the potential [213]. The oxygen K edge of the MnOx system changes as a
function of the potential, which is analysed as a change in the Mn-O hy-
bridization. In our opinion what is visible in the oxygen K edge is mainly
the change of the ratio of MnOx and nafion/graphene background and the
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oxygen K edge related to the MnOx species remains the same for all poten-
tials.



3
C O U P L E D C L U S T E R S T U D Y O F T H E X - R AY
A B S O R P T I O N S P E C T R A O F F O R M A L D E H Y D E
D E R I VAT I V E S

Calculations of core excitations are challenging because they require com-
putational methods that explicitly account for the excitation of core-level
electrons, including relaxation and electron correlation effects (see Chap-
ter 1).
In the realm of electronic structure wave-function based methods, the meth-
ods rooted in a coupled cluster ansatz for the wave function [214–217]
where the correct description of the quantum mechanical system can be
approached in a systematic manner, are generally considered among the
most accurate. Implemented within response theory, coupled cluster (CC)
methods give a reliable theoretical framework in which relaxation effects
are taken into account by means of an accurate treatment of electron corre-
lation in both the ground and excited states.
In this chapter the performance of the coupled cluster hierarchy of methods
CCS (coupled cluster singles), CC2 (coupled cluster singles and approxi-
mate doubles) and CCSD (coupled cluster singles and doubles) with a core-
valence separation (CVS) scheme applied within the manifold of excited
states (in the following labelled eCVS) [218] is evaluated on the carbon,
oxygen and fluorine K edge XAS spectra of the molecules formaldehyde
(CH2O), carbonyl fluoride (CF2O), formyl fluoride (CHFO) and formic acid
(CHOOH). The analysis covers the entire K edge region from the first ab-
sorption peak to the ionization limit, i.e. including the Rydberg excitations.
For the lowest energy core-excited electronic transition at both the C and O
K edges of formaldehyde, has been performed the simulation of the associ-
ated vibrational progressions since this allows for a more direct comparison
with the high-resolution experiments [219]. The vibronic calculations (of the
polyatomic molecule formaldehyde) also represent a more compelling stress
test for the level of theory since their quality also depend on the quality of
the gradients and Hessians, and hereby constitute a more detailed investi-
gation on the accuracy of the computational method.

51
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3.1 coupled cluster theory

Coupled cluster methods are built upon the exponential ansatz of the wave
function,[220]:

|Ψ〉 = eT̂ |0〉 (4)

where |0〉 stands for the reference wave function and T̂ =
∑
µ tµτµ is the

cluster operator, which is a linear combination of the excitation operators
τµ, each weighted by the corresponding CC amplitude, tµ. The cluster oper-
ator includes excitations established by a hierarchy of approximations given
by the partion of the of the cluster operator into ranks comprising single ex-
citations, double excitations and triple excitations. The cluster operator can
be rewritten as:

T̂ = T̂1 + T̂2 + ... + T̂N (5)

Each excitation operators excites at least one electron from an occupied
orbital to a virtual one and since there are N elctrons in the system, the
expansion terminates at T̂N. The one-electron part is given as:

T̂1 =
∑
AI

tAI a
†
AaI (6)

while the two electron part can be written as:

T̂2 =
∑

A>B,I>J

tABIJ a
†
AaIa

†
BaJ =

1

4

∑
AIBJ

tABIJ a
†
AaIa

†
BaJ =

1

4

∑
AIBJ

tABIJ τ̂
AB
IJ (7)

The indices I an J are used for the occupied Hartree Fock orbitals while
A and B stand for the virtual ones. The cluster amplitudes tABIJ are antisym-
metric respect to orbital permutations [221]. At this point it can be checked
that the expansion of the exponential operator eT̂0 leads to:

eT̂0 = 1 (8)

eT̂1 = T̂1 (9)

eT̂2 = T̂2 +
1

2
T̂21 (10)

eT̂3 = T̂3 + T̂1T̂2 +
1

6
T̂31 (11)

(12)

So excited states of a higher order also includes simultaneous excitations
of lower order, for example the doubly excited states includes not only the
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connected double excitations, but also the disconnected simultaneous sin-
gle excitations. This leads to the size-extensivity property of the coupled
cluster, ensuring consistent results for arbitrary numbers of non-interacting
molecules. The ground-state energy and CC amplitudes can be obtained
by projection of the time-independent Schrödinger equation for the non-
Hermitian similarity transformed Hamiltonian, ĤT̂ = e−T̂ ĤeT̂ , onto the ref-
erence state |0〉 and the manifold of excited states |µ〉

〈0| ĤT̂ |0〉 = E ; 〈µ| ĤT̂ |0〉 = 0 (13)

Within CC response theory, [216, 222] the CC excitation energies can be
computed by determining the eigenvalues of the CC Jacobian matrix A,
whose elements are Aµν = 〈µ|

[
ĤT , τν

]
|0〉.

Since the CC Jacobian is non-symmetric, the left and right eigenvectors are
not each other adjoint, so two eigenvalue equations are solved

ARj = ωjRj ; LjA = ωjLj (14)

with the biorthogonality condition LkRj = δjk. In order to solve the above
large scale non-symmetric eigenvalue equations, variants of the Davidson [223]
or Lanczos [224, 225] algorithms can be adopted. In the present study, the
Davidson [223] algorithm is used. Transition strengths (for electric dipole
moment component α) can be determined as

Sαα0→j =
1

2

{
Tα0jT

α
j0 + (Tα0jT

α
j0)
∗
}

(15)

where the left and right transition moments are given by

Tα0j = η
αRj + M̄

j(ωj)ξ
α; Tαj0 = Ljξ

α (16)

and the auxiliary Lagrangian multipliers M̄j(ωj) are obtained from the so-
lution of the linear equation

M̄j
(
A +ωjI

)
= −FRj . (17)

See e.g. Refs. [222, 226] for a definition of the F matrix and of the vectors ξα

and ηα. In order to obtain excitation energies and strengths of core-excited
states, it is convenient to apply a core-valence separated scheme [227] to
decouple the energetically high-lying core excited states from valence con-
tinuum states. In practice, this also avoids solving for the exceedingly large
number of lower-lying valence excitations.
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Here, the projection scheme proposed in ref. [218] has been used, that en-
ables the calculations of energies and analytic gradients with only a simple
modification of a well-developed EOM-CCSD energy and gradient code. A
projector PvI is applied at each iteration in the iterative solvers to remove all
vector elements not referencing at least one core orbital (or a set of selected
core orbitals) I, e.g. in the Davidson case,

PvI(APvIRj) = ωjP
v
IRj , (18)

and similarly for the left eigenvectors. Further details can be found in ref. [218].
We should mention that the equations that determine the Lagrange mul-
tipliers for the cluster amplitudes correlate all electrons, to be consistent
with the all-electron CC treatment for the ground state. This proved to be
particularly important during the determination of the multipliers for the
core excited state gradient, to be able to reproduce the results of a finite
difference determination of the gradient. In the Born-Oppenheimer approx-
imation, vibronic spectra arise from the contribution of the transitions from
all populated vibrational states in the initial electronic state, |v1〉, to those
in the final electronic state, |v2〉. The spectrum as function of the radiation
frequency, ω, takes the following form: [228]

S(ω) =Cω
∑
v1,v2

ρv1(T)(|〈v1|µ12|v2〉|2)

× δ
(
ωv2 −ωv1 + ( h−1∆E−ω)

) (19)

here ρv1 are the Boltzmann weights associated to each vibrational level in
the initial electronic state, µ12 is the electronic transition dipole moment
connecting both electronic states, ωv1 and ωv2 are the frequencies of each
vibrational state on either the initial or final electronic states and ∆E is the
energy difference between the minima of each state (adiabatic energy). C is
a constant whose value is ∼ 703.3 when all quantities are in atomic units in
order to provide the spectrum as molar extinction coefficient (S(ω) ≡ ε(ω))
in the usual experimental units: M−1 cm−1. The above Time-Independent
(TI) expression implies a sum-over-states that can become unfeasible for
large systems and/or high temperatures [228]. In these cases, the spectrum
can be obtained more efficiently from an alternative, Time-Dependent (TD),
formulation derived by taking the Fourier transform of the Dirac delta func-
tion, [229] which leads to

S(ω) =
Cω

2πZv1

∫
χ(t, T)e−it(∆E/ h−ω)dt (20)
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where Zv1 is the vibrational partition function of the initial states, |v1〉, and
χ(t, T) is the correlation function, given by

χ(t, T) = Tr
[
µ12e

−itH2/ hµ12e
−(β−it)H1/ h

]
(21)

where Tr refers to the trace operation, β = (KBT)
−1, KB is the Boltzmann

constant, T the absolute temperature, and H1 and H2 are the initial-state
and final-state Hamiltonians respectively.

3.1.1 Computational Details

Four different systems have been considered: formaldehyde CH2O, formic
acid CHOOH, carbonyl fluoride CF2O, and formyl fluoride CHFO. Experi-
mental geometries from refs. [230–233] have been used for all molecules.
The hierarchy CCS (coupled-cluster singles), CC2 (coupled cluster singles
and approximate doubles) and CCSD (coupled cluster singles and doubles)
with the eCVS scheme, [218] available in the Dalton code, [234] has been
used to compute both core excitation energies, intensities and ionization po-
tentials.
Different correlation consistent basis sets, [235] further enriched with Rydberg-
type basis functions, [236] were used. For formaldehyde, two sets of Rydberg
functions were tested, namely a 3s3p3d set (with quantum number n = 3–
4), and a 7s7p set (with n = 2–5), both obtained according to Kaufmann’s
prescription. [236] The notation (3s3p3d)n=3−4 (7s7p)n=2−5 will be used in
the follwowing when referring to such sets.
In all the plots shown in the next sessions, a rigid shift has been applied
in order to align each simulated spectrum with the experimental one. The
shift was determined from the energy difference ∆ between the first com-
puted and the first experimental peak. For the vibrational structure, opti-
mized structures for both ground and core-excited states were obtained at
the (EOM-)CCSD/aug-cc-pCVTZ level using the same eCVS scheme, imple-
mented in CFOUR [237]. The ground and excited state Hessians were also
obtained, using a fully analytical approach for the ground state [238–241]
and by using numerical differentiation of analytical gradient [242, 243] for
the excited states.
Vibronic spectra have been obtained adopting the harmonic approxima-
tion. For the vibrational analysis, the potential energy surfaces (PES) of the
ground state and the core excited states have been modeled with a quadratic
expansion around their minima (i.e. with the so−called adiabatic Hessian
approach, AH [244]). Moreover, the absorption spectra have been computed
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in Franck-Condon approximation (i.e., the electronic transition dipole mo-
ment µ12 was assumed independent of nuclear coordinates), adopting both
the time-independent [228] and the time-dependent [229] methods imple-
mented in version 3.0 of the FCclasses code [245].

3.2 formaldehyde

In order to determine the basis set requirements,we considered in Figure. 20,
the oxygen and carbon K edge spectra of CH2O in comparison with the ex-
perimental spectra. [219] The main spectral features for CH2O at both the
carbon and oxygen K edge is the 1s→ π∗ transition, reported in the litera-
ture at 285.59 eV and 530.82 eV, respectively. They are followed, in the higher
energy part of the the spectra, by a series of Rydberg transitions [219]. The
family of correlation consistent basis sets [246] (cc-pVXZ) has been widely
employed in accurate ab-initio calculations because of their systematic con-
vergence of the calculated properties towards the complete basis set limit
when increasing the cardinal number X. [247]
Since a large fraction of the correlation energy needs to be recovered, one
may expect that large basis sets are needed, [248] at least of triple zeta qual-
ity.
The relaxation of the core is addressed by polarization and core-correlating
functions. One can also expect that the description of excited states of dif-
fuse character will benefit from the inclusion of augmentation functions,
and that the addition of center-of-mass Rydberg-type functions in particu-
lar will allow a better description of the Rydberg region [236].
Using the above prescriptions, the cardinal number of basis set was varied as
X= D, T, Q, and, in Figure 20, the oxygen and carbon K edge spectra of CH2O
obtained at the CCSD level with different basis sets are shown. The spectra
were generated by applying a Lorentzian lineshape with HWHM=0.2 eV to
the electronic stick-transitions. The oxygen K edge spectra in the double ζ
basis shows a positive deviation, ∆, of 3.68 eV (i.e., the core excitation energy
of the reference peak is overestimated), while the triple and quadruple ζ sets
have deviations of 1.72 eV and 1.59 eV, respectively. The computed spectra
were therefore shifted by −∆. The spectral shape is less affected than the ab-
solute energy by the basis set, so that even a small basis set can reasonably
reproduce the experimental features.
In Figure 20, the energy separations between the 1s→ π∗ and the first Ry-
dberg transition in the oxygen K edge are also reported, and compared to
the experimental reference value of 4.61 eV. The peak separations are less
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Figure 20: Formaldehyde: eCVS-CCSD oxygen (left) and carbon (right) K edge
spectra in different correlation consistent basis sets supplemented with
(3s3p3d) Rydberg functions. A parallel shift −∆ was applied to the com-
puted spectra to align them with the first experimental peak. The total
spectra are reported in green; blue lines and sticks refer to transitions
of A1 symmetry, red lines to those of B1 symmetry and magenta lines
to those of B2 symmetry, for the molecule placed on the yz plane and
the C2 axis along z. A Lorentzian broadening of HWHM=0.2eV has been
applied. The experimental spectra are taken from ref. [219]. The spectral
profiles shown have been generated by broadening the raw spectral data
reported in Table 6 and Table 7 of the Appendix.
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affected than the absolute energy by the variation in cardinal number, and
they are overestimated by approx. 0.6 eV.
We expect that this somewhat large separation is reduced if triple and higher
excitations are taken into account, which would be of interest for future in-
vestigations. In the right panels of Figure 20, the same basis sets used for
the oxygen K edge are tested for the carbon K edge. The high-resolution
experimental spectrum [219] shows a rich vibrational progression that will
be discussed later on. Also in this case, the double ζ basis set shows the
larger shift with respect to the reference experimental value (2.61 eV), and
the overall shift is smaller than in the oxygen case.
This appears to be a general trend, as revealed by inspection of the results
for the 1s→ π? excitation of all molecules here considered, collected in Ta-
ble 17: the higher the energy to excite the core electron is, the larger is the
shift of the computed peak from the experimental counterpart. In the case
of CH2O, both edges show a small difference in the absolute energy shift
between the triple and the quadruple ζ basis set.
As the overall spectral shape before the ionization limits (294.3 eV for the
carbon and 539.3 eV for the oxygen threshold [219]) are not largely affected
by the size of the basis set, one can possibly use a basis set of double-ζ qual-
ity if the results are then shifted accordingly. It should be noted, however,
that this is partly due to the fact that all basis sets considered above include
additional Rydberg functions, which play a fundamental role in the correct
description of the weak bands in the spectra. This is clearly evident in Fig-
ure 21, where the spectra obtained at both carbon and oxygen K edges using
the core-valence triple ζ basis with and without Rydberg and augmentation
functions are compared.
While the position of the 1s→ π∗ peak is roughly the same for all three

basis sets, a correct description of the Rydberg region clearly requires the
inclusion of diffuse functions (sufficient to describe the lower lying Rydberg
states) and of Rydberg-type functions (for the higher lying Rydberg states).

In Figure 22,the spectra obtained for CH2O using triple ζ basis sets with
and without core polarization and/or augmentation functions, combined
with two different choices of Rydberg-type basis sets are shown.
At both edges, the smallest systematic shift is found for the aug-cc-pVTZ
basis set, whereas in the core-valence bases with and without augmenting
functions the shifts are roughly the same. The two selected Rydberg-type ba-
sis sets yield similar spectral profiles at frequencies above the 1s→ π∗ peak,
though with some differences in the intensities and in the separation from
the 1s→ π∗ band, in particular when combined with the cc-pCVTZ basis set.
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Figure 21: Formaldehyde: eCVS-CCSD carbon (left) and oxygen (right) K edge spec-
tra using the cc-pCVTZ basis, the aug-cc-pCVTZ and the aug-cc-pCVTZ
basis plus the (3s3p3d) Rydberg set. The parallel shifts −∆ applied to
the computed spectra to align them with the first experimental peak are
indicated. The total spectra are reported in green; blue lines and sticks
refer to transitions of A1 symmetry, red lines to those of B1 symmetry
and magenta lines to those of B2 symmetry, for the molecule placed
on the yz plane and the C2 axis along z. A Lorentzian broadening of
HWHM=0.2eV has been applied.
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Depending on the basis set adopted, the separation between the first peak in
the Rydberg region and the strong 1s→ π∗ band is overestimated by approx-
imately 0.6–0.9 eV in the case of oxygen and by ca. 0.3–0.6 eV in the case
of carbon. It can be noted that, since core electrons are involved, one can
expect relativistic effects to play a role in the energetic of the excitation. The
inclusion of the relativistic effects by means of the Douglas-Kroll-Hess scalar
relativistic Hamiltonian [249, 250] and by the spin-free exact two-component
theory in its one-electron variant [251, 252] has been shown to give a small
(positive) shift in light elements, [225, 253–256] consistent with the relativis-
tic contraction of inner orbitals.
Having analyzed, for CH2O, the role of the basis set at the CCSD level, we

now turn our attention to the importance of the accurate description of elec-
tron correlation within the CC hierarchy and show, in Figure 23, the spectral
profiles obtained at the O and C edges of formaldehyde within the eCVS-
CCS, eCVS-CC2 and eCVS-CCSD hierarchy in the aug-cc-pCVTZ basis set
supplemented with the (3s3p3d)n=3−4 Rydberg basis functions.
The computed spectra are once again compared with the experimental coun-
terparts from ref. [219]. At the CCS level of theory (which is equivalent to
configuration interaction singles, CIS), the position of the XAS first band is
overestimated by as much as 15 eV at the O edge and 8.7 eV at the C edge.
The next band is found at ≈9.8 eV for oxygen and ≈8.07 eV for carbon, re-
spectively, and its intensity, relative to the first band, is too large.
It is thus clear that CCS does not give a satisfactory description of the en-
ergetics of the excitations, of their relative intensities and therefore of the
overall spectral features.
The inadequacy of the CCS method is mainly due to the inability of the
method to describe the strong orbital relaxation effects that follow the ex-
citation of core electrons, due to the complete lack of double excitations in
both ground and excited state descriptions.
Indeed, when orbital relaxation is explicitly taken into account, for instance
by using as basis the electron-attached states of independently optimized,
core-ionized references, (non-orthogonal) CIS-based methods have been shown
to yield good agreement with experiment, at least for the 1s→ π∗ excita-
tions. [257, 258] In CC2, the (ground state) doubles amplitudes are correct
to first order and the singles to second order. The single-single block of
the CC2 Jacobian is correct to second order, whereas the double-single and
single-double blocks are correct to first order, since the lowest-order cou-
pling to the singles spectrum is retained. This ensures that the CC2 sin-
gle replacement dominated excitation energies are correct through second
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Figure 22: Formaldehyde: eCVS-CCSD oxygen (left) and carbon (right) K edge us-
ing ζ zeta basis sets with both augmentation and core correlation func-
tions, with core correlation functions only, and with augmentation func-
tions only. Two different Rydberg spaces are reported. A parallel shift
−∆ was applied to align the computed spectra with the first experimen-
tal peak. The reported value between the first and the second peak is the
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The total spectra are in green; blue lines and sticks refer to transitions
of A1 symmetry, red lines to those of B1 symmetry and magenta lines to
those of B2 symmetry, for the molecule placed on the yz plane and the
C2 axis along z.
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order. Double replacement dominated excitations, on the other hand, can-
not be described by CC2 [259, 260]. The CC2 oxygen K edge spectrum of
formaldehyde in Figure 23 shows a shift of around 1.7 eV, which is basically
the same as in the CCSD case. It was observed earlier [224] that CC2 can
sometimes give better absolute core energies than CCSD, but this can be
related to some error cancellation effects between the incomplete treatment
of the double excitations and the lack of triple excitations [225]. Despite the
good alignment of the first excitation energy, however, the remaining peaks
in the eCVS-CC2 oxygen K edge spectrum are too close, the second peak
being located at only ≈2.5 eV from the first one.
At the carbon K edge, on the other hand, the rigid shift of the CC2 spectrum
with respect to the experimental data is 2.93 eV, almost twice the value of
1.41 eV found for CCSD. Thus, at the carbon K edge edge, the overall spec-
tral profiles yielded by both CC2 and CCSD match rather well the experi-
mental one, with a separation between the first and second peak reasonably
close to the (estimated) experimental value.

Turning the attention to the ionisation energies (IE) and (relative) term
values (T ) reported in Table 17 for formaldehyde, the eCVS-CCSD core ioni-
sation energy of C is ≈1.5 eV higher than experiment, which yields a slightly
overestimated term value (9.05 eV vs the experimental value of 8.93 eV). The
eCVS-CC2 core ionisation energy is almost the same, but the resulting T is
underestimated (7.5 eV). The computed oxygen K edge ionisation energy at
the CCSD level yield a term value for the first excitation of 9.16 eV, versus
the experimental value of 9 eV. The term value is, on the other hand, under-
estimated by 3.5 eV at the CC2 level, mainly because of the underestimation
of the core ionisation energy at this level of theory. The core ionisation ener-
gies and term values at both edges are strongly overestimated by eCVS-CCS.
To conclude the analysis of the purely electronic XAS spectra of formalde-
hyde, in Figures 24 and 25 is reported a characterization of the XAS bands
obtained at the eCVS-CCSD/aug-cc-pCVTZ+(3s3p3d)n=3−4 Rydberg level
by means of the natural transition orbitals (NTO) for the underlying core
excitations. The assignments originally done by [219] are also indicated in
the figures.
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Figure 24: Formaldehyde: eCVS-CCSD NTOs of the lowest C K edge excitations.
The computed spectrum has been shifted to align with experiment [219].
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Figure 25: Formaldehyde: eCVS-CCSD NTOs of the lowest oxygen K edge excita-
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reported. The computed spectrum has been shifted to align with experi-
ment [219].
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For each transition, the dominant hole/particle pair is indicated. The sym-
metry labelling indicated for each transition is the one resulting from the
calculations [219]. The assignments of the peaks are mostly in line with the
ones of [219], [219] (and [263] [263]).

3.3 formic acid, formyl fluoride and carbonyl fluoride

Having discussed in greater detail both basis set and correlation effects in
the case of the formaldehyde molecule in the previous section, here are
briefly considered the other three molecular systems, for which experimen-
tal data are either more scarce or less resolved.
As anticipated, in Table 17 have been collected, the eCVS-CCS, eCVS-CC2

and eCVS-CCSD results for the 1s→ π∗ excitations, oscillator strengths, and
core-ionization energies of all edges in formaldehyde, carbonyl fluoride,
formyl fluoride and formic acid obtained in the aug-cc-pCVTZ basis set
(plus Rydberg for formaldehyde). Experimental absolute energies and term
values T are also included. The full spectral profiles yielded by the three
coupled cluster methods for CHOOH, CHFO and CF2O are reported in Fig-
ures 26 to Figure 28.
At CCS level of theory, the deviation from experiment of the absolute en-
ergy of the first excitation at the C edges varies in between 7 and 16 eV,
depending on the molecules; for the oxygen edge, it is around 15-16 eV and
for fluorine it is of the order of 21 eV.
From Table 17 and Figures 26–27, it is again clear that CCS completely fails

in describing both the energetics and the overall spectral features for all sys-
tems, due to its inability to describe core orbital relaxation. In the case of
formic acid, see Figure 26, the eCVS-CC2 systematic shift ∆ is smaller than
the eCVS-CCSD one at the oxygen K edge, but more than twice as large at
the carbon K edge. The eCVS-CC2 spectrum at the oxygen K edge is again
more compressed than the eCVS-CCSD one, whereas at the carbon K edge
the eCVS-CC2 and eCVS-CCSD spectral profiles are very similar, at least up
to 294 eV.

Figures 27 and 28 show the XAS spectra at the carbon, oxygen and fluo-
rine K edges in formyl fluoride and carbonyl fluoride, respectively, obtained
with the eCVS-CCS, eCVS-CC2 and eCVS-CCSD hierarchy and the aug-cc-
pCVTZ basis set. As in the previous cases, eCVS-CC2 yields spectral profiles
very similar to eCVS-CCSD at the carbon K edge, whereas at the oxygen K
edge the peak separations are underestimated and the spectra appear com-
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Figure 26: Formic acid: eCVS-CCS, eCVS-CC2 and eCVS-CCSD oxygen (left) and
carbon (right) K edge spectra using, respectively, triple ζ basis sets
with augmentation and core correlation functions, without Rydberg func-
tions. The computed spectra were shifted by −∆ in order to align them
with the first experimental peak. The experimental data are taken from
ref. [261].The total spectra are in green; blue lines and sticks refer to tran-
sitions of A

′
symmetry and red lines to those of A" symmetry for the

molecule with Cs symmetry. The spectral profiles shown have been gen-
erated by broadening the raw spectral data reported in Table 14 and 15

of the Appendix
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Figure 27: CHFO: eCVS-CCSD, -CC2 and -CCS carbon, oxygen and fluorine K edge
spectra using the aug-cc-pCVTZ basis set. The symbol ∆ indicates the
shift applied to align the computed spectra with the first experimental
peak. The experimental data are taken from ref. [264]. The total spectra
are in green; blue lines and sticks refer to transitions of A

′
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and red lines to those of A" symmetry for the molecule with Cs symme-
try.The spectral profiles shown have been generated by broadening the
raw spectral data reported in Table 10 and 11 of the Appendix.
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orine K edge spectra using the aug-cc-pCVTZ basis set. The symbol ∆
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pressed compared to eCVS-CCSD. The most striking differences between
eCVS-CC2 and eCVS-CCSD are observed for the fluorine K edges where,
within the limits of the rather low experimental resolution, only eCVS-CCSD
yields spectra in reasonably good agreement with the experimental ones.
Finally, as observed for formaldehyde, the core ionisation energies yielded
by eCVS-CCSD are always overestimated by 1.5-3.1 eV, and the eCVS-CC2

ones are underestimated by 2–4 eV, depending on the edge. The deviations
are not exactly the same as the systematic shifts ∆, resulting in slightly
higher (for eCVS-CCSD) or remarkably smaller (for eCVS-CC2) term val-
ues than the experimental counterparts, the difference increasing at higher
energy K edges.

