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1 Meémoire
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1.1 General introduction

I conduct my research activity at the Institut de
Minéralogie et de Physique des Milieux Condensés
(IMPMC),! within the group of Quantum-Theory of
Materials, led by Francesco Mauri. The group is
composed of 7 permanent members, 3 directeurs de
recherche CNRS (Francesco Mauri, Christian Brouder,
Matteo Calandra), 2 chargés de recherche CNRS
(Michele Lazzeri, Michele Casula), 1 ingénieur de
recherche CNRS (Lorenzo Paulatto) and 1 maitre de
conférences UPMC (me). My research activity is fo-
cused on the X-ray Absorption Spectroscopy (XAS)
and its modeling by first-principles calculations based
on Density Functional Theory (DFT). This research
theme is stimulated by the pluridisciplinarity that
characterizes our laboratory, since XAS is commonly
used by at least 6 over the 10 groups that constitute the
IMPMC (notably in condensed-matter physics, molec-
ular magnetism, environmental mineralogy and geomi-
crobiology).

XAS is a powerful tool to study electronic and struc-
tural properties of a given element in a material, like
impurities in minerals and major component elements
of crystalline or non-crystalline systems. Indeed, con-
trary to X-ray diffraction, XAS is a structural probe
that does not require long-range order, and is suitable
to investigate the structure of amorphous materials
such as glasses. In addition to its element selectiv-
ity, XAS is orbital selective: as the binding energies
of the core levels are distinct, one can choose the level
where the electron is excited and consequently which
empty states are probed. Therefore, since electric-
dipole transitions prevail in XAS, the p-empty states of
the absorbing atom are probed at the K (or L) edge,
the d- (and potentially the s) empty states of the ab-
sorbing atom are probed at the La g (or My 3) edges,
and the f-empty states can be reached at the My
edges. My research activity is focused on K edges.

A XAS spectrum at the K edge includes the near-
edge region (typically the first 50 eV), called XANES
for X-Ray Absorption Near-Edge Structure, and the
extended region (typically 500-1000 eV), called EX-
AFS for Extended X-ray Absorption Fine Structure.
Apart from the distinction about the energy range,
only the type of the analysis applied to the experi-
mental data basically distinguishes XANES and EX-
AFS. The EXAFS data treatment is based on Fourier-
transform procedures that lead to quantitative infor-
mation about the local structure of the absorbing
atom. Hence, coordination number and distances be-
tween the absorber and atoms belonging to its first
(even second) neighboring shell, can be provided by
EXAFS analysis. On the contrary, XANES is sensi-

IThe IMPMC was created in 2004 from the union of the Lab-
oratoire de Minéralogie-Cristallographie de Paris (LMCP, UMR
7590) and the laboratory of Physique des Milieux Condensés
(PMC, UMR 7602).

tive to the geometry of the local structure. As Georges
Calas likes to say, “when EXAFS tells us that the
absorber is in fourfold coordination, XANES tells us
whether the neighbors are distributed in a square pla-
nar or in a tetrahedron.” Moreover, due to the large
mean free path of the ejected electron (the so-called
photoelectron) in the XANES region, XANES contains
information about the structural organization over dis-
tances up to about 7-8 A. Finally, a XANES spectrum
(at the K-edge) provides an experimental picture of
the p-empty Density Of States (DOS) of the absorber,
when one core-hole is present on its 1s level. Hence,
a XANES spectrum contains a tremendous amount of
information, whose extraction is a challenging task.
This constitutes the crucial part of my job.

Since the analysis of a XANES spectrum is not
straightforward, theoretical tools are often required
to access the information contained in the spectral
features. During my PhD (1994-1997) supervised
by Philippe Sainctavit, I have used the Multiple-
Scattering (MS) theory to model XANES at the K-
edge of low-Z elements (Mg, Al) in geomaterials
[46, 47]. Fairly soon, the limitations of the MS method
appeared to me as a serious issue. Thus, during my
postdoc with Rino Natoli in Frascati, thanks to a col-
laboration with Yves Joly, I turned out to other numer-
ical techniques, such as the finite-difference method
and the Full-Potential Linearized-Augmented-Plane-
Wave method [120, 44]. After my recruitment at
the UPMC, Francesco Mauri encouraged me to imple-
ment XANES calculations within a plane-wave band-
structure code, in which he and Chris Pickard had just
developed the Gauge-Including-Projector-Augmented-
Wave (GIPAW) method for the calculation of Nuclear
Magnetic Resonance (NMR) chemical shifts [181]. The
efficiency of this implementation [211] was a turning
point of my research activity. For instance, it enabled
me to investigate increasingly precise effects observable
in XANES or XAS-relative techniques, such as X-ray
Natural Linear Dichroism (XNLD) [42, 124, 38, 41],
Resonant X-ray Scattering (RXS) [133, 134] or the im-
pact of vibrations [39, 32, 153].

All the methods T used, or still use, are single-
particle methods based on DFT, and treat the
exchange and correlation between electrons within
mean-field theory, for instance in the local density
approximation (LDA). However DFT fundamentally
is not appropriate to the theoretical description of
electronic excitations, thus the calculation of XAS.
By definition, DFT is a theory able to determine
the ground-state properties of a material, only. In
practice, most of the XANES calculations published
in the literature ignore this matter of fact, and
there is a kind of general consensus stating that
DFT-based approaches are acceptable for core-level
spectroscopies. This point will be discussed at the
end of this thesis.



1.2. Modeling XANES using single-particle methods

Theoretical developments and calculations are re-
search activities intimately connected to experiment.
Therefore I regularly participate to experimental
campaigns in synchrotron facilities.2 For instance,
I participated to several measurements on the 1D12
beamline of ESRF (European Synchrotron Radiation
Facility), where our purpose was to record the angular
dependence of XANES on orientated single-crystal
samples: the Ti K pre-edge in SrTiOg, the Fe K
pre-edge in pyrite (FeSg) [40], the Cr, Fe and Ti
K-edges in doped corundum (a-Al;O3) [33, 91], the
Ca K-edge in calcite CaCOg3 and the superconductor
CaCg [41]. In the early 2000s, within collaboration
with Claire Levelut (Université de Montpellier),
Stéphanie Rossano and Francois Farges (Université
de Marne-la-vallée), we synthesized oxide glasses in
the NayO-SiOs system, and measured using different
detection modes, the XANES spectra at the Na, Si
and O K-edge (LURE, SA32 and SA22 beamlines)
[58]. In the framework of a collaboration with the
laboratories of Le Louvre (with Ina Reiche and
Sandrine Pageés-Camagna), I had the opportunity
to participate to Cu K-edge XANES and EXAFS
measurements on archaeological Egyptian blue and
green samples (beamline KMC2 at Bessy) [178].
Finally, for two years, I have been the project leader
of temperature-dependent XANES measurements on
the LUCIA beamline of SOLEIL. To my opinion,
the participation to experiments is crucial even for
a theoretician. That permits to be aware to the
various experimental difficulties (sample preparation,
alignments, detection, quality of the signal, etc.), on
the one hand, and to the needs of the experimentalists
in terms of modeling, on the other hand.

The following is organized in four sections (1.2, 1.3,
1.4, 1.5 and 1.6).
e Section 1.2 is devoted to the single-particle meth-
ods used for XANES modeling. After a historical
overview of real-space and band-structure approaches,
I report the main ingredients of our pseudopotential-
plane-wave scheme.
e Section 1.3 is dedicated to the structural informa-
tion provided by XANES simulations. Two kinds of
applications are presented. The first one deals with
3d impurities in substitution for aluminum in a series
of minerals. The second one is concerned with glass
structural properties as probed by XANES. Calcula-
tions performed on several model compounds and on
a glass are shown.
e Section 1.4 is dedicated to the electronic informa-
tion that can be extracted from the K pre-edge region
of transition metal elements. The pre-edge structure,
probing the 3d empty states, is intimately connected to

2XAS measurements require X-rays with high brilliance and
are then carried out on synchrotron facilities, after the approval

of experimental proposals by a specific program committee.

the electronic properties of the metal (valence, chem-
ical bond) in the material. I first present the differ-
ent approaches used to access this kind of information.
Then I introduce the compounds I studied, according
to the difficulty of modeling their pre-edge structure
using single-particle DFT-based methods. I start with
the case Ti K-edge in titanium oxides, where a priori
the 3d states are empty, to finish with the case of V3+
impurities in a grossular garnet, with 3d? configura-
tion. I point out the inherent drawbacks of conven-
tional DFT methods to perfectly model the pre-edge
region, so introducing the necessity to go beyond DFT
in order to improve the agreement with experiment.

e Section 1.5 is devoted to the two main forthcom-
ing studies that I will carry out in the next five years.
The first one deals with the electron-phonon interac-
tion observable in XANES and Nuclear Magnetic Res-
onance (NMR). The second one consists of extending
the QUANTUM-ESPRESSO suite of codes to the cal-
culation of electron Energy-Loss Near-Edge Structure
(ELNES spectra).

e Section 1.6 gives the concluding remarks,which are
focused on the interest of going beyond DFT.

1.2 Modeling XANES

single-particle methods

using

1.2.1 Real-space approaches

The method historically used to model XANES spec-
tra is the multiple scattering theory. To my knowledge,
the earliest applications of multiple-scattering theory
to the modeling of K-edge spectra were performed by
Dehmer and Dill in the seventies and concern the No
molecule [60, 61]. In 1980, Natoli and coworkers em-
ployed an extension of the method used by Dehmer
and Dill, and published a comparison between exper-
imental and theoretical Ge K-edge spectra in GeCly
[169]. This paper is known as the first reference to
the CONTINUUM code developed by Rino Natoli and
his group. The general theoretical scheme of CON-
TINUUM was presented first by Natoli and Benfatto at
the fourth International Conference on EXAFS and
near-edge structure held in Fontevraud in 1986 [165],
and later by Tyson et al. in a paper published in 1992
[219].3 In the same time, John Rehr and his group con-
ceived the FEFF project, which is probably the code

3During my PhD, T used CONTINUUM to model XANES at the
Al and Mg K edges in minerals [46, 47]. In 2006, Ph. Sainctavit,
V. Briois and I published a book chapter that describes multiple-
scattering theory using a wave-function formalism. [194]. The
goal of this chapter is also to show, through applications at the
metal K-edge of three M(H20)62t (M=V, Fe, Cu), the influ-
ence of the main parameters (potentials, cluster size, structure)
of multiple-scattering codes in general, and CONTINUUM in par-

ticular.
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the most used in the X-ray absorption community.
Since the reference work of Rehr and Albers in 1990
[185], the code has been continuously developed.* The
latest version, FEFF9, presented by Rehr and cowork-
ers in 2009 and 2010 Ref. [187, 188], is defined as
a code dedicated to the calculation of spectroscopic
properties, based on an ab initio real space multiple
scattering approach written in a relativistic Green’s
function formalism that uses self-consistent spherical
muffin-tin scattering potentials. The spectroscopic
properties are EXAFS, XANES, XNCD (X-ray nat-
ural circular dichroism), XMCD (X-ray magnetic cir-
cular dichroism), Compton scattering, non-resonant
XES (X-ray emission), NRIXS (Non-Resonant Inelas-
tic X-ray Scattering), local DOS, X-ray elastic scat-
tering amplitude f = fo + f' + if” including Thom-
son and anomalous parts, and EELS (Electron Energy
Loss Spectroscopy). Besides, FEFF9 includes many-
body effects (see Sec. 1.6), which notably allows the
calculation of optical constants from the UV to X-ray
energies. The CONTINUUM code of Rino Natoli did not
benefit from the same development as FEFF. However,
the CONTINUUM formalism was used by some collabo-
rators of Natoli to conceive several multiple-scattering
codes, such as the powerful GNXAS software dedicated
to EXAFS analysis [81, 80, 235], the MXAN procedure
that performs full spectral fitting of the XANES en-
ergy region (up to /=200 eV above the edge) [19, 167],
the multiple scattering part of the FDMNES code [119],
the multichannel multiple-scattering code developed
by Peter Kriiger initially applied to the calculation of
Ca Ly z-edges [137, 138], and the MSSPEC1.0 package
recently proposed for the modeling of electron spec-

4The first versions of FEFF were dedicated to the calcula-
tion of single-scattering EXAFS and, from FEFF4, they incorpo-
rated inelastic losses and self-energy shifts with use of a Hedin-
Lundqvist self-energy [164]. In 1992 higher order of scattering
were included and used to calculate EXAFS of Cu and near-
edge structure of molecules Oz and Ny (version FEFF5 [186]).
Then the path-by-path approach introduced in Ref. [186] was
improved in the FEFF6 version [243], notably including the cal-
culation of Debye-Waller factors. FEFF6 was widely used thanks
to its weak computational cost. Indeed it is based on an expan-
sion of the full multiple-scattering matrix that avoids its di-
agonalization (although it is theoretically required at least for
the first 10-20 eV of the spectrum). In 1997 Ankudinov im-
plemented the calculation of XMCD (X-ray Magnetic Circular
Dichroism) by including relativistic effects, spin and spin-orbit
interactions in the FEFFT7 version [6]. The subsequent versions of
FEFF incorporate full multiple scattering via matrix diagonaliza-
tion, as in the CONTINUUM code, together with many other fea-
tures. For instance, the FEFFS series [5] allows the calculation of
self-consistent potentials, density of states, Fermi level, charge
transfer, X-ray elastic scattering amplitudes [7], non-resonant
X-ray emission spectra and XANES electric quadrupole transi-
tions. Moreover, Nesvizhskii added routines for sum rules ap-
plications and for time-dependent local density approximation
(TDLDA) calculations in order to take dynamic screening effects

into account [4].

troscopies including XANES [197]. On the other side
of the Iron Curtain, at the Rostov State University,
multiple-scattering theory was also extensively stud-
ied for XANES modeling [225]. Indeed, from the sev-
enties [225], the group of Vedrinskii established its own
multiple-scattering code. Applications were published
in international journals as early as 1982 (K and Lo 3
edges of K and Cl in KCl [225]). The code is still
used, known as the XKDQ program package [135]. Be-
sides, in United Kingdom, the group of Vvedensky
also developed his multiple-scattering code, ICXANES,
in 1986 [228], and later, in the nineties, another ital-
ian multiple-scattering code emerged under the name
G4XANES [65].

Absorption (arbit. units)

Absorption (arbit. units)

e e
1560 1565 1570 1575 1580 1585

Energy (eV)

Figure 1.1: Experimental polarized Al K-edge XANES
spectra in corundum (a-AlyO3), compared with full po-
tential (FP) calculation (a) and muffin-tin (MT) calcula-
tion (b).

X-ray polarization parallel and perpendicular to the three-

The o and o contributions correspond to the

fold symmetry axis of the single-crystal sample of corun-
dum, respectively. The difference spectrum, o) — oL, is
called XNLD, for X-ray natural linear dichroism, by anal-
ogy with XMCD. The muffin-tin calculation was performed
using CONTINUUM during my PhD. The FP calculation was
obtained using the method detailed in the next subsection.

Figure extracted from [42].
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Figure 1.2: Experimental Mg K-edge XANES in spinel (MgAl,O4), grandidierite ((Mg,Fe)Al3SiBOg) and diopside

(CaMgSi2Og), compared with full potential (FP) calculation (a) and muffin-tin (MT) calculation (b).

The MT cal-

culations were performed using FEFF8.2 and the FP calculations, using the method detailed in the next subsection

(PhD thesis of N. Trcera [214]). For the three minerals, the experimental-theoretical agreement is satisfactory with the

FP approach. In contrast, the muffin-tin approach fails to reproduce the XANES spectrum of grandidierite. Figure

extracted from [215].

The multiple-scattering-theory approach, although
quite successful in many applications, suffers from the
restriction to potentials of the muffin-tin type, i.e.,
to potentials which are spherically symmetric inside
the atomic spheres and constant in the interstitial re-
gion. Figures 1.1 and 1.2 illustrate this point by com-
paring experimental and calculated XANES spectra,
which were obtained by using either muffin-tin poten-
tial (within multiple-scattering framework) or full po-
tential (within the formalism detailed in Sec. 1.2.3).
To go beyond the muffin-tin approximation, many ef-
forts have been done within the framework of multiple-
scattering theory [168, 166, 83, 8, 105, 106]. Even so
the prevalent FEFF code still does not use full poten-
tial.