3.4 vibronic structure of the bands

As any other electronic spectroscopy, the simulation of XAS spectra directly
comparable with experiments should account for the shape of the bands,
which can arise from different mechanisms.
The finite lifetime of the excited states induces a natural broadening, espe-
cially relevant for high energy states, as it is the case in XAS spectroscopy.
This contribution can be properly modelled by a Lorentzian convolution, as
done in the spectra presented so far. In addition, the existence of quantum
vibrational states of the chromophore leads to number of vibronic transi-
tions that confers a well defined structure to the bands. Finally, interaction
with the environment results in the so-called inhomogeneous broadening,
which can be accounted for through a Gaussian convolution.
We will focus the analysis of the spectral shape on the C 1s → π∗ and
O 1s → π∗ bands in formaldehyde, which have been well characterized
experimentally, including high resolution spectra [219]. The experimental
results, shown in the bottom panels of Figures 20 and 23, indicate that such
band is characterized by a of ∼1.5 eV. The shape seems structureless with this
resolution, but in any case it is clearly different from the Lorentzian shape
adopted to convolute the electronic sticks in the upper panels of Figure 23.
As will shown below, such broadening mainly arises from the vibrational
progressions.
Let us first address the simulation of the C 1s → π∗ band. In this case, the
high resolution experiments conducted by Remmers and coworkers,[219]
not only confirm the broadening reported in Figures 20 and 23, but they
also reveal a well resolved vibrational shape. In order to simulate the band,
the vibronic spectrum have been computed at the harmonic approximation
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adopting the AH model, and computing the Hessian at ground and excited
states minima with CCSD and equation of motion(EOM)-CCSD respectively.
The symmetry and frequencies of the most important normal modes, to-
gether with a qualitative descriptions in terms of valence internal modes,
are reported in Table 5.
All normal modes exhibit strong frequency changes in the different states.
Moreover, while ν1 and ν4 correspond a unique internal coordinate, namely
the symmetric CH stretching and the out-of-plane (oop) bending, ν2 and ν3
arise from the combination of two modes, the CO stretch and the in-plane
HCH bending, with weights markedly dependent on the electronic state. In
particular, while in the ground state the CO stretching mainly contributes
to ν2, in the excited states, due to the decrease of its frequency it mixes
remarkably with the HCH bending. This results in a strong Duschinsky
mixing (A mode mixing by rotation of the vibrational normal coordinates
in the electronic manyfolds [265]) of the corresponding normal modes. In
the deuterated compound, the frequency of the HCH bending is remarkably
lower, so that even in the excited states this mode mixes less effectively with
the CO stretching.
In Figure 29, the spectra simulated at 0 K for both the deuterated and non-

Table 5: Formaldehyde: Most important vibrational modes and their frequencies in
cm−1.

Vib. Sym. Descriptiona GS C 1s→ π∗ O 1s→ π∗

ν1 A1 CH stretching 2965 3582 3235

ν2 A1 CO stretch. +HCH bend. 1823 1703 1564

ν3 A1 CO stretch. +HCH bend. 1550 1529 1465

ν4 B1 oop bending 1209 383 i114

aNote that ν2 and ν3 undergo strong Duschinsky mixing

deuterated species are shown.
As observed in this figure, the simulations do provide similar vibrational fea-
tures as compared with the experimental spectra of Remmers and cowork-
ers, although with significant differences in the relative intensity along the
progression. According to the simulations, the main vibrational progres-
sions that characterize the spectrum arise from the CH stretching (mode ν1)
and the stretching of the C=O bond (contributing to both ν2 and ν3). In this
sense, the differences between the simulated and observed progressions can
be explained by the equilibrium values of such bond. At the (EOM-)CCSD
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level, the C=O equilibrium bond length at the ground and excited states
are 1.202 and 1.266 Å, respectively. These values should be compared with
those estimated by [219], [219] which are 1.207 and 1.316 Å for ground and
C 1s→ π∗ states, respectively.
It is thus evident that while the simulated and experimentally derived val-
ues at the ground state are in reasonable agreement, the elongation in the
excited state is considerably underestimated in the EOM-CCSD calculation,
which is consistent with the less pronounced progression observed in the
simulated spectrum.
This error can be attributed to the limitations of EOM-CCSD to properly re-
produce the excited state PES. This indicates that the inclusion of triples and
quadruples corrections would be of interest to further improve the results.
This, however, goes beyond the present work that focuses on the assessment
of the performance of practical CCSD approach.
Trofimov et al. [266] explored the effect on the spectral shape of a coupling,
promoted by the ν4 out-of-plane bending motion, between C 1s → π∗ and
C 1s → 3s state, lying ∼4.6 eV above the lower one. They adopted a linear
vibronic coupling model (LVC) parametrized with ADC(2) and MRCI data,
while the inter-state coupling was fitted to reproduce a double-well profile
of C 1s→ π∗ along ν4 mode, predicted with ROHF calculations [267]. They
found that interstate coupling only slightly affects the spectral shapes, intro-
ducing a significant progression along the coupling mode ν4.
According to the present calculations, there is a single minimum along ν4
that preserves the C2v symmetry. Notwithstanding this, it can be also pre-
dicted a progression with even quantum numbers along the B1 mode ν4 due
to the strong decrease of its frequency (see Figure 29). The overall shape
of [263]’s spectrum is therefore very similar even if the coupling is ne-
glected, as it is done in this case. As far as the relative intensity of the main
bands is concerned, the predictions of [263] [266] are in better agreement
with the experiment with respect to the present results. This is due to the
larger displacement of the equilibrium distance of the CO bond predicted
at ADC(2) level of theory (1.280 Å in the C 1s → π∗ state) [266]. On the
other side, the displacement of the CH stretching is pretty similar: in the
excited state it is 1.02 Å according to the present calculations and 1.03 Å
in Trofimov’s model. Our calculations accurately reproduce the spacings of
the vibronic bands, thanks to the fact that the AH model explicitly accounts
for the large frequency changes undergone by CO and CH stretching (see
Table 5) and for the Duschinsky mixings. A calculation with AS model [244]
that, analogously to the LVC model adopted by Trofimov et al., assumes
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that the excited-state normal modes and frequencies are equal to those of
the ground state, leads to clearly less satisfactory results (see Figure 31 of
the Appendix).
The agreement with the spectrum of the deuterated species is also satisfac-
tory. In particular, the enhancement of the 1

1 band has been reproduced
since, due to the larger mass of the D isotope, the dimensionless displace-
ment increases from 1.10 (CH stretch) to 1.38 (CD stretch), and, at the same
time, its frequency reduces from 3582 cm−1 (Table 5) to 2593 cm−1. On the
contrary, the C=O stretching mode is practically unaltered, but, due to the
decoupling with the DCD bending, the Duschinsky mixing is very limited
and a single 2

1 band substitutes the 2
1, 3

1 pair in the non-deuterated species.

The attention can now be turned to the O 1s→ π∗ band.
In this case, the excited state geometry has a lower symmetry (Cs) as com-
pared to the ground state minimum (C2v). Concretely, whilst the structure
is planar in the ground state, it is partially pyramidalised along the ν4 oop
bending mode in the excited state, and the potential energy profile along
the improper dihedral that breaks the planarity is characterized by a double-
well. This scenario prevents the adoption of the harmonic approximation, at
least to describe the PES along such degree of freedom.
Trofimov et al. [263] attributed this feature to a coupling with a O 1s → 3s

state and computed the spectra with a LVC vibronic model. In this case
the effect of vibronic coupling is larger than for C 1s → π∗ but it remains
moderate, as it mainly introduces a broadening, smearing out the main vi-
bronic bands. The parametrization of a full dimensionality LVC model on
the grounds of EOM-CCSD data might be done generalizing the strategies
have been adopted in combination with TD-DFT for some nucleobases, [268–
270] but this lies beyond the scope of this work. Therefore, a simpler strategy
has been adopted and removed the mode ν4 from the harmonic calculations.
This implicitly constrains the equilibrium geometry to C2v symmetry, anal-
ogously to what is obtained with a LVC model neglecting the inter-state
coupling.
The computed spectrum is shown in Figure 30, where vibronic progressions
along modes ν2 and ν3, both connected to the CO stretching, are clearly vis-
ible. Figure 30b compares the computed spectrum (red shifted by 1.72 eV)
to the experimental one taken from ref. [263], showing that the predicted
shape is remarkably narrower than the experimental one (and the LVC one
computed in ref. [263]). Similar to what happens for the C 1s → π∗ spec-
trum, the main difference of the present calculations with respect to those
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Figure 29: Formaldehyde: Simulation of the C 1s → π∗ band at 0 K for deuterated
and non-deuterated species, computed on the grounds of EOM-CCSD
PES, adopting a Lorentzian broadening of =0.12 eV. Note that the sim-
ulated spectra are red-shifted by 1.08 eV so as to match the position of
the experimental bands, taken from ref. [219]. Vertical lines show the
vibronic transitions from the vibrational ground state in the initial elec-
tronic state. The labels correspond to the vibrational state in the final
electronic states, represented as Xy, where X is the normal mode index
and y the number of quanta.
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of [263] is connected to the underestimation of the elongation of the C=O
bond-length – that is, 1.30 Å in the present calculations versus ∼1.34 Å in
their LVC model. This is proven in Figure 30b recomputing the spectrum by
artificially increasing the CO bond length of the excited state up to ∼1.34 Å
and showing that the spectral shape obtained in this case is in fair agree-
ment with experiment.
The LVC assumption of equal frequencies in the ground and excited states
makes the bands much more spaced and therefore resolved, giving overall a
not satisfactory agreement with experiment [263] . In ref. [263],phenomeno-
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Simulations shifted by -1.72eVa b

Figure 30: Formaldehyde. Panel a: Simulation of the O 1s → π∗ band at 0 K, on
the grounds of EOM-CCSD PES, adopting a Lorentzian broadening of
HWHM=0.13 eV. The spectra are computed at the C2v stationary point
in the excited state, removing the out-of-plane bending which presents
a double-well type anharmonic profile in the excited state. Vertical lines
show the vibronic transitions, similar to what presented in Figure 29.
Modes 2 and 3 correspond to a combination of C=O stretching and
H-C-H bending. Panel b: Comparison with experiment. Different com-
puted spectra have been obtained by artificially increasing the CO bond
length in the excited state up to 1.34 Å. Computed spectra have been all
red-shifted by 1.72 eV. This value was chosen to better superimpose the
spectrum directly obtained by CCSD data (i.e. with dCO=1.30 Å) to the
experiment. Vertical dashed lines show the main progression as assigned
from the experiment [263].

logically corrected for this error with a modified LVC model, where excited
state frequencies were scaled. For example, while the CO stretch frequency
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is 1751 cm−1 in the ground state, it matches the experimental value, 1079

cm−1, in the O 1s → π∗ state. In principle the AH model accounts for fre-
quency changes and, in fact, it is predicted a remarkable decrease of fre-
quency of 260 and 85 cm−1 for the two modes ν2 and ν3 with contributions
from the CO stretch. This goes in the direction of the experimental obser-
vation, but the frequency change is underestimated. As a consequence the
spacing of the computed vibronic bands is still too large with respect to ex-
periment (check the vertical lines plotted in Figure 30b). This finding is in
line with the underestimation of the elongation of the CO bond length. In
fact it is reasonable that the longer the bond becomes the lower is its vibra-
tional frequency. It is also possible that remarkable anharmonic effects play
a role in the excited state.
Going back to the broadening induced by progressions along mode ν4, ne-
glected in the present calculations, in the Figure 32 of the Appendix it is also
reported, a one-dimensional scan of the O 1s→ π∗ along the ν4 mode in in-
ternal coordinates which shows that, at the adopted level of theory, the C2v
barrier is quite low (0.3–0.5 cm−1), not supporting any bound state. More-
over, the data in Table 16(see Appendix) indicate that, apart from the value
of the oop angle, all other geometrical parameters are practically identical
in the C2v transition-state and in the true Cs minimum. In this situation the
energy profile might be approximately substituted by a harmonic curve. We
therefore pragmatically checked the possible effect of a frequency change
on ν4 mode by replacing the double-well profile with a harmonic one in the
vibronic calculations, attributing to ν4 different harmonic frequencies, from
∼100 to ∼2000 cm−1 (see Figure 33 of the Appendix). The predicted spec-
trum changes only slightly, confirming that for this transition, a full LVC
treatment including inter-state couplings is necessary to capture the effect
ν4 of on the spectrum.

3.5 conclusions

The capability of the core-valence-separated CC methods eCVS-CCS, eCVS-
CC2 and eCVS-CCSD to yield reliable core spectra has been tested at the
carbon, oxygen and fluorine K edges of formaldehyde, formic acid, formyl
fluoride and carbonyl fluoride, with some emphasis on the first 1s→ π∗ tran-
sition as well as the region of Rydberg transitions (in the case of formalde-
hyde).
Different basis sets of double, triple and quadruple-ζ quality have been
tested with augmenting diffuse functions, core polarization functions and
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Rydberg functions. While eCVS-CCS, not surprisingly, always fails in de-
scribing the core excitations at all K edges, the eCVS-CC2 approach yields
XAS spectra quite similar to eCVS-CCSD at the carbon K edge, apart from
a different systematic shift compared to experiment. At the oxygen K edge,
the eCVS-CC2 spectra are typically “compressed” compared to the eCVS-
CCSD ones, i.e., the higher energy excitations fall too close to the dominant
1s→ π∗ band. At the fluorine K edge, eCVS-CC2 and eCVS-CCSD spectra
are very different, and using eCVS-CC2 is not advisable.
The eCVS-CCSD scheme is found to yield spectra in satisfactory agreement
with experiment at all edges, once a systematic realignment has been ap-
plied and an appropriate basis set is chosen.
The eCVS-CCSD IEs are also found in satisfactory agreement with exper-
iment, though at instances slightly misaligned with respect to the system-
atic shift of the absorption spectrum, yielding term values which are usu-
ally slightly overestimated. The eCVS-CC2 IEs are always too low, yield-
ing too low term values. Also the C 1s → π∗ and O 1s → π∗ vibrationally
resolved spectra of formaldehyde have been computed, with the AH har-
monic model, on the grounds of (equation of motion)EOM-CCSD quadratic
expansions of the ground and excited states. The overall agreement with ex-
periment is reasonable and qualitatively reproduces the observed isotopic ef-
fects. Accounting for the differences of the energy Hessians of the initial and
final states of the transitions, introduces frequency changes and Duschinsky
mixings that remarkably improve the spacings of the main vibronic bands,
although for the O 1s → 3s state there are still too large probably due to
important anharmonic effects. Although the inter-state electronic couplings
are neglected, which according to Trofimov et al. [263, 266, 267] have some
moderate effects on the spectral shapes, most of the inaccuracies of our com-
puted spectra can be traced back to the underestimation of the elongation of
the CO bond in the excited states. This indicates that for accurate vibronic
lineshapes of these core-excitations inclusion of the effect of triple excita-
tions scheme may be necessary.
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Table 6: Formaldehyde: eCVS-CCSD oxygen core-excitation energies (eV) and oscil-
lator strengths f in different correlation consistent basis sets supplemented
with (3s3p3d) Rydberg functions

Symm. Energy f Energy f Energy f

aug-cc-pCVDZ+Ryd aug-cc-pCVTZ+Ryd aug-cc-pCVQZ+Ryd

Oxygen K-edge

539.78885 0.0004846 537.85000 0.0004889 537.77246 0.0004818

A1 540.48393 0.0010109 538.54770 0.0009664 538.46686 0.0010093

540.48393 0.0005714 539.70494 0.0004462 539.61665 0.0002978

541.66363 0.0007018 539.79343 0.0008833 539.69237 0.0010840

541.77237 0.0004769 539.96586 0.0005671 539.88850 0.0005848

542.05616 0.0002338 540.12126 0.0002083 540.04564 0.0002194

542.43577 0.0002577 540.48577 0.0001396 540.40094 0.0000542

542.48744 0.0004902 540.52640 0.0005904 540.43895 0.0006877

542.56060 0.0003122 540.61669 0.0003609 540.53960 0.0003803

542.63597 0.0000433 540.70035 0.0000553 540.62499 0.0000634

542.84149 0.0000482 540.90255 0.0000170 540.82765 0.0000204

542.98268 0.0008530 541.01203 0.0003641 540.92358 0.0002993

543.06691 0.0010128 541.10496 0.0014818 541.02286 0.0015575

543.32126 0.0002949 541.37434 0.0001722 541.28784 0.0001394

534.47942 0.0450774 532.52234 0.0459095 532.38615 0.0461831

B1 540.90973 0.0001107 538.95845 0.0001288 538.87814 0.0001349

541.90138 0.0007080 539.95757 0.0007574 539.87716 0.0007866

542.17684 0.0000442 540.23419 0.0000476 540.15756 0.0000486

542.57315 0.0004232 540.63038 0.0004597 540.55091 0.0004734

542.69044 0.0000187 540.75332 0.0000214 540.67962 0.0000208

543.16330 0.0450774 541.22039 0.0008989 541.14145 0.0008953

543.63052 0.0001107 541.60775 0.0000620 541.48377 0.0000510

540.74849 0.0000601 538.79814 0.0000669 538.71968 0.0000675

B2 541.80833 0.0024765 539.86227 0.0025457 539.77951 0.0026824

542.12381 0.0000286 540.18306 0.0000293 540.10780 0.0000292

542.51562 0.0013708 540.57297 0.0014087 540.49286 0.0014695

542.66183 0.0000309 540.72367 0.0000224 540.64883 0.0000200

543.06553 0.0022366 541.12097 0.0023012 541.04037 0.0023319

543.35943 0.0090399 542.69119 0.0090726 541.27970 0.0068934
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Table 7: Formaldehyde: eCVS-CCSD carbon core-excitation energies (eV) and oscil-
lator strengths f in different correlation consistent basis sets supplemented
with (3s3p3d) Rydberg functions

Symm. Energy f Energy f Energy f

aug-cc-pCVDZ+Ryd aug-cc-pCVTZ+Ryd aug-cc-pCVQZ+Ryd

Carbon K-edge

292.77150 0.0084936 291.73933 0.0087741 291.70546 0.0089769

A1 294.02327 0.0001210 292.97116 0.0001355 292.94415 0.0001498

294.99137 0.0022979 293.89225 0.0023399 293.84167 0.0022952

295.40949 0.0001463 294.36064 0.0002146 294.32960 0.0002590

295.46132 0.0001394 294.42255 0.0001544 294.39754 0.0001687

295.62989 0.0001540 294.60478 0.0001580 294.58631 0.0001710

295.90913 0.0008713 294.85382 0.0008016 294.82535 0.0007668

296.10621 0.0000321 295.06801 0.0000782 295.04310 0.0001031

296.12877 0.0000311 295.09847 0.0000447 295.07714 0.0000470

296.22621 0.0000890 295.20351 0.0000901 295.18522 0.0000950

296.35476 0.0007481 295.32593 0.0006637 295.30733 0.0006798

296.54712 0.0000079 295.48307 0.0000001 295.45633 0.0000004

296.66051 0.0000709 295.62165 0.0000379 295.59782 0.0000321

296.91096 0.0000918 295.87289 0.0000591 295.84198 0.0000397

297.42066 0.0037294 296.21453 0.0028474 296.14422 0.0026116

296.91342 0.0003544 296.75803 0.0002527

297.50282 0.0000310 297.21275 0.0000063

297.67580 0.0033925

288.21431 0.0582141 287.01086 0.0613778 286.90420 0.0624286

B1 294.31367 0.0066376 293.27771 0.0069033 293.25083 0.0069196

295.52454 0.0000683 294.49498 0.0000905 294.46949 0.0001078

295.70464 0.0021269 294.67824 0.0021814 294.65805 0.0021627

296.18315 0.0000482 295.15535 0.0000732 295.13168 0.0000865

296.24441 0.0010224 295.22284 0.0012007 295.20549 0.0011698

296.78252 0.0002852 295.74891 0.0003197 295.72082 0.0003322

297.04305 0.0050630 295.97156 0.0038880 295.92235 0.0034590

297.72331 0.0001569

293.76042 0.0227911 292.71620 0.0242282 292.67279 0.0251353

B2 295.41986 0.0037092 294.38051 0.0041841 294.34989 0.0043190

295.56145 0.0034776 294.53610 0.0035925 294.51428 0.0036537

296.10577 0.0022820 295.07344 0.0024529 295.04802 0.0024327

296.18730 0.0010990 295.16360 0.0011782 295.14375 0.0012328

296.60108 0.0041133 295.56460 0.0040992 295.53670 0.0040194

296.82701 0.0017933 295.78433 0.0015947 295.75436 0.0014801

297.74724 0.0002083 296.93597 0.0143566 296.76582 0.0124277

297.37434 0.0005656 297.11395 0.0003308

297.55816 0.0005884 297.57444 0.0005168

297.66745 0.0000269
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Table 8: Formaldehyde: eCVS-CC2 oxygen and carbon core-excitation energies (eV)
and oscillator strengths f in the aug-cc-pCVTZ basis set supplemented with
Rydberg functions

O K-edge C K-edge

Symm. Energy (eV) f Energy (eV) f

CC2

535.02873 0.0005221 292.85609 0.0071903

A1 535.83400 0.0000667 293.87971 0.0000498

536.47966 0.0000265 294.62746 0.0021415

536.61152 0.0000000 294.86386 0.0000334

536.65520 0.0002718 294.91252 0.0000683

536.75204 0.0000129 295.02242 0.0000497

536.96487 0.0000071 295.24744 0.0009027

537.08040 0.0000006 295.37929 0.0000029

537.10767 0.0002913 295.40871 0.0000408

537.19607 0.0000005 295.49756 0.0000070

537.36907 0.0000102 295.62976 0.0010843

537.64318 0.0000068 295.88434 0.0000910

537.78172 0.0008855 296.02217 0.0001132

538.14518 0.0001566 296.31935 0.0000095

296.89955 0.0050224

297.68034 0.0000700

298.26063 0.0003951

532.53777 0.0402327 288.52602 0.0673590

B1 535.98693 0.0000406 294.04041 0.0048693

536.67589 0.0003517 294.95511 0.0000715

536.79768 0.0000093 295.06089 0.0015309

537.15425 0.0003782 295.46749 0.0001633

537.22968 0.0000027 295.50890 0.0011809

537.87139 0.0011250 296.14221 0.0004014

538.43248 0.0000037 296.47658 0.0050810

298.94865 0.0002827

535.82141 0.0000027 293.70487 0.0168184

B2 536.66839 0.0003574 294.90079 0.0026081

536.74510 0.0000005 294.97198 0.0028936

537.13930 0.0003808 295.40330 0.0027295

537.17774 0.0000135 295.46283 0.0008391

537.84331 0.0012872 295.98310 0.0059466

537.99267 0.000002 296.17061 0.0023482

297.69462 0.0205921

298.15698 0.0018760
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Table 9: Formaldehyde: eCVS-CCS oxygen and carbon core-excitation energies (eV)
and oscillator strengths f in the aug-cc-pCVTZ basis set supplemented with
Rydberg functions

O K-edge C K-edge

Symm. Energy (eV) f Energy (eV) f

CCS

555.78069 0.0001735 302.35479 0.0311222

A1 556.51554 0.0324728 305.22567 0.0036570

557.67707 0.0116590 305.98473 0.0029548

558.31862 0.0017732 306.90455 0.0002308

558.39625 0.0006101 307.06415 0.0011212

558.56919 0.0012852 307.25352 0.0012207

558.81125 0.0028543 307.37603 0.0007665

559.04457 0.0005898 307.68271 0.0001031

559.08841 0.0003333 307.74671 0.0006441

559.17802 0.0003851 307.87131 0.0010469

559.32831 0.0024440 307.92236 0.0005622

559.42769 0.0005115 308.09276 0.0000638

559.58829 0.0001870 308.23708 0.0004612

559.76712 0.0001666 308.49167 0.0028123

545.94644 0.0790750 294.28606 0.1121557

B1 557.41551 0.0004265 305.44159 0.0081316

558.43586 0.0008663 307.20643 0.0013270

558.72844 0.0001239 307.21499 0.0009624

559.11190 0.0005291 307.82701 0.0011025

559.26116 0.0000353 307.85470 0.0000000

559.66828 0.0009816 308.40733 0.0018502

308.49261 0.0008178

557.13556 0.0110047 302.49133 0.0922398

B2 557.86638 0.0135577 306.72154 0.0061949

558.68004 0.0005234 307.18340 0.0000967

558.89857 0.0033531 307.62001 0.0020590

559.23403 0.0001138 307.83174 0.0000718

559.41334 0.0029258 308.09048 0.0017635

559.92357 0.0000002 308.44481 0.0003277
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Table 10: CHFO: eCVS-CCSD, eCVS-CC2 and eCVS-CCS oxygen core-excitation
energies (eV) and oscillator strengths in the aug-cc-pCVTZ basis set

eCVS-CCSD eCVS-CC2 eCVS-CCS

Oxygen K-edge

538.52650 0.0007129 535.86168 0.0004991 556.16517 0.0055993

A
′

539.16558 0.0022780 536.62495 0.0012301 556.74043 0.0304170

539.62247 0.0066394 537.06353 0.0024191 557.26000 0.0336164

540.99934 0.0057395 538.38412 0.0003075 558.17388 0.0169250

541.52739 0.0034845 538.77129 0.0035268 559.78856 0.0049805

541.77626 0.0008921 539.30878 0.0012317 560.05149 0.0007838

542.24787 0.0055141 539.67948 0.0027253 560.14322 0.0082407

542.87934 0.0053812 540.66459 0.0075874 560.82511 0.0023399

543.51093 0.0031379 541.03950 0.0018885 561.69478 0.0054101

544.72037 0.0001320 542.00714 0.0000081 562.30699 0.0147092

545.06407 0.0051406

545.17104 0.0019215

546.34016 0.0060640

547.12313 0.0020178

547.41781 0.0021091

533.65846 0.0424591 533.53995 0.0366370 547.35169 0.0743963

A"
539.75619 0.0004117 537.01297 0.0000101 558.10673 0.0009565

542.08096 0.0056348 539.74035 0.0064621 559.98328 0.0045991

543.44189 0.0005308 540.77400 0.0011957 562.08505 0.0004011

544.49380 0.0000430 541.65886 0.0000021

546.43451 0.0000059

547.17102 0.0042027
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Table 11: CHFO: eCVS-CCSD, eCVS-CC2 and eCVS-CCS carbon and fluorine core-
excitation energies (eV) and oscillator strengths in the aug-cc-pCVTZ basis
set

eCVS-CCSD eCVS-CC2 eCVS-CCS

Carbon K-edge

294.51050 0.0177774 295.12077 0.0168468 303.21005 0.1167592

A
′

295.02495 0.0185479 295.80709 0.0118080 304.51768 0.0430655

295.97566 0.0095416 296.45579 0.0074091 307.81809 0.0075612

296.96877 0.0275966 297.47855 0.0352343 308.77256 0.0052942

297.52923 0.0085666 297.87092 0.0078423 309.49283 0.0064490

298.18962 0.0091173 298.69746 0.0096848 310.22810 0.0030432

298.70402 0.0086144 299.13125 0.0135489 311.19617 0.0015608

298.87887 0.0022894 299.25610 0.0044325 311.42084 0.0148011

299.93712 0.0026914 300.41443 0.0014695 311.77485 0.0113018

300.86385 0.0094459 301.28190 0.0106421 313.00726 0.0068836

301.37171 0.0013593

301.42761 0.0015884

301.74722 0.0002432

289.62475 0.0727809 290.61605 0.0790657 296.35349 0.1223200

A"
296.09720 0.0062365 296.50456 0.0052737 308.11618 0.0059235

298.98543 0.0002213 299.41175 0.0002180 311.51217 0.0053391

299.57645 0.0033533 300.16639 0.0034155 311.84648 0.0001788

300.53061 0.0062865 300.96951 0.0065391 312.71161 0.0037940

Fluorine K-edge

692.39381 0.0055812 689.13205 0.0001470 708.57951 0.0634556

A
′

692.98496 0.0141520 689.80849 0.0016355 712.29108 0.0048860

694.13204 0.0069800 690.45042 0.0016173 713.63387 0.0155450

694.45278 0.0142131 691.72799 0.0019225 714.53843 0.0041029

695.74972 0.0006074 692.05036 0.0123871 716.05922 0.0011578

696.30436 0.0011727 692.71695 0.0020241 716.42056 0.0040269

696.56018 0.0042773 692.88214 0.0017271 716.69113 0.0031824

697.00126 0.0022495 693.81329 0.0054768 717.49741 0.0004426

698.28514 0.0018959 694.48224 0.0016087 718.37478 0.0044433

698.54513 0.0068786 695.05454 0.0042343 718.79806 0.0041661

699.03809 0.0028710 695.76708 0.0092152

699.65976 0.0016427 696.13878 0.0013452

700.48445 0.0031028 697.13012 0.0080867

700.80757 0.0001553 697.26341 0.0023598

690.61442 0.0133013 687.93265 0.0103972 709.49003 0.0279289

A"
694.15522 0.0004964 690.37207 0.0000786 714.49475 0.0010644

696.55986 0.0062080 693.26534 0.0033027 716.32361 0.0068014

697.60493 0.0010132 693.84397 0.0041445 718.32323 0.0006738

698.76060 0.0000363 695.02717 0.0000211

700.93628 0.0005710 697.41945 0.0008202
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Table 12: CF2O: calculated eCVS-CCSD, eCVS-CC2 and eCVS-CCS oxygen, carbon
and fluorine core-excitation energies (eV) and oscillator strengths in the
aug-cc-pCVTZ basis set.