At the end of the nineties, the muffin-tin ap-
proximation was overtaken by using the finite differ-
ence method in a real space approach[120], which al-
lows completely free potential shape. This techni-
cal advance is due to Yves Joly who developed the
FDMNES package [119] (finite-difference-method near-
edge structure) under a free and open source distri-
bution. As the FEFF project, FDMNES has been con-
tinuously improved and completed. The code calcu-
lates XANES, RXS and XMCD spectra, in a tenso-
rial algebra description. The cross-sections can be
calculated either using FDM, or multiple-scattering
theory in the muffin-tin approximation. Due to the
recent contributions of O. Bunau, the code includes
self-consistency [34] and time dependent density func-
tional theory (TDDFT) calculations [36, 35]. Al
though this full-potential code is now undoubtedly
powerful, in the early 2000s it still required significant
computing power and the applications were restricted
to small clusters (around 50 atoms without any sym-

metry, at maximum). In this context, we decided to
put aside real-space approaches and develop our own
full-potential scheme, which allows the treatment of
complex systems in a reasonable computing time.

However, it should be mentioned that, as early as
the middle of the nineties, the theoretical-chemistry
community already had access to full-potential mod-
eling of NEXAFS 5 spectra [3]. Indeed, the earli-
est versions of the STOBE-DEMON (StockolmBerlin)
DFT code,5 developed by L. G. M. Pettersson (Stock-
olm University) and K. Hermann (FHI, Berlin) and
based on the Linear-Combination of Atomic Orbitals
(LCAO) method, are dated from 1996. STOBE per-
mits the calculation of NEXAFS and XES spectra
for molecules and atom clusters. In addition, the
quantum-chemistry code, named ORCA, developed by
F. Neese and his group in Bonn (Germany), is emerg-
ing in the XAFS community as a powerful tool for
XANES modeling.” But, as being solid-state physi-
cists, in the early 2000s we understandably turned to-
wards band-structure approaches.

1.2.2 Band structure approaches

The XANES calculation methods are not restricted to
real-space approaches. With regards to band struc-
ture calculations, local projected densities of empty

5In chemistry, the NEXAFS acronym is preferred to the
XANES one. NEXAFS stands for Near-Edge X-ray Absorption
Fine Structure, not to be confused with EXAFS.

6Full information about the STOBE code is available at
www.fhi-berlin.mpg.de/KHsoftware/StoBe/index.html

"The full documentation of ORCA, defined as an ab initio,
DFT and semiempirical Self-Consistent-Field-Molecular-Orbital
package, is available at www.thch.uni-bonn.de/tc/orca.



10

MEMOIRE D’HABILITATION A DIRIGER DES RECHERCHES

states (commonly called LDOS) were often used to
interpret XANES spectra [233, 53, 57, 13], and in
the late nineties, several band structure codes incor-
porated the radial matrix elements to properly cal-
culate XANES or ELNES (electron energy-loss near-
edge structure). It is notably the case of WIEN9T
[23], which is based on the full-potential linearized aug-
mented plane wave method [170],® the orthogonalized-
LCAO program developed by Mo and Ching [158, 159]
and CASTEP, whose ELNES part has been developed
by Pickard [180, 118, 208]. CASTEP uses pseudopo-
tentials and plane-wave basis set, and reconstructs
all electron wave functions within the projector aug-
mented wave (PAW) method of Bléchl [24].° Within
these ab initio schemes the treatment of core-hole-
electron interaction is usually achieved by including
an excited atom into a supercell, typically containing
100-200 atoms. The charge density for such large su-
percell is easy to calculate self-consistently by using
pseudopotentials. On the other hand, the computa-
tion of the cross section can be limited by the diago-
nalization of the Hamiltonian for several empty states
at many k-points in the Brillouin zone. Indeed in
Refs.[180, 118] pseudopotential calculations of ELNES
spectra in diamond and ¢-BN were performed with a
small 16-atom supercell. In the early 2000s, F. Mauri
suggested me to use the recursion method of Haydock,
Heine and Kelly [109, 110, 108] to make the calcu-
lation of the cross section computationally tractable
for larger supercells. Thanks to this iterative tech-
nique, the calculation time of XANES becomes negligi-
ble compared with the calculation of the self-consistent
charge density in large systems. With Mathieu Taille-
fumier, student of Licence-3 (Bsc) /Master-1 (Msc),
we incorporated the recursion method into a pseu-
dopotential scheme (PARATEC) [211]. The efficiency
of the method so developed, which definitely avoids
the muffin-tin approximation, has opened new fields
of application. The accuracy of the calculated spectra
has enabled us to extract, from the experimental spec-
tra, fine structural and electronic information of the
materials under study (see Secs. 1.3 and 1.4). Then
the method has been implemented in the open source
integrated suite of codes, QUANTUM-ESPRESSO [95],
within a package called XSPECTRA [99]. This work
has been done at the IMPMC by Ch. Gougoussis dur-
ing his PhD supervised by M. Calandra [101]. Un-
like PARATEC, XSPECTRA allows the use of ultrasoft
pseudopotentials. Another advantage of the method

8WIENI7 became WIEN2K in 2001.

9Band structure codes using muffin-tin-type potentials also
exist, and some of them incorporate XANES calculations. This
is the case of the SPRKKR band structure program package
(Spin Polarized Relativistic Korringa-Kohn-Rostoker), based on
multiple-scattering theory, developed by H. Ebert and his group,
and the pyLMTO code based on the Linear-Muffin-Tin-Orbital
method, developed by A. Yaresko and coworkers, particularly
suited to XMCD modeling [9].

is the fact that it is integrated within an widespread
electronic structure code, which optimizes the struc-
ture, includes Hubbard parameter (self-consistently
calculated), computes bands, DOS, phonons, electron-
phonon coupling, Nuclear Magnetic Resonance (NMR)
parameters, etc.

In the next subsection, I report the derivation of
the x-ray absorption cross-section as presented in our
papers [211, 42].

1.2.3 XANES modeling within a pseu-
dopotential scheme

XANES modeling requires, for each value Aw of the in-
cident x-ray beam energy, the computation of the ab-
sorption cross-section that is proportional to the sum
of squared probabilities, per unit of time, of making a
transition from an initial core state, |i;) with energy
E;, to an unoccupied final state, |¢s) with energy E;.
In a single-particle approach, the XANES cross section
is written:

o(w) = 4r’ahw Y |(Pf|Ol) *0(Ef — B; — hw),

if
(1.1)
where « is the fine structure constant and O is a tran-
sition operator coupling the initial states and the final
states. In the electric quadrupole approximation, O is
given by
0= E'r % E-rk-r

~—~
electric dipole E1

+ (1.2)

electric quadrupole E2

where € and k are the polarization-vector direction
and the wave vector of the photon beam, respectively
[31]. Within the frozen core approximation, |i;) is a
core state localized on the atomic site Ry that can
be taken from an all electron ground state atomic cal-
culation. In the impurity model, |¢f) is an excited
empty state that is solution of the Schrodinger equa-
tion for a potential that includes a core-hole on the
absorbing atom. Our scheme uses pseudopotentials in
a plane wave basis set and the all electron |¢f) is not
directly computed. The PAW formalism permits the
reconstruction of all electron wave function, (r|¢;),
from the corresponding pseudo-wave function, <T‘1Zf>
by using a linear operator 7

[g) = Tly). (1.3)

T differs from identity by a sum of local atom-centered
contributions, that act only within spherical core re-
gions centered on each atomic site R, called augmen-
tation regions and noted Qg:

T=1+3 [lorn) — 0ra)| Bral  (1L4)
R,n
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Here |¢R,n) and |¢7R7n> are the all electron and pseudo
partial waves, respectively, which coincide outside Qg.
The vectors (Dr.n|, called projector functions [24], are
equal to zero outside Qr and satisfy the condition
(PrRn|OR n') = ORR Onns- The index n refers to the
angular momentum quantum numbers (¢,m) and to
an additional number v, used if there is more than
one projector per angular momentum channel. The
|¢r.n) form a complete basis for any physical non-core
all electron wave function within 2 r!'0. Therefore the
|¢r,n) are also a complete basis for any physical pseudo
wave function i) within Qg, i.c. for any (r|xz) func-
tion centered on an atomic site R and equal to zero
outside Qg,

S Wlpra) (Sralxr) = @lxr).  (15)

n

Substituting Eq. (1.4) in Eq. (1.3) and then Eq. (1.3)
in the transition matrix element of Eq. (1.1), we obtain

<1Zf‘0|1/)i>
+ 3 (WsPRn) (DR Ol):)

R

—> (WslPrn) (SR

R,n

(5 |Oli)

Ol¢i). (1.6)

In Eq.1.6, the initial wave function (r|y);) is localized
on the site of the absorbing atom, Ry, thus only the Rg
term has to be considered in each sum. Furthermore
it should be noticed that (r|O|y;) is zero outside the
Q g, region. Therefore we can make use of Eq.(1.5) for
the third term of Eq.(1.6), which thus vanishes with
the first term. Now, introducing

|@ry) = D [PRon) (PRon|Ol0i), (L.7)

we obtain the following simple expression for the X-ray
absorption cross section

o(w) = 4n’aohw Y [(V5|PR,) P8(Ef — Ei — hw).
i f
(1.8)
In a reciprocal space approach, the index f refers to
two indexes: the number of empty bands and the
number of k-points that mesh the irreducible Bril-
louin zone of the reciprocal lattice. The calculation
of XANES from Eq. (1.8) requires the computation of
many empty states, that is computationally expensive.
To avoid this drawback, we use the recursion method
of Haydock, Heine and Kelly [109, 110, 108], that con-
tains a powerful algorithm to transform a Hermitian
matrix into a tridiagonal form, and permits to rewrite
the cross-section as a continued fraction. By doing so,
only the occupied bands have to be calculated.

10 A natural choice for the all electron partial waves is the so-

lutions of the radial Schrodinger equation for the isolated atom.

To use the recursion method in our scheme, we shall
introduce the Green’s operator into Eq.(1.8) by mak-
ing the substitution

S 19A0(Es ~ i~ w){iy] =~ In[G(E)], (19)
!

with _ _
GE)=(E—-H+iy) ™"

In Eq.(1.10) G(E) is the Green’s operator associated
with the pseudo-Hamiltonian H=T'H T, which is
Hermitian. The energy F is given by E = E; + hw
and 7 is an infinitesimal positive number. The cross
section (Eq. 1.8) can be rewritten as

(1.10)

o(w) = ~dmah Y Im (B, |(E — H + 1) Ba,)] -

K3

(L.11)

Following the original work of Lanczos [141, 142],
the recursion method sets up a new basis in which
the pseudo-Hamiltonian H, has a tridiagonal repre-
sentation, from which the matrix elements (pz |(H —
E —iy)7'@g,) are very simply derived. This new
basis (Lanczos basis) is obtained by the repeated ac-
tion of H onto the normalized initial vector |ug)

Pro)/\/ (PR, |PR,) through the symmetric three-

term recurrence relation

where {a;} and {b;} are two sets of real parameters
given by

a; = (ui|H|u;) (1.13)

and

bi = (wi|H|ui—1) = (wi_q |H|u;). (1.14)

The tridiagonal matrix representation of H in the
{|u;) } basis then permits to rewrite the transition ma-
trix element (@7 |(H — E—iy)~'|@g, ) as a continued
fraction, leading to the following expression for the
cross section:

o(w) = —4drahwx
22 Im

ag—FE —iy —

a1 —F —i’}/ — )
. b3
ay—FE —iy — —
(1.15)
A simple terminator is used to finish the continued
fraction [18]. In particular, if N is the number of itera-
tions required to converge the calculation, we consider
that the coefficients (a;, b;) are equal to (an,by) for
i > N, this leads to an analytical form of the termina-
tor. It should be noted that the number of iterations
N strongly depends on the broadening parameter ~.
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With the iterative technique of Haydock the main part
of XANES calculation involves the computation of the
Hamiltonian acting on a single vector. This means that
the computing time is considerably reduced compared
to that can be required by Eq. 1.8 with an explicit
diagonalisation.

First the method was implemented in the electric
dipole (E1) approximation and restricted to the use
of norm-conserving pseudopotential. During her PhD
[89], Emilie Gaudry added the electric quadrupole (E2)
transitions under my supervising. For a K edge, the
initial state is given by the 1s core wave function,
(r|¢F), solution of the Schrédinger equation for the
isolated absorbing atom (non excited). Then Eq. (1.7)
reads:

~1s

<PRU

Z |pRU7[ m,v <¢R07

m,v

1), (1.16)

where =1 and O = € - r in the case of El transi-
tions, and /=2 and O = 1é.r k-7 in the case of E2
transitions. The partial waves |¢pr, ¢.m,) are valence
wave functions, obtained by solving the Schrédinger
equation for the isolated excited atom (with one 1s
electron). Later, the method was transplanted in
QUANTUM-ESPRESSO by Ch. Gougoussis. In 2009,
Ch. Gougoussis et al. extended the method to ultra-
soft pseudopotentials [99].1!

Our scheme does not calculate absolute transition
energies.!? When the absorber sits in one unique site,
i.e., one Wyckoff site in crystals, this problem is not
a real drawback. The energy scale of the calculated
XANES spectrum is simply shifted by hand in order to
match with the experimental spectrum. However, this
problem becomes a serious issue in the case of mul-
tisite compounds, where the absorber occupies more

111n the ultrasoft scheme, we define the S operator:

S=1+ Z |§R,n>qR,nn’ <5R,n’|'
R,n,n’

(1.17)

where the integrated augmentation charge, qg -/, is given by:
dR,nn’ = <¢R,n‘¢R,n’>7<$R,n‘$R,n/>' The S matrix is of the
same order as the Hamiltonian (its dimension is given by the
number of plane waves).

Then new Lanczos vectors are defined as:

[ti) =
with |to) = |$éo>/ (6&0\8*1@&0). The recurrence relation
(Eq. 1.12) becomes ﬁ571|ti> = ailt;) + biy1|tit1) + bilti—1),
where the new Lanczos vectors |¢;) are no longer orthogonal
but <ti|S_1|tj> = 51’7]’.
|t;) = ST1|t;) are stored, so that the a; and b; coefficients can
be defined as a; = (£;|H|i;) and b; = (£;|H|{;—1). Thus, the
expression of Eq. (1.15) is unchanged except the numerator of

812 |u;), (1.18)

During the Lanczos chain, vectors

the continued fraction that is replaced by <§51:§'0 |s—1 |<Zﬁ0)
Note that the use of norm-conserving pseudopotentials ap-

pears as a specific case of this method with S = 1.
12pseudopotential approach uses the frozen-core approxima-
tion, i.e., it only considers the valence electrons and the core

electron do not contribute to the total energy.

than one symmetrically-inequivalent site. This situ-
ation is encountered in amorphous systems such as
glasses, where the absorber lies in a distribution of
sites, all geometrically inequivalent. It is also often
encountered in minerals or crystals with rather com-
plex structures. As an example, in KoGegO17, O sits
in 11 inequivalent crystallographic sites (see Tab. 1.13)
and the resulting theoretical O K-edge spectrum is the
weighted average of eleven individual contributions ac-
cording to the multiplicity of each oxygen atomic site.
At each inequivalent site, the K-edge energy (the en-
ergy required to promote the core 1s electron to the
conduction band minimum) is different, because both
the 1s energy and the conduction band edge, in pres-
ence of the core hole, are site dependent. This is called
the core-level shift. One way to estimate the core-level
shift is to subtract from the energies of the conduction
states, the Kohn and Sham potential, Vig(r), aver-
aged on the 1s core region:

(r)d®r,

Vics) = [ Vies(r) o (1.19)

where p(r) 0 outside the core region and
[p(r)d*r=1. In Eq. (1.19), the Kohn-Sham potential
is calculated for the supercell including the core-hole.
Since the variation of Vi g(r) from one site to another
is smooth and uniform in the core region, the variation
of (Vkg) from one site to another does not depend on
the function p(r). Here p(r) is chosen as:

[(r|ps) I
r|ps) PdPr’

p(r) = (1.20)

T 1(rlps)2d3r

where |p;) is the first s projector available in the pseu-
dopotential of the absorbing atom. This method of
core-level-shift calculation was successfuly used in the
XANES calculations at the O K-edge in KoGegOq7
[45] and at the Mg K-edge in a silicate glass of
K50-MgO-3SiOy composition [217].  Moreover, it
was proven to be efficient for the calculation of the
relative energy positions of Mg K-XANES spectra in a
selection of reference minerals [216]. At present, in the
framework of the PhD thesis of Damien Manuel, this
method (for multisite compounds only) is confronted
to total energy difference calculations, obtained for
the supercell without the core-hole and the supercell
with the core-hole plus one extra valence electron.