CCSD CC2 CCS

Oxygen K-edge

538.30317 0.0025985 536.12606 0.0015197 555.57279 0.0202999

A1 540.43388 0.0055146 537.96868 0.0014546 557.44788 0.0316689

541.69100 0.0066264 539.21374 0.0059033 559.65975 0.0062236

542.52184 0.0002601 540.14441 0.0001350 560.63968 0.0000012

543.60375 0.0010352 540.85411 0.0004348

544.55565 0.0023579 542.57846 0.0017892

544.00357 0.0001652

544.65035 0.0000014

534.68935 0.0407918 534.59832 0.0354545 548.50736 0.0719610

B1 540.22919 0.0015339 537.63594 0.0009842 558.40681 0.0018279

542.58293 0.0040666 540.26936 0.0049378 560.55954 0.0031818

544.96066 0.0012162 542.25882 0.0013375

540.45471 0.0065342 537.95901 0.0024630 557.40398 0.0387235

B2 542.31182 0.0002219 539.89877 0.0000315 560.42949 0.0152497

543.61870 0.0236223 542.22230 0.0152995 560.70339 0.0025089

542.52240 0.0058118

543.29179 0.0019013

544.85778 0.0000010

Carbon K-edge

296.28199 0.0109573 297.61226 0.0098335 305.24621 0.0440540

A1 299.04246 0.0109977 299.93623 0.0053104 310.36740 0.0160997

299.37188 0.0037384 300.36653 0.0124248 311.86893 0.0006219

301.25454 0.0000002 302.09806 0.0000068

301.54191 0.0059827 302.48931 0.0059962

303.43210 0.0050068 304.38447 0.0057456

292.28691 0.0861406 293.74057 0.0924445 298.58423 0.1335001

B1 298.86607 0.0017576 299.73859 0.0011963 311.12491 0.0013903

301.51148 0.0000038 302.39623 0.0000097

303.31290 0.0030330 304.21423 0.0023722

298.98168 0.0567946 299.93015 0.0137345 305.78540 0.1551998

B2 299.37649 0.0430463 300.46794 0.0857296

301.79483 0.0129094 302.70599 0.0213229

303.60924 0.0001017 304.38038 0.0002430
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Table 13: CF2O: calculated eCVS-CCSD, eCVS-CC2 and eCVS-CCS fluorine core-
excitation energies (eV) and oscillator strengths in the aug-cc-pCVTZ basis
set.

CCSD CC2 CCS

Fluorine K-edge

692.37257 0.0104163 689.98183 0.0018020 708.27242 0.0440596

A1 694.62819 0.0141310 691.85894 0.0008410 713.28674 0.0069022

695.38607 0.0068776 691.96115 0.0038558 714.88277 0.0228435

695.83799 0.0016392 693.04121 0.0109656 716.13399 0.0000265

697.37298 0.0000177 693.92286 0.0000007 717.67629 0.0031593

697.65933 0.0024297 694.20968 0.0008612 717.80189 0.0053190

698.27574 0.0007236 694.73842 0.0015425 718.53966 0.0024669

699.27432 0.0050788 696.18647 0.0050738 719.06237 0.0000969

699.57408 0.0146471 696.53781 0.0054545 719.42327 0.0167716

700.19373 0.0004913 696.70115 0.0006166

700.38642 0.0023104 697.05198 0.0013915

700.66519 0.0009814 697.22238 0.0101090

701.14996 0.0010041 697.70664 0.0051520

701.68157 0.0001285 698.37509 0.0026472

699.20068 0.0014234

692.13018 0.0281370 689.75488 0.0212701 710.77954 0.0604176

B1 695.12002 0.0032298 691.62041 0.0021071 715.27665 0.0032726

697.70270 0.0079339 694.47165 0.0055627 717.63192 0.0081407

698.62926 0.0009675 694.95574 0.0033229 719.28716 0.0006422

699.80446 0.0026205 696.21333 0.0036041

701.88634 0.0007653 698.64502 0.0014083

699.47901 0.0023296

692.37218 0.0281370 689.98259 0.0049033 708.26768 0.0859477

B2 694.62676 0.0032298 691.85777 0.0068608 713.28635 0.0108241

695.38629 0.0079339 691.96207 0.0000275 714.88193 0.0114900

695.83807 0.0009675 693.04093 0.0226416 716.13418 0.0001612

697.37286 0.0026205 693.92218 0.0001848 717.67599 0.0046686

697.65995 0.0007653 694.21055 0.0028238 717.80197 0.0004556

698.27598 0.0023190 694.73898 0.0030723 718.53979 0.0044674

699.27424 0.0059198 696.18615 0.0037143 719.06237 0.0004787

696.53728 0.0038642

696.70085 0.0003354

697.05205 0.0084438

697.22171 0.0030804

697.70703 0.0015348

698.37522 0.0089743

699.20016 0.0001727
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Table 14: CHOOH: calculated eCV-CCSD, eCVS-CC2 and eCVS-CCS oxygen core-
excitation energies (eV) and oscillator strengths in the aug-cc-pCVTZ basis
set.

CCSD CC2 CCS

Oxygen K-edge

537.45588 0.0024065 534.71465 0.0015093 552.50169 0.0628794

A
′

537.53581 0.0170360 535.05775 0.0004104 555.24379 0.0092051

538.14426 0.0012946 535.96424 0.0008826 555.63432 0.0591396

538.75643 0.0024811 536.00715 0.0008020 555.98024 0.0210784

539.62224 0.0038962 536.70638 0.0000143 556.58572 0.0370289

539.74992 0.0024445 537.08106 0.0023081 557.19784 0.0136323

540.23215 0.0076245 537.32625 0.0030905

540.46451 0.0079649 537.49682 0.0014192

540.47145 0.0005513 537.77680 0.0003059

540.76759 0.0096551 537.99353 0.0009114

540.81705 0.0014109 538.20410 0.0005760

541.03480 0.0023641 538.49067 0.0036069

541.08649 0.0004469 538.74377 0.0040162

541.93767 0.0018528 539.48835 0.0006859

542.14746 0.0025463 539.49616 0.0040730

542.35421 0.0011156 539.55981 0.0072057

542.67556 0.0035520 539.85261 0.0011808

542.68739 0.0048933 540.08899 0.0018594

543.27624 0.0158396 540.14038 0.0019870

544.19996 0.0014987 540.28882 0.0102479

541.38757 0.0000155

541.39502 0.0004653

541.71096 0.0014143

542.00812 0.0041130

542.72347 0.0016996

533.77008 0.0388251 533.30631 0.0323501 547.86737 0.0701167

A"
537.56157 0.0167675 535.86477 0.0000548 553.97590 0.0406467

538.83423 0.0005605 536.14063 0.0029904 557.26311 0.0009732

540.34543 0.0022372 537.84638 0.0052807

541.05496 0.0049849 538.31661 0.0000005

541.77758 0.0012452 538.88683 0.0000003

542.23692 0.0067683 539.97608 0.0000396

543.23374 0.0000409 540.32490 0.0053211

543.26561 0.0011188 540.84119 0.0022670

544.55241 0.0000026 541.54516 0.0002933

544.97428 0.0000365 542.38326 0.0126185

542.92942 0.0007246
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Table 15: CHOOH: calculated eCV-CCSD, eCVS-CC2 and eCVS-CCS carbon core-
excitation energies (eV) and oscillator strengths in the aug-cc-pCVTZ basis
set.

CCSD CC2 CCS

Carbon K-edge

293.64766 0.0153817 294.57469 0.0074860 303.69535 0.0774747

A
′

293.85172 0.0028639 294.79952 0.0072028 304.94314 0.0645220

295.09954 0.0023863 295.91847 0.0020578 306.85089 0.0151081

295.80931 0.0020723 296.68862 0.0013345 307.59035 0.0021282

296.45926 0.0053930 297.16479 0.0099545

296.57431 0.0107023 297.37030 0.0020277

296.76767 0.0070312 297.53641 0.0081024

297.30523 0.0095517 298.12966 0.0060369

299.12376 0.0212794

299.62999 0.0042169

289.35236 0.0729441 290.79214 0.0779670 295.98391 0.1239255

A"
295.03543 0.0044754 295.84556 0.0036128 307.29686 0.0042301

297.60316 0.0000029 298.37672 0.0000019

297.89002 0.0021570 298.82507 0.0019877

311.40539 0.0042791

313.33285 0.0003188
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Figure 31: Formaldehyde: AH and AS simulations for the C 1s → π∗ band at 0 K
for non-deuterated formaldehyde, computed on the grounds of EOM-
CCSD PES, adopting a Lorentzian broadening of HWHM=0.06 eV, and
their comparison to experiments [219]. Note that the simulated spectra
are red-shifted by 1.08 eV so as to match the position of the experimental
bands.
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Table 16: Formaldehyde: geometrical parameters in different stationary points of
the ground and carbon and oxygen K-edge core-excitation states.

Parameter Ground C K-edge O K-edge(planar) O K-edge(non-planar)
d(C=O)/Å 1.202 1.266 1.296 1.296

d(C-H)/Å 1.100 1.023 1.072 1.072

a(H-C-H)/deg 116.6 119.4 126.9 126.6



appendix chapter iii 91

-20 -10 0 10 20
Q

4
 (a.u.)

0

2

4

6

8

10

E
n
er

g
y
 (

cm
-1

)

Figure 32: Energy scan along mode 4 (Q4, out of plane-bending) in the O 1s → π∗

state.
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Figure 33: Simulation of the O 1s→ π∗ band at 0 K, on the grounds of EOM-CCSD
PES adopting a Lorentzian broadening of HWHM=0.06 eV. The spectra
are computed at the C2v stationary point in the excited state, but sub-
stituting the corresponding imaginary frequency (ν(ES)4 ) by a range of
arbitrary values from 114 to 2014 cm−1.
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Table 17: CHOOH: calculated eCV-CCSD, eCVS-CC2 and eCVS-CCS oxygen and
carbon core-excitation energies (eV) and oscillator strengths in the aug-cc-
pCVTZ basis set.

CCSD CC2 CCS

Oxygen K-edge

537.45588 0.0024065 534.71465 0.0015093 552.50169 0.0628794

A
′

537.53581 0.0170360 535.05775 0.0004104 555.24379 0.0092051

538.14426 0.0012946 535.96424 0.0008826 555.63432 0.0591396

538.75643 0.0024811 536.00715 0.0008020 555.98024 0.0210784

539.62224 0.0038962 536.70638 0.0000143 556.58572 0.0370289

539.74992 0.0024445 537.08106 0.0023081 557.19784 0.0136323

540.23215 0.0076245 537.32625 0.0030905

540.46451 0.0079649 537.49682 0.0014192

540.47145 0.0005513 537.77680 0.0003059

540.76759 0.0096551 537.99353 0.0009114

540.81705 0.0014109 538.20410 0.0005760

541.03480 0.0023641 538.49067 0.0036069

541.08649 0.0004469 538.74377 0.0040162

541.93767 0.0018528 539.48835 0.0006859

542.14746 0.0025463 539.49616 0.0040730

542.35421 0.0011156 539.55981 0.0072057

542.67556 0.0035520 539.85261 0.0011808

542.68739 0.0048933 540.08899 0.0018594

543.27624 0.0158396 540.14038 0.0019870

544.19996 0.0014987 540.28882 0.0102479

541.38757 0.0000155

541.39502 0.0004653

541.71096 0.0014143

542.00812 0.0041130

542.72347 0.0016996

533.77008 0.0388251 533.30631 0.0323501 547.86737 0.0701167

A"
537.56157 0.0167675 535.86477 0.0000548 553.97590 0.0406467

538.83423 0.0005605 536.14063 0.0029904 557.26311 0.0009732

540.34543 0.0022372 537.84638 0.0052807

541.05496 0.0049849 538.31661 0.0000005

541.77758 0.0012452 538.88683 0.0000003

542.23692 0.0067683 539.97608 0.0000396

543.23374 0.0000409 540.32490 0.0053211

543.26561 0.0011188 540.84119 0.0022670

544.55241 0.0000026 541.54516 0.0002933

544.97428 0.0000365 542.38326 0.0126185

542.92942 0.0007246

Carbon K-edge

293.64766 0.0153817 294.57469 0.0074860 303.69535 0.0774747

A
′

293.85172 0.0028639 294.79952 0.0072028 304.94314 0.0645220

295.09954 0.0023863 295.91847 0.0020578 306.85089 0.0151081

295.80931 0.0020723 296.68862 0.0013345 307.59035 0.0021282

296.45926 0.0053930 297.16479 0.0099545

296.57431 0.0107023 297.37030 0.0020277

296.76767 0.0070312 297.53641 0.0081024

297.30523 0.0095517 298.12966 0.0060369

299.12376 0.0212794

299.62999 0.0042169

289.35236 0.0729441 290.79214 0.0779670 295.98391 0.1239255

A"
295.03543 0.0044754 295.84556 0.0036128 307.29686 0.0042301

297.60316 0.0000029 298.37672 0.0000019

297.89002 0.0021570 298.82507 0.0019877

311.40539 0.0042791

313.33285 0.0003188



Part III

S O L I D S Y S T E M S

Part III deals with the experimental results for solid oxides, starting
from s- and p-electron oxides presented in Chapter 4 and Chapter 5.
Examples of theoretical simulations for these oxides are introduced
in order to show how accurate a DFT description can be in case of
s and p electron overlap. The discussion moves in Chapter 5 on
the alkaline earth metal oxides, where a ground state analysis com-
bined with the simulation of the oxygen K edge absorption spectra
is presented in order to clarify discrepancies between the experi-
mental and the theoretical data and further investigate the nature
of the metal-oxygen bond. In Chapter 6 we discuss the general anal-
ysis of the 3d transition metal oxides including discussions of the
crystal field effect, trends in oxidation state and covalency. In addi-
tion to the general concepts, we give a systematic overview of the
oxygen K edges element by element, for the s-, p-, d- and f-electron
systems. Part III is based on the papers: F. Frati, M. O.J.Y. Hunault,
and F.M.F. de Groot. "Oxygen K-edge X-ray Absorption Spectra." Chem-
ical Reviews 120.9 (2020): 4056-4110 and Density functional study of
oxygen K edge x-ray absorption and electronic structure of alkaline earth
metal oxides (in preparation)





4
S A N D P - O X I D E S

4.1 alkali metal oxides

The alkali metals lithium, sodium, potassium, rubidium and cesium form a
number of different oxides.
Taking lithium as example, lithium forms respectively the oxide Li2O, the
peroxide Li2O2, the superoxide LiO2. The superoxide MO2 can be consid-
ered as a M+ ion combined with a negatively charged oxygen molecule O−

2 .
The molecular orbitals of O−

2 are similar to those of O2 with one more elec-
tron occupying the anti-bonding π∗ orbital leaving only one hole. The extra
charge on the oxygen molecule makes it easier to excite a 1s core electron to
the empty orbitals. Figure 34 shows the spectra of superoxide MO2 (M=Li,
K, Cs) compared to the molecular O2 [159]. The spectra of the superoxides
show a first peak assigned to the π∗ orbital and two peaks assigned the σ∗

orbital and the ionisation potential. The three features shift towards lower
energy for the different superoxides [159].
Pedio et al. also measured the superoxide KO2 [271]. The experimental spec-
trum is equivalent to that shown in Figure 34, though with a π∗ peak at 531.0
eV instead of 529.0 eV. Kang et al. reproduce the oxygen K edge of KO2 from
band structure calculations using Wien2K [272].

The M2O oxides (M=Li, Na, K, Rb) crystallise in the cubic antifluorite
structure, Cs2O crystallises in hexagonal anti-CdCl2 structure. Alkaline ions
occur mainly as cations M+ and have rather weak bonds.
Lithium oxides are an important compounds of many battery systems. This
includes lithium-air batteries, where the reactions between lithium and oxy-
gen play an important role. The reversible oxidation of lithium at the anode
and reduction of oxygen at the cathode are important parameters that in-
fluence the energy capacity of the battery system. Li2O, Li2O2 have been
studied as key components forming at the solid electrolyte interphase in
lithium batteries and their evolution was studied with the oxygen K edge
by Qiao et al. [273] Figure 34 shows the spectra of Li2O and Li2O2. Li2O2

shows a first peak assigned to the σ∗ orbital of the O-O bond. It is found that
both Li2O2 and Li2CO3 evolve towards Li2O under the soft x-ray irradiation,
where Li2CO3 is very sensitive [273].

95
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Figure 34: Oxygen K edge spectra of the oxide Li2O, the peroxide Li2O2 [273] and
the superoxides LiO2, CsO2, KO2 [159] compared to O2. The σ and π

character of the antibonding states are indicated.

4.2 oxides with p-electron systems

4.2.0.1 General considerations

Solid oxides of p-electron element systems form insulators that can be well
described by band structure calculations. One of the major issues in the
study of p-element oxides is the determination of the atomic structure of
the solid. While the average crystalline structure can be determined by x-
ray diffraction, variations of the local environment of each atom in the solid
can be studied with x-ray absorption using EXAFS, where the EXAFS ex-
periments are usually performed on the hard x-ray cation XAS spectra. Fur-
thermore, amorphous materials do not have a periodic structure and XAS is
a key method to determine the local structure of the atoms. The high cova-
lency of the cation-oxygen bond has been a motivation for the investigation
of the geometric and electronic structures from the oxygen point of view.

The oxygen 2p orbitals form bonding and anti-bonding bands with the
cation ns and np orbitals. The oxygen K edge maps the empty states and
shows the cation combined sp-bands. Figure 35 compares the spectra of
quartz and rutile polymorphs of SiO2 and GeO2 and rutile SnO2. The spec-
tra show the dependence of the oxygen K edge on the crystalline structure,
the bond angles and the resulting consequences for the mixing of the oxy-
gen 2p orbitals with the ns, np and nd orbitals.
In the quartz structure, the cation is in four-fold tetrahedral coordination
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Figure 35: a) Oxygen K edge spectra of SiO2[274] and GeO2[275] in quartz structure
(b) and c) oxygen K edge spectra of SiO2[274], GeO2[275] and SnO2[276]
in rutile structure (d). The nature of the final states are assigned based
on the DOS calculations.

and the oxygen is two-fold coordinated. In the rutile structure, the cation is
in six-fold elongated octahedral coordination and the oxygen is three-fold
coordinated. The multiple scattering calculations [277, 278], later confirmed
by DFT calculations [279], have allowed to assign the oxygen K edge fea-
tures in α-quartz SiO2: the main intense peak at the edge is assigned to the
O 2sp hybridized with Si 3s followed by features assigned to transitions to
O 2p hybridized with Si 3pd states split by the crystal field. We note that
the cation tetrahedral coordination allows the cation pd state mixing.
The spectral shape of quartz-GeO2 is drastically different as a consequence
of the different cation-O-cation bond angle (from 143.7º in SiO2 to 130º in
GeO2) on the orbital overlap [280]. However, in both cases, the general final
state assignment is similar for SiO2 and GeO2.
Contrary to the quartz compounds, the oxygen K edge spectra of SiO2, GeO2

and SnO2 in rutile structure, Figure 35c),show similar shapes: a first sharp
peak followed by a broader structured feature. In the case of SiO2, these
features are not as well separated as in GeO2 and SnO2.
According to the calculated p-DOS [280, 281], the first sharp feature cor-
responds to the O 2sp anti-bonding σ∗ states hybridized with the empty
cation ns states (Si: n=3, Ge: n=4 and Sn: n=5).
The following broad feature is assigned to O 2sp states and O 2p states hy-
bridized with the cation np states. For Ge and Sn, the contribution at higher
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energy from (n-1)d states is also found.
The p-DOS calculations shows that the missing mixing of the cation p and
d states as not allowed in the octahedral symmetry. The spectra of the ru-
tile compounds shift to low energy along the series in agreement with the
decrease of their respective band gaps.

4.3 overview of p-element oxides

Boron oxides: Boron and borate oxides are formed by two different struc-

Figure 36: Oxygen K edge spectra of amorphous B2O3 at 1atm [282] and 8.4GPa,
LiBO2 [282], Li2B4O7 [282] and Li3BO3 [282], with the fraction of BO3

units and non-brindging oxygens (NBO) indicated. The formation of
NBO induces the shift of the π∗ feature to lower energy and the the
conversion from BO3 to BO4 induces the decrease of its intensity.

tural units depending on the nature and content of alkali cations and/or the
temperature and pressure conditions: planar BO3 triangles or BO4 tetrahe-
drons. The coordination of oxygen can be 2-fold bridging oxygens or 1-fold
coordinated non-bridging oxygens.
In glasses, the addition of alkalis induces the transformation from BO3 to
BO4 and a higher connectivity between the B units. Further increase of
the alkali content induces the depolymerization of the glass or crystal net-
work [283]. The determination of the B and O coordination is thus a critical
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parameter to understand the properties of borate crystals and glasses in
various temperature and pressure conditions. For these systems, the low
penetration depth of soft-X-rays and surface sensitivity have been a seri-
ous limitation for their investigation, especially because of their particular
hygroscopicity. IXS has been used as a good solution to circumvent these
limitations. Lelong et al. have investigated of the oxygen K edge XAS via
IXS in a series of crystalline lithium borates [282] and in comparison with
glasses [283].
Figure 36 shows the oxygen K edge of selected boron oxides. The spectra
show two main features: the first 5 eV of the oxygen K edge spectra is as-
signed to π∗ overlap between O 2p and B 2p while the next 10 eV range is
assigned to σ∗ O-B overlap. DFT calculations have further allowed to distin-
guish the contribution of bridging and non-bridging oxygens according to
the energy position of the π∗-peak, which shifts to lower energy in the case
of non-bridging oxygens as observed when comparing amorphous B2O3

and Li3BO3. Comparison between crystals and glasses has allowed a further
understanding of the structural variations in lithium borate glasses with the
chemical composition.
Lee and al. have studied v-B2O3 glass at high pressure using IXS up to 8.4
GPa. Figure 36 shows the decrease of the π∗-peak related to boroxol rings,
i.e. planar structure formed by three BO3 units, upon increasing the pressure
together with the increase of the B coordination from 3- to 4-fold suggesting
that the unpaired Op orbital gets involved in forming a σ∗ bond with an
other B resulting in a 3-fold oxygen [284].

Carbonates: Carbonates are important compounds for the carbon cycle.
Carbonate rocks result from the mineralisation of the CO2 from the at-
mosphere. Figure 37 shows the oxygen K edge of BaCO3, Li2CO3, CaCO3,
Na2CO3. The oxygen K edge XAS spectra of carbonate compounds are dom-
inated by the oxygen antibonding states from the CO−2

3 units, similarly to
the BO3 units for boron (see above). These planar triangular units favour the
formation of in-plane σ covalent bonds involving sp2 mixing. The first in-
tense and sharp peak is assigned to the π∗ anti-bonding state from the C=O
bonds resulting from out-of-plane π bonds involving only p states. The sec-
ond part of the spectra corresponds to the σ∗ anti-bonding state. Calcium
carbonate, CaCO3, is an important biomineral occurring in shells and corals.
CaCO3 occurs in three different structures, calcite, aragonite, and vaterite;
In addition there are hydrated and amorphous structures.
DeVol et al. studied the oxygen K edge of these forms of CaCO3, using the
polarization dependence of single crystals [286]. The experiments are simu-
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Figure 37: Oxygen K edge spectra of carbonates: BaCO3 [285], Li2CO3 [159],
CaCO3 [286], Na2CO3 [287], all showing the π∗ anti-bonding state from
the C=O bonds of the CO−2

3 units.

lated with FEFF calculations. Despite similar isotropic spectral shapes, the
O K edge polarisation dependance varies with the crystal structure of the
polymorph. The polarization dependent contrast is used to study natural
species (shells and tunic spicules) with x-ray spectral microscopy.
De Clermont Gallerande et al. analysed the monopole and dipole contribu-
tions to the oxygen K edge spectra of Li2CO3 measured with IXS, allowing
to separate the π and σ anti-bonding states. The oxygen K edge of Na2Si2O5

shows a sharp peak at 533 eV that is assigned to Na2CO3 adsorbed at
the surface [288]. Na2CO3 and NaHCO3 have been measured by Espinal et
al. [287]. They are used as references to study the interaction of CO2 with
amine groups. Recently the oxygen K edge of barium carbonates and ni-
trates have been studied, in comparison with the binary oxide.
Karshoglu et al. measured the oxygen K edge of BaO, Ba(OH)2, BaCO3, and
Ba(NO3)2, prepared in-situ as thin films [289]. In this study they analysed
the sensitivity of these materials and they discussed some published spec-
tra of BaO that turned out to have a different composition as claimed in the
original papers.

Aluminum oxides: Aluminium is the third most abundant element of
the earth crust [290] after oxygen and silicon and is present as trivalent
cations in various biological and mineralogical forms. The oxygen K edge
of α-Al2O3 (corundum struture), MgO and MgAl2O4 (spinel strucutre) are
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compared with their calculated projected DOS by Kostlmeier et al. [291].
Kaneko et al. study the difference between the oxygen K edge of the center
of a Al2O3 grain with the grain boundary [292]. The features correspond
to the anti-bonding O states hybridized with Al 3s, p and sp states [293].
Henderson et al. studied the oxygen K edge of a series of crystalline calcium
aluminates [294] followed by the study of a series of CaO-Al2O3-SiO2 mixed
glasses [293].
The oxygen K edge spectra of the glasses reveal the contribution of both
Ca and Al hybridized states and the coordination change of Ca as well as
the degree of polymerisation of AlO4 tetrahedral units. The oxygen K edges
of Cu-Al-O thin films have been compared with copper oxide and Al2O3

references [295].
The oxygen K edge of crystalline α-Al2O3 has been compared for different
shapes, respectively microparticles, nanowires and nanotubes [296].