In Secs. 1.3 and 1.4, I present many XANES calcu-
lations, which were all performed using this pseudopo-
tential scheme (Sec. 1.2.3), except the case of pyrite
(FeSz) and the Ti K pre-edge structure in rutile (TiO3)
shown in Fig. 1.13.
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Table 1.1: Description of the allochromatic minerals investigated. The compositions were analyzed using the Cameca
SX50 electron microprobe at the CAMPARIS facility of Paris (UPMC). Here I give the concentration (in wt ppm) of

the various 3d impurities present in the minerals. The amount of the impurity investigated is in boldface. In the case

of blue sapphire, we assumed that the low concentration of Ti compared to that of Fe did not affect the site relaxation

around iron. In the case of red pyrope, the presence of the large amount of Fe compared to Cr was found to have a very

weak impact on the local structure of Cr [123]. The increase of M-O distance in the MOg octahedra, where M is the

impurity investigated, is given by the distance relaxation evaluated from dy—o-dai—o/dai—o. The Al-O distance is the

one in the host structure.

Compound Concentration of 3d elements (wt ppm) | Dist. relax. Ref.
Name, origin Simplified formula Fe Ti \% Mn
Blue sapphire a-Al;O3:Fe-Ti 1,500 750 4.9% [91]
synthetic

a-Al,05:Ti** 540 5.5% [91]

synthetic
Ruby (red) a-Al,Os5:Cr3t 10,000 2.6% [91]
synthetic
Emerald (green) BesSigAlyOq5:Cr3T 1,200 3.7% [90]
synthetic
Red spinel MgAl,O4:Cr3+ 7,000 3.1% [125]
Mogok, Myanmar (gem-quality)
Red pyrope Mgz Al,Siz012:Cr3T 14,300 74,500 3,700 3.7% [126]
Garnet ridge, Arizona
Tsavorite (green grossular) CaszAlsSiz0q0: V3T 20 110 600 450 3.6% [28]
natural, unknown location

1.3 Probing structural proper-
ties

XANES is much used for local structure determina-
tion. The development of the pseudopotential method
enables us to investigate structural properties in many
systems. In this section, I successively describe the
contribution of XANES modeling for local environ-
ment studies of 3d impurities in minerals (Sec. 1.3.1),
and of germanium and magnesium in oxide glasses
(Sec. 1.3.2).

1.3.1 The local structure of 3d impuri-
ties in allochromatic minerals

During the PhD thesis of Emily Gaudry [89], Amélie
Juhin [123] and Amélie Bordage [26], the structural
relaxation around substitutional paramagnetic impuri-
ties (Cr, Ti, Fe, V) in various allochromatic minerals'3
(corundum, beryl, spinel, silicate garnets) was investi-
gated by combining XANES experiments (and in some
cases EXAFS) and first-principles calculations. Color-

13 An allochromatic mineral is colorless in itself and colored by

the presence of impurities.

less corundum (a-AlyO3) becomes red ruby, pink sap-
phire, or yellow sapphire when a small amount of Cr3+,
Ti3*, or Fe3*t incorporates the structure, respectively.
The color of blue sapphire is due to the presence of
(Fe-Ti) pairs in a-AlyO3. Equally, Cr® impurities are
responsible for the red color of spinel (MgAl;O4) and
pyrope garnet (MgzAl;SizO12), and for the green color
of emerald (Cr-doped beryl Be3SigAl;O1g). Trivalent
vanadium also induces green coloration, notably in the
grossular calcic garnet (CagAlsSizO12), also called tsa-
vorite. In all these minerals, the 3d impurity (Cr,
Ti, Fe, or V) substitutes for Al, which is sixfold co-
ordinated to oxygen. We studied Cr®* in ruby, emer-
ald, red spinel and red pyrope, Ti3T in pink sapphire,
Fe3T in blue sapphire and V37 in tsavorite. The sam-
ples studied are described in Table 1.1.'* Since the

141n the red pyrope natural sample, a large amount of Fe was
detected, as compared to Cr. The F62+/Fe ratio was evaluated
around 90 %, indicating that Fe mainly substitutes for Mg in the
mineral. However, the plausible presence of Fe at around 3.2 A
from Cr has no impact on the Cr K-edge spectrum, at least at
first glance. Indeed the Cr K-edge spectrum of a synthetic red
pyrope (with no Fe impurity), a posteriori recorded, was found
to be almost the same as the one of the natural sample. The
differences between both XANES spectra are not salient at all,
and concerns the intensity of peak d, and the relative positions
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radii of the trivalent 3d ions are larger than the one of
APt (reyse=0.615 A, 7peas=0.645 A, royse=0.67 A,
rys+=0.64 A and r s+ = 0.535 A in an octahedral site
(199, 37]), structural modifications of the Al substitu-
tional site are expected.

In order to determine these structural modifica-
tions, energy minimization calculations by relaxing the
atomic positions were performed for supercells contain-
ing one 3d impurity in substitution for Al (see the
Appendix for technical details). The main result is
that the relaxation is found to be local, mainly re-
lated to the distances within the coordination shell of
the impurity. The relaxed distances between the im-
purity and its first oxygen neighbors (dy—o) are very
close to those of the fully-substituted systems (CryO3
for ruby, MgCroOy4 for red spinel, FeoO3 for blue sap-
phire, TiyOg3 for pink sapphire). An evaluation of the
increase of the mean dy_o distance is given in the
right part of Table 1.1. The spatial relaxation around
the dopant is more extended in sapphires than in ruby,
slightly affecting the second neighbors [91]. In red py-
rope, the second and third shells of neighbors (Mg and
Si) relax partially [126]. In tsavorite, the V-Si distance
increases during the relaxation process, while the V-Ca
distance remains quite the same. The angular relax-
ation is weak and restricted to the coordination shell
of the dopant in the three doped a-Al;O3 and in emer-
ald (angles <0.8°) [91, 90]. The angular relaxation is
more significant in red spinel with angular tilts of the
Mg-centered tetrahedra around the Cr-centered octa-
hedron [125]. Equally in red pyrope, Cr-site relaxation
is accommodated by angular tilts of the Si-centered
tetrahedra around the Cr-centered octahedron, and by
a deformation of the Mg-centered dodecahedra [126].
An augmentation of the site distortion was observed in
red spinel and in the two garnets; the octahedral an-
gular variance, as defined by Robinson [189], increases
from 4.92° to 8.1° for red spinel, and from 2.2° to
5.3° for tsavorite. Despite these radial and angular re-
laxations, the other key result is that the local point
symmetry is retained during the substitution for Al.

In order to determine the validity of these theoreti-
cal relaxed structures, EXAFS data analysis were per-
formed in the case of ruby [93], blue sapphire [93],
emerald [90], red spinel [125] and red pyrope [126], and
the experimental and theoretical M-O distances were
found in good agreement. However, in diluted sam-
ples, EXAFS collection is limited (EXAFS data are
indeed not available for tsavorite and pink sapphire).
Thus the comparison between experimental and theo-
retical XANES spectra becomes a valuable approach
to get information about the local structure of the
dopant. XANES spectra were recorded for all com-
pounds. The samples were single crystals, so that the
angular dependence of X-ray absorption was explored.
Cubic compounds (spinel and garnets) are isotropic

of peaks c and f (see Fig. 1.4) [123].
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Figure 1.3: Comparison between o (left) and o, (right)
experimental data (thick lines) and theoretical spectra ob-
tained with the supercells before (dashed lines) and after
(thin solid lines) energy-minimization calculation: a) the
Ti K edge in pink sapphire, a-Al2O3:Ti3"; b) the Cr K
edge in ruby, a-Alo03:Cr®*"; ¢) the Fe K edge in blue sap-
phire, a-Al;O3:Fe-Ti. Figure extracted from Ref. [91].

regards to electric dipole transitions.'® For doped a-

Al;,O3 and emerald, a strong linear dichroism was ob-
served in the XANES spectra. Consequently, for these
minerals, I show either the o and o signals respec-
tively corresponding to the x-ray polarization direction

151n cubic crystals, the angular dependence of XAS only con-
cerns the electric quadrupole transitions, that occur in the pre-

edge region (see the analysis in Sec. 1.4).
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Figure 1.4: Comparison between experimental XANES spectra and calculated absorption cross-sections obtained for

the relaxed and non-relaxed structural models: Cr K edge in emerald (a), spinel (b) and pyrope (c); V K edge in

grossular (tsavorite). Figures (a), (b), (¢) and (d) come from Ref. [90, 125, 126, 28], respectively.

(é) along and normal to the high-symmetry axis of the
crystal, or the isotropic spectrum and XNLD signal
(X-ray Natural Linear Dichroism), given by:

o + 20
Uiso:Tv

(1.21)

OXNLD = 0] —O1. (1.22)

The high-symmetry axis (optical axis) of the doped «-
Al O3 is of order 3, along the [111] direction of the trig-
onal cell. For emerald, the high symmetry axis is six-
fold and parallel to the c axis of the hexagonal cell.'
The sensitivity of XANES to the site structural relax-
ation was evaluated by computing the XANES spectra
for the relaxed supercells and for the non-relaxed su-
percells, in which one dopant atom replaces an Al atom
in its exact position.

Figures 1.3 and 1.4 compare experimental XANES
spectra with calculated spectra obtained from the re-
laxed and non-relaxed structural models. First of all,

16For both orientations (o) and o), the X-ray wave-vector k
is kept perpendicular to the optical axis. This last information
is not relevant here, but is used in the pre-edge modeling in
Sec. 1.4.

the differences observed between calculated spectra are
small but not negligible. The relaxation affects simi-
lar XANES regions upon all the series of allochromatic
minerals. Indeed, the intensity of the peak located at
around 30 eV above the edge is clearly overestimated
with the non-relaxed model: peak g of o and peak I
of o for ruby and sapphires, peak d of emerald, peak
g of red pyrope, peak H of tsavorite, and the small
feature located between peaks d and e of red spinel.
Moreover peak e of red spinel is only reproduced by
the relaxed model. Thus, the XANES features located
at around 30 eV above the edge are mainly due to the
photoelectron scattering within the coordination shell,
so providing a marker of the local character of the re-
laxation (that is an increase of the bond lengths in the
MOg octahedron, M=Cr3*, Fe3t Ti3* V3*). In ad-
dition, the edge region (first 10 eV) calculated with the
non-relaxed models is clearly not as well reproduced as
with the relaxed models. This 10 eV width region ap-
pears as another marker of the local relaxation. From
these observations, we can conclude that (i) the struc-
tural models obtained from our first-principles relax-
ation procedure are reliable, (i) XANES is sensitive
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to variations in interatomic distances within the coor-
dination shell of the absorbing atom, even if the point
symmetry is unchanged.

The Cr-O distances so determined in ruby, emer-
ald and spinel have been used by Moreno and collab-
orators in order to determine the origin of color of
these minerals, which is still a debated in the litera-
ture [86, 87, 102, 1].

Besides, similar approaches (combining XANES and
first-principles calculations) are now commonly used to
investigate the local structure of 3d impurities in ox-
ides (crystals and glasses). For instance, Di Benedetto
et al. [66] determined the local environment of Fe in
natural amethyst (a variety of a-quartz) by using x-
ray absorption spectroscopy (EXAFS and XANES)
and DFT+U calculations performed with vasp.'” The
analysis of the experimental spectra suggests that Fe is
mainly trivalent and replaces Si in its tetrahedral site.
This substitution seems to be associated with numer-
ous local distortions due to the presence of Fe3*t vari-
ably compensated by protons and/or alkaline ions, or
uncompensated. These results are almost supported
by their DFT+U simulations (energy minimization)
performed on a supercell of a-quartz including one
Fe in substitution for one Si. XANES simulations,
missing in their study, would have permit to test the
realiability of their relaxation DFT calculations. In
a recent paper [29], Bordage et al. performed po-
larized XANES measurements and first-principles re-
laxation and XANES calculations (with QUANTUM-
ESPRESSO), to estimate the proportion of Cr3T cations
among the two different octahedral sites of the alexan-
drite structure (BegAlyO4:Cr3T). In another recent
paper [213], Tamura et al. investigated the local struc-
ture of titanium impurities, not in a crystal, but in
a glass (Ti-doped SiOg glass), by modeling Ti K-
XANES and O K-ELNES spectra using PAW calcu-
lations, as implemented in QMAS.'® It is showed that
a Ti atom in substitution for Si in amorphous SiOs
glass produces a strong pre-edge peak at the Ti K-
edge and a narrow peak below the threshold at the
O K edge, in agreement with experimental observa-
tions. Besides, the study of Tamura et al. makes a
nice transition to the following subsection dedicated
to the contribution of XANES modeling for structural
investigations in amorphous systems.

7The full documentation of the VASP code is available at
http://www.vasp.at/.

18Code QMaS, standing for Quantum MAterials Simulator, is
based on DFT, uses periodic boundary conditions, plane-wave
basis set and full-PAW method (http://qmas. jp).

1.3.2 The local structure of Ge and Mg
in model compounds and glasses

Introduction

The physical and chemical properties as well as the
durability of a glassy material are intimately related to
its composition. The understanding of these properties
is thus dependent on the knowledge of the structural
environment of the glass components, i.e., the cations.
XAS, thanks to its chemical selectivity, is currently
used for structural investigation in amorphous materi-
als. However, the analysis of the XANES features of a
glass is not straigthforward.

Traditionally, XANES spectra of reference model
compounds are jointly recorded with those of the
glasses under study. Then structural fingerprints are
identified in the XANES spectra of the crystalline
model compounds, and used to deduce structural in-
formation from the spectra of glasses. Usual XANES
structural fingerprints are the threshold energy, well-
identified specific peaks or pre-edge intensity. For in-
stance, the position of the Mg, Al and Si K-XANES
threshold is often used as a marker of the coordination
number of the probed cation (see for example the Si
K-edge study of alkali and alkali-CaO silicophosphate
glasses performed by Fleet et al. [82], the Al K-edge
study in model compounds and Earth’s surface miner-
als by Ildefonse et al. [116] and the Mg K-edge study of
minerals and silicate glasses by Li et al. [150]). Earlier
on Li and coworkers [148] had defined the prominent
peaks of the B K-edge spectra of BoOs and BPOy
(clearly separated in energy), as the signatures of BIB
and 4B species, respectively. They used this finger-
print method to evaluate the relative proportions of
BIB and MB in Ky0-Si05-B,03-P205 glasses. Ding-
well et al. correlated the Ti K pre-edge intensity of
minerals to the Ti coordination number, and used this
marker to evaluate the Ti coordination state in Ti-
bearing silicate glasses [68]. Farges et al. also used the
Ti K pre-edge structure as a marker of Ti coordina-
tion number in various crystals and silicate glasses and
melts [76, 75], emphasizing its reliability by FEFF6 cal-
culations performed on crystal model compounds [76].

As early shown by Francois Farges in the nineties
(see for instance Ref. [76, 77]), XANES calculations
performed on model compounds provide a useful (even
essential) contribution to fingerprint-type analysis of
XANES spectra of glasses. A more direct method
to access the glass structure is to simulate the glass
XANES spectrum, but this requires realistic struc-
tural models. For instance in 2000, Maurizio et al.,
performed Cu K-edge multiple scattering calculations
from model clusters, built on the basis of known crys-
talline structures involving Cu™ and Cu?* ions in sil-
icate matrices, in order to distinguish between Cu™
and Cu?* in silicate glasses [156]. Nearly at the
same time, molecular dynamics (MD) simulations on
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glass compositions started being performed in order
to provide plausible structural model clusters for real-
space XANES calculations. For Si K-edge multiple-
scattering calculations in amorphous silica performed
with Claire Levelut [146], we used clusters generated
by ab initio Car-Parrinello MD [50]. In the framework
of a thesis dealing with the structure of nuclear-waste
glasses [144], T used classical MD simulations in a 5-
oxide borosilicate glass to study the impact of the pres-
ence of noble metals on the glass structure, which was
detectable by Si K-XANES spectroscopy [43]. Similar
method, combining MD and real-space XANES mod-
eling, was used by Farges et al. to interpret Fe K-edge
spectra in silicate glasses [78].