Silicon oxides:
SiO2 is the first most abundant oxide of the earth crust [290] mainly as

part of the mineral species like silica and silicates. O K edge have been used
to investigate the atomic structure of crystalline and amorphous silica and
silicates.
Marcelli et al. showed the sensitivity of the oxygen K edge on the Si-O-Si
bond angle in glasses [297], which stimulated intense efforts to the devel-
opment of accurate modelling of the oxygen K edge using multiple scatter-
ing approaches [277, 297, 298] and later followed by band structure calcu-
lations [274, 279]. The experimental oxygen K edge spectra of silica crystal
polymorphs were investigated by Wu et al. [277].The influence of the chem-
ical composition of silicates glasses on the structure was investigated [275,
299–301]. The interpretation of the spectra is more complex when consider-
ing silicate glasses with also calcium, aluminium and titanium. The oxygen
K edge spectra reveal the bonding with the different cations but is also in-
fluenced by the coordination geometry changes. Another important aspect
of glass structure is the degree of polymerisation of the glass network. The
addition of alkali cations to amorphous SiO2 induces the depolymerisation
of the SiO4 network and formation of non-brigding oxygens (O bond to a
single Si). It has been shown with the support of full multiple scatering cal-
culations that the threshold of the O K edge is dominated by the presence of
the non-bridging oxygens in silicates [302], similarly to the case of borates.
The multiple scattering calculations [277, 278], and later DFT calculations [279],
have allowed reproducing the experimental data. Multiple scattering calcu-
lations on clusters of different sizes have allowed to reveal the contribution
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of the multiple scattering to the features due to medium range order. The
effect of the core-hole has been discussed in these studies. While it is shown
to be very important for the silicon K edge, [281] the contribution to the
oxygen K edge has been described as small by Wu et al. [278], but it was
shown to be non-negligible by Taillefumier et al. [279].
These authors highlighted that some cautions should be used to compare
the calculated oxygen K edge and the O 2p pDOS, in reference to the work
of Mo et al. [274] which presented strong disagreement between the oxygen
K edge spectrum and pDOS calculations. While Mo et al. assigned this mis-
match to energy dependence of the dipole matrix element, Taillefumier et al.
have pointed out the influence of the calculation method on this energy de-
pendence: the energy independence can be obtained with sufficiently small
integration region used for the angular momentum projection [279].

Germanium oxides: The oxygen K edge of crystalline and amorphous
germanates have been investigated to obtain structural information. Based
on the study of crystalline references, oxygen K edge has been used to de-
termine the coordination of Ge in amorphous systems. The similarity of the
oxygen K edge of amorphous and crystalline (quartz) GeO2 confirmed the
two-fold coordination of oxygen and the four-fold coordination of Ge in
both cases as well as similar angles between the GeO4 tetrahedrons.
Five-fold Ge is observed in the alkali germanate glasses but only in compo-
sitions at the germanate anomaly maximum and beyond. It was confirmed
that there is no formation of six-fold coordinated Ge within the glass before
the germanate anomaly maximum [275].
No study of oxygen K edges in germanates have reported the contribution
from non-bridging oxygens, even for high-alkali content glasses, although
these are expected. Such interpretation is indeed subject to great caution
because of the surface sensitivity of XAS, but here IXS could provide an
alternative interesting probe. By comparison with the crystal references, Le-
long et al. demonstrated with IXS measured oxygen K edge the formation
of the five-fold coordinated Ge at the intermediate high pressure (5 GPa)
from amorphous germania and the formation of 6-fold coordinated Ge at
the higest pressure (18 GPa) [303]. McLeod et al. used oxygen K edge in
light of calculations with Wien2k to study the oxygen vacancies in GeOx

nanoparticles as electrodes for lithium storage [304].
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4.3.0.1 Other p-element oxides

Zinc oxides: ZnO is a common semiconductor oxide. The oxygen K edge
of the hexagonal wurtzite polymorph has been measured by McLeod et
al. [305]. Figure 38 shows the O K edge spectrum of ZnO. Because all 3d
orbitals are full, the spectrum reveals only the O 2p states hybridized with
the 4sp states of the Zn.
Guo et al. [306] compared the bulk spectrum with a thin film and nanorods.
ZnO doped with transition metal ions (Fe, Co) yields so-called dilute mag-
netic semiconductors. These systems have ferromagnetic order above room
temperature and the combination of charge and spin degrees of freedom
makes them useful for devices. Figure 38 shows that the dopping with Fe
induce the presence of additional empty 3d states at the onset of the O K
edge. Furthermore, the features observed for pure ZnO are broaden, prob-
ably due to the distortion of the crystal lattice. The oxygen K edge of ZnO
doped with Fe and with Co mainly show the same spectral shape as pure
ZnO with an additional peak due to the Fe-O and Co-O interaction [307–
309].
The oxygen K edges of the [Cd,Zn]O mixed oxides are discussed in the
section on cadmium oxides.

Phosphates: Calcium phosphates are the main component of human bone.
The materials include tricalcium phosphate Ca3(PO4)2, and hydroxyapatite
Ca5(PO4)3OH.
Rajendran et al. compare the calcium phosphate materials plus CaCO3 and
CaO with the oxygen K edges from the bones of sheep, deer, chicken, etc. [311].
They use TEY and FY to differentiate between surface and bulk; they find
that the surface of dried bone has a larger proportion of carbonate than the
interior that is mainly made up of phosphates.
The phosphate systems with transition metal ions, (LiFePO4, LiNiPO4, etc)
are discussed in the sections of the respective transition metal ions.

Gallium oxides: The gallium oxide Ga2O3 exists in five polymorphs (α
to ε). The β-Ga2O3 trigonal structure has recently got much attention in
relation to possible optoelectronic as well as catalytic properties [312]. The
oxygen K edge of β-Ga2O3 has been calculated with the FDMNES code by
Hegde et al. [312]. Interestingly they do not find any significant difference
between a calculation with and without core hole.
The oxygen K edge of β-Ga2O3 has also been published by Cocchi et al. [313]
who find that their BSE calculation gives an accurate agreement with the
experiment, in contrast to the calculation without core hole.
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Figure 38: Oxygen K edge spectra of ZnO (wurtzite) compared to Fe:ZnO
(red) [307], CdO (rocksalt) [310], HgO (orthorombic, montroydite) [305].
Similarities in the spectrum shape and assignment are highlighted de-
spite the differences in the crystal structures.
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Cadmium oxides: CdO is a rocksalt structured semiconductor. The oxy-
gen K edge spectrum is measured by Demchenko et al. [314].
McLeod et al. compare the oxygen K edge with Wien2K calculations [305].
The bulk spectrum of CdO is compared with thin films that are measured
both with electron yield and fluorescence yield. Detert et al. measured the
oxygen K edges of the [Cd,Zn]O mixed oxides for different ratios of cad-
mium and zinc [310]. The phase transition between wurtzite ZnO and rock-
salt CdO is visible in the oxygen K edge between 62% and 75% CdO. Fig-
ure 38 compares the spectra of ZnO and CdO.

Indium oxides: Indium oxide In2O3 (cubic polymorph) is compared to
the other 5s0 oxides by McLeod et al. as reproduced in Figure 39.
The oxygen K edge of the cubic, rhombohedral, and orthorhombic In2O3

polymorphs have been measured by de Boer et al. [315] All polymorphs
give similar O K edge spectra with a first intense sharp peak assigned to
the O 2p states hybridized to the cation empty 5s states and then a variable
second broad feature corresponding to the metal 5p states.
They calculated the spectra with Wien2K with and without core hole poten-
tial. The final state calculations accurately reproduce the observed spectral
shapes.

Figure 39: The oxygen K edge spectra of a) 5s0 oxides (In2O3, SnO2, Sb2O5) and b)
5s2 oxides (SnO, Sb2O3, TeO2). Data are reproduced from ref. [305] for all
but TeO2 [316]. The cation contributions to the O 2sp anti-bonding states
are given according to the p-DOS calculations from McLeod et al. [276]

.
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Tin oxides: Cassiterite SnO2 has a rutile structure and is the common ore
for tin. The oxygen K edge is shown in Figure 39. It is shifted to lower ener-
gies but shows a similar shape than GeO2 and SiO2. This allows transposing
the feature assignment from the Ge and Si well studied systems: the first in-
tense peak corresponds to the O 2p hybridized with the σ∗ of the Sn 5s
states and the higher energy features correspond to the Sn p and pd bands.
The monoxide α-SnO has a PbO structure. Upon heating, it converts to an
intermediate tin-oxide SnOx, before converting to SnO2.
The EELS oxygen K edges of the three different oxides SnO, SnOx and SnO2

have been measured by Moreno et al. [317]. The oxygen K edge of the in-
termediate SnOx phase has a shape that can be constructed from a linear
combination of SnO and SnO2. Kurganskii measured the oxygen K edge of
SnO2 and the calculated the spectrum with Wien2K [318]. A Wien2K cal-
culation was performed with a core hole potential, but the agreement with
experiment is not very good.
We note that the oxygen K edge of SnO2 is different as measured with EELS
and with XAS. The EELS spectrum has two leading sharp peaks and the
XAS spectrum only one. A possible explanation is that the EELS spectrum
contains SnO that has its first peak at exactly the same energy.
Kronawitter et al. studied the interface between SnO2 and TiO2 [319]. Their
SnO2 spectra are measured with TEY XAS and agree with the spectra from
Kurganskii.

Antimony oxides: The oxygen K edge of antimony oxides, shown in Fig-
ure 39, were studied as part of a broader investigation of chemical bond-
ing and hybridization in 5p binary oxides by McLeod et al. [276] The au-
thors further compare 5s0 oxides (In2O3, SnO2, Sb2O5) with 5s2 oxides (SnO,
Sb2O3, TeO2).
Comparison of DOS and spectra calculations performed with Wien2k with
experimental spectra reveals that in general the hybridization between O 2p
states and cations states decreases with increasing cation atomic number. In
the 5s2 oxides the first relatively broad feature of the O K edge is due to the
antibonding O 2p bands mixed with the cation 5p while in the 5s0 oxides,
the cation 5p band is shifted to high energy and the first sharp feature is
due to the empty cation 5s band mixed with the O 2p.

Tellurium oxides: TeO2 is an important building block for tellurite glasses
used for nonlinear optics such as in optical fiber amplification. The oxygen
K edge of TeO2 measured by Jiang et al. with EELS [316] is shown in Fig-
ure 39. The authors compare the spectrum with a number of different FEFF
calculations. The core hole calculation gives equivalent results to the Z+1
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calculation. To improve the correspondence with experiment a Z+2 approx-
imation is used, but the agreement obtained is still not very good.
Mc Leod et al. have compared the O 2p DOS calculated with Wien2k with
the experimental spectra. The projected DOS reveal that the first peak in
the TeO2 O K edge spectrum is dominated by O 2p anti-bonding states
hybridized with Te 5p and the second peak is dominated by O 2p states
hybridized with Te 4d.

Mercury oxides: Mercury the third element of the Group. Mercury oxide
is a II-VI-type semiconductors. Divalent mercury ions have full 5d orbitals
and 6s0 and 6p0 valence electronic configuration.
The oxygen K edge of mercury oxide HgO, which structure consists of
chains of Hg-O in the montroydite form (orthorombic), has been compared
with Wien2K calculations [305]. Figure 38 compares the spectral shape of
HgO with CdO and ZnO. As the cation increases in mass the core hole
has a decreasing effect on the local conduction band probed by XAS mea-
surements. There is close agreement between the measured XAS and the
calculated DOS for HgO.

Lead oxides: Qamar studied four different types of PbO samples: α-PbO
or litharge the red tetragonal polymorph, β-PbO or massicot, the yellow
orhtorhombic polymorph, amorphous PbO and polycrystalline PbO [320].
They compare the experiments with Wien2K DFT calculations with and
without the core hole potential. Oxygen K edges of lead oxides for lead-
acid batteries were published by Moseley et al. [321] The oxygen K edge of
BaPbO3 has been measured in comparison with calculations with and with-
out core hole [322].
The whole series of Ba(Pb,Bi)O3 perovskites has been measured as a func-
tion of the bismuth doping. A gradual change from BaPbO3 to BaBiO3 is ob-
served experimentally. Mastelaro et al. used the oxygen K edge to determine
the hybridization between Pb 6p and O 2p orbitals in Pb1−xLaxTiO3 com-
pounds [323]. The Pb 6p peak appears in between the two Ti 3d bands (see
Ti oxides section). A similar approach with the support of FEFF calculations
was used by to study the ferroelectric Pb1−xBaxZr0.65Ti0.35O3 compounds
with changing the Ba loading [324]. Eberg et al. evidenced the decrease of
the Pb 6p and O 2p and the PbTiO3/SrTiO3 interfaces with oxygen K edge
and real-space multiple-scattering FEFF calculations [325].

Bismuth oxides: Bi2O3 exists in four crystallographic phases. Torruella
et al. studied the monoclinic α-Bi2O3 polymorph with EELS [326]. They
compared the specral changes of a pellet with powder and nanowires and
they studied the effect of defects on the spectral shape. BaBiO3 and the
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Figure 40: The oxygen K edge spectra of BaBiO3 and the BaPbO3.[322]

Ba(Pb,Bi)O3 perovskite systems have been discussed in the section on lead.
BiFeO3 and BiVO4 are discussed in the sections on the transition metal ions.



5
A L K A L I N E E A RT H M E TA L O X I D E S

Alkaline earth metals combined with oxygen, form oxides with a rocksalt
structure and a well ordered surface.
These simple ionic solids have gained a lot of attention in the catalysis field
thanks to the irreducibility and the stability of their surface that make them
very efficient candidates for high temperature oxidative processes [327].
The basicity of the alkaline earth metal oxides surface has been extensively
studied [327, 328] and the well established basicity trend follows the order:
MgO<CaO<SrO<BaO [329].
CO2 has been used as a probe for the surface reactivity of the O2− site on
the surface of MgO and CaO and the interaction energy decomposition led
to the conclusion that CaO is a stronger base than MgO [330]. Among these
oxides MgO is the one that obtained more attention because of the high sur-
face area and the ease of preparation respect to CaO, SrO and BaO where a
thermal pretreatment of the sample is required [329].
By their chemical nature, the alkaline earth metal oxides should lie between
the covalent III-V compounds and the alkali halides with ionic character.
The determination of the degree of covalency of the bond between the metal
cation and the oxygen has a great importance as it affects the reactivity of the
chemisorbed species [330, 331] and the sticking probabilities of small dipo-
lar molecules [332] and metal atoms [333]. Despite their popularity, many
controversy concerning the trend in ionicity through the series oxides are
still open.
Two opposite views based on different argument exist: on the one hand,
following the electronegativity values of the cations, Philips [334] and Van
Veethem [335], the degree of covalency should decrease when going from
MgO to BaO, on the other hand, the bigger stabilization of O2- ions in MgO
and BaO due to a larger Madelung potential and the possible participation
of empty d orbitals into the covalent bond in heavier atoms seems to be
suggest that the covalency increases along the period [336].
No simple way to measure the degree of covalency in ionic compounds is
available, but a promising technique to measure the degree of covalent mix-
ing has been the x-ray absorption at the O(1s) edge.
It has already been shown [337] how it is possible to relate the XAS intensity
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distribution to the covalent character of the M-O bond for transition metal
oxides. In fact in an ionic model the 2p orbitals of the oxygen are full and the
transition 1s-2p is not allowed. A certain degree of covalency makes states
with O 2p character available, so it is possible to relate also the intensity of
the O 1s excitation to the degree of covalency of the oxide [337].
Furthermore the oxygen K edge is one of the best method to obtain finger-
prints of the electronic structure and atomic arrangement because the initial
1s state is not degenerate and is strongly localized at the scattering center.
The main advantage is that the dispersion is negligible and it causes no fur-
ther crystal splittings [291].
The analysis of the oxygen K edge x-ray absorption spectra of the alkaline
earth metal oxides, taking into account the extent of the core hole effects
and the trends of chemical shifts, combined with the study of the ground
state properties of the electronic structure help to shed a lights on the nature
of the M-O bond.

5.1 theory

Since we are interested in the computation of K edges a reasonable approx-
imation to the XAS spectra is given by density functional theory. The local-
ized character of the core orbitals makes it possible to define a core excited
Kohn-Sham states by constraining the occupation number of the 1s Kohn-
Sham orbital (see Chapter 1). The transition matrix elements are thus ob-
tained within the single particle approximation by coupling the oxygen 1s
electron of the ground state with the accessible empty states of the final state.
The XCH method has been successfully applied to liquid and solid systems
[5, 14], the underlying idea is that the core hole originating from the x-ray
excitation is associate with the corresponding excited electron placed in the
lowest unoccupied state. From Chapter 1 we know that in a single particle
picture, the x-ray absorption cross section can be written as:

σ(ω) = 4π2α0 hω
∑
f

|Mi→f|
2δ(Ef − Ei −  hω) (22)

where the photon energy and the fine structure constant are respectively  hω

and α0. The transition amplitude is written as:

Mi→f = 〈Ψf|D|Ψi〉 (23)

D is the transition operator that can be expressed in the electric dipole or
quadrupole approximation (see Chapter 1). Following the Blöch [338] pro-
cedure, the matrix element evaluation can be obtained within the projector
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augmented wave formalism [339]. We start transforming the all electron fi-
nal wave function to the pseudowave function through the linear operator
T as:

Ψf = T |ψ̃f〉. (24)

The linear operator is written as:

T = 1+
∑
R

TR = 1+
∑
R

(|φR,n〉− |φ̃R,n〉)〈p̃R,n| (25)

The sum is on R where R is the center of a spherical core region defined
at the atomic site, also called augmentation region, the index n is the angu-
lar momentum quantum number and 〈p̃Rn| are projector augmented wave
(PAW) projectors. φR,n and φ̃R,n are the all electron and pseudo partial
waves that coincide outside the augmentation region.
Combining Equation (2)(3) and (4) we obtain an expression for the transition
amplitude as:

Mi→f = 〈ψ̃f|D|Ψi〉+
∑
R,n

〈ψ̃f|p̃R,n〉〈φR,n|D|ψi〉−
∑
R,n

〈ψ̃f|p̃R,n〉〈φ̃R,n|D|ψi〉 (26)

The initial wave function is localized at the absorbing center R0 so we can
reduce the summation to only one term and we obtain for the initial state
the expression:

|ϕR0〉 =
∑
n

|p̃R0,n〉〈φR0,n|D|ψi〉 (27)

So we can rewrite the expression for the absorption cross section as:

σ(ω) = 4π2α0 hω
∑
f

|〈ψ̃f|ϕ̃R0〉|2δ(Ef − Ei −  hω) (28)

Where the recursion method simplifies the computation of the spectra en-
suring that only the occupied bands need to be calculated [339].
In order to quantify the amount of charge on each ion we performed a Bader
analysis of the charge density [340] with VASP [341]. Within this formalism,
the gradient paths of the electronic density terminating at an atom define
a basin for this particular atom. Then by integrating over each basin, the
charge which belongs to the corresponding atom is obtained.
In order to obtain information about the ground state bonding situation,
Wannier functions have been computed for the oxygen 2p states of the al-
kaline earth metal oxides series. Wannier functions can be interpreted as
the solid state analog of the localized molecular orbitals for molecules [342].
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Their construction starts from the Block functions by Fourier transformation.
So we can write the Blöch function for an isolated band with index n as:

Ψn,k(r) = eikrunk(r) (29)

If we Fourier transform the vector k of the first Brillouin zone to the Bravais
lattice vector Rl the Wannier function can be written as:

wn(r − Rl) =
V

(2π)3

∫
BZ

dke−ik·RlΨn,k(r) (30)

The Fourier transformation is not unique, the freedom in choice of the Wan-
nier function corresponds to the freedom in choice in the phases of Bloch
orbitals as function of the wave vector k [342]. The orthogonality of the Wan-
nier functions is ensured by the transformation properties of Blöch functions
under lattice translations. The Wannier and hopping frequencies calcula-
tions have been performed with wien2k [343].

5.1.1 Computational details

All the DFT XAS calculations for the series MgO, CaO, SrO, and BaO with
a NaCl structure use PBE GGA functionals[344]. Ultrasoft pseudopotentials
have been employed [345, 346]. The smoothness of the pseudowave func-
tions is obtained by relaxing the norm conservation constraints and as a
result less plane waves are necessary [345]. The kinetic energy cutoff for
electronic wave functions and the density is respectively 30 and 240 Ry. As
periodic boundary conditions are used, the core hole interaction is taken
into account in a supercell approach that allows the isolation of the absorb-
ing atom.
The supercell size employed for MgO, CaO, SrO and BaO is a 2x2x2, while

Table 18: Crystallographic structure of alkaline earth metal oxides used in XAS cal-
culations from references: a) [347], b) [348], c) [349] and d) [350].

MgO a CaOb SrOc BaOd

a=b=c (Å) 4.216 4.805 5. 5.160 5.523

α=β=γ 90
◦

90
◦

90
◦

90
◦

Cryst. syst. Cubic Cubic Cubic Cubic
Space group Fm-3m Fm-3m Fm-3m Fm-3m
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Table 19: Crystallographic structure of carbonates and hydroxides used in XAS cal-
culations from references: a) [351], b) [352], c) [353], d) [354] e) [355] and
f) [356].

CaCO3
a Ca(OH)2 b SrCO3

c Sr(OH)2 d BaCO3
e Ba(OH)2 f

Cell Param.
a=b=c 6.360 a=b 3.586 a 5.090 a=b 8.990 a 5.280 a 11.0818

c 4.880 b 8.358 c 11.566 b 8.830 b 16.602

c 5.997 c 6.390 c 7.125

Cell Angle.
α=β=γ 46

◦ α=β 90
◦ α=β=γ 90

◦ α=β=γ 90
◦ α=β=γ 90

◦ α=β=γ 90
◦

γ 120
◦

Cryst. syst. Trigonal Trigonal Orthorhombic Tetragonal Orthorhombic Orthorhombic

Space Group R-3c P-3m1 Pmcn P4/ncc1 Pmcn Pnma

for the carbonates and the hydroxides, given the big dimension of the sys-
tem a 1x1x1 cell has been employed.
The ground state calculations of the partial density of states (PDOS) have
been performed in order to obtain a representation of the occupied and un-
occupied states by means of Löwdin charge population analysis.
All the XAS calculations have been performed with the Quantum Espresso
QE suite[357]. Calculations were carried out from the experimental crystal
structures listed in Table 18 and 19. In order to perform the k-point sam-
pling and generate the unoccupied states for the core excited spectra, the
Shirley interpolation scheme has been adopted[358]. The transition ampli-
tudes have been obtained within the PAW frozen-core approximation[339].
The spectra have been aligned with the experimental results using a rigid
shift of 525.65eV.
Wannier intepolation has been performed on a 40x40x40 mesh in real space.
The Wannier functions and hopping frequencies calculations have been per-
formed with Wien2k[343].

5.2 electronic structure

5.2.1 Partial density of states (PDOS)

Alkaline earth metal oxides share the same rocksalt structure. The increase
in lattice parameter along the series is related to the increase in the cation
size (see Table 18). In case of ionic solid the electron localization is high,
ensuring little dispersion in the band structure where each band mainly
maintain the character of the atomic orbital.
It is well known that band gap, as transport properties, obtained within
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Figure 41: Partial density of states (s,p and d PDOS) for the oxygen(upper panels)

and the metal(lower panel). The Fermi energy is taken as 0.

standard DFT calculations are not very well reproduced and it is indeed
not surprising the obtained value 6.03eV(MgO), 5.0 eV(CaO), 5.04 eV(SrO)
and 3.83eV(BaO) turns to be underestimated respect to the experimental re-
sults((7.8eV, 7.1eV, 5.9eV, and 4.3eV respectively [359]), anyway the trend is
still reproduced.
Alkaline earth metal oxides show a high degree of ionicity and the outer-
most valence band turns to be constitute by mainly states originating from
the oxygen 2p orbitals. Figure 41 shows the oxygen and metal PDOS. In
the plane wave pseudopotential framework, the PDOS is obtained by pro-
jecting the pseudowavefunction onto the pseudoatomic partial waves with
required symmetry. Going from MgO to BaO a narrowing of the oxygen
2p band is reported (Figure 41: 4.6 eV MgO, 2.36 eV CaO, 1.91 eV SrO
and 1.06 eV BaO). The band widths reported are overestimated (in accor-
dance with earlier DFT [360] and Hartree-Fock calculations [361]), respect
to the experimental result obtained with electron momentum spectroscopy
(EMS)[361], but the clear decreasing trend is still reproduced. The extent of
band dispersion is usually linked to the degree of delocalization. Skorodu-
mova et al. [360] linked the shrinking of the oxygen 2p-valence states to a
repulsive interaction between the semicore p-metal states and the oxygen p-
states by examining the progressive shift toward the top of the valence band
of the metal semicore p-states (around 15-20 eV below the Fermi energy not
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MgO CaO SrO BaO

Mg +2 Ca +1.42 Sr +1.41 Ba +1.45

Table 20: Atomic charge by Bader charge partitioning.

shown in Figure 41). However we can explain the narrowing of the oxygen
p-states on the basis of the crystal structure without invoking changes in
the metal-oxygen interaction, in fact the distance oxygen-oxygen increases
along with the lattice parameter causing a decrease in the repulsion energy
and in orbital overlap between the anions. So the decrease in band width is
the consequence of a reduction in separation between the bonding and anti-
bonding states within the same oxygen band. Furthermore the Bader charge
partitioning results in Table 20 suggests that an unweighed interpretation of
the differences in the valence band dispersion in terms of a different extent
of localization of the metal-oxygen bond would lead to wrong conclusions.
The Bader analysis indeed indicates that all the oxides have an ionic charac-
ter, with the MgO being the most ionic in the series. If we turn our attention
to the metal states above the Fermi energy we observe a different character
of the unoccupied states where the d-states contribution for Ca, Sr and Ba
becomes predominant at the bottom of the conduction band. In MgO the
d-states are not included in the calculation since it has been already proven
that they are too high in energy to participate in the metal-oxygen bonding
interaction [336]. The following examination of the Wannier functions for
the alkaline earth metal oxides series reveals important differences in terms
of metal-oxygen bond localization.

5.2.2 Wannier functions

In order to investigate the nature of the metal-oxygen bond character we
analyse the Wannier functions for the bonding state due to metal and oxy-
gen 2p hybridization. Wannier functions are uniquely defined for insulators
and semiconductors and provides a description of the hybridization and
spatial distribution of the charge density [342].
Figure 42 shows the band structure and the related Wannier functions for
the oxygen 2p states, where the spread of the Wannier functions is reported
in the caption. The spatial distribution of the Wannier functions increases
along the (a,0,0) direction going down through the alkaline earth metal ox-
ides series. The reported oxygen 2p spread increases from 0.904Å to 1.638Å
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Figure 42: Wannier functions obtained for the oxygen 2p states and the associated
band structure. Oxygen atoms are in red. The Wannier function spread
is 0.904 Å for MgO,1.147Å for CaO, 1.310Å for SrO and 1.638Å for BaO.
The isosurface value is set to 0.001 for all the plots.
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MgO CaO SrO BaO

t1 0.2626 0.0791 0.0210 -0.0403

t2 -0.3486 -0.1260 -0.0886 -0.0342

t3 0.0603 0.2230 0.2641 0.3090

Table 21: Two centers hopping integrals (eV) for the systems MgO,CaO,SrO and
BaO. Where the combination of t1 and t2 gives respectively the ppσ (-t1-t2)
and ppπ (-t1+t2) Slater-Koster integrals.

going from MgO to BaO reinforcing the hypothesis that the localization is
higher in the MgO system. The spread and the shape of the Wannier func-
tions can be rationalized in terms of hopping integrals.
Hopping integrals couple different states and allow the electron hopping
from one atom to one of its neighbors, they are the off-diagonal matrix
elements that can be extracted from the interaction Hamiltonian. For the
alkaline earth metal oxides, we consider the 3 available hopping channels
between nearest neighbour oxygen atoms, denoted as t1, t2 and t3 and de-
fined in Figure 43. From table 21, we see that the t3 channel become deter-
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Figure 43: Pictorial representation of the three hopping integrals between nearest
neighbour oxygen atoms.

minant in the hopping process going from MgO to BaO. This behavior is
clearly reflected in the shape of the px-like Wannier functions for SrO and
BaO, showing a large spread along (a,0,0) direction. From the band struc-
ture in Figure 42 we can rationalize this behavior, in fact, going from MgO
to BaO, the metal bands above Fermi level come down in energy and start
hybridizing with the oxygen 2p orbitals.
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5.3 oxygen k-edge spectra

5.3.1 MgO
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Figure 44: Right panel: Calculated oxygen K edge spectra of MgO black line, com-
pared with the experimental results from E3 [305],E2 [362] and E1 [363].
A gaussian broadening of 0.8eV as been applied to the calculated spectra
and the experimental data have been shifted for the comparison.