As a result, XANES modeling appears as a key step
in glass-structure investigations using XANES spec-
troscopy. In the following, I present two rather recent
studies that use plane-wave pseudopotentials XANES
calculations. The first one is focused on crystal model
compounds based on germanium oxide. Our purpose
is to establish relevant XANES marker of five-fold co-
ordinated Ge species. The second one deals with the
Mg local environment in reference minerals and silicate
glasses. We show that MD simulations are crucial to
acces the local structure of Mg in glasses.

Probing fivefold coordinated Ge in germanates
using O K-edge XANES

Through experimental studies carried out on Ti-
silicate glasses [114] and alkali germanate glasses [230,
231], Henderson and collaborators showed the capa-
bility of O K-edge XANES to determine the coordi-
nation of the cation bound to oxygen. To support
this experimental evidence, I performed a theoretical
analysis of O K-edge XANES spectra of three ger-
manate model compounds: a-quartz like GeOy (g-
GGOQ), rutile—type GGOQ (I‘—GQOQ) and K2G88017.
This work was achieved within a collaboration with
Prof. Henderson of the University of Toronto [45].
Here, I have chosen to focus on the meaningful case
of K3GegO17 only, using another point of view than
that of our paper (Ref. [45]), in order to emphasize
the key results that were used in subsequent studies
[232, 145].

In K5GegO17, Ge and O atoms occupy 4 and 11 in-
equivalent crystallographic sites, respectively. Of the
four Ge sites, one is in fivefold coordination ([)Ge) and
the other three are in tetrahedral coordination ([4Ge).
The fivefold Ge site has a distorted trigonal bipyra-
mid geometry with one of the oxygen atoms pointing
into the center of the small four-membered rings (see
Fig. 1.5). The K5GegOq; structure presents a large
variety of Ge-O-Ge angles ranging from 91° to 133°.
Angles formed by one O and two [lGe are smaller
(2292°-103°) than those formed by one O and two [ Ge
(~120°-132°), thus establishing a relationship between
the Ge-O-Ge angle and the Ge coordination number.

Figure 1.5: Structure of KoGegO17 viewed down the di-
rection [010] of the orthorhombic unit cell. The K atoms
(blue circles) are inside the eight-membered rings made up
of six GeOy4 tetrahedra (green) and two GeOs polyhedra
(red).

Since O K-edge XANES spectroscopy probes the ge-
ometry around oxygen, it is sensitive to variation of
the Ge-O-Ge angle, and thus indirectly to Ge coordi-
nation.

The experimental O K-edge XANES spectrum of
KoGegOq7 is the average of the signals coming from the
11 inequivalent sites. Taking the site multiplicity into
account, it yields the mean average of the environment
around 17 oxygen atoms, i.e., two O bound to two
[B1Ge, six O bound to one 5!Ge and one #Ge, nine
O bound to two [1Ge. The crucial advantage of the
calculation is that it permits to determine the spectral
signature of all individual site.

Fig. 1.6 displays the experimental and calculated

XANES spectra of KaGegO17 (in black), together with
theoretical spectra providing the spectral signatures of
oxygen connected to °/Ge only (in red), oxygen con-
nected to one °!Ge and */Ge (in red4-green) and oxy-
gen connected to Ge only (in green). To complete
the figure, the experimental and calculated spectra of
q-GeOs, the usual crystal reference of [4Ge, has been
added at the bottom. The two relevant results of these
simulations are the following:
(i) The position of peak ¢ undergoes a shift to higher
energy when the Ge-O-Ge angle increases. This shift
is about 2 eV from 97.7° to 130° (see Fig. 1.6). There-
fore the peak ¢ position can be used as a marker of
the presence of fivefold Ge. This result was found in
agreement with the interpretation of O K-edge spec-
tra of NagO-GeOs and KoO-GeOs glasses [230, 231].
Moreover this marker was subsequently used by Wang
and Henderson to identify the formation of fivefold Ge
in alkali germanophosphate glasses when increasing al-
kali content and at various Ge to P ratios [232].
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Figure 1.6: Black curves: comparison between the calcu-
lated (solid) and experimental (dotted) O K-edge XANES
spectra of KoGegOi17. The theoretical spectrum is the
weighted average of the 11 eleven individual contributions
according to the multiplicity of each oxygen Wyckoff site.
Each individual contribution corresponds to the absorbing
O atom located in one of the 11 inequivalent sites. Red
and light-green curves: theoretical O K-edge XANES
spectra built from the individual spectra. (®)Ge) is the
mean averaged of the two individual spectra correspond-
ing to absorbing O bound to 2 P!Ge. (MGe+PlGe) is
the mean-averaged spectrum of the three individual spec-
tra corresponding to absorbing O bound to 1 4lGe and 1
BlGe. (M Ge) is the mean-averaged of five individual spec-
tra corresponding to absorbing O bound to 2 4 Ge. Dark
green curves: comparison between the calculated (solid)
and experimental (dotted) O K-edge XANES spectra of g-
GeO2, where Ge is in tetrahedral coordination. The mean
Ge-O-Ge angle is indicated below each spectrum. Vertical
dashed lines indicates the positions of the four main fea-
tures of the experimental spectrum. The arrows point out
the relevant effects of Ge-O-Ge angles and then to Ge coor-
dination number. The parameters used for the calculation

are given in the Appendix.

(ii) Another useful marker of fivefold Ge (albeit less
salient at first glance) is the presence of a significant
absorption signal in the region of 2 eV width colored
in red in Fig. 1.6, located at the beginning of the
spectrum (more or less around the edge jump). In-
deed the absorption signal becomes greater in this re-
gion (with the appearance of low-energy spectral fea-

tures/shoulders), when the mean Ge-O-Ge angle de-
creases from 130° to 97.7°. This can be explained by
empty DOS considerations. Local DOS calculations
performed on q-GeOs showed that the first features
(in the first 5 eV) of the XANES spectrum are due to
the overlap between O-p empty states and Ge empty
states [45]. This overlap increases when the Ge-O-Ge
angle decreases, resulting in a stronger density of O
p empty states in this region, which can lead to the
formation of features or shoulders in the red-colored
region. Since small values of the Ge-O-Ge angle are
associated to BJGe species, this observation was re-
cently used by Lelong et al. to evaluate the amount
of fivefold Ge in amorphous GeOs under high pressure
using in situ O K-edge inelastic X-ray scattering (IXS)
measurements [145].

Besides, these two [°!Ge signatures appear to be clearly
different from those of sixfold Ge [45, 145], making the
O K-edge spectroscopy an promising probe of P!Ge
species in germanate glasses and amorphous germania.
A forthcoming study will be the analysis of theoreti-
cal individual spectra of amorphous GeOs (at ambient
and under pressure) calculated for 150 atom cells ob-
tained from MD simulations. These structural models
provide a large variety of ¥!Ge and 1! Ge environments,
together with a useful distribution of Ge-O-Ge angles,
that will be exploited to confirm the reliability of the
two fivefold-Ge markers cited above.

Probing the local environment of Mg in silicate

glasses

Among the various cations entering a glass composi-
tion, magnesium is one of the more abundant elements
in natural glasses. In synthetic glasses, it has been
shown that even a small quantity of magnesium influ-
ences the physical and chemical properties of the glass,
such as viscosity, durability and the glass transition
temperature [67]. However, in spite of its influence
on the glass properties, the structural environment of
magnesium in silicate glasses has rarely been investi-
gated and the few existing studies led to controversial
results. The coordination number of magnesium in
CaMgSisOg glass was found to be 4, 5 or 6 depending
on the method of investigation (extended energy-loss
fine structure spectroscopy [210], XAS [117, 150], or
nuclear magnetic resonance spectroscopy (NMR) [136],
respectively). In the case of MgO-SiOs glass systems,
Kubicki and Lasaga showed by MD simulations that
Mg is fourfold coordinated [139] while Wilding and
coworkers reported a Mg coordination number around
4.5, combining x-ray and neutron diffraction with re-
verse Monte Carlo simulation [237]. Later, Shimoda et
al. concluded that Mg is six-fold coordinated to oxy-
gen in distorted sites [200]. These experimental and
numerical controversies on the Mg coordination num-
ber contribute to the difficulty in having an accurate
picture of the structure of Mg-bearing silicate glasses.
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In this context was initiated the PhD thesis of Nico-
las Trcera, supervised by Prof. Stéphanie Rossano
(Université de Marne-la-Vallée) [214]. The purpose
of the thesis was the investigation of the Mg envi-
ronment in synthetic magnesio-silicate glasses, using
Raman spectroscopy, XAS and first-principles calcula-
tions.
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Figure 1.7: Experimental Mg K-edge XANES spectra of
the synthetic XMS3 glasses where X = Li, Na, K, Rb and
Cs. Figure extracted from Ref. [216].

XANES measurements were carried out on various
glass compositions and on a large selection of reference
minerals (see Table 1.2). For instance, Fig. 1.7 exhibits
the experimental Mg K-XANES spectra of XMS3
glasses with Xo0-MgO-3SiOs composition (X=Li, Na,
K, Rb, Cs). To ensure the interpretation of the Mg K-
edge spectra of glasses, the selected minerals present
a wide variety of Mg environments, with coordination
number ranging from 4 to 8. One notices that the
mean Mg-O distance increases with the Mg coordina-
tion number.

In a first paper [216], our purpose was to derive
from the calculation some relationship between per-
tinent structural parameters and the variations ob-
served between XANES spectra of a selection of min-
erals. Fig. 1.8 compares theoretical and experimental
XANES spectra in the case of spinel, grandidierite, far-
ringtonite, diopside, enstatite, forsterite and pyrope.
An overall good agreement between experimental and
calculated spectra is observed. Core-level shift cal-
culations enabled us to reproduce the relative energy
positions between the different Mg K-XANES spectra.
Considering the peak-A energy of spinel as reference,
the discrepancy between the peak-A position in theo-

Table 1.2: List of the reference Mg-bearing minerals stud-
ied during the PhD thesis of N. Trcera. For each of them, I
give the Mg coordination number (CN) and the mean Mg-
O distance {dmg—0). Four of them contain two inequivalent

crystallographic sites for Mg.

Mineral Formula CN  (dmg-o0)
pyrope MgsAl>SizOq2 8 227 A
cordierite Mg2Al4SisO1s 6 2.11 A
forsterite Mg2Si04 6 2.10 A
6 213 A
monticellite CaMgSiO4 6 2.13 A
enstatite Mg2SizOs 6 2.08 A
6  215A
diopside CaMgSi2Os 6 2.08 A
talc talc 6 2.07 A
6  207A
farringtonite =~ MgsP20s 6 2.13 A
5 2054
grandidierite  (Mg,Fe)Al3SiBOg 5 2.04 A
spinel MgAl>O4 4 1.92 A

retical and experimental spectra is <0.2 eV.'° Fig. 1.8
confirms the trend previously observed by Ildefonse et
al. [117] and Dien Li et al. [150], i.e., that the Mg
K-XANES undergoes a global shift to higher energy
with increasing Mg coordination. As referred to the
case of spinel (I Mg), the maximum shift (2.5 eV) of
the first main feature (peak A) is observed for py-
rope ([¥IMg). Consequently, assuming that the use
of this fingerprint is reliable, the XANES spectra of
Fig. 1.7 suggest that in the CsMS3, RbMS3 and KMS3
glasses, with shift between -0.3 eV and +0.3 eV, Mg
would be mainly fourfold coordinated to oxygen. For
NaMS3 and LiMS3, with shift equal to 0.7 eV and
1.0 eV, respectively, the mean coordination number of
Mg would be greater than four (and probably lower
than 8). The distinction between Mg and [[IMg is
undecipherable. Indeed, the shift of BIMg in our se-
lected minerals would be contained between 1.3 eV
and 1.9 eV, and the [6/Mg-bearing compounds exhibit
shifts ranging from 0.8 eV (forsterite) to 2.1 eV (theo-
retical individual spectrum of the M2 site of enstatite),
and even to 2.5 eV (theoretical individual spectrum of
farringtonite). This dispersion of peak-A positions for
[6IMg was found to be related to the distortion of the
MgOg octahedron. In Fig. 1.9 are plotted the peak-

19Nevertheless, in all cases, peaks B, C and D are at too
low energies as compared with experiment. Such mismatch be-
tween theory and experiment is often observed within DFT-LDA
framework, which is known to underestimate conduction band
energies. Similar discrepancies in the peak relative positions,
between theory and experiment, is noticeable at the O K-edge

in Fig. 1.6 and at the Al K-edge in Fig. 1.1.



20

MEMOIRE D’HABILITATION A DIRIGER DES RECHERCHES

LINNLINL L N L B B B

pyrope 3]Mg
P ANV
D ,*¢»4a”1“

D forsterite 2x[6]Mg

enstatite 2x[6IMg
:/A

P

farringtonite
51Mg + [61Mg

Normalized absorption (arbit. units)

A/\,B b grandidierite [5Mg
AL

(ERTI R

1310

spmel 4IMg

v b b by

1320 1330 1340 1350 1360
Energy (eV)

1300

Figure 1.8: Comparison between calculated (grey line)
and experimental (black line) Mg K-edge XANES spec-
tra for seven of the ten reference minerals studied. Figure
extracted from Ref. [216].

A posistion for the [6/Mg spectra as a function of the
quadratic elongation of the octahedron.?® Excluding
the farringtonite point, two sets of data are notice-
able: a shift of about 2 eV from spinel is associated
to weakly-distorted octahedra, while a shift around
0.8 eV corresponds to a susbtantial distorsion of the
octahedron.

In a second paper [217], our purpose was to inves-

20 A convenient and quantitative measure of the octahedron
distortion is the quadratic elongation (QE), that is found to be
linearly correlated to the angular variance (AV) [189]:
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where [; corresponds to the Mg-O distance within the octahe-
dron, lp is the Mg-O distance in an octahedron with Oy symme-
try whose volume is equal to that of the distorted octahedron,

and where 6; is the octahedral angle.
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Figure 1.9: Peak-A position (as referred to spinel) as a
function of the quadratic elongation of the MgOg octahe-
dron. The inset shows the fairly linear correlation between
the quadratic elongation and the angular variance as sug-
gested by Robinson et al. [189]. The data point relative to
the six-fold Mg site of farringtonite is not exactly within the
first set. This may come from the fact that farringtonite
is a phosphate while all the other minerals are silicates.
Figure extracted from Ref. [216].

tigate the Mg environment in a glass of composition
Ko0-MgO-3Si0y (KMS3), by modeling the Mg K-
edge XANES spectrum from a structural model, which
was determined using classical MD simulation coupled
with first-principles structural relaxation (see the ap-
pendix for details). The structural model so obtained
is characterized by five distinct sites of Mg, located in
distorted tetrahedra with quadratic elongation ranging
from 1.027 to 1.162. Figure 1.10 compares the exper-
imental Mg K-edge spectrum of KMS3 with the the-
oretical one, which is the mean average of the five in-
dividual contributions. The good agreement between
theory and experiment led us to the conclusion that
Mg is fourfold coordinated to oxygen in KMS3. This
result corroborates the conclusions drawn on the basis
of the comparison of XANES spectra of glasses with
crystalline references considering the peak-A shift (re-
ferred to spinel).

Dien Li et al. [150] further utilized the relation be-
tween peak-A position and Mg local structure in order
to extract quantitative information from the spectra:
they established a polynonial correlation function be-
tween the energy position of peak A and the Mg-O
bond mean distance, that they then used to estimate
the average Mg-O distance and thus the Mg coordina-
tion number in CaMgSisOg-NaAlSizOg glasses [150].
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Figure 1.10: Experimental (red points) and theoretical
(black line) XANES spectra of KMS3 glass. The theo-
retical spectrum is the average of the individual spectra
obtained for Mg absorbing atoms fourfold coordinated to
oxygen atoms. The quadratic elongation of the absorbing-
atom tetrahedral geometry is indicated above each curve.
Data extracted from Ref. [217].