Figure 44 shows the calculated oxygen K edge spectra of MgO compared
with experimental spectra from ref[305, 362, 363]. The calculated and the
experimental spectra of MgO matches well and show four main regions
around 536, 540, 545 and 551 eV. In the MgO experimental spectra from [362]
a small peak before the near edge structure is observed around 530 eV; the
peak has been ascribed to the presence of a core exciton. In the theoretical
work of Pascual [364], the origin of this peak has been attributed to a surface
effect corresponding to the 1s −→ 3pz, transition polarized out from the
surface. The Fermi energy obtained for the MgO system in our calculations
is 11.3264 eV and only the Mg 3s partial density of state (PDOS) reveals
the presence of s-character states at 10.15 eV. The presence of peak at 530

eV suggests that in order to obtain a complete theoretical description of the
oxygen K edge spectra, simulations that take into accounts surface effects
are required.
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5.3.2 CaO

Figure 45 shows the calculated CaO oxygen K-edge spectra compared with
a set of experimental results from ref. [305, 363, 365, 366]: some discrep-
ancies with the experimental data from E1 and E3 [305, 363] can be easily
spotted. The intensity of the higher energy shoulder of the spectra does not

530      535     540     545     550     555     560   
Energy(eV)

Int
en

sit
y(a

.u.
)

E1
E3

E4

E5

CaO

CaCO3+Ca(OH)2

CaCO3
Ca(OH)2

a)

b)

Figure 45: a)Calculated oxygen K edge spectra of CaO (black line), compared with
the experimental results from: E4 [365],E5 [366]. b)Calculated oxygen K
edge spectra of Ca(OH)2+CaCO3(black line), Ca(OH)2(grey dotted line)
and CaCO3(grey line) compared with the experimental results from:
E3 [305], E1 [363].A gaussian broadening of 0.8eV as been applied to
the calculated spectra and the experimental data have been shifted for
the comparison.

matches with the calculation and the second peak is not well defined.
It is well known that the surface of CaO is susceptible to water adsorption
leading to formation of Ca(OH)2 via an exothermic reaction [367] because of
the higher basicity of the surface respect of MgO. Furthermore commercially
available CaO is usually prepared by thermal decomposition of Ca(OH)2
and the contamination can be also arise from a H2O synthesis residual. Also
the carbonate contamination cannot be ignored since CaO has a good affin-
ity for CO2 especially at high temperature [368]. The lack of details on how
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the materials were handled prior to the measurement suggests the main rea-
son for the mismatch is linked to contamination from water and CO2.
In order to find the reason of the mismatch, the spectra of Ca(OH)2 and
CaCO3 have been computed. A good agreement with the experimental spec-
tra from E1 and E3 [305, 363] can be found if the spectra for Ca(OH)2 and
CaCO3 are summed up and averaged.
The experimental EELS results E5 [366] and the EELS E4 [365] matches very
well with the calculated oxygen K edge CaO spectra.
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Figure 46: Calculated oxygen K edge spectra of SrO black line, Sr(OH)2 blue line
and SrCO3 red line, compared with the experimental results from ref-
erences: E1 [363], E3 [305], E5 [366]. A gaussian broadening of 0.8eV as
been applied to the calculated spectra and the experimental data have
been shifted for the comparison.

5.3.3 SrO

In Figure 46 a comparison between the experimental and the calculated spec-
tra of SrO is reported. A good agreement is found between the experimental
spectra E5 [366] and the calculated spectra, while the experimental results
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E1 and E3 [305, 363] show a pronounced first peak [363] and a high energy
bump missing in the calculated one.
In order to investigate the origin of the mismatch, the spectra of SrCO3 and
Sr(OH)2 have been computed. In Figure46 the experimental spectra for SrO
are compared with the calculated spectra of SrCO3 and Sr(OH)2. In these
cases we can see a match between the experiment and the theoretical data.
Commercially available SrO is prepared from SrCO3 and if a commercial
SrO has been exposed to the atmosphere its surfaces may be covered with
carbonates, hydroxides, and in some cases, peroxides [329]. Removal of car-
bon dioxide, water and oxygen from the surfaces is required to reveal the
oxide surfaces. So also in this case the reason of the mismatch has been
linked to a carbonate and hydroxide contamination.

5.3.4 BaO

In Figure 47 the oxygen K edge spectra for BaO is compared with the exper-
imental results E1,E3 and E6 [289, 305, 363]. The comparison with all the
experimental data is rather poor.
Figure 47 shows also the spectra for Ba(OH)2 and BaCO3 compared with
the experimental data: the shape of the carbonate and the hydroxide spectra
present a good agreement with the experimental results E1 and E3 [305, 363].
The experimental spectra from ref. [289] has been collected is a controlled
atmosphere in order to prevent any possible H2O and CO2 contamination
from the chamber and possible chemical reduction reactions.
The agreement with the calculated and the measured [285] spectra is poor,
the first peak is not sharp and too much emphasis appears in the second
peak. We do not try to improve here the calculations for BaO since we want
to use a consistent method for all the computed XAS but anyway even in
this case a possible contamination cannot be excluded.

The good agreement of the calculations with the some of the available
experimental data confirms the good performance of the KS-DFT in repro-
ducing K edges spectra. A comparison of the spectra obtained for the alka-
line earth metal oxides series reveals significant differences in the near edge
structure in terms of spectral features and energy positions. The shape of
the first peak changes going from MgO to BaO and the energy position of
the first peak decreases from MgO to BaO.
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Figure 47: Calculated oxygen K edge spectra of BaO black line, Ba(OH)2 blue line
and BaCO3 red line, compared with the experimental results from ref-
erences E1 [363], E2 [305], E6 [289]. A gaussian broadening of 0.8eV as
been applied to the calculated spectra and the experimental data have
been shifted for the comparison.
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5.4 core hole effects

In Figure 48, all the calculated XCH spectra for the alkaline earth metal ox-
ides series are reported compared with the spectra without the inclusion of
the core hole treatment.
An estimation of the core hole effects in the oxygen K edge spectra of the al-
kaline earth metal oxides provides a useful tool for the interpretation of the
spectra and shows the importance of the core hole treatment for a correct
description of the experimental spectra.
For all the spectra in Figure 48 different extents of core hole influence can
be evinced. The core hole treatment affects more the low energy spectral
features because of the localized character of the final electronic states. In
the oxygen K edge spectra of MgO, the omission of the core hole treatment
leads to a strong underestimation of the low energy peak.
The inclusion of core hole potential has the effect of drawing unoccupied
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Figure 48: Calculated oxygen K edge XCH spectra of MgO, CaO, SrO and BaO
(black line) compared with the no core hole results (blue dotted line).The
applied gaussian broadening is 0.8 eV.
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electronic states toward the threshold energy, contracting the wave func-
tion and increasing the weight of the spectral features near the absorption
edge [30]. The spectra without the core hole treatment reported for MgO
shows a good match with the oxygen 2p PDOS Full-potential Linearized
Augmented Plane Wave method (FLAPW) in reference [369] suggesting a
good equivalency between the ground state PDOS and the no-core-hole
spectra.
In the CaO case, the alteration induced by the absence of the core hole treat-
ment are similar to the MgO case but less dramatic, in this case the intensity
of the first peak is underestimated and the peak position are fairly repro-
duced. The core hole effects for the oxygen K edge spectra of SrO and BaO
are rather similar, in this case the omission of the core-hole treatment does
alter less the near edge spectral features compared to the MgO and CaO
case. As general trend the first feature gains intensity with the inclusion of
the core hole.
The extent of the core hole effects can give information about the electron
localization [370] and the screening of the valence electrons [30]. Stronger
distortions are introduced in K edges spectra when the core hole treatment
is omitted respect to L edges of metals and this behavior is linked to a differ-
ent degree of electronic distribution localization of p-valence and s-valence
states [371].
Within the oxygen K edges spectra obtain for the alkaline earth metal oxides,
the explicit treatment of the core hole potential becomes less influential for
the heavier elements of the series suggesting that the electron localization
is stronger for the lighter MgO and CaO (where the core hole effects are
more evident) respect to SrO and BaO. A consequence of the localization is
the decrease in the orbitals overlap that leads to a reduction in the degree
of covalency of the M-O bond [370]. The results from the Bader analysis in
table 20 support the trend obtained by the analysis of the core hole effects.

5.5 chemical shifts

Another methodology widely adopted [10, 372–374] to obtain information
about the ionicity of the materials is based on the inspection of the binding
energy.
Binding energies are not just fingerprints of the absorbing atom but con-
tain information about the bonding situation in which the absorbing atom
is involved. Binding energies are usually obtained by X-ray photoelectron
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spectroscopy [375–377] and they can be further used to obtain the chemi-
cal shift between different systems [378, 379]. The ionic character of metal
oxides has been correlated with the measured oxygen 1s core level binding
energy [380]. In the oxides case, the initial state charge displacement orig-
inating from the different electronegativities of the anions and the cations
decreases the electrostatic potential felt by the core electrons of the oxygen
leading to a decrease in the anion core binding energy depending on the
anion charge (from Tab. 20 the decrease goes down through the series ).
Defining the chemical shift for a given atom in different systems reveals
information on the chemical surroundings of the probe. In order to obtain
the binding energy chemical shifts for the alkaline earth metal oxides se-
ries, we look for the energy of the initial ground state without the core hole
(NCH) and the energy of the final state with the full inclusion of the core
hole (FCH). Since the binding energy is defined as difference between the
finel state ionized (with a core hole) energy of the system and energy of
the ground state, we define the chemical shift between MgO and the other
oxides MO (M=Ca,Sr and Ba) as [378]:

∆EMgO = EFCH,MO − ENCH,MO − (EFCH,MgO − ENCH,MgO) (31)

Respect to MgO (taken as 0) we obtain 2.423eV for CaO, 2.958eV for SrO
and 3.08 eV for BaO. The shift trend suggests that it is easier to remove a
oxygen 1s electron from MgO respect to the heavier alkaline earth metal
oxides. Increasing the difference in electronegativity (see Table 20) with the
formation of a core hole stabilizes the final state respect to the initial state
and the more electropositive is the metal, the lower is the binding energy.
The chemical shift trend found reinforces the hypothesis that the trend in
ionicity goes up through the series with MgO as the most ionic.
If we turn our attention the absorption onset we obtain the opposite trend,
the MgO spectra is blue shifted respect to the heavier oxides in the series 48.
We should anyway keep in mind that the main difference between the chem-
ical shifts obtained as ionized and ground state energy differences between
two systems and the absorption onset is that in the XAS framework the final
state is in principle charge screened. So the difference in the two trends de-
pends mainly on the different character of the full core hole final state and
the XAS excited core hole final state.
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5.6 conclusions

DFT ∆SCF calculations of oxygen K edge spectra for the system MgO, CaO,
SrO and BaO have been performed.
The comparison with experimental data shows a good match for the oxy-
gen K edge spectra of the MgO system, where the experimental features are
well reproduced, while for the CaO, SrO and BaO system some discrepan-
cies have been highlighted. We attribute the reason of the inconsistencies to
CO2 and H2O contamination and we also show the corresponding oxygen
K edge spectra for the carbonates and the hydroxides.
In order to analyze the core hole effects we compare the core excited spectra
with the spectra obtained with the omission of the core hole treatment. The
inclusion of the core hole treatment is necessary for the lighter oxides of
the series as MgO and CaO while for SrO and BaO the no-core-hole spectra
already offers an affordable description of the system. The different extent
of the core hole effects is linked to different degree of localization in the
electron distributions. The lighter oxides of the series show a higher local-
ization and so a lower degree of covalency in the M-O character.
The analysis of the ground state Wannier functions confirms a more delocal-
ized character of states arising from from metal and oxygen 2p hybridiza-
tion. The shape of the ground state Wannier functions can has been ratio-
nalized in terms of hopping integrals where the weight of the t3 terms in
the hopping process is dominant for the heavier oxides in the series and ex-
plains the long tail of px-like oxygen Wannier functions. In order to further
investigate the bonding character in the alkaline earth metal oxide series the
Bader analysis has been performed and the result indicates a high degree of
ionicity for all the systems with MgO as the most ionic.
The oxygen 1s chemical shift computed as difference between the energy
of the system with a oxygen 1s core hole and the energy of the ground
state reveals a stronger bound oxygen 1s electron for the heavier oxides in
the series respect to MgO, confirming the stronger ionicity character found
for the latter. In summary the results reported in this work not only clarify
the discrepancy between the available experimental data but further explore
the effect of electron localization in the interpretation of spectroscopical data.
We can conclude that it is indeed true that all the alkaline earth metal oxides
are ionic materials but the covalent component in the O-M bond becomes
stronger going down through the series.
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D A N D F - O X I D E S

Solid oxides from d- and f-elements are different from the s- and p-elements
because of the presence of d- and/or f-electrons that have a stronger locali-
sation. One consequence of this localisation is that normal DFT calculations,
either band structure or multiple scattering, tend to lead to incomplete de-
scriptions of the electronic structure.
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Figure 49: Interpretation of the oxygen K edge XAS spectrum of a 3d transition
metal oxide. The oxygen 1s core state is given in blue at 530 eV binding
energy. The occupied oxygen 2s and 2p bands are given as a combination
of oxygen (blue) and metal (green). The empty states are given above
the oxygen states: The ratio of t2g and eg states is 6:4, but the oxygen
contribution (in blue) is equivalent. At higher energy the metal 4sp band
is given. The experimental spectrum of TiO2 is given as example.

In the discussion of the s and p oxides we have used the identity of the
DFT calculated empty states with the XAS spectral shape.
Band theory [381] fails to describe the detailed electronic and magnetic or-
der of 3d transition metal oxides, because it neglects the strong local interac-
tions between the 3d electrons. The conduction electrons are in bands with
mainly 3d character from the transition metal ion and the relatively small
overlap between the 3d orbitals of the metal and the p orbitals of the oxy-
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gen makes the energy bands narrow, with bandwidths of 1 to 2 eV [382].
The repulsive interaction between 3d electrons leads to localization and the
formation of non conducting states.

The strongly correlated nature of the 3d electrons causes the 2p XAS spec-
tra of the 3d metals to be dominated by local interactions, implying that
the 2p XAS spectral shape has no direct correspondence to the empty states.
The main reasons are the strong 2p3d electron-electron interactions (multi-
plet effects) and the 2p spin-orbit coupling. As discussed in Chapter 1, for
the oxygen K edge spectra these correlation effects are less important.
There are no multiplet effects, no core hole spin-orbit coupling and the core
hole sits on oxygen while the strongly correlated 3d states are localised on
the metal sites. It turns out to be the case that (within the 0.3 eV resolution as
given by the lifetime broadening) the empty states as calculated by LDA+U
combined with core-hole methods are still relatively close to the experimen-
tal results. The interpretation is schematically indicated in figure 49.

6.1 general considerations of 3d-element oxides

6.1.1 The effects of crystal field, exchange and covalency

We first discuss the general analysis of the oxygen K edges of 3d transition
metal oxides.
The crystal field splitting and the exchange splitting are analysed and we
look at the influence of the covalency on the trend of the 3d series and also
on the effect of the covalcy on the spectral shape. Next we discuss binary
oxides and their trends in the spectra as a function of oxidation state.

Crystal field splitting: There is a close relation between the energy differ-
ence separating the two peaks of the 3d band and the ligand field splitting.
In case of 3d0 systems and high-spin 3d5 systems there is no additional ef-
fect due to exchange and the relation between the peak distance and 10Dq
should hold exactly. In binary oxides, the crystal field splitting is approxi-
mately 0.6 eV times the formal valence, which would imply a crystal field of
1.2 eV in MnO and 2.4 eV in TiO2, where the actual values can be different
by 0̃.2 eV. Comparing the peak distance to the 10Dq value as determined
from optical dd-excitations, one finds that the oxygen K edge spectra yield
a 10% shorter energy distance [383]. The final state core hole localizes the
oxygen 2p states, thereby decreasing the overlap with the metal 3d states.
We note that this reduction is less than for the metal 2p XAS spectra that
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have a final state 10Dq value that is reduced by 2̃0% via a similar core hole
localisation effect [384].

Exchange splitting: In systems with a finite spin there is a splitting be-
tween the spin-up and spin-down sub-bands.
For example high-spin octahedral 3d3 systems have three spin-up t2g elec-
trons in their ground state. This creates an exchange splitting between the
empty high-spin and low-spin states. The exchange splitting can be approx-
imated as the number of unpaired spins times 0.6 eV. This implies that in
case of Cr2O3 the exchange splitting is 1̃.8 eV and also the crystal field is 1̃.8
eV.

Covalency and the trend of the 3d series: Looking at the oxygen K edge
of binary 3d oxides where the metal ions have an octahedral surroundings,
one finds a similar shape of the empty states due to interaction of the metal
4s and 4p and oxygen 2p states. The lowest energy states are the oxygen 2p
states that are hybridised with the empty 3d states.
Assuming an equal hybridization for all systems, the intensity of the 3d
band yields the number of empty 3d states. Analysis shows that one finds
approximately a linear relation between the intensity of the 3d band and the
number of empty 3d states [337], where the 3d band intensity is normalised
to the intensity of the 4sp band. Suntivich et al. found for a series of per-
ovskites that the covalency is not constant but becomes larger through the
3d-series [385]. While filling the 3d-band the energy-position of the 3d-states
with respect to the oxygen 2p states decreases, thereby increasing their over-
lap. In addition, the average metal-oxygen distance gets shorter implying
that both the O2p-M4sp and the O2p-M3d interactions will increase.
The average metal-oxygen distance varies between different oxide systems,
for example M2O3 corundum has larger metal-oxygen distances than LaMO3

perovskites. This variation can cause differences in the intensity of the 3d-
part of the spectrum even for the same element, valence and spin-state.
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Figure 50: Intensity of the t2g and eg peaks of a 3d0-system due to degeneracy,
number of overlaps and overlap strengths.
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Covalency and the spectral shape: The covalency can be further analysed
by including the difference between the hybridization of the t2g and the eg
states in octahedral symmetry.
The eg states point directly to the oxygen atoms and have σ overlap. The
t2g states point in between the oxygen atoms and have π overlap with the
oxygen 2p states. Effectively this yields a difference in the hopping terms
of 2:1, which implies a difference in hybridization of 4:1 for each O2p-M3d
overlap.
Additional factors for the intensity ratio are the fact that the π bonding is
possible with two O2p orbitals and σ overlap with one oxygen 2p orbital.
In case of 3d0 systems (TiO2) there are six t2g and four eg states. The total
(relative) intensity ratio for the t2g/eg band is 1/4 *2/1 * 6/4 = 12/16. This
implies that one expects a 3:4 integrated intensity ratio for the t2g to eg band,
which is close to the observed ratio for TiO2 and MnO.
Figure 50 shows the effects of degeneracy and overlap on the t2g and eg
peaks of a 3d0-system. In case of 3d1 systems one can assume that the ex-
change splitting is smaller than the crystal field splitting, and with this as-
sumption the t2g:eg band ratio is 10 to 16.
The 3d3 system has an exchange splitting that is 1.5 to 2.0 eV, which implies
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Figure 51: Intensity of the t2g and eg peaks of a 3d3-system due to the exchange
splitting, degeneracy, the number of overlaps and the overlap strengths.

that the spin-down t2g band overlaps with the spin-up eg band, which com-
plicates the two-band t2g:eg analysis. Figure 51 shows the effects of exchange
splitting, degeneracy and overlap on the t2g and eg peaks of a 3d3-system.

6.1.2 Binary oxides and oxidation state trends

We first discuss the trends of the oxygen K edge through the 3d series will
be discussed on three series of binary oxides, respectively the rocksalt MO
oxides, the corundum M2O3 oxides and the rutile MO2 oxides.
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Figure 52 shows the divalent 3d transition metal oxides with a rocksalt
structure. respectively given are 3d3 VO, 3d5 MnO, 3d6 FeO, 3d7 CoO and
3d8 NiO, where these divalent 3d transition metal oxides are always high-
spin. They all have a crystal field splitting of approximately 1.2 eV. The
lowest energy peaks relates to the empty 3d states and the peaks around
540 eV relate the the metal 4s and 4p band.
Rocksalt has a typical sharp band structure peak around 545 eV. In case of
MnO the empty 3d states are at relatively high-energy at 534 eV and they
overlap with the 4s and 4p structures. MnO has a 3d5 configuration and in
principle one would expect two 3d peaks split by the crystal field. Because
of the small crystal field splitting of 1.2 eV, compared with the band widths,
the splitting is not visible in the spectral shape.
FeO has a 3d6 configuration and similar to MnO the crystal field splitting is
too small to be visible.
In case of CoO one could see fine structure in the 3d peak and the first small
feature could be assigned to the empty t2g state. NiO has a 3d8 configura-
tion spin-down eg band is empty, which yields a sharp 3d peak.
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Figure 52: Oxygen K edge of the 3d monoxides VO [386], MnO [387], FeO [388],
CoO [389] and NiO [389]. Below 535 the 3d-band related peaks and from
536 to 543 eV the metal 4sp band. In case of VO, the peaks appear at
higher energy.
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Figure 53 shows the trivalent 3d transition metal oxides with a corun-
dum structure. Respectively given are 3d1 Ti2O3, 3d2 V2O3, 3d3 Cr2O3, 3d4

Mn2O3, 3d5 Fe2O3 and 3d6 Co2O3. All trivalent 3d transition metal oxides
have a crystal field splitting of 1.8 eV and are high-spin, except Co2O3 that
is low-spin.
The 3d1 system Ti2O3 has two peaks in the 3d part split by the crystal field.
Trivalent oxides have a crystal field splitting of 1.8 to 2.0 eV, clearly visible
in the oxygen K edges.At 540-545 eV the structure related to the metal 4s
and 4p bands is visible. The 3d2 system V2O3 has a similar spectral shape.
In case of the 3d3 system Cr2O3 the exchange splitting between spin-up and
spin-down states is similar in size to the crystal yielding a first intense peak
related to a combination of the spin-down t2g and spin-up eg band.
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Figure 53: Oxygen K edge of the corundum oxides Ti2O3 [337], V2O3 [337],
Cr2O3 [337], Mn2O3 [390], Fe2O3 [337] and Co2O3 [391]. Below 535 the
3d-band related peaks and from 536 to 545 eV the metal 4sp band

.

The 3d4 system Mn2O3 is a Jahn-Teller system due to its half-filled spin=up
eg state. The combination of (i) the octahedral crystal field, (ii) the exchange
splitting and (iii) the Jahn-Teller distortion yields a broad 3d-related feature.
The 3d5 system Fe2O3 has a half-filled 3d-band and shows two peaks split
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by the crystal field splitting.
The 3d6 system Co2O3 is low-spin and has a filled t2g band, hence a single
sharp peak related to th empty egband.
Figure 54 shows the tetravalent 3d transition metal oxides with a rutile struc-
ture. Respectively are given 3d0 TiO2, 3d1 VO2, 3d2 CrO2 and 3d3 MnO2,
where these tetravalent 3d transition metal oxides have a crystal field split-
ting of 2.4 eV.
TiO2 shows two peaks split by the crystal field splitting and the VO2 spec-
trum is similar, but due to the presence of the vanadium L2,3 edge at 720

eV, the oxygen K edge of VO2 sits on a background of the tail of this spec-
trum. The 3d2 system CrO2 is a well-known half-metal. The relatively large
exchange splitting yields a first spin-up t2g band, while the other sub-bands
are all part of the second structure. The 3d3 system MnO2 has a similar
spectrum as Cr2O3, with the first peak a mixture of the spin-down t2g and
spin-up eg band.
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Figure 54: Oxygen K edge of the rutile oxides TiO2 [389], VO2 [386], CrO2 [392] and
MnO2 [387]. Below 535 the 3d-band related peaks and from 536 to 547

eV the metal 4sp band.

The comparison of the three common valences 2+, 3+ and 4+ gives rise to
the following observations:

Intensity of the 3d-part: The 3d-part of the spectrum has more intensity
for high-valence oxides. The reason is that the covalency increases when the
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valence is increased from 2+ to 3+ and 4+.
Increased covalence implies more oxygen character in the metal 3d-band
and as such more intensity in the 3d-part of the oxygen K edge. Due to the
increased covalency also the 4sp-part of the spectrum will gain intensity but
this effect is smaller than for the 3d-part because the 4s and 4p orbitals are
already delocalized and gain less overlap than the 3d orbitals.

Excitation energy: The excitation energy of the metal L2,3 edges shifts to
higher energy with increased valence. The simplest approximation is that is
due to the increased (effective) charge on the metal site, implying a larger
energy needed to excite a core electron. In contrast, the energy position of
the oxygen K edge does not always shift in the same direction by changing
the formal charge of the metal ion. Depending on the specific metal ion the
oxygen K edge shifts to lower energy, to higher energy of remains at the
same energy.

Looking at the experimental data there is no shift observed for the va-
lence changes Ti3+/Ti4+, V3+/V4+/V5+ and Mn3+/Mn4+. In some cases the
increase in valence opens a sub-band that was occupied with the lower va-
lence, with the result that the oxygen K edge shifts to lower excitation en-
ergy. This happens for the octahedral 3d3, 3d5 and 3d8 systems, including
Ni2+/Ni3+ and Fe3+/Fe4+. These two examples also contain a negative ∆
ion (i.e. a system where the charge transfer energy ( ∆) is smaller than zero,
implying a significant amount of holes on the oxygen ions). A negative ∆
is a second reason for a shift to lower energy and the couple Cu2+/Cu3+

shows a shift to lower energy although no new sub-band becomes available
in the low-spin negative ∆ Cu3+ oxides.
Finally a change of spin-state from high-spin to low-spin can cause a posi-
tive shift as visible for Co2+/Co3+ (in cases where the Co3+ system is low-
spin). In conclusion we state that there is no uniform rule regarding the shift
of the excitation energy with valence.
A last point of warning is that the energy calibration of many oxygen K
edges is not uniform throughout the literature.