However, our study shows that (i) the use of such a
correlation function to determine the mean Mg-O dis-
tance in amorphous materials has to be ruled out, (ii)
the peak-A position is not a reliable marker of the
Mg-site geometry, especially when considering single-
site Mg K-edge spectra. Figure 1.11 reports our ex-
perimental and theoretical values of peak-A position
(referred to spinel) as a function of the mean Mg-O
bond length. The XANES calculations permit to in-
crease the number of data points since they yield the
values for the two Mg sites of farringtonite, enstatite
and forsterite, and for the five Mg sites of the KMS3
glass. Figure 1.11 also incorporates the experimental
peak-A positions of Dien Li et al. together with their
correlation function. Concerning point (i), the salient
result of Fig. 1.11 is that numerous data points do not
coincide with the polynomial function, and that no ob-
vious correlation can be established. By some happy
coincidence, the data point corresponding to the mean
average theoretical spectrum of KMS3, with its error
bar estimated to 0.2 eV, is located near the correlation
function. Further calculations on glasses would be nec-
essary to confirm the accidental nature of this result.

Concerning point (ii), Fig. 1.11 shows that single-site
data points are widely dispersed for a given coordi-
nation state of Mg. For instance, the use of peak-A
position is useless to discriminate, on the one hand, be-
tween (/Mg in strongly-distorted octahedra and [PIMg
and, on the other hand, between Mg and [IMg in
weakly-distorted octahedra, assuming that such dis-
tinctions are meaningful in a glass.

To conclude on this part, according to me, the fin-
gerprint method based on the comparison with crys-
talline references is able to only give a vague idea
of the mean number of Mg first neighbors in Mg-
bearing oxide materials. Moreover, it is extremely
awkward to extract Mg-O mean distances in glasses,
from XANES experimental spectra, without using MD
structural models. Manifestly, these results are not
shared by Seuthe et al., who recently published a struc-
tural analysis of Mg K-edge XANES spectra of KMS3
modified or ablated by a femtosecond-laser [198]. In-
deed, despite the fact that their XANES spectrum of
non-irradiated KMS3 is strongly different from ours,
Seuthe et al. used the peak-A positions of minerals
published by Dien Li et al. [150] to empirically estab-
lish a linear relation between the Mg K-edge position
and the average Mg-O bond distance. By doing so,
they estimate the mean Mg-O distance (with three
decimals!) equal to 2.084 A (for the non-irradiated
KMS3). Moreover, the fact that they did not measure
their own crystalline reference spectra is a real issue
(they used those published by other authors 13 years
ago). Even if energy-calibration of the monochomator
is supposed to be carefully checked, variation of around
1-2 eV of threshold energy is currently observed for a
same compound. For instance, the peak-A position of
spinel was found at 1307.2 eV in our measurements
[216], at 1308.7 eV in Ref. [171] and at 1309.2 eV in
Ref. [150].

Conclusion

Probing the local structure of cations in oxide glasses
by using XANES spectroscopy is a challenging task.
Although O K-XANES spectroscopy was found to be
a promising tool to determine the Ge coordinence in
GeQOs-based materials, O K-edge spectra self-evidently
become less informative in the case of glasses contain-
ing more than one network-former cation. In such
cases, the use of XANES at the cation K-edge is a nat-
ural choice. However, a reliable analysis of the spec-
tra definitely requires MD simulations, which now are
easy available due the constant progress of computing
power. This is what I learn from our Mg K-edge study,
the paper on dense silica glass published in Scientific
Report by Min Wu et al. [240] is one of the recent
studies that support this point of view.
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Figure 1.11: Relative peak A position as a function of the mean Mg-O interatomic distance (dng—0) (spinel is taken as
reference). The empty and filled circles are our calculated and experimental values, respectively. For the KMS3 glass, I
plotted the data points corresponding to the 5 individual spectra shown in Fig. 1.10, as well as the point corresponding
to mean average spectrum. The filled triangles are those of Ref. [150]. Two triangles (forsterite and cordierite) are much
below the correlation function, in contrast to the analogous Fig. 4 of Ref. [150]. Indeed, Dien Li et al.. considered the
mean energy position of peaks A’ and A for cordierite and forsterite to determine the polynomial correlation function
(black line). The blue ellipse gathers all the data points corresponding to [6] Mg. The data points surrounded by the
green ellipse correspond to [6] Mg in weakly-distorted octahedra (1<QE<1.01). The data points surrounded by the
violet ellipse correspond to [!Mg in strongly-distorted octahedra (1.025<QE<1.05). The sixfold site of the farringtonite
phosphate appears far apart from the others (all the other [G]Mg—bearing minerals are silicates). The black ellipse gathers
the [4]Mg values, i.e. spinel and the theoretical KMS3. For [5]Mg, two red ellipses are displayed, according to the choice
for the first peak of the grandidierite spectrum, i.e., A (top ellipse) or A’ (bottom ellispe). Finally, the peak-A positions

of the XMS3 glass series are represented as horizontal dashed lines.
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1.4 Probing the 3d empty states
of transition metals at the K
pre-edge

Note: This section of my HDR thesis was written in au-
tumn 2009. Afterwards it was partly published in 2010, as
an invited paper in a special issue of Physical Chemistry
Chemical Physics [38]. The current text has been updated
with the recent bibliography.

1.4.1 Introduction

In the case of XANES spectra recorded at the K edge
of transition metal elements, some features arise in
the pre-edge region and are related to the 3d empty
orbitals of the probed element. Thus, the pre-edge
features of transition metals are related to the coordi-
nation number, oxidation state and spin state of the
absorbing atom, and to the point symmetry of the ab-
sorbing atom site (see the review paper of Yamamoto,
dated 2008 [241]). The latter point concerning the
site symmetry is crucial in the sense that the pre-
edge features can be interpreted using group theory.
Indeed, the analyses of the pre-edge features usually
make use of the character table of the irreducible repre-
sentations of the absorbing-atom site-symmetry point
group (the most often Oy and T, point symmetries
are considered for sixfold and fourfold coordinated ab-
sorbing atom, respectively, even if the absorbing atom
site polyhedron is not regular). The various methods
used for pre-edge analyses can be classified into two
groups: the fingerprint approach and the calculations.
The fingerprint approach consists of a comparison be-
tween the pre-edge spectrum of the material under
study with the ones of reference model compounds, in-
cluding eventually fitting procedures of the spectra by
pseudo-voigt functions. The most often, a subtraction
of a baseline is first applied to the spectrum in order to
extract the pre-edge features [84, 238, 74, 21]. Three
kinds of theoretical approaches to calculate the K pre-
edge are distinguished: the multielectronic approach
based on the Ligand Field Multiplet theory (LFM), the
single-particle (or monoelectronic) approach based on
DFT, and the many-body Green’s function methods.
This section is focused on single-particle calculations of
the K pre-edge structure for 3d transition metal bear-
ing compounds. Before presenting the outline of the
paper, we first draw up an overview of various pre-edge
analyses using the methods mentioned above.

In Earth and environmental sciences for instance,
the fingerprint approach is widely used to determine
the oxidation state of the probed 3d element in com-
plex minerals or natural/synthetic glasses. For in-
stance, in 2001 Galoisy et al. investigated the redox
of Fe in synthetic and volcanic glasses, by fitting the
corresponding Fe K pre-edge spectra with those of ref-

erence compounds [84]. Such an analysis is based on
the 2 eV chemical shift existing between the pre-edge
structure of the ferrous and ferric ions in the cho-
sen reference compounds. According to Wilke et al.
(2001), the most useful characteristics of the Fe K
pre-edge for determining Fe oxidation state and co-
ordination number are the position of its centroid and
its integrated intensity [238]. By measuring the Fe K
pre-edge of 30 model compounds (including natural
minerals and synthetic compounds with Fe coordina-
tion environments ranging from 4 to 12 oxygen atoms
for Fe?*, and from 4 to 6 oxygen atoms for Fe3*),
Wilke et al. established that the separation between
the average pre-edge centroid positions for Fe?t and
Fe?t is 1.4 £ 0.1 eV. Then the authors used this re-
sult to measure the average Fe-redox state for mixed
Fe?*-Fe?tcompounds, the pre-edge structure arising
between the positions of that of Fe?*tand Fe3*. In
such a way, they have estimated the Fe3T /Fe?* ratio in
more than ten minerals, containing variable/unknown
amounts of Fe?t /Fe3T The accuracy in redox deter-
mination is found to be & 10 mol% provided that
the site geometry for each redox state is known [238].
More recently, Farges (2009) reported an experimental
XANES study of the oxidation state of chromium in
a variety of Cr-bearing model compounds containing
Cr?t, Cr3t, Cr#**, Cr®* and Cr8*, in which the Cr-
site symmetry is Dyp,, Op, and/or Ty [74]. In particular,
it is shown that the centroid position of the pre-edge
feature is a better indicator of the Cr valence than the
edge position. As chromium, vanadium occurs in na-
ture under various oxidation states (i.e., V2, V3+,
V4t and V®%), and vanadium K pre-edge XANES
spectra vary systematically with valence state and site
symmetry. Sutton et al. (2005) illustrated this point
by plotting the maximum of the pre-edge intensity as a
function of the pre-edge centroid energy for about 50
V-bearing crystalline and glass compounds [209]. In
the resulting graph appear distinct regions correspond-
ing to [VI]V3+, [V]V4+, [VI]V4+, IVIy5+ and Vys+,
Balan et al. (2006) used these vanadium K pre-edge
properties to determine the valence state of vanadium
in natural vanadiferous titanomagnetites, and to cal-
culate the proportion of vanadium occurring as V4+
was calculated by comparison with octahedral V3+ and
V4+ references [14, 27].

All the examples cited above attest to the interest
of the fingerprint approach for the analysis of the pre-
edge, at least in Earth and environmental sciences.
However, the pre-edge region contains much more pre-
cise information, the extraction of which requires cal-
culations. Before introducing the calculation methods
used to model the pre-edge, the different electronic
transitions, which may occur in the K pre-edge region
of transition metal elements, have to be established.
There are three kinds of electronic transitions used to
describe the pre-edge features, as recalled by de Groot
(2007) [56]: (i) local electric quadrupole transitions
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(E2), 1s—3d; (ii) non-local electric dipole transition
(E1), 1s—p, where the empty p states of the absorb-
ing atom are hybridized with the empty 3d states of
the nearest metal neighbors via the p empty states of
the ligands; (iii) local electric dipole transition (E1),
1s—p, where the empty p states of the absorbing atom
are hybridized with the empty 3d states of the absorb-
ing atom. In the latter, the p-d mixing is possible only
if the absorbing atom site is not centrosymmetric or
if the absorbing atom site centrosymmetry is broken
by the atom vibrations. The use of calculation tools
enables to determine the contribution of each kind of
electronic transitions to the pre-edge features. In any
case, the 3d empty states of the transition metal el-
ements of the compound under study are probed in
the pre-edge region, either directly through E2 transi-
tions, or indirectly through E1 transitions. The latter
can be either local or non-local.?! Therefore, the fi-
nal states probed in the pre-edge are rather localized
states, where the electron-electron repulsion is sup-
posed to be important. In such cases, the appropri-
ate method to calculate the pre-edge is a priori the
Ligand Field Multiplet (LFM) one. For instance, the
remarkable work by Westre et al. [236] shows that the
K pre-edge features of iron ions can be interpreted in
the LFM approach. In this study, a fitting procedure
was first used to identify the pre-edge features. The al-
lowed multielectronic final states were then determined
using the LFM theory, and the relative energies and in-
tensities of the pre-edge features were simulated using
molecular orbitals calculations based on DFT. Thanks
to this methodology, a detailed understanding of the
Fe K pre-edge features of ferrous and ferric model com-
plexes (comprising tetrahedral, octahedral, and square
pyramidal Fe environment, as well as low/high spin
states of Fe) was obtained. However in Ref. [236], the
transition matrix elements are not calculated in the
LFM framework. This was done (for the first time) in
the case of the Fe K pre-edge by Arrio et al. in 2000
[12]. More precisely, the eigenstates of the ions and
the absolute intensities of the E2 and E1 transitions in-
volved in the K pre-edge of Fe?t and Fe?* in minerals,
where the iron ions are either in octahedral or tetra-
hedral sites, have been calculated. Moreover, Arrio et
al. developed a new model for p-d hybridization that
occurs for ions in tetrahedral site. This model enables
to quantify that p-d hybridization, and to derive the
local structure parameters (crystal field, bond cova-
lence) [12]. In 2009, de Groot and co-workers reported
LFM calculated spectra of the 3d® — 1s'3d"! E2
transitions with a crystal field value 10Dq of 1.2 eV
for n = 0,...,9, and showed that charge-transfer ef-
fects have a weak influence on the 1s — 3d pre-edge
spectral shapes [55].

21Note that local transitions are also called intrasite or in-
site, and that non-local transitions are equally called intersite

or off-site.

Single-particle methods are quite widely used to cal-
culate 3d element K pre-edge spectra, although they
are in principle not fully appropriate for such appli-
cations. The analysis of the pre-edge features can
be carried out by both cross-section and local den-
sity of states calculations. Single-particle calculations
are performed either in a cluster approach, or using
periodic boundary conditions. In 2005, Farges used
the cluster approach of the FEFF code to calculate Mn
K pre-edge, in order to distinguish the signature of
Mn?* from the one of Mn®* in Mn-bearing oxides [73].
Calculations are also useful to determine the E1 con-
tribution arising from the metal-metal pairs, as previ-
ously described in point (ii), in order to include it in
the baseline that is used to extract the pre-edge fea-
tures. Indeed, as explained by Farges, such E1 contri-
butions complicate the determination of the absorbing
atom oxidation state and symmetry when using fitting
procedures [73]. Similarly, Farges (2009) used FEFF
single-particle calculations at the Cr K edge to sup-
port the experimental analysis carried out on a large
series of pre-edge spectra in Cr-bearing oxide minerals
[74]. Next to cluster approaches, band structure codes
are often used to interpret the pre-edge features. Sev-
eral band structure codes now include the explicit cal-
culation of the absorption cross-section in the electric
dipole and quadrupole approximations. As an exam-
ple, a DFT calculation of the Ni K pre-edge features
using the GGA+U formalism successfully reproduces
the experimental polarized spectra [98]. I do not want
to cite further examples using single-particle DFT the-
ory to calculate pre-edge features in this introduction,
since it is the subject of the next subsections.

Since single-particle methods are formally dedicated
to ground state calculations, many body Green’s func-
tion approaches have been developed in order to model
electronic excitations [176]. These approaches include
time-dependent DFT (TDDFT), GW calculations and
the Bethe-Salpeter equation. TDDFT calculations
were performed at the V. K edge of VoOs5 [54], at
the Fe K edge of a series of ten iron model complexes
[59], and at the Mn K edge of manganese coordination
compounds [190], giving a correct agreement with ex-
periment in the pre-edge region. The Bethe-Salpeter
approach was applied to the calculation of the Ti K
pre-edge structure in rutile [202] and in SrTiO3 [239).
Although promising, such methodologies still remain
quite too challenging to be applied to complex mate-
rials.

In the following, I recall all the single-particle theo-
retical studies of the K pre-edge of 3d elements, which I
carried out or to which I collaborated. These DFT ap-
plications are compared to similar work extracted from
the literature. I have chosen to present these results
using an ascending order of electronic interaction com-
plexity. In the compounds studied, the 3d elements all
sit in a distorted octahedral environment. However,
a regular octahedron with O, symmetry is considered
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in a first approximation, so that the 3d levels are split
into two groups: the to, and the e, orbitals. The var-
ious cases of 3d shell occupations that I encountered
are illustrated in Fig. 1.12.
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Figure 1.12: Representation of the 3d levels electronic
occupation (in Op symmetry) of the transition metal ions

investigated. Figure reproduced in Ref. [38].

In subsection 1.4.2, the simplest case of the Ti K
pre-edge in titanium oxides (rutile and anatase) is pre-
sented. Indeed, since the formal charge of Ti in TiO4
is +1IV, there are no 3d electrons (fig. 1.12a), what pro-
vides an ideal situation for single-particle calculations.

In subsection 1.4.3, two examples of Fe K pre-edge
where Fe is divalent in a low-spin state are described.
In this case, the ty, orbitals are fully occupied and
the e, ones are empty (see Fig. 1.12b). Thus, the 3d
states, probed by XAS, are the e, ones only. In such a
case the photoelectron is excited to a level where the
multielectronic effects are expected to be weak enough,
to be treated within a single-particle framework. The
compounds studied are pyrite, a mineral with formula
FeSs, and a model molecule, which represents the envi-
ronment of iron in carbonmonoxy-myoglobin (MbCO).