Crystal field: As mentioned above, the crystal field in octahedral high-
spin oxides follows the approximate rule that it is equal to 0.6 eV times the
formal valence, implying a crystal field of 1.2 eV for 2+ oxides, 1.8 eV for 3+
oxides and 2.4 eV for 4+ oxides.
The exchange splitting for 3d-oxides is approximately 0.6 eV per paired spin-
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couple. Taken together these numbers imply that divalent oxides are always
high-spin, tetravalent oxides are always low-spin and trivalent oxides have
both options, where Mn3+, Co3+ and Ni3+ are in many oxides close to a
high-spin low-spin transition point.

6.1.3 Perovskites

Perovskites have a general formula ABO3 where A is a larger cation than B
and arrange in the ideally cubic structure illustrated in Figure 55a.
Almost all metallic elements from the periodic table are stable in this struc-
ture. Depending on the chemical formulation, distortions from the ideal
cubic structure might happen.
Another related family of materials are the layered perovskites, which con-
tain layers of perovskite-like arrangement of MO6 metal cation units. One
simple example is A2BO4, which structure is illustrated in Figure 55b. De-
pending on the chemical composition, various element substitution allow
tuning the electron or hole doping in the structure and the resulting proper-
ties.
Perovskite and layered perovskite materials are intensively studied from
their chemical [393] (heterogeneous catalysis, surface chemistry) and physi-
cal properties (electric, magnetic, and optical properties). The layered struc-
ture results in enhanced electron mobility and can give rise to specific prop-
erties such as superconductivity.
Oxygen K edge spectra have been largely used to probe the M-O chemical

a) b)

Figure 55: a) Crystal structure of cubic perovskite with the ABO3 formula; b) Crys-
tal structure of layered perovskite with the A2BO4 formula. A: green ; B:
orange, O: red.

bonding, or the metal valence and spin state although it often requires com-
plementary measurements such as the metal L2,3 edges.
Suntivich et al. performed a systematic analysis of the chemical bonding of
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LaTMO3 systems based on the oxygen K edge [385], for the transition met-
als Cr, Mn, Fe, Co and Ni. The oxygen K edge spectra of the series extended
with the other 3d metals from complementary references is shown in Fig-
ure 56.
The perovskite spectra show a similar general shape with a first single or
double peak corresponding to the oxygen 2p states hybridized with the
metal 3d states. The shape of this features is correlated to the valency and
spin state of the transition metal ion. At 535 eV one finds the oxygen 2p
states hybridized with the lanthanide 5d states followed by the oxygen 2p
states hybridized with the metal 4sp states.
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Figure 56: Oxygen K edge spectra of LaMO3 perovskite systems for the transition
metals Ti [394], V [395], Cr [385], Mn [385], Fe [385], Co [385], Ni [385]
and Cu [396]. (H.S.: high spin; L.S.: low spin)
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Covalency in d0 tetrahedral oxyanions The isoelectronic d0 metal cations from
Group 6 and 7 (Cr, Mo, W, Mn, Tc, Re) form tetrahedral oxyanions MOn−

4 . The investigation
of this series allows probing the metal-oxygen bond covalency trends. A first comparative
study of the oxyanions MO4 (M=Ti, V, Cr, Mn) was done by Brydson et al. [397] who pro-
posed a rationalization of the observed trends in both metal L2,3 edge and oxygen K edge.
Minasian et al. performed this comparative study, including the radioactive Tc compound,
using oxygen K edges with three different detection methods, respectively transmission
XAS in a STXM, TFY XAS and IXS and compared the experiments with TD-DFT calcula-
tions [398]. In an earlier study Bradley et al. had also compared the oxygen K edge spectra
obtained from different methods[399].
Figure 57 shows the oxygen K edge spectra of the series. The first two peaks in the spectra
are respectively the transition to the empty e and t2 states, split by approximately 2.0 eV in
all six systems. The excitation energy of the first peak is lowest in the 3d systems, followed
by 4d and 5d. In addition the Mn, Tc and Re oxyanions have lower excitation energies than
their Cr, Mo and W analogs. There is a linear relation between the first peak in the oxygen K
edge and the first optical excitation energy, i.e. from the highest occupied state to the empty
e states. Minasian et al. demonstrated that the e (π overlap) mixing increases from group 6

to 7 and down the periods while the t2 symmetry (π+σ overlap) mixing is rather constant.
TD-DFT simulations of spectra are in good agreement with the experimental spectra.

6.2 overview of the 3d oxides

In the following sections the 3d transition metal oxides are discussed by
element.

6.2.1 Titanium oxides

Most titanium oxides have a valency of 4+, implying an empty 3d band.
They are insulators with a band gap between the oxygen 2p band and the
titanium 3d band. The binary oxide TiO2 occurs in three different crystal
structures, respectively rutile, anatase and brookite.
Its oxygen K edge has been measured many times [337, 363, 383, 401–406].
Ti4+ forms perovskite structures with Ba2+, Ca2+ and Sr2+. SrTiO3 is com-
monly used support material for thin film oxides. Figure 58 shows the oxy-
gen K edge of the perovskites SrTiO3 and LaTiO3. The 3d peaks in the oxy-
gen K edge are essentially given by the valency of titanium, 4+ for SrTiO3

and 3+ for LaTiO3. Because the coordination in the perovskites is close to
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Figure 57: The oxygen K edge spectra of the oxyanions MOn−
4 with M = Cr, Mo, W,

Mn, Tc, Re [398].
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Figure 58: Oxygen K edge of LaTiO2 [400] and SrTiO3 [394] perovskites. The tita-
nium 3d lanthanum 5d/strontium 4d and titanium 4sp related peaks
are indicated.
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octahedral the eg-band is relatively wide.
The published oxygen K edges of SrTiO3 shows some variation in the inten-
sity of the eg-peak [383, 405, 407, 408]. The oxygen K edge of CaTiO3 [404]
and BaTiO3 [406] are equivalent to that of SrTiO3. The best resolution oxy-
gen K edge of SrTiO3 is given by Palina et al. [394]. Palina et al. compare
pure SrTiO3 with TiO2−terminated SrTiO3 and thin films/interfaces with
LaAlO3. They claim that for the conducting samples, a new peak is visible
at 540.5 eV due to "molecular−like oxygen", related to the concentration of
electronic defects.
The trivalent titanium oxides Ti2O3 [337, 404] and LaTiO3 [407] have a 3d1

ground state. Haverkort et al. performed a detailed analysis of the ground
state [409] based on the titanium L edge. They found that the ground state is
affected by the crystal field distortion and the 3d spin-orbit coupling. Such
details cannot be found from the oxygen K edge due to the lack of final state
interactions. Fujimori et al. studied the effects of doping from the oxygen K
edge spectra of a series of (La,Sr)TiO3 systems [400]. While electron doping
creates a pre-peak for the late transition metal ions such as in the cuprates,
this is not the case for the Ti+3/Ti4+ system. The first t2g-peak in the oxygen
K edge has approximately the same energy for LaTiO3 and SrTiO3, which is
related to the large covalency of the titanium systems and the fact that the
Hubbard U is smaller than the charge transfer energy.

6.2.2 Vanadium oxides

The vanadium 2p XAS edge sits at 515 eV which implies that the oxygen K
edge of vanadium oxides is found in the tail of the vanadium L2,3 edge.
This complicates the analysis as the background of the vanadium L2,3 edge
must be subtracted. In the 1989 paper on transition metal oxides the spec-
trum of V2O3 and VO2 has been included [337].
A systematic study of the oxygen K edges of vanadium oxides has been
published by Abbate et al. [410]. They compared the spectra of V2O3, VO2

and V2O5 with the projected DOS calculated with the LSW method.
Goering et al. measured V2O3, VO2, V2O5 and also the mixed valent oxide
V6O13. They measured a strong angular dependence in the oxygen K edge
of V2O5 [411]. Hebert et al. measured the VO, V2O3, VO2 and V2O5 oxides
with EELS and performed Wien97 calculations of the vanadium oxides [386].
In the calculations the core hole was not included.
V2O3 has a 3d2 ground state with a partly filled spin-up t2g shell; it has two
phase transitions at approximately 150 K and 250K. Below 150 K V2O3 is



140 d and f-oxides

an antiferromagnetic insulator, between 150 K and 250 K a (paramagnetic)
metal and above 250 K an insulator again. Park et al. performed detailed
vanadium L2,3 XAS and linear dichroism for three different phases of V2O3

as a function temperature [412]. This revealed the details of the electronic
ground states. The oxygen K edges measured by Park can be found in a
paper by Huang et al. [413]. The first peak related to the transition to the
t2g-up state is relatively low in intensity [386, 411, 413], much lower than
the 3d2 system CrO2 (see below). The increased valence of Cr4+ drastically
increases the overlap of the t2g states with the oxygen states.
VO2 has a 3d1 ground state with a partly filled spin-up t2g shell; it has a
metal-insulator transition and the differences in the electronic structure be-
low and above the phase transition has been studied with the oxygen K edge
[414]. In the insulating phase the t2g-band is split into two sub-bands. Abe et
al. measured the VO2 phase transition with EELS [415]. Room temperature
spectra of VO2 have also been published by van Aken et al. [404] and Liang
et al performed detailed calculations that are discussed in Chapter 1 [408].
V2O5 has a 3d0 ground state and is a semi-conductor with a band gap be-
tween the oxygen 2p band and the vanadium 3d band. γ-V2O5 has two
different vanadium surroundings and five differently coordinated oxygen
atoms. The spectrum is different from α-V2O5 but well reproduced from
DFT calculations [416].
Maganas et al. calculated the oxygen K edge of V2O5 using a cluster-based
calculation. The important feature in their calculation is that they also cal-
culated the vanadium L edge using a Restricted Open shell Configuration
Interaction with Singles (ROCIS) method [417].
Lithium doped vanadium oxides are potential battery materials. The oxy-
gen K edges of Li1+xV3O8 oxides have been measured by Choi et al. [418].
The spectra revealed that the insertion of lithium affects the V-O bonds and
induces a change in bonding geometry.
Willinger et al. measured the oxygen K edge of the vanadium phosphate
VOPO4 [419]. The V4+ ions sit in a distorted octahedral site. The 3d-part
of the spectrum looks similar to V2O5 and at higher energy the oxygen K
edge is dominated by phosphor-oxygen bonds. The oxygen K edge of vana-
dium bronzes have been measured with XAS and with EELS [420]. The
Na0.33V2O5 spectrum is calculated with Wien2K calculations without core
hole. The AlV2O4 spinel system is measured with EELS and compared with
Wien2K calculations. In contrast to the binary oxides no separate 3d-related
features are observed [421].
Bismuth vanadate, BiVO4, is used as an anode in photoelectrochemical wa-
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ter splitting. The oxygen K edge of BiVO4 is different from that of V2O5

[422]. Mixed oxides with other transition metal ions include the (V,Cr)O2

systems [423].
For a full overview of all systems, we refer to the XASEELS database, where
all oxygen K edge spectra are collected [424].

6.2.3 Chromium oxides

Chromium exists in a large number of valences, from 3d4 2+ to 3d0 6+. In
1971 Fischer measured the oxygen K edge spectra of Cr2O3, CrO3, Na2CrO4

and K2Cr2O7 using a laboratory x-ray source [57]. We compare them below,
system by system, with more recent data.
The divalent binary oxide CrO does not exist as bulk material. It has been
made as a thin film and its Cr L2,3 XAS spectrum has been measured but not
its oxygen K edge spectrum [425]. Cr2O3 has a 3d3 ground state forming an
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Figure 59: Oxygen K edge of Cr2O3. a)[426], b)[389], c)[427], d)[428]. There is varia-
tion visible in the spectral shape and especially in the energy calibration.

anti-ferromagnetic ground state. For every Cr3+ ion the t2g shell is half-filled.
The crystal field splitting is equivalent to the exchange splitting yielding a
two-peak 3d-part of the spectrum with the first peak being a combination of
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spin-up eg and spin-down t2g states. The oxygen K edge of Cr2O3 has been
published in a number of papers [57, 337, 389, 401, 404, 426–428].
Figure 59 reproduces four published Cr2O3 spectra. Qualitatively the spec-
tral shapes look equivalent, and some variation is caused by the different
experimental resolutions. The second peak/shoulder of the 3d-part of the
spectrum shows intensity variations and the energy calibration of the Cr2O3

spectrum is different in every publication, depending on the specific calibra-
tion method used.
Docherty measured a series of spinel spectra, including MgCr2O4 and ZnCr2O4,
that all contain Cr3+. The 3d part of the measured spectra looks essentially
like Cr2O3 [429]. At higher energies the peaks resemble the delocalized elec-
trons of the spinel crystal structure. Remarkably LaCrO3, containing Cr3+,
3d3, looks completely different from Cr2O3 [385]. From local considerations
one would expect every, distorted, octahedral Cr3+ to look similar with the
two peaks as observed for Cr2O3. We do not have an explanation for the
LaCrO3 spectrum. The 10% Sr-doped LaCrO3 spectrum measured by Sarma
et al. [430] is different from Cr2O3, where we note that the two published
LaCrO3 oxygen K edges are different from each other.
CrO2 has a rutile structure where Cr4+ occupy a distorted octahedon and
has a 3d2 ground state with a partly filled spin-up t2g shell, making it a half-
metallic ferromagnet. The oxygen K edge of CrO2 has been measured by
several groups [413, 426, 427, 431]. Goering et al. [431] compared the XMCD
spectrum with the spin-polarised DOS. A similar calculation was performed
by Kanchana [392]. Both calculations simulate the oxygen 1s XAS accurately,
but fail to simulate the Cr L2,3 XMCD, due to their large multiplet effects.
Koide et al calculated the angular dependent XMCD and they find that it is
important to include spin-orbit coupling [432], i.e. the spin-orbit coupling
on the nearest neighbour Cr atoms is the main contributor to the oxygen K
edge MCD spectral shape. Huang et al. [413] measured the linear dichroism
of CrO2 on TiO2(100). They showed that the first peak is the almost purely
the t2g spin-up state, confirming the half-metallic ferromagnetic state.
CrO3 has a 3d0 ground state; it is a strong oxidiser and it is known for its
carcinogenic properties. The high valence of chromium shifts the oxygen
K edge to lower excitation energy by 3 eV with respect to Cr2O3 [57, 428].
The tetrahedral 3d0 ion Cr6+ complex is measured as PbCrO4 [397] and as
Na2CrO4 [398] which both give similar spectral shapes. This is an important
reference material for the study of Cr6+-based paintings [433]. Oxyanions
can undergo condensation reaction, as it is the case for chromate ions form-
ing dichromate ions. The binuclear [Cr2O7]2− complex has been measured
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by Diaz et al. [427] and the spectrum is compared to the spectrum of the
simple oxyanion in Figure 57. The shape is strongly altered with the broad-
ening and shift to lower energies of the two first peaks. This can be related
to the strong distortion of the CrO4 tetrahedra in the dichromate species and
increase of three of the four Cr-O bond lengths should explain the decrease
of the ligand field.
Applications of chromium include catalysts, paints and steel compositions.
CrO2 and Cr2O3 supported on titania are used for the selective catalytic re-
duction of nitric oxide by ammonia. The shape of oxygen K edge of CrO2

and Cr2O3 films on TiO2 were compared with bulk references, suggesting
new chromium-oxide phases are not present in the bulk [426]. Lopez et
al. studied a series of stainless steels, comparing their chromium, iron and
nickel L2,3 edges and oxygen K edges. The spectra confirmed that in all
cases the passive film was formed by Cr2O3 [434, 435].

6.2.4 Manganese oxides

Manganese exists in a large number of valences, from 3d5 2+ to 3d0 7+. MnO
has a 3d5 ground state with the spin-up t2g and eg states occupied.
The oxygen K edge of MnO has been published in a number of papers [363,
387, 390, 436–442]. MnO is sensitive to the x-ray and electron beams of the
XAS and EELS measurements and also MnO is sometimes modified by de-
fects; some MnO samples are deliberately doped with defects, for example
the MnO(1%Li) sample [437].
The paper of Gilbert et al. [390] studied the sample damage effects and the
corrected XAS spectrum is equivalent to the EELS spectrum of Kurata et al.
[438]. In first approximation the oxygen K edge will show two peaks respec-
tively related to the empty t2g and the empty eg states. As discussed in the
introduction of the 3d oxides, the intensity of the two peaks is expected to
be 3:4.
What is special in MnO is that the excitation energy is high due to the high
ionicity of MnO, i.e. a large charge transfer energy ∆. In addition MnO is a
rock salt octahedral system that yields a sharp first peak at 539 eV due to
the empty manganese 4sp states. The combination of the two effects means
that the 3d-part of the spectrum is not well separated from the 4sp part of
the spectrum.
Mn2O3 has a 3d4 anti-ferromagnetic ground state. For every Mn3+ ion the
spin-up t2g states are occupied. The eg state is half occupied creating a Jahn-
Teller ground state implying significant site distortions. The oxygen K edge
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of Mn2O3 has been published in a number of papers [390, 436, 438, 440,
441]. The oxygen K edge has three peaks that can be assigned respectively
to eg-up, t2g-down and eg-down. Mn3O4 has two octahedral Mn3+ sites and
one tetrahedral Mn2+ site. The oxygen K edge can in first approximation be
described as the Mn2O3 spectrum where the second peak is related to the
tetrahedral Mn2+ site. We note that there is some variation in the observed
spectral shapes of Mn3O4 [390, 436, 438, 442].
MnO2 has a rutile structure where Mn4+ occupies distorted octahedral sites
and has a 3d3 anti-ferromagnetic ground state. For every Mn4+ ion the spin-
up t2g states are occupied. The MnO2 spectrum has two peaks related to the
3d part of the spectrum [337, 387, 390, 436, 440–443]. The first peak is a com-
bination of the spin-up eg-states and the spin-down t2g-states. The second
peak is related to the spin down eg-states.
The oxygen K edge spectra of MnO, Mn3O4 Mn2O3 and MnO2 have been
calculated with FEFF7, yielding not very accurate simulations of the general
shape [365]. More accurate FEFF calculations were performed by Gilbert et
al. [390]. They also remeasured the manganese oxides and carefully cor-
rected for beam damage effects. The calculations essentially confirmed the
exchange plus crystal field picture for the 3d-part of the spectrum and fur-
ther explain the higher energy spectral shape. The tetrahedral Mn7+ per-
manganate MnO−

4 ion has a 3d0 ground state and has been measured as
KMnO4 [390, 398]. Kurata et al. have measured the 3d1 equivalent BaMnO4 [438].
However, the spectra shape is very close to MnO2 and although the authors
did not mention it, it is possible that the data correspond to a photo-reduced
compound.
Minasian et al. [398] measured the oxygen K edge spectrum of KMnO4 with
three different detection methods, respectively transmission XAS in a STXM,
TFY XAS and IXS and compared the calculations with TD-DFT calculations.
They compared a series of MOx−

4 anions and performed a detailed analysis
on the trends in their chemical bonding. Suntivich et al. performed a de-
tailed analysis of the chemical bonding of LaTMO3 systems based on the
oxygen K edge [385], for the transition metals Cr, Mn, Fe, Co and Ni.
The LaMnO3 contains the 3d4 Mn3+ cation. The oxygen K edge spectrum
has three distinct features, related mainly to respectively the manganese
3d states, the lanthanum 5d states and the manganese 4sp states. Equiva-
lent oxygen K edge of LaMnO3 has also been measured by Abbate et al.
[444], Lafuerza et al. [445] and the PrMnO3 by Toulemonde et al. [446]. The
(La,Sr)MnO3 perovskites show a transition from Mn3+ in LaMnO3 to Mn4+

in SrMnO3 [444]. Changing lanthanum for Sr, replaces the lanthanum 5d
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Figure 60: Oxygen K edge of LaMnO3 [385] and SrMnO3 [444].The peaks are caused
by the Mn 3d states, the La and Sr 5d/4d states and the Mn 4sp states,
as indicated.

states for the strontium 4d states, while the manganese 3d states change
from Mn3+ 3d4 to Mn4+ 3d3, thereby increasing the intensity of the first
structure in the oxygen K edge.
Lafuerza et al. [445] studied the doping of the manganese sites in LaMnO3

with gallium. The La(Mn,Ga)O3 system shows in first approximation a grad-
ual decrease of the Mn3+ signal, where both features in the 3d-band de-
crease and the manganese 4p band is replaced by a gallium band. The
(Pr,Ca)MnO3 system studied by Toulemonde et al. [446], shows a similar
change as the (La,Sr)MnO3 perovskites; the 3d-part of the PrMnO3 spec-
trum is similar to LaMnO3 and CaMnO3 similar to SrMnO3.
Galdi et al. performed a detailed oxygen K edge study of LaMnO3/SrMnO3

multilayers [447]. Their spectra for superlattices (SrMnO3)n/(LaMnO3)2n
mainly showed the lanthanum 5d states and no strontium 4d states.
Figure 61 compares the oxygen K edge XAS spectra of MnO with a se-

ries of (Li,Mn)Ox oxides, respectively 3d4 Li2MnO3, mixed-valent 3d3/3d4

LiMn2O4 and 3d3 LiMnO2 [437]. The Li2MnO3 spectrum is similar to that
of MnO2 and also the spectrum of the two 3d4 systems Mn2O3 and LiMnO2

are similar.
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Figure 61: Oxygen K edge of MnO, LiMnO2, LiMn2O4, Li2MnO3. The 3d5 oxide
MnO contains impurities from Mn3+ as visibly the intensity before 529

eV. The 3d4 oxide LiMnO2 has a broad 3d-part due to a combination of
the octahedral crystal field, exchange and the Jahn-Teller distortion. The
3d3 oxide Li2MnO3 has a first peak related to a combination of spin-up eg
and spin-down t2g states. LiMn2O4 is a mixed valence Mn3+/Mn4+ oxide
and in first approximation its 3d-part is a combination of the spectra of
Mn3+ and Mn4+ sites.
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6.2.5 Iron oxides

Iron oxides are among the most abundant materials on earth, in particu-
lar Fe2O3 and Fe3O4. Iron oxides have valences 3d6 2+ and 3d5 3+. Fe4+

and higher valences are uncommon for iron oxide materials. FeO has a 3d6

ground state; it is known to be intrinsically unstable regarding its stoichiom-
etry.
The oxygen K edge of FeO has been often measured since the first measure-
ment by Grunes in 1982 [92, 363, 388, 401, 404]. All spectra show a first peak
related to the iron 3d-states, that depending on the experimental resolution
has some structure. Fe2O3 has a 3d5 ground state and appears in several
crystal structures, the most common being the corundum α Fe2O3 structure
[92, 337, 388, 389, 404, 408, 436, 448]. Fe2O3 is a half-filled anti-ferromagnet
and the first two peaks directly relate to respectively the spin-down t2g and
eg-states. The oxygen K edge of γ Fe2O3 looks similar, with some differences
at higher energy due to the different crystal structure [92].
The (La,Sr)FeO3 perovskites show a transition from Fe3+ in LaFeO3 to Fe4+
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Figure 62: Oxygen K edge of LaFeO3[385] and SrFeO3[444] perovskite. The peaks
are respectively caused by the iron 3d states, the La and Sr 5d/4d states
and the iron 4sp states, as indicated.

in SrFeO3 [444]. The oxygen K edge of LaFeO3 is compared to SrFeO3 in Fig-
ure 62. We observed the t2g and the eg-peak, followed by the lanthanum 5d
states [385, 449]. The change from Fe3+ to Fe4+ is osberved in the increase
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of the first feature intensity. The spectrum of Wu et al. looks similar but the
eg peak has lower intensity [450]. All formally Fe4+ spectra, SrFeO3 [444,
451] and BaFeO3 [451] look different from each other. The polarization de-
pendent oxygen K edges of thin films BiFe3 have been studied by Zhenget
al. [452].

6.2.6 Cobalt oxides

CoO has a 3d7 ground state that is always high-spin in oxides. Octahedral
Co2+ has a 4T1g ground state that is split by the 3d spin-orbit coupling. The
oxygen K edge of CoO has two peaks split by the crystal field, respectively
related to the empty t2g state and the empty eg states [389, 439, 448, 449,
453–455]. At higher energy is the typical double structure of the rocksalt
crystal structure.
Co3+ has a 3d6 ground state; in oxides the crystal field is similar in magni-
tude to the exchange splitting, implying that Co3+ occurs as (t62g) low-spin
and as (t42ge2g) high-spin oxides. The oxygen K edge of Co2O3 has a sharp
single peak at the edge indicated a low-spin Co3+ ground state [391]. Co3O4

is a spinel with tetrahedral Co2+ and octahedral Co3+ sites [453] Because
the Co3+ site is more covalent it has more oxygen character and the oxygen
K edge of Co3O4 is dominated by the low-spin Co3+ features. The peaks of
the tetrahedral Co2+ site are superimposed.
The oxygen K edge of lithium doped CoO and its end member LiCoO2 have
been often studied in relation to charge doping in CoO and in particular
related to battery research [453, 454, 456–458]. LiCoO2 is a low-spin system
with a similar spectral shape as Co2O3, i.e. a sharp peak related to the empty
eg states, followed by the cobalt 4sp-band. Doping CoO with lithium gives
oxygen K edges that can be approximated as a mixture of CoO and LiCoO2

[453]. In the prevoskite LaCoO3, the 3d6 Co3+ undergoes a spin transition
from low-spin at low temperature to mainly high-spin above 500 K. The
t62g low-spin system EuCoO3 has the 3d-peak related to the empty eg states
at 529.5 eV with a tail to higher energy [459]. The t42ge2g high-spin system
Sr2CoO3Cl contains CoO5 pyramids and has its first t2g peak at 528.5 eV
and a second smaller eg peak at 530.5 eV [459].
The phase transition in LaCoO3 was studied by Abbate et al. [460]. The
transition from the low-spin one-peak spectrum to a broader spectrum is
observed, but there is little peak shift and the spectral change is not very
clear.
Similar LaCoO3 spectra have been measured [385, 455], but as these data
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are obtained at room temperature they are a mixture between low-spin and
high-spin. Simbock and coworkers studied the co-existence of low-spin and
high-spin ions in LaCoO3 systems of a series of catalytically active systems.
They correlate the oxygen K edge derived electronic parameters with reac-
tion rates [461].
The low-spin (t52g) Co4+ system SrCoO3 shifts to lower energy with respect
to low-spin Co3+ oxides and a small shoulder is visible at low energy re-
lated to the empty t2g state [455]. The (La,Sr)(Li,Co)O3 system studied by
Hu et al. contains 40% Co4+ and the spectral shape is a combination of the
low-spin Co3+ and Co4+ peaks [449, 455].
Harvey et al. also measured the Co4+ oxides SrCoO3 and BaCoO3 [451], but
their observed spectral shapes look different, with significant Co3+ contribu-
tion, in addition to large carbonate peaks that make the spectrum complex
to analyse above 532 eV. The (La,Sr)CoO3 system was studied by Mooden-
baugh et al. and by Hu et al. [449, 462] They concluded that already at
10% strontium doping the Co3+ switches to high-spin, modifying the whole
spectral shape.
The (partial) change in spin state of Co3+ and Co4+ sites makes the compar-
ison of the oxygen K edge spectra of Co3+ and Co4+ systems very complex
to analyse on their own, without other information such as the cobalt L2,3
edge.