In subsection 1.4.4, Cr K pre-edge single-
particle calculations are presented for three insulat-
ing materials (a-Al,O3:Cr3t, BesSigAlyO15:Cr3tand

MgAl,04:Cr3t), in which Cr occurs as an impurity
and has a +I11 oxidation state (3d®). Here the single-
particle calculations need to be spin-polarized since,
in an octahedral environment, the 3d-tp, orbitals of
Cr3t are occupied by three electrons with parallel
spins (see Fig. 1.12¢). In spin-polarized calculations,
spin-up and spin-down transition matrix elements are
separately calculated. Consequently, for spin-up tran-
sitions, the situation is quite similar to that of Fe?*
in low-spin states, in the sense that the transitions to-
wards 3d states only occur towards eq states (directly
for E2 transitions or indirectly for local E1 transitions).
Therefore the electron-electron interaction is supposed
to be weak enough to be treated in a single-particle
framework. Equally, for spin-down transitions, the sit-
uation looks equivalent to the case of the Ti K pre-edge
since both the t2, and ey levels are empty and can be
probed by XAS.

In subsection 1.4.5, I present two examples that can
be considered as limit cases to be treated within a
single-particle approach: V3T impurity in the garnet-
grossular structure, and low-spin Fe3Tin a molecule,
which represents the Fe environment in the cyanomet-
myoglobin protein (MbCN). In the case of V3, the
tag states are occupied by two parallel spins, leaving
vacant one of the three monoelectronic orbital (see
Fig. 1.12d). Thus, for the majority spin, the electron-
electron repulsion is expected to play a significant role
in the electronic structure of vanadium, what a pri-
ort makes the single-particle approximation too strong
to be used for the transition matrix element calcula-
tion. On the contrary, for the minority spin, since
both the t5, and e, orbitals are empty, the calcula-
tion of the transition matrix elements for the minority
spins is a priori equivalent to the previous situation
(Fig. 1.12c). The last case, corresponding to high-spin
Fe3* in MbCN, combines the difficulties of Cr3t for
the majority spin and of V3t for the minority spin
(Fig. 1.12e). Hence, this last application of single-
particle calculation appears to be the most critical case
among all the examples treated in this section.

For each compound, I first give the electronic transi-
tions expected in the pre-edge region. Then, I compare
the theoretical spectra with the experimental ones. Fi-
nally, I give the assignment of the pre-edge features.
Technical details of the calculations are summarized in
Appendix Al.

1.4.2 The Ti K edge in TiO,

Three polymorphs of TiOs exist in nature: rutile,
anatase and brookite.?? In this subsection, the Ti K
pre-edge spectra of rutile and anatase are investigated.

22The most common form is rutile, which is also the stable
phase, still above 700°C. Anatase and brookite both convert to
rutile upon heating. Anatase is the stable form at low temper-

ature.
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The electronic transitions expected in the pre-

edge region

Rutile and anatase both crystallize in the tetrago-
nal system. The point group of rutile is 4/mmm
(Dyp), which yields a dichroic behaviour of XAS in the
electric-dipole approximation [31]. The point symme-
try of the Ti site, mmm (Dap), is centrosymmetric.
Consequently, local E2 transitions and non-local E1
transitions are expected to contribute to the Ti K pre-
edge features of rutile.?? The point group of anatase is
the same as that of rutile (although anatase and rutile
space groups are different). The Ti site symmetry is
4m?2 (D3q), thus not centrosymmetric. Consequently,
in addition to E2 and non-local E1 transitions, local E1
transitions are expected in the Ti K pre-edge region
of anatase.

Analysis of the polarized Ti K pre-edge of rutile

At the end of the nineties, within a tight collaboration
with Yves Joly (CNRS, Grenoble, France) and Rino
Natoli (INFN, Frascati, Italy), I theoretically investi-
gated the angular dependence of the Ti K pre-edge
features by using both cluster and band structure full-
potential approaches [120, 44]. The former was the
finite difference method of the FDMNES program devel-
oped by Yves Joly [119]. It was used to calculate the
absorption cross-section for the E1 and E2 transitions,
for a 6.9 A radius cluster including core-hole effects.
The latter was the WIEN9T electronic structure code,
based on the FP-LAPW method [23]. It was used to
calculate local and partial density of states of rutile in
its ground state (no core-hole was considered).

Figure 1.13 shows the comparison of the calculated
FDMNES spectra with the experimental ones of Poumel-
lec et al. [182], for e parallel and perpendicular to the
4-fold symmetry axis (i.e., the z axis of the tetrag-
onal cell), the wave vector being along the direction
[110]. For both polarizations, the pre-edge region ex-
hibits three well defined features, labeled A, Ay and
A3, which are reproduced by the single-particle calcu-
lations:

e For € || 2z, the E2 calculation displays two peaks
that contributes to A; and As. The E1 calculation
also displays two peaks, but contributing to Ay and
Ajs. Therefore, A; is a purely E2 peak, originating
from 1s — 3d local transition. Peak Aj is a purely E1
non-local peak, originating from 1s — p transitions,
where the p empty states of the absorbing atom are
hybridized with empty 3d states of the Ti second neigh-
bors. This hybridization is achieved via the empty p
orbitals of the O first neighbors. Peak As originates
from both kinds of transition (local E2 and non local
El), the E2 contribution representing around 10% of

23Note that local E1 transitions due to the atom vibrations
are not formally excluded. This point will not be investigated

here.
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Figure 1.13: Comparison between experimental (dot-
ted line) and calculated (solid line) Ti K pre-edge spec-
tra of rutile, for the € || z (top) and € L z (bottom) ex-
perimental configurations. The calculated spectra are
the sum of E2 and E1 contributions, labeled (q) and
(d), respectively. Figure extracted from Ref. [120].

the sum E1+E2.

e For e 1 2z, the El1 contribution also exhibits two
peaks, explaining the origin of peaks As and As, while
the E2 contribution only displays one peak, giving the
origin of peak Aj.

Now the question is why the E2 contribution is char-
acterized by two peaks for € || z and only one for e L z,
the wave vector k being parallel to [110]. To answer
this question, one should consider the crystallographic
structure of rutile. The tetragonal unit cell of rutile
comprises two TiOg octahedra, which are crystallo-
graphically equivalent but are differently orientated
with respect to the photon beam (see Fig. 1.14). When
both k and € are between the Ti-O bonds, the E2 tran-
sition probes the local e4-like orbital. This happens
for e | z when Ti in site 1 is excited. On the contrary,
when vector k (resp. €) is between Ti-O bonds and
vector € (resp. k) is along a Ti-O bond, the electronic
transition probes a local orbital between the bonds,
which is mainly t24-like. This case is encountered for
e || z when Ti in site 2 is excited, and for € L z when
both Ti sites are excited. Therefore, when € || z (and
k|| [110]), as the d,, and d,,, states of the crystal are
probed, the first E2 peak corresponds to a transition
from the 1s level to the t4-like orbital belonging to
the Ti site 2, and the second E2 peak to a transition
to the e4-like orbital belonging to the Ti site 1. When
e L z (and k || [110]), as the d,2_,> states of the
crystal are probed, the E2 peak corresponds to tran-
sitions from the 1s orbitals to to4-like orbitals of both
Ti sites. Following similar geometrical arguments, we
can show that for the non-local E1 contributions, the
tog and e, orbitals of the Ti neighbors are indirectly
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probed at the energy positions of A; and As peaks,
respectively. The energy position of the t9, and e, or-
bitals is different for the Ti absorbing atom and for
the Ti non-excited neighbors because the 1s core-hole
attracts the 3d levels of the Ti absorbing atom. The
corresponding energy shift is about 2 eV. Table 1.3
summarizes the assignment of the three Ti K pre-edge
features of rutile for both € orientations.
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Figure 1.14: Crystallographic structure of rutile, showing
the orientation of the two equivalent TiOg octahedra in
the unit cell with respect to the polarization and wave vec-
tors for the two experimental setups. Figure reproduced in
Ref. [38].

Table 1.3: Assignment of the three Ti K pre-edge features
of rutile for two distinct orientations of the incident photon
beam polarization (£).
Peak
Ay E2: 1s — 3d-t24 of Ti absorber
A, E1l: 1s — p. hybrid. 3d-t24 of Ti neighb.
+ E2: 1s — 3d-e4 of Ti absorber
As El: 1s — p. hybrid. 3d-e4 of Ti neighb.
Peak
A, E2: 1s — 3d-t24 of Ti absorber
As El: 1s — (pa,py) hybrid. 3d-ta, of Ti neighb.

Assignment for € || z

Assignment for e L 2

The good agreement between the experimental and
calculated spectra presented in Fig. 1.13 was achieved
by considering the following electronic parameters in
the FDMNES program:?* the 3d orbital occupation
number of the absorbing atom is n}; = 1.91, the 3d
orbital occupation number of the non-excited Ti (Ti
neighbors) is ng = 1.0, the Ti 4s occupation number
being set to zero, and the oxygen 2p occupation being
equal to 6 — ng/2 (for neutrality). The parameter n}
includes the amount of screening charge on the Ti ab-
sorbing atom. Since the E2 transitions are extremely

24The original purpose of the FDMNES program is to fit the
experimental XANES spectra in order to provide an electron

population analysis [120].

sensitive to the value of n}j, the evaluation of n}; was
obtained with high accuracy by fitting the energy posi-
tion of A;. The parameter ng was optimized especially
with the energy positions of peaks As and Az with re-
spect to the XANES features located at around 20 eV
above the edge. Note also that the energy position of
A, and A3z was quite sensitive to the amount of charge
transfer bewteen Ti and O.
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Figure 1.15: Comparison between experimental (red line
with circles) and calculated (solid line) Ti K pre-edge spec-
tra of rutile, for the € || z (bottom) and € L z (top) experi-
mental configurations. The calculated spectra were carried
out with the XSPECTRA package of QUANTUM-ESPRESSO
suite of codes, for a supercell including a core-hole (black
line) or not (green lines), so showing the effects of the pres-
ence of the 1s core-hole. The zero energy corresponds to
the highest occupied state of the calculation including the
core-hole effects. Note that the E2 contribution has been
multiplied by 5 for clarity. Figure reproduced in Ref. [38].

Within a first-principles Self-Consistent-Field (SCF)
approach, like the QUANTUM-ESPRESSO suite of codes,
the agreement with experiment is less satisfactory
since no fitting parameter is used, as can be seen in
Fig. 1.15. Three kinds of discrepancy are noticeable.
First, the calculated A, peak is located at too high en-
ergy (about 0.6 eV), when compared to experiments.
This disagreement represents the main drawback of the
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SCF approach, compared to the fitting one adopted in
the FDMNES code. In the SCF approach, the core-hole
effects (including the screening charge on the Ti ab-
sorbing atom) are taken into account within the SCF
calculation of the charge density for a supercell includ-
ing a 1s core-hole on one of the Ti atoms. When no
core-hole is present in the calculation (green lines), one
observes that the E1 contribution is not much modi-
fied. Only the relative intensities of peaks As and Ag
are changed. On the contrary, as already mentioned in
the study performed with FDMNES [120], the E2 con-
tribution is very sensitive to the core-hole effects. The
presence of the core-hole especially affects the energy
positions of the two local transitions 1s — 3d-t2, and
1s — 3d-e4 by attracting them to lower energy. With-
out the core-hole, peak A is not reproduced. Never-
theless this attractive effect does not seem sufficient
to provide a total agreement with experiment. But,
it also appears that if the attraction was more im-
portant, the 3d-ta, states of the excited atom could
fall into the occupied states. Indeed, the presence of
the core-hole dramatically affects the value of the gap,
which decreases from 1.82 eV to 0.36 eV (at the T’
point) when taking into account the core-hole. Conse-
quently, the fact that E2 peaks are at too high energy
in the SCF approach is globally related to the use of a
LDA-based DFT method, which (i) is known to under-
estimate the gap of insulating materials, (ii) is not fully
appropriate to the modeling of the core-hole-electron
interaction. In 2004, Shirley calculated the Ti K pre-
edge of rutile using a Bethe-Salpeter approach (BS)
[202]. He obtained an overall good agreement with ex-
periment, notably with peak Al at nearly the right
position. Thus the BS approach adopted by Shirley
provides a better description of the XAS core-hole ef-
fects than DFT-LDA methods.

The second discrepancy concerns the shape of the Ag
peak which seems to include two components in the
experimental data. According to the measurements of
Le Fevre et al. (2005) [79], the first component would
be an E2 one (1s — 3d-e;) and the second component,
an E1 one (1s — p- hybridized with the to, shell of
the Ti neighbors). In the calculations presented here,
these two contributions are not resolved in energy, due
again to the difficulty of single-electron approach to
fully account for the core-hole-electron interaction.
The third discrepancy is related to the intensity of
peak As, which is not high enough with respect to the
experimental one, whatever the method is employed.
Thermal fluctuations of nuclei were found to be at the
origin of this discrepancy [70, 32].

Analysis of the isotropic Ti K pre-edge of
anatase

In the framework of the PhD thesis of Amélie Bordage
(2009) [26], the Ti K pre-edge isotropic spectrum was
calculated using QUANTUM-ESPRESSO, and compared

to the experimental data of Ref. [193]. The results
are shown in Fig. 1.16. The Ti K pre-edge of anatase
is characterized by three peaks (A;, As and Aj), like
in rutile. However, unlike the case of rutile, the E1
contribution exhibits three peaks, due to the fact that
local E1 transitions also occur. The E2 contribution
displays two features: a 1s — 3d-ta4 well-resolved peak
followed by a broad and weak 1s — 3d-e, peak. The
first E2 peak represents 22% of the total intensity of
peak A; and the second 2% of the total intensity of
peak As. The quadrupole contribution is therefore
weak compared to the dipole one, as expected in a non-
centrosymmetric site. The assignement of the three
pre-edge peaks is given in Table 1.4.
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Figure 1.16: Comparison between experimental (red line
with circles) and calculated (black solid line) Ti K pre-
edge isotropic spectra of anatase. The calculated spectrum
is the sum of the E1 and E2 contributions, which are also

shown. Figure reproduced in Ref. [38].

Table 1.4: Assignment of the three Ti K pre-edge features

of anatase.

Peak  Assignment

Ay El: 1s — p-tag of Ti absorber
+ E2: 1s — 3d-t24 of Ti absorber

A, El: 1s — p-e4 of Ti absorber
+ E1: 1s — p hybrid. 3d-t24 of Ti neighb.
+ E2: 1s — 3d-e4 of Ti absorber

As El: 1s — p. hybrid. 3d-e4 of Ti neighb.

The agreement between theory and experiment ob-
tained for anatase is equivalent to the one of rutile,
i.e., it has at least two main drawbacks. First, the
calculated A; peak is at too high energy (of about
0.5 eV). Second, the Ay may contain two components,
as suggested by Glatzel et al. [96], which are not dis-
tinguishable in the simulation. These two drawbacks
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may have the same origin, i.e., the lack of DFT-LDA
to properly model the core-hole-electron interaction.
Indeed the second peak involves local and non-local
transitions. The local ones are E1 and E2, thus in-
volving the 3d-e, shell of the Ti absorbing atom. Due
to the misplacement of the 3d levels of the excited Ti,
the 3d states of the absorbing Ti are located at too
high energy (the core-hole is not attractive enough).

1.4.3 The low-spin Fe?t K-edge in FeS,
and MbCO

The Fe K pre-edge in compounds where Fe is in six-
fold coordination, divalent and low spin, also consti-
tutes a favorable case for single-particle calculations,
as we will see below. Indeed, electronic transitions
can only involve the empty e, states (see Fig. 1.12b).
Two compounds are investigated: pyrite (FeSs) and
the carbonmonoxy-myoglobin (MbCO).

The electronic transitions expected in the pre-

edge region

As pyrite crystallizes in the cubic system,the electric
dipole transitions are isotropic [31]. In the cubic cell,
iron atoms are octahedrally coordinated to sulphur
atoms and sit in four equivalent sites with point sym-
metry 3 (C3;). Thus the iron site contains an inver-
sion center, that means that local p-d hybridation are
forbidden: local E1 transitions are not expected in the
pre-edge region. Consequently, only E2 transitions and
non local E1 transitions are expected in the pre-edge
region (as in the case of rutile). Note that in the cubic
cell, the four FeSg octahedra are tilted from the cubic
crystallographic axis by about 23° [206].