6.2.6.1 Nickel oxides

NiO has a 3d8 ground state with two eg holes. The oxygen K edge of NiO is
one of the most published oxygen K edge spectra, where in this review we
limit the citations to the papers that focus on the spectral shape [337, 363,
389, 401, 404, 439, 455, 463–468]. A full overview of all published NiO spectra
is given in the XASEELS database [424]. The NiO spectrum has been mea-
sured over a long energy range by Zschech et al. [465], where they focused
on the self-absorption effects in FY detection. We refer to the experimental
section for further discussion of FY detection.
The 3d7 Ni3+ system Nd2Li0.5Ni0.5O4 is considered to be a low-spin system
based on its Ni L2,3 edge. The oxygen K edge shows a shift of 2.6 eV with
respect to NiO with a sharp peak at the edge related to the three empty
eg-states [455, 467, 469].
Suntivich et al. measured LaNiO3 and a series of rare-earth (RE) RENiO3

oxides [385]. The oxygen K edge looks similar in all RENiO3 oxides and
shows an intense sharp peak at the edge similar also to the Nd2Li0.5Ni0.5O4
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system and suggesting a low-spin state for all systems. This is in contrast to
the Ni L2,3 edge that shows a change from low-spin to high-spin for exam-
ple in case of EuNiO3 [470]. The layered perovskite (Nd,Sr)2NiO4 shows a
different oxygen K edge compared with the Nd2Li0.5Ni0.5O4 system, likely
due to a partial high-spin ground state [455].
Similar oxygen K edge spectra are measured for La2NiO4 containing 3d8

Ni2+ [471]. Hu et al. measured the polarization dependent oxygen K edge
of the Ni2+ oxide Y2BaNiO5 [472]. Upon doping the yttrium sites with cal-
cium a Ni3+ state is found [472].

6.2.7 Copper oxides

CuO has a 3d9 ground state with one eg hole. CuO has a rather complex
crystal structure with low symmetry. The oxygen K edge of CuO has a sharp
peak at the edge related to the empty eg state [337, 363, 401, 404, 467, 473,
474]. At higher energy the spectrum appears quite different from all other
rocksalt divalent transition metal oxides, related to its monoclinic crystal
structure. The CuO spectral shape has been calculated by Jiang et al. [474].
The oxygen K edge of Cu2O was measured by Stohr et al. in 1980 [58]. They
measured the spectrum over an energy range of 400 eV. Jiang et al. calculated
the oxygen K edge of Cu2O in good agreement with experiments [473, 474].
Hu et al. measured the oxygen K edge RIXS of Cu2O [475]. The oxygen K
edge spectrum of the formally Cu3+ oxide LaLi0.5Cu0.5O3 has been studied
by Hu et al. [467, 469].
The oxygen K edges measured with XAS and EELS up to 1994 have been
reviewed by Fink et al. [476]. The study on the effect of Sr-doping in the
layered perovskite La2CuO4 has been studied with oxygen K edges using
EELS [477] and XAS [478]. La2CuO4 has a Cu2+ related peak at 530.5 eV.
Upon doping with Sr, part of the copper is changed to Cu3+ with a peak
at 528.5 eV, where the 528.5 eV peak shifts slightly down upon increased
doping and the 530.5 eV peak shifts slightly up.
Recent contributions on the oxygen K edge of cuprates include RIXS studies
[479] and the measurement of layer specific spectra using a STEM EELS
study [480].

6.3 overview of the 4d and 5d oxides

The crystal field splitting in 4d oxides is larger than for 3d oxides, typically
around 3.5 eV for octahedral sites. This implies that 4d oxides always are in a
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Figure 63: Oxygen K edge spectra of Y2O3 [481], tetragonal [482] and mono-
clinic [483] (m-) ZrO2 and cubic yttrium stabilised zirconia [483] (c-YSZ),
NbO2 and Nb2O5 [484], MoO3 [485] and MoO2 [486] and RuO2 [487].Vis-
ible are respectively the t2g states, the eg states and the empty sp-bands
of the metal ion.
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low-spin ground state. Figure 63 shows a selection of oxygen K edge spectra
for 4d oxides. Most oxides are not magnetic implying that the assignment of
the peaks is essentially the same for all 4d oxides in octahedral symmetry:
respectively (a) the 4d t2g states, (b) the 4d eg states and (c) the empty sp-
bands of the metal ion. Mixed oxides have the empty states of the other
cation superimposed.

6.3.1 4d transition metal oxides

Yttrium oxides: Yttria, Y2O3, is a wide-gap semiconductor with a band gap
of 5.6 eV. It has a cubic crystal structure where Y cations are 6-fold coor-
dinated in distorted octahedrons. The oxygen K edge of Y2O3 (Figure 63)
shows two main features corresponding to the crystal field split 4d states
with the t2g peak at 533 eV and the eg peak at 538 eV, implying a crystal
field of 5.0 eV. We note that there is an energy spread of 3.0 eV in the
energy calibration of the first peak in the publications [481, 483, 488–490].
Similar variations in calibration occur in many other oxygen K edge spectra.

Zirconium oxides: The most common oxide of zirconium is ZrO2, which
is also known as zirconia. ZrO2 occurs in three phases, cubic, tetragonal and
monoclinic, and one can use an impurity element to stabilize one of those
phases.
The oxygen K edge of ZrO2 (Figure 63) shows subtle differences between
the different polymorphs. It mainly contains the 4d t2g peak at 532.4 eV
and the 4d eg peak at 535.5 eV, implying a crystal field of 3.1 eV [482, 483,
491–496]. Several investigations of the oxygen K edges in ZrO2 and yttrium
stabilised zirconia (YSZ) samples with varying compositions have been re-
ported demonstrating that the spectra are very sensitive to local crystalline
structure and dopant content. For example ytrria stabilised zirconia ZrO2[Y]
is an important ceramic material [483, 497] used in dental crowns and non-
metal knife blades. Recently a number of other dopants have been studied
in relation to the photocatalytic properties of ZrO2, including ZrO2[Ce] [494,
496] and ZrO2[Cu] [495].

Niobium oxides:
Niobium has three oxides, respectively divalent 4d3 in the cubic NbO,

tetravalent 4d1 in the tetragonal NbO2 and pentavalent 4d0 Nb2O5. Nb2O5

and also Nb3O7(OH) nanostructures are promising materials in the field
of photoelectrodes in dye-sensitized solar cells and photoelectrochemical
cells [498].
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Olszta et al. compared the oxygen K edges of the three oxides [484]. Fig-
ure 63 shows the spectra of NbO2 and Nb2O5. The crystal field splitting of
the first two peaks corresponding to the 4d states is further reduced com-
pared to Y and Zr oxides. The first peak of the oxygen K edges shifts from
533.5 eV (Nb2O5) to 534.3 eV (NbO2) and 535.1 eV (NbO), as determined by
our measurements on the published spectra. The shifts are inverted at the
Nb M3 edge, i.e. respectively 365.9 eV (Nb2O5) to 364.6 eV (NbO2) and 362.8
eV (NbO). Note that the relative shifts are larger for the Nb M3 edge than
for the oxygen K edge, related to the larger core hole effect for the Nb 3p
core holes. Soriano et al. compared the Nb2O5 spectrum to the other 3d0,
4d0 and 5d0 oxides [482]. The 5d0 oxide KNbO3 has its first peak at 531.1 eV
[499], at lower energy than Nb2O5 (531.6 eV [482] resp. 533.3 eV [484]) The
crystal field is also 0.5 eV larger for KNbO3.

Molybdenum oxides: Molybdenum has two binary oxides, 4d0 MoO3

and 4d2 MoO2. MoO2 has a distorted rutile structure. The oxygen K edge
of MoO2, shown in Figure 63, has peaks related to the empty 4d states, but
there is significant variation in the published spectra [486, 500–502]. Thakur
et al. compared TEY and TFY spectra with high resolution [501] and they
observed 3 peaks within the 4d-band that they assigned to a distortion of
the octahedral site.
The 3 features were also observed by Khyzhun et al. [500]. Wang et al. stud-
ied the reduction of MoO3 to MoO2 in the electron beam during an EELS ex-
periment [486]. Possibly all MoO2 spectra contain some admixture of MoO3

but as the peaks essentially overlap it is difficult to determine such mixing
quantitatively.
The 4d0 system MoO3 is used as an oxidation catalyst. Its oxygen K edge
spectrum is compared to MoO2 in Figure 63. Schlogl et al. measured the
oxygen K edge of a single crystal MoO3, which they compared with a partly
reduced sample MoO2.8 [503]. The other published MoO3 spectra are all sim-
ilar to this reduced spectrum [485, 486, 502, 504] Wu et al. measured their
MoO3 sample both with electron yield and with ion yield. In ion yield one
detects the O+ ions that escape from the sample upon x-ray irradiation. Ion
yield is an extremely surface sensitive technique and measures only oxygen
atoms in the surface layer of the system [485].

Technetium oxides: Minasian et al. studied a series of d0 tetrahedral
oxyanions of 3d, 4d and 5d metal ions, including the pertechnetate TcO−

4

anion [398]. They simulated all oxygen K edge spectra with TD-DFT and ob-
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tained good agreement with the experimental spectra. The first two peaks
in the spectra are respectively the transition to the empty e and t2 states,
split by approximately 2.0 eV in all six systems. The excitation energy of the
first peak is lowest in the 3d systems, followed by 4d and 5d. In addition
the Mn, Tc and Re oxyanions have lower excitation energies than their Cr,
Mo and W analogs. There is a linear relation between the first peak energy
position in the oxygen K edge and the first optical excitation energy, i.e.from
the highest MO to the empty e states [398].

Ruthenium oxides: The 4d4 system RuO2 has a rutile structure. Its oxy-
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Figure 64: Oxygen K edge of Sr2RuO4 layered perovskite[505] with the incident
electrical field parallel to the layer (εab) and perpendicular to the layer
(εc). The contributions from the apical and in-plane oxygens are high-
lighted.

gen K edge, Figure 63, has a sharp peak related to the t2g states followed by
a broader peak related to the eg states [487, 506, 507]. The oxygen K edge of
RuO2 bears much resemblance to the other rutile oxides such as TiO2 and
IrO2 (see 5d element section).
Tsai et al. studied RuO2 nanorods for field emission applications [487].
Ruthenates are systems that contain the RuO6 octahedrons combined with
other cations, mainly Sr and Ca. The most studied material is Sr2RuO4 and
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is a layered perovskite with a structure similar to (La,Sr)2CuO4, which also
shares the superconducting properties with the copper analogs, though with
critical temperature of less than one Kelvin. In 1996 Schmidt et al. measured
the angular dependence of Sr2RuO4 single crystals [505].
Figure 64 shows the angular dependence of the oxygen K edge spectrum of
Sr2RuO4. The first two peaks at 528.5 and 529.5 are assigned to empty 4d t2g
states, where the first peak is related to the apical oxygen and the second to
the in-plane oxygen. The following two peaks at 531eV and 533.5eV are re-
lated to 4d eg states and have higher intensity in the out-of-plane direction.
This assignment is essentially reproduced in later experiments on Sr2RuO4

and Ca2RuO4 [506, 508–511].
Fatuzzi et al. performed an elegant experiment to distinguish the three 2p
orbitals x, y and z, from a combination of angular and polarization depen-
dence. They performed a RIXS experiment on Sr2RuO4 and Ca2RuO4 and
analyse the low energy excitations as a combination of the crystal field split-
ting of the t2g states and the effect of the 4d spin-orbit coupling [510]. One
can make more complex layered oxides from combinations of Sr and Ru.
Keeping the valence of Ru at 4+ the series includes several combinations of
SrO with RuO2, i.e (SrO)x(RuO2)y, including SrRuO3, Sr2RuO4, Sr3Ru2O7

and Sr4Ru3O10, where a range of magnetic and superconducting properties
are found in these systems.
The oxygen K edges of the Sr2RuO4, Sr3Ru2O7 and Sr4Ru3O10 ruthenates
have been measured by Malvestuto et al. [509]. In addition, one can change
the valence of Ru and make the Ru5+ system Sr4Ru2O9 for which Hu et al.
measured the oxygen K edge [506] Chikamatsu et al. compared the Sr2RuO4

system with the oxyfluoride system Sr2RuO3F2. The oxygen K edge spectra,
in relation to other core and valence band spectroscopies, indicate that the
Ru4+ in Sr2RuO3F2 is in a high-spin ground state, in contrast to the low-spin
Sr2RuO4 systems [511].

Palladium oxides: Palladium is an important catalyst, which reactivity
is enhanced by fabricating nano sized metallic particles. The oxidation of
the surface of the nanoparticles motivates their study with microscopy and
spectroscopy.
Sun et al. studied a Pd/Al2O3 system [512]. They measured the oxygen K
edge of the Pd nanoparticles with EELS and observed an oxygen K edge
that is different from the reference PdO. To interpret the experimental data
obtained on nanoparticles, the oxygen K edge of PdO was calculated for
three crystal structures by Mogi et al. [513]. They used Wien2K calculations
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and reproduced the main features of the experimental spectrum.

Silver oxides: Metallic silver is importantly used for its surface reactivity
and several studies investigated the absorbed oxygen reactivity on the metal
surface, in particular for ethylene epoxidation [514–516]. The oxygen K edge
of Ag2O shows a first intense peak corresponding the O 2p states hybridized
with the Ag 4d states followed by the O 2p/Ag 5sp bands. Comparison with
absorbed oxygen atoms reveal that the nucleophilic species bind differently
from the electrophilic species at the silver surface.
Ruzankin et al. studied the ethylene epoxidation on the silver surface. They
observed several features in the oxygen K edge that were simulated with an
Ag2O molecule [516]. Another oxygen K edge spectrum has been published
for silver foil that was treated with C2H4 and O2 at 470 K [514].

6.3.2 5d transition metal oxides

Hafnium oxides: Hafnium oxide HfO2 is an important material in the semi-
conductor industry due to its high dielectric constant k. These so-called high

Figure 65: Oxygen K edge of HfO2 compared to its 3d and 4d analogs TiO2 (rutile)
and ZrO2 [482] and to IrO2 [487] (rutile).
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k materials are used to replace a silicon dioxide layer of a device, which is
important for further miniaturization of microelectronic components.
Soriano et al. compared HfO2 with its 3d and 4d analogs TiO2 and ZrO2 [482].
Unlike TiO2, HfO2 presents the same crystal structures and polymorphs as
zirconia. The oxygen K edge spectrum of HfO2 is shown in Figure 65 along
with its analogs from Group IVb. The two first features correspond to the
metal 5d bands and the higher energy features correspond to the 6sp states.
The crystal field splitting and the total dispersion of the metal d band in-
crease from Ti to Zr to Hf revealing larger interactions caused by larger nd
orbitals. The absorption threshold shifts to higher energies in the series in
agreement with the larger band gaps for the oxides of the heavier elements.
Since 2003 there have been a series of publications that studied the interface
of HfO2 with Si [517–521]. In addition to HfO2 the oxygen K edge has been
measured of amorphous HfSiO [521] and HfSiON [522].

Tantalum oxides: The Tantalum oxides Ta2O5 is an important material in
memory resistors in memory devices. Kumar et al. studied the oxygen K
edge spectrum of Ta2O5 in such devices with a 30 nm resolved STXM exper-
iment [523]. The oxygen K edge of the tantalum oxide Ta2O5 has two peaks
at the edge, related to respectively the Ta 5d t2g and eg states [482, 523, 524].

Tungsten oxides: Tungsten oxide WO3 is a 5d0 W6+ system that occurs in
a number of crystal structures.
Purans et al. studied six different tungsten oxides. Figure 66 shows the spec-
trum of monoclinic WO3. All spectra have a sharp first peak related to the
empty t2g states. The second structure related to the empty eg states overlaps
with the structure related to the tungsten s and p empty states [499, 504, 525].
Oxygen K edge spectra have been published for films and nanorods [526–
530] and γ-WO3 is doped with Na to form sodium-tungsten bronze, where
the sodium atoms occupy a fraction of the 12-coordinate interstitial A-sites
in the WO6 octahedra framework. The oxygen K edge of NaxWO3 shows
a similar first peak as WO3 related to the t2g states. The region between
535 eV and 545 eV shows a different spectral shape, which is related to the
differences in crystal structure despite the same octahedral environment for
W ions [504, 525, 529]. The Na2WO4 system has a quite different structure
from the bronzes. This system contains tetrahedral complexes of the tung-
sten oxyanion WO2−

4 . Its oxygen K edge has two sharp peaks related to
respectively the t2 and the e empty states [398].
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Figure 66: Oxygen K edge spectra of monoclinic WO3 and cubic ReO3 compared to
MoO3 (orthorhombic) with the assignment of the spectral features [504].

Rhenium oxides: Rhenium oxide ReO3 has a similar structure to that of
perovskites and contains Re6+ 5d1 ions.
Purans et al. measured its oxygen K edge spectrum [499, 525] and investi-
gated the effect of the distortion of the ReO6 octahedron on the spectrum.
The spectrum is shown in Figure 66 together with monoclinic WO3. The
ReO3 spectrum bears much resemblance to the WO3 and MoO3 oxygen K
edge. The Re7+ system NaReO4 contains Re in a tetrahedral surroundings
and its oxygen K edge is similar to that of the other tetrahedral oxyanion
complexes [398]. The oxygen K edge of the series of oxyanion is discussed
and compared in the section on 3d metal oxides.

Iridium oxides: The iridium oxide IrO2 contains Ir4+ 5d5 ions and has a
rutile structure. The oxygen K edge spectrum is shown in Figure 65 where it
is compared to TiO2 rutile and HfO2. The shape is very similar to the spec-
trum of TiO2 revealing the effect of the rutile crystal structure. It contains
a small first peak related to the single hole in the t2g state followed by a
large peak related to the eg states [212, 487, 504, 531]. Kim et al. measured
an epitaxial IrO2 film on TiO2. They observe that the sharp t2g-peak has
a very strong angular dependence with almost all intensity being related
to the sigma direction. This observation implies that this empty t2g state
lacks involvement of an Ir dxy orbital, which in turn implies that despite
the importance of the 5d spin-orbit coupling in IrO2, the Jeff = 1/2 state (as
observed in the iridates, see below) does not form in IrO2.
The IrO2 oxide-based systems are often studied in relation to the oxygen
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evolution reaction. Pfeifer et al. showed the difference between the crys-
talline rutile IrO2 and amorphous IrO2. In amorphous IrO2 the sharp t2g
peak at 529 eV is broadened into a double structure with a new feature at
528 eV [212]. These two features are in two later papers assigned to respec-
tively O2− and O1− character [532, 533]. Within the context on transition
metal ions, a more usual assignment would be to assign the new peak at
lower energy to a higher valence of the iridium, similar to the assignments
in the doped cuprates, etc. When Ir in IrO2 is partly oxidized to Ir5+ the
peaks in the oxygen K edge will shift to lower energy. The ground state of
high valent ions will have strong covalence and part of the hole character
will be on oxygen, especially for so-called negative charge transfer ions such
as Cu3+ and Fe4+, but to relate this to O1− is in our view not the best model.
In conclusion, we follow a different assignment for the operando oxygen K
edge spectra of IrO2 systems and assign the first peak to the creation of Ir5+

ions.
The iridates are an important group of strongly correlated iridium oxides
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Figure 67: Oxygen K edge spectra of Sr2IrO4 layered perovskite compared the
SrIrO3 perovskite with the incident electrical field parallel to the layer
(εab) and perpendicular to the layer (εc) [534].

with electron correlation properties that are governed by the combination of
a large 5d spin-orbit coupling and the on-site electron correlation U.
The oxygen K edge of the SrIrO3, Sr2IrO4 and Sr3Ir2O7 have been measured
on single crystal systems [534, 535]. Figure 67 compares the angular depen-
dence of the t2g peak in SrIrO3 versus Sr2IrO4 and indicates the difference
between the 3D system and the layered system: similarly to the ruthenium
layered perovskites, the oxygens are all equivalent in the 3D perovskite, the
out-of plane oxygens pointing at the layer can be distinguished from the
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in-plane oxygens.

Platinum oxides: As another noble metal, platinum is largely used as a
metal for its surface reactivity. Oxygen K edge spectroscopy has been used
to investigate oxygen interaction with platinum metal surface or interface
or the oxides formed.
Platinum occurs in different oxide forms: tetragonal and cubic PtO, Pt3O4,
α-PtO2 and β-PtO2. α-PtO2 has been measured by Srot et al. [497] in the
context of Pt/yttrium stabilized zirconia for oxygen electrode reaction. They
compare the spectrum with a number of calculations for the other oxides.
Guinel et al. studied Pt nanoparticles on carbon nanotubes and they con-
cluded that platinum occurs as Pt3O4 oxide nanoparticles [536].

6.4 general considerations of the 4f oxides

The oxygen K edge spectra of lanthanide (Ln) and actinide (An) oxides are
characterized by numerous features corresponding to the oxygen 2p orbitals
hybridized with the f and d orbitals.
Understanding these spectral features aims at determining the 4/5f and
5/6d orbital relative positions, electronic correlations and their role in metal-
oxygen bonding in relation with the chemical and physical properties. De-
termination of the nature and changes in the band gap of such materials has
also been a motivation.
Most of the lanthanides are non-radioactive and can be handled easily. Hence
they have often been considered as models for transuranic elements while
experimental studies of actinides are severely limited due to the toxic and
radioactive nature of the samples. However, lanthanides and actinides show
profound differences in their physico-chemical properties due to the nature
of differences between the localization of the 4f and 5f orbitals. The differ-
ences and similarities in the electronic structures and bonding properties of
these f-elements as revealed by oxygen K edge XAS are reviewed.
The systems with an open 4f shell are known under the names rare earths
and lanthanides. Lanthanide atoms have 3 electrons in the 5d, 6s and 6p
mixed states and their configuration can be written as 4fN(5d6s6p)3.
The 4f orbitals of the lanthanides are localised, while the 5d, 6s and 6p or-
bitals form bonds with oxygen. This results in their main trivalent oxidation
state, where the delocalised electrons fill the oxygen 2p valence band. The
localised 4f-states are positioned in between the occupied oxygen 2p valence
and and the empty mixed 5d, 6s and 6p bands.
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Altman et al. studied the oxygen K edge of the complete series of lan-
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Figure 68: a) Oxygen K edge spectra of the Ln2O3 with Ln=La, Ce, Pr, Gd, Tb, and
Lu and b) the corresponding qualitative energy band diagram adapted
from ref. [121].

thanide sesquioxides Ln2O3 (Ln = La to Lu) with STXM and attempted to
rationalize the observed spectroscopic variations in relation with the elec-
tronic structure of the Ln3+ ions. Two different structures were studied: the
hexagonal phases where the Ln3+ ion is 7-fold coordinated and the cubic
phase where the Ln3+ ion is 6-fold coordinated [121].
The oxygen K edge of six compounds of this series are shown in Figure 68.
Starting from the assignment of the transitions observed for Lu3+ in which
the 4f is full, the authors assigned the transitions between 532eV and 540eV
to oxygen 2p mixed with lanthanide 5d and 6p states. The 5d states are
split by the crystal field and the authors distinguished the 5dπ contribution
around 532eV and the 5dσ contribution around 538eV. The authors analysed
the variation of the intensity and position of the 5d and 6p states to deduce
the contribution of 4f states in the assignment of the oxygen K edge XAS
peaks in the other lanthanide compounds using a configuration interaction
approach. They discussed the observed abrupt changes in the spectra in
terms of orbital hybridization between oxygen 2p and lanthanide 5d in rela-
tion to the chemical reactivity of these oxides.
A following study of the Ce, Pr and Tb dioxides (cubic fluorite structure, 8-

fold coordinated Ln4+ ions) by Minasian et al. [537] revealed drastic changes
in the oxygen K edge spectra (Fig. 69) as compared to the trivalent oxides
with the contribution of an intense peak around 530eV. This feature is as-
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Figure 69: a) Oxygen K edge spectra of the cubic CeO2, PrO2 and TbO2 with the
corresponding band assignment in b) cubic fluorite structure (oxygen
atoms in red and lanthanide atoms in yellow) and c) the corresponding
schematic DOS adapted from ref. [537].

signed to transitions to the oxygen 2p states mixed with the 4f states in
light of DOS calculated with VASP. It is followed by the crystal field split 5d
states. Minasian et al. showed that the orbital mixing between lanthanide 4f
and oxygen 2p increases in the order TbO2 to CeO2 to PrO2.
Below, the oxygen K edge studies of lanthanum and cerium oxides are
specifically reviewed.

6.4.1 Lanthanum oxides

La2O3 forms cubic and hexagonal crystal structures, where the hexagonal
La2O3 is often studied with respect to its high-k dielectric constant.
Calmels et al. [538] measured the oxygen K edge of cubic and hexagonal
La2O3. They compared the experiments with both FEFF and Wien2K calcu-
lations and reached good agreement. Figure 70 shows the oxygen K edge
spectra of both polymorphs. Cubic La2O3 (6-fold coordinated La) shows two
distinct peaks at 532.4 and 536.8 eV, that relate to the oxygen character of
the La eg and t2g symmetry 5d states, but also containing 6s and 6p charac-
ter. At higher energies no clear peaks are visible. Hexagonal La2O3 shows
a similar spectrum characterised by two features although broaden and less
distinct than in the cubic case.
In both cases, the contribution of the hybridized 4f states was not ruled out
by the authors [121, 538]. 4f oxides are hygroscopic and tend to form hydrox-
ides in air. The oxygen K edge of La(OH)3 was measured and calculated by
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Calmels et al. [538]. Lanthanum is present in a series of perovskites, includ-
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Figure 70: The oxygen K edge spectrum of cubic La2O3 [538] and hexagonal
La2O3 [121]

.

ing LaMnO3, LaCoO3, etc. and the layered perovskites including La2CuO4.
These 3d transition metal oxide systems have been discussed in the 3d sec-
tion as the leading peaks at the edge are the partly empty 3d states of
the transition metal ion. The lanthanum 5d-band is always visible at in
the 530-540eV energy range. Jeong et al. [539] studied the decomposition
of La2CuO4 into La2O3 and other oxides with TEM. By comparison to the
reference spectra their spectra showed that the decomposition product was
hexagonal La2O3.

6.4.2 Cerium oxides

Ce2O3 is the cerium analog of La2O3 and it has a 4f1 configuration. The oxy-
gen K edge of Ce2O3 is shown in Figure 68 and is similar to that of La2O3.
It is dominated by the 5d, 6s and 6p states [121, 540, 541]. Xu et al. studied
mixtures of Ce2O3 and CeO2 and the occurrence of a small peak before the
Ce2O3 peaks was assigned to CeO2 impurities. [540].
In CeO2, Ce4+ has 4f05d0 electronic configuration. The oxygen K edge of
cubic CeO2 has been often measured both with XAS and EELS [540–546].
The spectrum is shown in Figure 69. The presence of a strong 4f-related
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peak highlights the non-negligible hybridization between oxygen 2p and
Ce 4f orbitals. The crystal field in cerium dioxide splits the 5d states but the
splitting of the 4f states is not observed in agreement with the small overlap
between the f orbitals and the ligands in lanthanides. The crystal field split-
ting of the 5d states is 4.3 eV for CeO2.
Mullins et al. reported spectra for cerium oxides thin films used as an impor-
tant component in automotive exhaust catalysts [547]. Wang et al. studied
the mixture of cerium and terbium oxides [545]. Garvie and Buseck showed
that CeO2 changes to Ce2O3 in the electron beam [541].

6.5 general considerations of the 5f oxides

With their relatively delocalised 5f valence electrons, actinides show a rich
molecular chemistry, with oxidation states spanning from 3+ to 7+. In partic-
ular, actinides in high oxidation states 5+ and 6+, can occur as a linear trans-
dioxo actinyl cation, with two short highly covalent An=O bonds. These
bonds are often considered as chemically inert. The actinyl cation forms
bipyramidal polyhedra by bonding various number of equatorial ligands.
Oxygen K edge XAS is used to provide insights into the fundamental un-
derstanding of the participation of 5f and 6d orbitals to chemical bonding.
Figure 71 presents the spectra of the light actinide dioxides: UO2, NpO2,
and PuO2 all in the cubic fluorite structure.
In light of DFT+U calculations, Modin et al. used oxygen K edge XAS to
compare the nature of the conduction band of these compounds [548]. The
oxygen K edge XAS spectra of the three actinides show a first peak assigned
to oxygen 2p states hybridized with An 5f and two peaks assigned to hy-
bridized An 6d-O 2p bands split by crystal field. Differences in the XAS
spectra arise from the relative position of the empty 5f and 6d bands. While
in UO2, the 5f and first 6d(eg) band overlap, it appears that when changing
from U to Np to Pu, the 5f band is lowered in energy and separates from
the first 6d(eg) band, in agreement with the increase of the number of 5f
electrons from 2 in U4+ to 4 in Pu4+.
Oxygen K edge spectroscopy was used to probe the oxidation state of Pu in
the PuO2 single crystal [549]. Oxygen K edge XANES measured with STXM
was applied to the characterization of sonochemical Pu colloids [550]. The
spatial resolution offered by the STXM technique, enabled to reveal the con-
tribution of the hydrolyzed species in hydrolytic colloids compared with
sonochemical colloids.
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Figure 71: Oxygen K edge spectra of UO2 [551],NpO2 [552] and PuO2 [552].

6.5.1 Uranium oxides

Thanks to its early discovery and high relative abundance, in addition to the
relatively low activity of its radioisotopes, uranium is the most studied and
best known actinide element. Understanding fully its chemical reactivity is
of relevance for industrial, environmental and health purposes. Efforts were
dedicated to determine the contribution of the 5f and 6p valence electrons to
the chemical bonds. We discuss first the binary oxide UO2 and subsequently
the U6+ uranyl molecular complexes.
UO2 is an important compound for nuclear fuel processing as well as a ref-
erence compound for the study of the fundamental physics of f electrons.
The determination of the nature of the bottom of the conduction band is
another important step in the physics of UO2. Although known to be a
Mott-Hubbard insulator, several studies aimed at determining between the
f-f or f-d type. This information is relevant to understand the poor thermal
conductivity of UO2 as well as testing the first-principle theoretical band
structure predictions. Both information being critical for the management
of nuclear power plants. However, an experimental proof is required to val-
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idate the first-principle calculations.
UO2 has formally the 5f26d0 electronic configuration where U4+ is in a cu-
bic site with 8 equivalent U-O bonds. The crystal field in uranium splits the
6d states by 4.8eV [543] . The oxygen K edge of UO2 (Fig.71) analysed by
multiple-scattering and LSDA+U calculations [543, 544] provided proof of
the f-f type Mott-Hubbard insulator.
The oxygen K edge XAS spectra have been calculated with LDA+U calcula-
tions [548]. The oxygen K edge XAS has been used to study the evolution
of UO2-based nuclear fuel under irradiation. An early study of UO2 pellets
implanted with Mo ions used the low penetration depth of oxygen K edge
XAS [551] to probe the oxidation state of uranium at the implanted surface.
The observation of a low energy resonance after annealing was assigned to
the presence of interstitial oxygens and the hyperstoichiometric nature of
the surface. The thesis of Pizzi [553] on the influence of the partial pressure
of oxygen on the oxidation state of uranium in UO2, used the oxygen K
edge to investigate the contribution of oxidized phases. Pizzi highlighted
the difference between oxygen K edge data obtained in TEY vs TFY modes:
the TEY data from Wu et al. contain the contribution of an oxidized layer,
which is absent in the data measured in TFY.
In ambient conditions, uranium is most stable in its oxidized U6+ uranyl
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Figure 72: The polarized oxygen K edge spectrum of the uranyl UO2+
2 species in

Cs2UO2Cl4 single crystal [552]. The σ and π character of the probed
states are revealed with the incident light polarisation respectively paral-
lel to the uranyl bond and perpendicular.
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state and tends to form strongly covalent linear trans-dioxo uranyl species.
Understanding the electronic structure of the uranyl species has been the
subject of many investigations to determine its reactivity.
Denning et al. used linear polarized x-rays to distinguish between σ (par-
allel to the uranyl bond) and π (perpendicular to the uranyl bond) orbital
symmetry of the antibonding orbitals of the uranyl in a Cs2UO2Cl4 single
crystals, which contains oxygen ligands only in the uranyl species (Fig. 72).
Comparison of the parallel and perpendicular polarized spectra with the
molecular orbital diagram of the uranyl cation calculated by DFT with the
ADF code, allows assigning the three main peaks of the oxygen K edge
XAS spectrum to 3πu(5fπ), 5σu(5fσ), 4σg(6dσ), and 2πg(6dπ) [552]. A follow-
ing study of these antibonding valence states of U6+ was performed on
Ba2ZnUO6 where all oxygen in the U coordination sphere are equivalents.
Experimental spectrum was compared to FDMNES calculations using the
finite-difference method [554]. Fillaux et al. studied specifically the effect of
the equatorial ligands on the trans-dioxo bonds using non-oxygen equato-
rial ligands [555]. Oxygen K edge spectra were calculated with FDMNES
and the finite-difference method where the electronic configuration was ob-
tained from Mulliken population analysis performed with ADF. Polarized
calculations enable distinguishing the antibonding π* from the σ* orbitals
and pDOS calculations allow assigning the transitions to the 5f and 6d. The
intensity of oxygen K edge XANES features can be used as a fingerprint
for the hybridization strength. Fillaux et al. showed that the nature of the
equatorial ligands modifies strongly the relative energies of the antibonding
molecular orbitals.
In the field of geochemistry, Ward et al. published a compilation of oxygen
K edge data of common uranyl-bearing minerals, including carbonates, oxy-
hydroxides, phosphates and silicates. All spectra present a first sharp peak
assigned to the 3πu(5fπ) of the uranyl and other features at higher energy de-
pending on the compound. The authors showed that the uranyl compounds
can be distinguished based on their oxygen K edge spectra. This opens per-
spectives for mineral identification using STXM [120].





7
S U M M A RY A N D O U T L O O K

The omnipresence of oxygen in our universe ensures that this light element
never stops to draw the attention of the scientific community.
The experimental instrumental advancements in the 80’s enabled the first
determination of oxygen K edge spectra in a range of energies inaccessible
before.

Little is changed from an experimental point of view in terms of data
quality but the plethora of experimental and theoretical techniques made
sure that the systems exploration from an oxygen point of view keeps on
attracting the attention of many. In this thesis we analyze and describe x-ray
oxygen K edge investigations in molecular and solid systems without leav-
ing aside experimental and theoretical key aspects.
Furthermore we investigate in details two popular approaches to the mod-
elling of K edges in molecular and solid systems: the coupled cluster hierar-
chy of methods and the DFT-based ∆SCF method.

Part I
The computational procedures used for the modelling of core level pro-

cesses underwent great improvements during the last decades. There is a
multitude of available approaches tailored for different systems and, despite
the controversy regarding the individual performance of different methods,
the common fundamental issue is the computational efficiency.
This ensures that the choice of the procedure to obtain core level spectra
should always take into account the size of the system under investigation.
The methodologies discussed in this thesis range from those with wider ap-
plicability like DFT-based methods in the framework of the single particle
approximation to many body approaches as BSE and TDDFT.
The discussion includes also multiplet calculations, that have shown good
performances with a reduced computational time, and post-Hartree Fock
multiconfigurational methods.
Despite the availability of many approaches to the computation of core ex-
cited spectra, one of the main issue is the treatment of the core hole and

169
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the best way to take into account core hole effects. If for some systems good
results can be obtained by reducing the occupation of the absorbing atom
in a supercell within the standard DFT framework, other systems require
rigorous approaches as BSE and TDDFT that include many body effects.
From an experimental point of view, the fundamental ingredients to mea-
sure oxygen K edges are an x-ray source, a monochromator and a detector
and the available techniques range from the most commonly used EELS to
femtosecond XFEL state of art techniques.
The 1s lifetime constitute an intrinsic limitation in the resolution of the spec-
tral features but the emerging of cutting edge technologies in the field of
HHG sources, XFEL sources, RIXS beamlines and x-ray microscopes will
eventually lead to a deeper understanding of the dynamics of the electronic
structures of oxygen containing systems.

Part II In Chapter 2 we report the results for atomic and ionized oxygen:
atomic oxygen photoionization and photoabsorption are fundamental as-
trophysical processes and a huge amount of experimental and theoretical
works have been carried out in order to elucidate these processes.
However, despite their popularity, it is not straightforward to find models
that accurately describe inner-shell photoexcitation because of a variety of
relaxation phenomena that make their description tricky.
The discussion then moves to molecular systems containing oxygen, starting
from small binary molecules to large bio molecular objects. The investiga-
tion of the oxygen K edge on small molecules containing oxygen helped es-
tablishing reference models for the study of organic macromolecules where
the analysis is complicated by beam damage.
The various degradation phenomena are discussed in relation to the litera-
ture. If the x-ray results for small molecules such as CO, NO, CO2 and NO2

are well understood and not many questions are left without an answer, this
is not the case for water, where the large amount of literature on the topic
well documents many debates and open questions regarding both the liquid
and the solid states of water.
The discussion from an atomic and molecular point of view of the oxygen K
edge clear the way for the analysis of the molecular and atomic adsorption
phenomena where the oxygen K edge investigation supplies an useful tool
to detect the changes induced by the adsorption process itself. The versatil-
ity of the x-ray analysis combined with the omnipresence of oxygen made
sure that the study of catalytic reactions advanced also thanks to the in situ
applicability.
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In Chapter 3 we present an investigation on the performance of a core-
valence separated scheme within the coupled cluster (CC) hierarchy of meth-
ods CC singles (CCS), CC singles and approximate doubles (CC2) and CC
singles and doubles (CCSD) in reproducing the K edge x-ray absorption
spectra of the low-Z elements carbon, oxygen and fluorine in formaldehyde
(CH2O), carbonyl fluoride (CF2O), formyl fluoride (CHFO) and formic acid
(CHOOH). The modelling within the same molecule of all the K edges gives
a comprehensive characterization of the electronic structure and highlights
the optimal theoretical framework for the core excited states description.
The analysis covers the entire frequency region from the first 1s→ π∗ ex-
citation to the core-ionization limit, encompassing the region of Rydberg
transitions.
The adoption of different basis sets with and without core polarization
functions, diffuse functions and Rydberg treatment combined with different
level of theory provides a deep analysis aimed at track down the fundamen-
tal ingredients and their balancing for an optimal description of the excited
states of the system. Moreover, a simulation of the vibronic progressions in
the 1s→ π∗ bands of both carbon and oxygen in formaldehyde has been
performed with the AH harmonic model, on the grounds of (equation of
motion)EOM-CCSD quadratic expansions of the ground and excited states.
The vibronic analysis not only completes the spectra description but it is
also a test for the chosen methodology since the quality of the results de-
pends on the gradient and the hessian. Even if a good agreement with the
experiment is reached we highlight the necessity to include the triple excita-
tions treatment in the coupled cluster operator and we trace back the subtle
discrepancies with the experiment to the underestimation of the CO bond
elongation in the excited state.

Part III The last part of this thesis deals with solid oxides results.
Chapter 4 starts with an excursus on oxygen K edge results on alkaline
metal oxides and then Chapter 5 goes into details regarding the modelling
of oxygen K edge spectra in alkaline earth metal oxides.
First, a ground state analysis of the alkaline earth metal oxides highlights
their electronic structure through an examination of the partial density of
states in order to highlight the differences in the atomic composition of
bands above and below the Fermi energy. Furthermore the Wannier func-
tions obtained for the oxygen 2p states provides a pictorial representation
of the orbitals localization rationalized by the hopping frequency integrals.
A comparison between the available experimental data and the calculated
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ones by a ∆ self consistent field (∆SCF) excited core hole (XCH) is reported.
The discrepancies between some of the experimental data regarding CaO,
SrO and BaO and the theoretical data are traced back to possible carbonates
and hydroxides contamination due to the highly reactive surfaces of those
materials.
The oxygen K-edge spectra obtained for the corresponding carbonates and
hydroxides reinforce the hypothesis that some of the experimental data are
affected by contamination. The comparison of the spectra obtained with and
without the core hole highlights the necessity of an inclusion of the core hole
treatment for the lighter oxides in the series (MgO and CaO) where for SrO
and BaO the omission of the core hole treatment already gives a qualitative
description of the system in terms of spectral features and peak positions.
The electron localization plays a role in the extent of the core hole effects
in terms of screening efficiency. A localized character of electron distribu-
tion is an evidence of a small bonding overlap leading to a reduced degree
of covalency of the metal-oxygen bond. In order to further investigate the
bonding character in the alkaline earth metal oxide series the Bader analysis
has been performed and the result indicates a high degree of ionicity for all
the systems with MgO as the most ionic.
The chemical shift obtained as difference between the energy of the system
with an oxygen 1s core hole and the energy of the ground state reveals a
stronger bound oxygen 1s electron going from MgO to BaO. In conclusion,
not only we highlights the necessity for the revision of some of the experi-
mental data but we also further investigate the nature of the alkaline earth
metal-oxygen bond concluding that it is indeed true that all the alkaline
earth metal oxides are strongly ionic materials but the covalent component
extent in the O-M bond goes up down the series.
In Chapter 6 the discussion moves on the left side of the periodic table to-
ward the big family of f and d metal oxides. First the general analysis of the
oxygen K edges of 3d transition metal oxides is introduced.
We start the discussion with the crystal field and the exchange splitting and
the influence of the covalency on the trend of the 3d series spectral shape.
Next the discussion moves to binary oxides with rocksalt (MO), the corun-
dum M2O3 and rutile MO2 and their trends in spectral shape as function of
oxidation state.
The line of reasoning finally leads to a element by element treatise. The
4d oxides stand in need for a different disquisition with respect to their
3d counterpart because of a larger crystal splitting (3.5 eV) that implies a
low-spin state. The oxygen K edge spectra of lanthanide and actinide are
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reported and their study aims at the determination of the 4/5f and 5/6d or-
bital relative positions, electronic correlations and their role in metal-oxygen
bonding in relation with the chemical and physical properties.

In summary, x-ray experiments at the oxygen K edge will in the future
benefit from instrumental developments in spatial and time resolution. The
great potential of x-ray spectroscopies combined with the omnipresence of
oxygen in our universe will offer a great potential to gain understanding of
the electronic structure of many oxygen containing systems. Simultaneously
theoretical predictions and simulations will guide the interpretation of new
data leading to new exciting outcomes from the x-ray investigation from an
oxygen point of view.
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nederlandse samenvatting

De alomtegenwoordigheid van zuurstof in ons universum maakt dat dit
lichte element altijd de aandacht van de wetenschappelijke gemeenschap
weet te trekken. De vooruitgang in experimentele instrumentatie in de jaren
80 maakte het mogelijk om voor het eerst spectra op te nemen van de zu-
urstof K-edge bij energieën die tot die tijd ontoegankelijk waren.
Sinds deze experimenten is er weinig veranderd aan de kwaliteit van de
data maar de overvloed aan experimentele en theoretische technieken heeft
ervoor gezorgd dat de systeemverkenning vanuit het perspectief van zu-
urstof de aandacht van velen heeft blijven trekken. In dit proefschrift anal-
yseren en beschrijven we röntgenonderzoeken van de zuurstof K-edge in
moleculaire en vaste systemen zonder daarbij belangrijke experimentele en
theoretische aspecten buiten beschouwing te laten. Verder onderzoeken we
in detail twee populaire benaderingen voor het modelleren van K-edges in
moleculaire en vaste systemen: de hiërarchie van coupled cluster methoden
en de op DFT gebaseerde ∆ SCF-methode.

Deel I De computationele procedures die worden gebruikt voor het mod-
elleren van processen op kernniveau zijn de afgelopen decennia sterk ver-
beterd. Er is een groot aantal benaderingen beschikbaar die zijn toegesne-
den op verschillende systemen. Er zijn veel discussies over de individuele
prestaties van deze methoden maar het gemeenschappelijke fundamentele
probleem is de rekenefficiëntie. Om deze reden moet bij de keuze van de
procedure altijd rekening worden gehouden met de grootte van het on-
derzochte systeem. De methodologieën die in dit proefschrift worden be-
sproken variëren van methoden die breder toepasbaar zijn, zoals op DFT
gebaseerde methoden die een enkelvoudigedeeltjesbenadering gebruiken,
tot meerlichamenbenaderingen zoals BSE en TDDFT. De discussie omvat
ook multipletberekeningen, die goede prestaties leveren met een kortere
rekentijd, en post-Hartree-Fock-multiconfiguratiemethoden. Ondanks de vele
mogelijke benaderingen voor de berekening van kerngeëxciteerde spectra
zijn er nog altijd computationele problemen. De belangrijkste hiervan zijn
de behandeling van het kerngat en de beste manier om rekening te houden
met kerngateffecten. Voor sommige systemen kunnen goede resultaten wor-
den verkregen door de bezetting van het absorberende atoom in een su-
percel te verminderen binnen het standaard DFT-raamwerk. Andere sys-
temen vereisen rigoureuze benaderingen waar meerlichameneffecten zijn
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meegenomen, zoals BSE en TDDFT. Vanuit experimenteel oogpunt zijn de
fundamentele benodigdheden voor het meten van zuurstof K-edges een
röntgenbron, een monochromator en een detector. De beschikbare technieken
variëren van de meest gebruikte EELS tot de nieuwste femtoseconde XFEL-
technieken. De resolutie van de spectrale kenmerken wordt intrinsiek beperkt
door de 1s levensduur, maar de opkomst van geavanceerde technologieën
op het gebied van HHG-bronnen, XFEL-bronnen, RIXS-bundellijnen en rönt-
genmicroscopen zal uiteindelijk leiden tot een dieper inzicht in de dynamiek
van de elektronische structuren van zuurstofhoudende systemen.

Deel II
In Hoofdstuk 2 rapporteren we de resultaten voor atomaire en geïoniseerde

zuurstof: atomaire zuurstof foto-ionisatie en fotoabsorptie zijn fundamentele
astrofysische processen en er is een enorme hoeveelheid experimenteel en
theoretisch onderzoek uitgevoerd om deze processen te begrijpen. Ondanks
deze populariteit is het niet eenvoudig om modellen te vinden die de foto-
excitatie van de binnenste schil nauwkeurig beschrijven vanwege een ver-
scheidenheid aan relaxatieverschijnselen die hun beschrijving lastig maken.
De discussie gaat vervolgens over naar moleculaire systemen die zuurstof
bevatten, van kleine binaire moleculen tot grote biomoleculaire objecten.
Het onderzoek van de zuurstof K-edges op kleine moleculen die zuurstof
bevatten hielp bij het opstellen van referentiemodellen voor de studie van
organische macromoleculen, waar de analyse gecompliceerd wordt door
degradatie geïnduceerd door de röntgenbundel. De verschillende degra-
datieverschijnselen worden besproken in relatie tot de literatuur. De rönt-
genresultaten voor kleine moleculen zoals CO, NO, CO2 en NO2 worden
goed begrepen en er blijven niet veel vragen onbeantwoord. Dit is niet het
geval voor water, waar de grote hoeveelheid literatuur over het onderwerp
en goed overzicht geeft van vele debatten en open vragen over zowel de
vloeibare als de vaste toestand van water. In een vervolgonderzoek wordt
gekeken naar de analyse van moleculaire en atomaire adsorptieverschijnse-
len. Zuurstof K-edge spectra zijn een nuttig hulpmiddel om veranderingen
te detecteren die worden veroorzaakt door het absorptieproces. De veelz-
ijdigheid van de röntgenanalyse in combinatie met de toepasbaarheid van
de techniek in situ en de alomtegenwoordigheid van zuurstof zorgde ervoor
dat de studie van katalytische reacties vorderde.
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In Hoofdstuk 3 presenteren we een onderzoek naar de prestaties van
een kern-valentie-gescheiden schema binnen de coupled cluster (CC) hiërar-
chie van methoden “CC singles” (CCS), “CC singles and approximate dou-
bles” (CC2) en “CC singles and doubles” (CCSD) in het reproduceren van
de K-edge röntgenabsorptiespectra van de lage-Z-elementen koolstof, zu-
urstof en fluor in formaldehyde (CH2O), carbonylfluoride CF2O), formylflu-
oride (CHFO) en mierenzuur (CHOOH). De modellering binnen hetzelfde
molecuul van alle K-edges resulteert in een uitgebreide karakterisering van
de elektronische structuur en benadrukt het optimale theoretische kader
voor de beschrijving van de kernaangeslagen toestanden. De analyse dekt
het hele frequentiegebied vanaf de eerste 1s−→(pi)∗ excitatie tot de kern-
ionisatielimiet, die het gebied van Rydberg-overgangen omvat. Het gebruik
van verschillende basissets met en zonder kernpolarisatiefuncties, diffuse
functies en Rydberg-behandeling in combinatie met verschillende theorieniveaus
biedt een diepgaande analyse gericht op het opsporen van de fundamentele
componenten en hoe deze gebalanceerd worden voor een optimale beschri-
jving van de geëxciteerde toestanden van het systeem. Bovendien is een
simulatie van de vibronische progressies in de 1s−→(pi)∗ banden van zowel
koolstof als zuurstof in formaldehyde uitgevoerd met het AH-harmonische
model, op grond van (bewegingsvergelijking)EOM-CCSD kwadratische ex-
pansie van de grond- en aangeslagen toestanden. De vibronische analyse
maakt de beschrijving van de spectra niet alleen compleet maar is ook een
test voor de gekozen methodologie, aangezien de kwaliteit van de resultaten
afhangt van de gradiënt en de Hessiaan. Zelfs als er een goede overeenstem-
ming met het experiment wordt bereikt, benadrukken we de noodzaak om
de drievoudige excitaties op te nemen in de coupled cluster-operator. We
herleiden de subtiele afwijkingen met het experiment tot de onderschatting
van de toename in CO-bindingslengte in de aangeslagen toestand.

Deel III
Het laatste deel van dit proefschrift beschrijft de resultaten van vaste oxi-

den. Hoofdstuk 4 begint met een uitleg over zuurstof K-edge-resultaten van
alkalimetaaloxiden en vervolgens gaat hoofdstuk 5 in op details over de
modellering van zuurstof K-edge-spectra van aardalkalimetaaloxiden. Een
analyse van de grondtoestand van de aardalkalimetaaloxiden benadrukt
hun elektronische structuur. Deze analyse is gedaan door de partiële dichtheid
van toestanden te onderzoeken om de verschillen in de atomaire samen-
stelling van banden boven en onder de Fermi-energie te benadrukken. Verder
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bieden de Wannier-functies die zijn verkregen voor de zuurstof 2p-toestanden
een illustratie van de lokalisatie van de orbitalen, gerationaliseerd door de
hopping-frequentie-integralen. Een vergelijking wordt gerapporteerd tussen
de beschikbare experimentele gegevens en berekeningen met een zelfconsis-
tent veld (SCF) geëxciteerd kerngat (XCH). De afwijkingen tussen enkele
van de experimentele gegevens met betrekking tot CaO, SrO en BaO en de
theoretische gegevens zijn terug te voeren op mogelijke carbonaten en hy-
droxidenverontreinigingen als gevolg van de zeer reactieve oppervlakken
van die materialen. De zuurstof K-edge-spectra verkregen voor de bijbe-
horende carbonaten en hydroxiden versterken de hypothese dat sommige
van de experimentele gegevens worden beïnvloed door verontreinigingen.
De vergelijking van de spectra verkregen met en zonder het kerngat be-
nadrukt de noodzaak van het meenemen van de behandeling van het kern-
gat voor de lichtere oxiden in de reeks (MgO en CaO), terwijl voor SrO
en BaO het weglaten van deze behandeling al een kwalitatieve beschrijv-
ing van het systeem geeft in termen van spectrale kenmerken en piekposi-
ties. De elektronenlokalisatie speelt een rol in de omvang van de kerngat-
effecten in termen van screeningefficiëntie. Een gelokaliseerd karakter van
elektronendistributie is bewijs voor een kleine bindingsoverlap wat leidt
tot een verminderde mate van covalentie van de metaal-zuurstofbinding.
Om het bindingskarakter in de aardalkalimetaaloxidereeks verder te onder-
zoeken is de Bader-analyse uitgevoerd. Het resultaat wijst op een hoge
mate van ioniciteit voor alle systemen met MgO als het meest ionische.
De chemische verschuiving verkregen als verschil tussen de energie van
het systeem met een zuurstof 1s kerngat en de energie van de grondtoe-
stand onthult dat het zuurstof 1s elektron sterker gebonden is wanneer
men van MgO naar BaO gaat. Concluderend benadrukken we niet alleen
de noodzaak van de herziening van sommige van de in de literatuur gerap-
porteerde experimentele gegevens maar we onderzoeken ook de aard van
de aardalkalimetaal-zuurstofbinding verder. We concluderen dat het inder-
daad waar is dat alle aardalkalimetaaloxiden sterk ionische materialen zijn
maar dat de omvang van de covalente component in de O-M-binding toe-
neemt naarmate men afdaalt in de groep.

In hoofdstuk 6 verplaatst de discussie zich aan de linkerkant van het pe-
riodiek systeem naar de grote familie van f- en d-metaaloxiden. Eerst wordt
de algemene analyse van de zuurstof K-edges van 3d-overgangsmetaaloxiden
geïntroduceerd. We beginnen de discussie met het kristalveld en de ex-
change splitting en de invloed van de covalentie op de trend van de spec-
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trale vorm van de 3d-reeks. Vervolgens gaat de discussie over binaire oxiden
met steenzout (MO), korund M2O3 en rutiel MO2 en hun trends in spectrale
vorm als functie van de oxidatietoestand. De redenering leidt uiteindelijk
tot een behandeling element voor element. De 4d-oxiden hebben een an-
dere weergave nodig dan hun 3d-tegenhangers vanwege een grotere kristal-
splitsing (3,5 eV) die een lage-spintoestand impliceert. De zuurstof K-edge-
spectra van lanthanide en actinide worden gerapporteerd. Deze studie is
gericht op de bepaling van de relatieve posities van 4/5f en 5/6d orbitalen,
elektronische correlaties en hun rol in de metaal-zuurstofbinding in relatie
tot de chemische en fysische eigenschappen.

Samenvattend zullen röntgenexperimenten aan de zuurstof K-edge in de
toekomst profiteren van instrumentele ontwikkelingen in resolutie (zowel in
ruimte als in tijd). Het grote potentieel van röntgenspectroscopieën in com-
binatie met de alomtegenwoordigheid van zuurstof in ons universum biedt
de mogelijkheid om inzicht te krijgen in de elektronische structuur van veel
zuurstofhoudende systemen. Tegelijkertijd zullen theoretische voorspellin-
gen en simulaties de interpretatie van nieuwe gegevens leiden, wat leidt tot
nieuwe resultaten van het röntgenonderzoek van zuurstof.
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