Myoglobin (Mb) is a single-chain globular protein
of 153 amino acids, which contains a heme, i.e., an
iron-bearing porphyrin. A proximal histidine (H93)
group is attached directly to the iron center. When
a CO molecule is linked to Fe on the opposite side of
the heme plane, ion Fe is in divalent low spin state.
Then the six coordination positions of Fe are occu-
pied, i.e., the four nitrogen atoms in the heme plane
(labeled N,,), the nitrogen atom belonging to the dis-
tal histidine (H93), and the carbon atom of the CO
molecule (see Fig. 1.17). The protein is then called
carbonmonoxymyoglobin (MbCO). MbCO cristallizes
in a monoclinic lattice (space group P2;), with two
molecules (about 1500 atoms) per unit cell [128, 227].
The two Fe atoms contained in the unit cell obviously
are too far from each other to interact. Therefore,
since the Fe site is non-centrosymmetric in a approxi-
mative 4mm (Cy,) symmetry, two kinds of transitions
are expected in the pre-edge: E2 and local E1.

Figure 1.17: Local environment of Fe in MbCO, within the
cluster used for XANES calculation. It contains 48 atoms,
including additional hydrogen atoms introduced to ensure
the neutrality of the system. The nitrogen first neighbors
of iron are labeled Ny, for the four belonging to the heme
plane and Ny;s for the one belonging to the H93 histidine
residue. The angle o and (8 are introduced to characterize
the angular geometry of the chain Fe-C-O (or Fe-C-N).
Figure generated by XCrysDen [132] and reproduced in
Ref. [38].

Angular dependence of the Fe K pre-edge of
pyrite

In 2001, we measured the angular dependence of the
pre-edge region in order to reveal the E2 transitions
[40]. Indeed, since the system is cubic, only the E2
transitions depend on the orientation of the crystal
towards the X-ray beam, the E1 ones being isotropic.
The XNLD (linear dichroism) was found to be around
0.5 % of the edge jump. Experimental results were
compared with single-particle calculations, which were
performed for a 51 atom cluster by using FDMNES
and considering two kinds of electronic full-potential:
one non self-consistent calculated within FDMNES,?®
one self-consistent (SCF) generated using the WIEN2K
FLAPW code.?6

25The non self-consistent potential consists of the solution of
the Poisson equation for a simple superposition of neutral atomic
electronic densities. To the Coulomb potential so obtained, was
added an exchange and correlation potential of Hedin-Lundqvist
type. The Z+1 approximation is used to simulate the core-hole
and screening effects. No fitting parameter were determined as
in the case of rutile.

26The FDMNES code can use as input SCF full-potential gener-
ated by the WIEN2K (or the older version named WIEN97). For
pyrite, I used WIEN97 and the SCF full-potential by minimiz-
ing the total energy of a 2x2x2 cubic supercell, including a 1s
core-hole on one of the 32 Fe atoms. The other parameters of

the code were set to the default values.
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Figure 1.18: Experimental (dashed line) and calculated
(solid line) Fe K-edge spectra in pyrite. The XNLD sig-
nal is multiplied by a factor 100. The calculated XANES
and XNLD were obtained with the non-SCF potential. In-
set: zoom of the pre-edge region, where both total and E2
cross sections are plotted. The experimental spectra were
recorded on the ID12 beam line of ESRF. Figure extracted
from Ref. [40].
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Figure 1.19: Comparison between the experimental (red
line with circles) XANES and XNLD spectra with the cor-
responding calculated spectra obtained with WiEN2K SCF
potentials used as input in the FDMNES code (in black,
the potential including the 1s core-hole, and in green, the

ground state potential).

Figs. 1.18 and 1.19 show the results obtained with
the non-SCF potential and the SCF potential, respec-

tively, and compare them to the experimental spec-
tra. A good agreement is obtained with both kinds
of potential. The isotropic part of the E2 transitions
were determined from the calculations (see the inset
of Fig. 1.18). The isotropic E2 cross section (labeled
quad) corresponds to transitions 1s — 3d-e4 of the Fe
absorbing atom; it is about 4 % of the pre-edge inten-
sity and 0.7 % of the edge jump. The pre-edge mainly
results from E1 transitions, which are non-local (i.e.
1s — p hybridized with 3d-e, of the neighboring Fe
via the empty p-states of the S neighbors). Figure 1.19
shows the core-hole effects, that are found to be weak
in the XANES region. From the observation of the cal-
culated dichroic signals, the same phenomenon as for
rutile is noticed, that is the shift of the E2 transitions
towards lower energy when the core-hole is taken into
account. Also the strenght of the XNLD signal de-
creases with the presence of the core hole, improving
the agreement with experiment.

2
c
=)
- 25
[}
N - iso
g /\ — S
5 2
£ |
5 / \
Z 15
[}
2
o
g ! 8N
c L
S oA
2 0.5 ,' \
<] / \
8 / AN
,
< . == 1 eSEwee
7116 7118 7120 7122 7124 7126 7128 7130
Energy (eV)

Figure 1.20: LFM-calculated E2 transitions for a Fe** ion
in Oj point symmetry: comparison between the isotropic

cross section (oiso) and the dichroic cross section (oxNLD)-

Parallel to single-particle calculations, LFM calcu-
lations were performed by Marie-Anne Arrio, in order
to get more insight into the origin of the dichroic sig-
nal. The calculation was first carried out for a low spin
divalent iron in a regular octahedron with the fourfold
axis parallel to the z axis of the crystal. For such a
geometry, the XNLD signal is 2.5 times larger than the
E2 isotropic signal (see Fig. 1.20). In order to stick to
experiment, one needs to take into account the orien-
tation of the octahedron in the crystal as well as the
multiplicity of the iron sites in the unit cell. When this
is done, one finds that for a 23°-tilted octahedron?” the
dichroism is strongly reduced and the ratio oxNLD /Tiso
is then equal to 0.75 (see Fig. 1.21). This value is in
good agreement with the single-particle calculations,
for which it was found equal to 0.9.

27T The tilt angle is between the fourfold axis of the octahedron

and the z axis of the crystal.
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Figure 1.21:
function of the octahedron tilt angle, ®, as derived from
LFM calculations. For ® = 0 , the ratio is equal to 2.5.

When tilting the octahedron, the ratio decreases and be-

Theoretical oxnLD/0iso intensity ratio as a

comes negative when ® > 30°. In pyrite, ® = 23° that
reduces the ratio to 0.75. Note that if the angle was about
30°, no angular dependence could have been observed. Cal-

culations performed by Philippe Sainctavit.

Angular dependence of the Fe K pre-edge of
MbCO

In 1999, Della Longa et al. recorded angular-dependent
spectra at the Fe K-edge of a single crystal of MbCO
[64]. By neglecting the anisotropy in the heme plane,
they deduced from their measurements two polarized
spectra, corresponding to the x-ray polarization par-
allel and normal to the heme plane. In the framework
of the PhD thesis of Mounir Arfaoui [11], the spec-
tra were calculated using our DF T-plane-wave scheme.
Here, only the results in the pre-edge region for both
polarization are shown (Fig. 1.22). The calculations
were performed using the 48-atom cluster shown in
Fig. 1.17, which was embedded in a large cubic super-
cell. in such a way that the Fe-N,, bonds are along the
x and y axis, and the Fe-Ny;s along the z axis. The
atomic positions are those deduced from the MXAN re-
finement given in Ref. [152], and reported in the Ap-
pendix.

For both polarizations, the Fe K pre-edge region is
characterized by two features A; and As, which are
reproduced by the calculations (see Fig. 1.22). The
E1 and E2 decomposition indicates that, in the case of
€ L heme, the two peaks essentially come from El
transitions (the E2 transitions represent 5% of the
total intensity of the Ay peak) and, in the case of
¢ || heme, peak A; and peak A, originate from E2 tran-
sitions and local E1 transitions, respectively. While
the energy separation between A; and A, is satisfac-
torily reproduced (with an error of about 0.2 eV), the
theoretical pre-edge is at too high energy as regards to
the experimental one: the shift is about 1.4 eV for the
€ || heme configuration and 0.9 eV for the & L heme
configutation. Again, we observe that when the 3d

orbitals of the absorbing atom are involved in the ori-
gin of the pre-edge features, these latter occur at too
high energy, when calculated in a single-particle DF'T
approach. The discrepancy is here more pronounced
than in the case of pyrite. The Fe-S bond in pyrite
is strongly covalent, thus the Fe 3d orbitals are not
too localized to be quite accurately modeled using a
single-particle DFT-LDA approach [40].

In order to further analyze the origin of the two fea-
tures, the local and partial density of states (Ip-DOS)
are also shown in Fig. 1.22 (bottom panels). The lp-
DOS, which take into account the 1s core-hole on Fe,
were calculated using Lowdin projections and a Gaus-
sian broadening of 0.07 eV (with § = 14°). The lp-
DOS plots enable to visualize the reason why the E2
transitions are negligible when € 1 heme and signif-
icant when e || heme. Indeed, when € L heme (i.e.
e || [001] and k || [110]), only the t5, orbitals can be
probed. Since they are mostly occupied, the resulting
E2 absorption cross-section is found very weak. On the
contrary, when € || heme (i.e. € || [110] and k || [110]),
the empty eg-3d,2_,2 is probed, thus leading to one
peak in the E2 absorption cross section. The 1p-DOS
plots also enable to reveal the various hybridizations
between the orbitals, which are involved in the pre-
edge. Since MbCO is a molecule, these hybridizations
can be described in terms of molecular orbitals (MO).
Let us first define the MO of the iron ligands, which
are involved in the pre-edge. There are two axial lig-
ands: the carbon atom of the CO molecule and the
nitrogen atom of the H93 histidine group. The un-
occupied MO orbitals of the CO molecule are 7* and
o*, partially defined by the C 2p,, p, empty states and
the C 2p, empty states, respectively. One of the anti-
bonding o* MO (sp?) of the histidine cycle is notably
defined by the Nypis-2p, empty states. In the heme
plane, the four ligands are the N, atoms, and it is the
o* MO of the porphyrine that participate in the pre-
edge feature. This latter MO is partially described by
the four Np-(2pg, 2p,) empty states. Then the ligand
MOs are hybridized with the 3d empty states of iron
to form other antibonding MOs, that are at the origin
of the pre-edge features. In particular, it can be seen
in Fig. 1.22 (left) that the Ay peak of the & L heme
configuration is due to E1 transitions 1s — 4p, where
the Fe-4p, empty states are hybridized with the MOs
formed by the ty4 3d,. and 3d,, and the 7* com-
ing from CO. Consequently, the more the CO bond
is tilted, i.e. the greater is the S angle, the more effi-
cient is the hybridization. This explains why peak A,
is more intense for f=14° than for 5=10°. Note that
the 10° match better with experiment. This result
suggests that the 14°, resulting from the fitting pro-
cedure of the XANES spectrum performed by Della
Longa et al. [152] is overestimated. The assignment of
the pre-edge features for both orientations of the po-
larization vector in terms of unoccupied MO is given
in Table 1.5. The lp-DOS calculations presented here
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Figure 1.22: Analysis of the MbCO pre-edge transitions for € normal to the heme plane (left) and in the heme plane
(right), k being kept fixed in the heme plane. Top panel: Experimental and calculated pre-edge spectra for two values
of the 8 angle (including the decomposition into E1 and E2 transitions). Bottom panels: local and partial DOS involved
in the pre-edge region. The experimental spectra have been shifted in energy in order to make the main peak of the

normal-polarized XANES experimental and theoretical spectra coincide. Figure reproduced in Ref. [38].

partially confirm and complete the tentative MO as-

signements given by Della Longa et al. in 1999 [64]. Table 1.5: Main MO assignment of the pre-edge peaks

of the Fe K-XANES spectra of MbCO for two distinct

orientations of the incident photon beam polarization (£).

Through the two examples of pyrite and MbCO, it

was shown that single-particle calculations work pretty Peak  Assignment for & L heme
well to reproduce the Fe K-pre-edge structure when Fe Ay El: 1s — 4p. hybrid.
is in ferrous low-spin state and in sixfold coordination. with MO [3d2 + o*(H93)]" and

Moreover such calculations enable to give a detailed

. 2 * *
assignment of the pre-edge peaks. with MO [3d. + 0" (CO)]

Ao El: 1s — 4p, hybrid.
with MO [3dy.-3dz. + 7*(CO)]*

3+ : :
1.4.4 The Cr°" K edge in allochromatic Peak Assignment for e || heme
minerals Ar B2 1s— MO [3dye_y2 + 0lorpn )"
In the framework of the PhD thesis of Emilie Gaudry Az El: 1s — 4po, 4py hybrid.
(2004) [89] and of Amélie Juhin (2008) [123], the an- with MO [3daz, 3dy. + ©*(CO)]*

gular dependence of the pre-edge features at the Cr
K-edge in three allochromatic minerals was studied:
ruby[92] and emerald [90], and spinel [124].
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The local crystallographic structure of Cr in the
three minerals was detailed in Sec. 1.3.1. The most
important result to remember here is that the point
symmetry of the Cr site is the same as the one the Al
host site.

The electronic transitions expected in the pre-

edge region

The amount of chromium being very low in the three
compounds (below a few atomic-percent), the proba-
bility to have chromium atoms in neighboring sites is
also low. This permits to exclude the contribution of
non-local E1 transitions. The number of the expected
E2 transitions can be predicted for a d® configura-
tion in octahedral environment, as can be seen from
Fig. 1.23. The ground state of Cr®* corresponds to
a configuration where the three lowest d-orbitals (the
tog-like) are occupied by the majority spin. In the ex-
cited state, the photoelectron can probe, on the one
hand, the empty to, orbitals for minority spin (case
B in Fig. 1.23) and, on the other hand, the empty
ey ones, for both majority and minority spins (cases
A and C in Fig. 1.23, respectively). Therefore, three
spin-polarized E2 transitions can be expected at the
Cr K pre-edge. The sequence from spinel to ruby via
emerald corresponds to a decreasing symmetry of the
Cr-site, starting from the Dsy symmetry point group
in Cr-doped spinel, to D3 in emerald and finally Cj
in ruby. As will be shown, the degree of admixture
between the empty p states and the empty 3d states of
the absorbing atom is consequently increasing, which
affects the intensity of the local E1 transitions con-
tributing to the pre-edge. In spinel, the Cr site is
centrosymmetric. Thus no E1 local transitions are ex-
pected and only E2 transitions shold arise in the Cr K
pre-edge structure. On the contrary, in emerald and
in ruby the Cr site is not centrosymmetric, meaning
that local E1 transitions are expected in the pre-edge,
in addition to the E2 ones.

Angular dependence of the Cr K pre-edge in

red spinel

The full angular dependence of the Cr K pre-edge
in red spinel was measured and modeled by Juhin
et al., in order to reveal quantitative information on
the crystallographic and electronic structure of Cr3+
[124]. The experimental spectra measured for two
different orientations are shown in Figure 1.24 (left
and right). For each of them, the upper panel shows
the experimental spectrum and the theoretical one,
with the E1 and E2 contributions plotted separately.
Both panels show that the Cr K pre-edge has a
pure electric quadrupole character, as expected, since
the E1 contribution contributes only to the edge tail
without showing any features. For the two orien-
tations (£,=[010], k,=[100] and e,=[1,1,v/2], ky=[-

1,-1,//2], respectively), the correct number of peaks
(one and two, respectively) is well reproduced by the
single-particle calculation. For the first configuration
(Fig. 1.24, left), the experimental spectrum shows a
single peak labeled Al. The electric quadrupole op-
erator, expressed as xy, enables to probe the empty
d electronic density, projected on Cr, in the zy direc-
tion, i.e., between the Cr-O bonds. The corresponding
empty d states have almost a pure tg, character, and
thus they can be reached only by a photoelectron with
spin | (Fig. 1.23, case B). This prediction is consis-
tent with the calculation. For the second configuration
(Fig. 1.24, right), two peaks Al and A2 are obtained
in the experimental pre-edge spectrum. For this orien-
tation, the electric quadrupole operator is expressed as
# — %2, which enables to probe the 3d electronic
density both in the zy and 322 —r? directions. The
corresponding d empty states are thus respectively taq
and e, ones. For the t3, component, one peak is ex-
pected for spin |, as in the first configuration; for the
eg component, two peaks are expected, one for spin |
and one for spin 1 (cases A and C in Fig. 1.23).

These predictions are in line with the theoretical
spectrum, which shows that peak Al arises from tran-
sitions towards eg and t%g states, while peak A2 corre-
sponds to transitions towards e}] states. Furthermore,
although the symmetry of the Cr site is Dsg, no split-
ting between the empty to, orbitals is visible, which is
an indication that the trigonal distortion is very small.
The peak assignment is given in Tab. 1.6.

Although the agreement between theory and exper-
iment is satisfactory enough to provide a clear vision
of the assignment of the 1s-3d transitions occurring
in the pre-edge, there are two main drawbacks. First,
we observe again that in the calculation, the E2 pre-
edge features occur at too high energy with respect to
the edge, due to the modeling of the core-hole effects.
Second, the absolute and the relative intensities are
not perfectly reproduced using the single-particle ap-
proach, as well as the splitting of the two peaks, which
is underestimated. This was attributed to the fact that
the interelectronic repulsion on the 3d levels of the Cr
ion cannot fully be described in the LDA framework
[124].

Angular dependence of the Cr K pre-edge in
ruby

In the framework of the PhD thesis of Emilie Gaudry
[89], the angular dependence of the Cr K pre-edge
structure in ruby was also measured and interpreted
in a single-particle point of view. Figure 1.25 com-
pares the experimental and calculated isotropic (o7)
and dichroic (o2) spectra, together with a zoom on
the pre-edge region. The pre-edge is defined by two
main peaks, here called A; and A,. They are well re-
produced by the calculations as well as their angular
dependence, but their positions are 2 eV too high as
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Figure 1.23: Schematic single-electron representation of the 3d orbitals of Cr®*T in Oj, symmetry for the ground state

and the possible final states for the E2 transitions. Figure reproduced in Ref. [38].
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Figure 1.24: Analysis of the K pre-edge transitions of Cr®" in spinel, for the (€,=[010]; k,=[100]) orientation (left), and
for the (ep=[1,1,v/2]; ky=[—1, —1,/2]) orientation (right). Top panels: experimental and calculated pre-edge spectra,

with the decomposition into E1 and E2 transitions. Bottom panels: spin-polarized calculations of the E2 cross-section.

The zero energy is the Fermi energy. The grey region corresponds to the virtual transitions towards the occupied states.

The experimental spectra were shifted in energy in order to make the main peak of the edge coincide with the theoretical

data. Figure reproduced in Ref. [38].

compared with experiment.

Figure 1.26 shows the decomposition into E1 and E2
spin-polarized contributions of the pre-edge peaks for
the two angular-dependent o and o, pre-edge spec-
tra. While the Cr K pre-edge of spinel, with the Cr-O
bonds along its cubic crystallographic axes, was quite
easy to interpret, the one of ruby is more complicated
to analyze in detail. We have to take into account
the orientation of € and k within the Cr-Og octahe-
dron the 3-fold axis (Cs) of which is along the [111]
direction of the trigonal cell. Moreover the analysis

of the E1 transitions in the polarized calculated spec-
tra is possible using group theory, only if symmetry
point group lower than Oy, is considered. We use the
C, character table although the symmetry of the Cr
site in a-Al;03:Cr3Tis C3 [92]. The electronic transi-
tions are associated with the irreducible representation
I" given by:
F:Ff®FO®F157

where I'ys=a; is the irreducible representation of the

1s initial state, which is totally symmetric, I'p is the
one of the transition operator, which is either E1 or
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Table 1.6: Assignment of the pre-edge features of the
Cr K-XANES spectra in Cr-doped spinel for the two
experimental orientations, which lead to the maximum
XNLD.

Peak  Assignment for £||[010] and & ||[100]
Spin 1 Spin |
Ay / E2: 1s — 3d-tag*
Peak  Assignment for £||[1,1,/2] and k ||[-1,-1,+/2]
Spin 1 Spin |
Ar E2: 1s — 3d-e,’ E2: 1s — 3d-tay*
Az / E2: 1s — 3d-e4*
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Figure 1.25: Comparison between the experimental

(dashed line) and calculated (solid line) isotropic (o1) and
XNLD (o2) spectra at the Cr K-edge in ruby. Inset: zoom
on the pre-edge region. Figure extracted from Ref. [92].

E2, and I'y is the one of the final state, which is of
symmetry p and d, respectively. A transition is al-
lowed if it has the symmetry of a scalar, i.e., if it
transforms like the totally symmetric irreducible repre-
sentation. As summarized in Table 1.7, the irreducible
representation t1,,(Op,) of the p orbitals is split into two
ones, a1(Cs,) and e(C3, ), for the components pj ¢, and
D1cs, Tespectively. For the d orbitals, to4(Op,) is split
into a1 (Cs,) and e(Csy), and e4(Op,) becomes e(Cly,).

For the E2 transitions, and whatever the orienta-
tion of € is, the operator O belongs to the e(Cs,) irre-
ducible representation, corresponding to both ¢24(O)
and e4(Op) (see p.131 of Ref. [89] for the correspon-
dance between the O symmetry axes and the Cj,
symmetry axes). This leads to one peak for majority
spin (case A in Fig. 1.23) and two peaks for minority
spin (cases B and C in Fig. 1.23). Note that, as in
spinel, the tgg and eg states of Cr in ruby almost arise
at the same energy.

0.03 T T
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Figure 1.26: E1 and E2 spin-dependent absorption cross-
sections calculated for € || C3 (left) and e L Cj5 (right)
at the Cr K-pre-edge in ruby. The wave-vector k is kept
fixed perpendicular to the C3 axis for both € orientations.
Figure extracted from Ref. [92].

Table 1.7: Irreducible representations of the Oy and Cs,
symmetry point groups for the p and d states, used for the
interpretation of Cr K pre-edge in ruby. The directions x,

y and z refer to the octahedron axes (and not the cell axis

of ruby).
Final state Irreducible representation
symmetry O, Cso
P tiu  for pu,py,p: a1 for pjc,
e forpic,
d tog a1
e
eg e

Unlike the E2 transitions, the E1 transitions depend
on the direction of e. When e || C5 (Fig. 1.26-left), the
operator O belongs to a1(C3,). The corresponding
P|c, states can only hybridize with d state belonging
to the same a1 (C3,) irreducible representation, coming
from t2,(0y). For Cr®F, this leads to only one El
peak illustrating the hybridization of pj ¢, with the tgg
states. When € L C3 (Fig. 1.26-right), the operator
O belongs to e(Cs,). The corresponding p, ¢, states
hybridize with t5, and e, states, leading to one E1
peak for majority spin and two E1 peaks for minority
spin. A summary of the peak assignment is given in
Table 1.8.
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Table 1.8: Assignment of the Cr K pre-edge features in
ruby for two distinct orientations of the incident photon
beam polarization (e). For emerald, the assignment is
almost the same. The unique difference is that no E1l1

transition can occur for € || Cs.

0,04 —

Peak  Assignment for & || C3
Spin 1 Spin |
Ay E2: 15 — 3d-e," E2: 1s — 3d-ta,*
El: 1s = pjc,
hybrid. with 3d-ta,*
Ay E2: 1s — 3d-e,*
Peak  Assignment for e L Cs
Spin 1 Spin |
Ay E2: 15 — 3d-e," E2: 1s — 3d-ta,*
El: 1s = pic, El: 1s = pic,
hybrid. with 3d-e,”  hybrid. with 3d-t2,*
Ao E2: 1s — 3d-e,*

El: 1s —» Plcs
hybrid. with 3d-e,*

Angular dependence of the Cr K pre-edge of
emerald

Still in the framework of the PhD thesis of Emilie
Gaudry [89], the angular dependence of the Cr K pre-
edge structure in emerald was measured and inter-
preted in a single-particle picture. Figure 1.27 com-
pares the experimental and calculated spectra in the
pre-edge region for two orientations of €, i.e. parallel
and normal to the optical axis of emerald (the 6-fold
symmetry axis). Fig. 1.27 also shows the decomposi-
tion into E1 and E2 spin-polarized contributions. As
in ruby, the pre-edge exhibit two features for both ori-
entations of the polarization vector. In the following,
the features are labeled A; and As.

Table 1.9: Irreducible representations of the Oy and Ds
symmetry point groups for the p and d states, used for the
interpretation of Cr K pre-edge in emerald. The directions
z, y and z refer to the octahedron axes (and not the cell

axis of emerald).

Final state Irreducible representation
symmetry Oy, D3
P tiw  for pu,py,p. a2 for pjc,
e forpicy
d tag a1
e
eg e
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Figure 1.27: Comparison between the experimental and
calculated Cr K pre-edge absorption spectra of emerald,
for € || (left) and L (right) to the 6-fold symmetry axis
(the direction of k is kept fixed normal to the 6-fold axis).
Figure extracted from Ref. [90].

The irreducible representations of Ds, which is the
symmetry point group of Cr in emerald, differ from
those of Cj, for the p states only (see Table 1.9). Con-
sequently, the calculated E2 transitions at the Cr K
pre-edge of emerald have exactly the same assigment
as the ones of ruby. Now let us consider the E1 transi-
tions. When ¢ is parallel to the 6-fold axis (along the
(3 axis of the D3 point group), the transition opera-
tor O belongs to the az(D3) irreducible representation.
Therefore, no hybridization between the p|c, and d
states are possible, and the calculated E1 spectrum
does not exhibit any feature. When & is perpendic-
ular to the 6-fold axis, the transition operator O to
the e(D3) irreducible representation. The correspond-
ing p1c, (or pic,) states can hybridize with d states
of symmetry e(Ds), and the situation is analogous to
that of ruby. However, the calculated E1 peaks are
very weak. That would mean that the hybridization
between the p and d states of chromium in emerald is
small. Indeed, since the distortion of the chromium
site in ruby is larger than in emerald, it favors the p-d
hybridization.

In the case of emerald too, the DFT calculations
enable to give an assignment of the pre-edge peak in
a single-particle point of view. The experimental fea-
tures are quite well reproduced even if the problem of
energy position is still present. Indeed, the calculated
pre-edge arises at too high energy and the theoretical
energy separation bewteen the two A; and A, features
is underestimated.
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1.4.5 The V K edge in tsavorite and

the Fe K edge in MbCN

In this last scenario of pre-edge single-particle calcu-
lations, one of the two spin-polarized to4 levels is par-
tially occupied, suggesting strong electron-electron re-
pulsion. Without an LDA+U approach, this situation
is challenging to be modeled using a DFT-LDA single-
particle method. The two examples treated below are
the V3T K edge in CagAlySiz012:V3t and the Fe?t
K edge in cyanomet-myoglobin (MbCN), where Fe3+
is in the low-spin state.

The electronic transitions expected in the pre-

edge region

In the framework of the PhD thesis of Amélie Bordage
[26], in addition to anatase, the V K pre-edge structure
of tsavorite (CagAlySizO12:V31) was studied in detail.
In tsavorite (V-bearing calcic silicate garnet), which
crystallizes in the cubic system as all garnets, vana-
dium is present as a substituted minor element in the
Al site, with 3 (C3;) point symmetry (see Sec. 1.3.1).
Hence, no local E1 transitions are expected in the pre-
edge. Moreover, non-local E1 transitions are not ex-
pected neither, assuming that the other 3d impurities
present in the natural samples (Mn, Ti, Cr, Fe) are as-
sumed to not interact with the V main impurities (see
Tab. 1.1). Consequently, the electronic transitions ex-
pected in the pre-edge region only are E2 transitions,
which can probe the to; and e, states whatever the
spin is (up or down).

While Fe is in a low-spin ferrous state in MbCO,
it is in a low-spin ferric state in MbCN. Hence the
MbCN protein has a spin momentum S = 1/2. How-
ever, the atomic arrangements around Fe in MbCO
and in MbCN are quite similar (see Tab. 1.14 in the
Appendix). Consequently, as in MbCO, local E1 and
E2 transitions are expected in the pre-edge region. For
the majority spin, only the e, can be probed while for
the minoriry spin, both the t5, and e, orbitals are ac-
cessible in XAS.

Angular dependence of the V K pre-edge in
tsavorite

Polarized XANES spectra at the V K-edge were
recorded on an oriented single-crystal by Bordage
et al. [28] (see Fig. 1.28). The recorded orienta-
tions are identical to those measured for Cr-bearing
spinel (red spinel). The upper panels of Figure 1.28
(left and right) compare the experimental and the-
oretical spectra obtained for the two orientations
€,=[010]; k,=[100] and e,=[1,1,v2]; kp=[-1,-1,v/2].
For both orientations, the pre-edge exhibits three fea-
tures, which are well reproduced by the single-particle
calculations, but again at too high energy. The pure

electric quadrupole character of the pre-edge is well-
observed (transitions E1 do not contribute to the pre-
edge structure, except in the edge tail). When the
polarized spectra are displayed in the same graph (not
shown), one can notice that the angular dependence
of the pre-edge is satisfactorily reproduced by the cal-
culations, in the sense that both the relative energies
and intensities are correctly simulated.

The lower panels of Figure 1.28 (left and right) show
the spin-polarized calculations of the E2 cross section
performed for each experimental orientation. An as-
signment of the E2 transitions involved in the exper-
imental peaks, labeled Aq, Ay and As, can be done
within a single-particle picture of the transitions from
the 1s states to the empty 3d ones. Peak A; is thus
attributed to transitions towards the t;g states. Peak
A5 arises from two contributions: transitions towards
the tJQ’g and eg states. Peak Aj is attributed to transi-
tions towards the eé states. However, a more detailed
attention must be paid to peak A; since it is situ-
ated astride the occupied and empty states. This is
due to the 3d? electronic configuration of V3T: two
a4 orbitals are occupied and one is empty. Hence,
when looking at lower panels of Fig. 1.28, which repre-
sent both the virtual transitions to occupied state and
the actual transitions to the empty states, one should
observe two separated features, below and above the
Fermi energy. In fact, the single-particle calculations
are not able to reproduce the energy splitting of empty
and occupied to4 orbitals, which was expected by the
irreducible representations of the C3; vanadium site
point group. Consequently, even if the agreement be-
tween experiment and calculation is quite satisfactory
when the occupied states are cut, standard plane-wave
DFT approach fails to properly model 3d incomplete
spin-polarized levels. This drawback will be again il-
lustrated with the next and last compound.

Angular dependence of the Fe K pre-edge in
MbCN

The top panels of Figure 1.29 (left and right) compare
the experimental Fe K pre-edge polarized spectra of
MbCN with cross-section calculations (for € L heme
and € || heme, respectively). The spectra were
recorded by Arcovito et al. [10] applying a protocol
similar to that used for MbCO [64]. While the pre-
edge spectra MbCO show two features, the experimen-
tal pre-edge spectra of MbCN are characterized by one
main peak, labelled A, which is twice as more intense
for € L heme than for € || heme. The shape and the
anisotropy of the Fe K pre-edge of MbCN is well repro-
duced by the single-particle calculations (the fact that
the calculated pre-edges are too intense with respect
to experiment is essentially due to a too weak v broad-
ening parameter used in the cross-section calculation).
The decomposition into E1 and E2 contributions shows
that peak A is due to El transitions for € | heme and

37
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Figure 1.28: Analysis of the K pre-edge transitions of V3T in tsavorite, for the (€,=[010]; k,=[100]) orientation
(left) and for the (ep=[1,1,v/2]; ky=[—1,—1,/2]) orientation (right). Top panels: experimental and calculated
pre-edge spectra, with the decomposition into E1 and E2 transitions. Bottom panel: spin-polarized calculations
of the E2 cross-section. The grey region corresponds to the virtual transitions towards the occupied states. The
experimental spectra have been shifted in energy in order to make the main peak of the edge coincide with the

theoretical data. Figure reproduced in Ref. [38].
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Figure 1.29: Analysis of the MbCN pre-edge transitions for £ normal to the heme plane (left) and in the heme

plane (right). Top panel: Experimental and calculated pre-edge spectra (including the decomposition into E1 and E2

transitions).

Bottom panels: local and partial spin-polarized DOS involved in the pre-edge region. The experimental

spectra have been shifted in energy in order to make the main peak of the normal-polarized XANES experimental and

theoretical spectra coincide.

to E2 transitions for € || heme. The same decompo-
sition was observed for peak A; of MbCO. Since Fe
lies in a nearly centrosymmetric environment within
the heme plane, the absence of local E1 transitions for
€ || heme makes sense.

Although the expected number of pre-edge compo-
nents is four (three E2 and one El), one observes
only one single broad feature in the XANES spectrum,
which can be explained by the spin-polarized 1p-DOS
of Fe and of its neighbors (lower panels of Figure 1.29).
This is due to several reasons. First, because of the
experimental set up (orientation of beam with respect
to the single-crystal sample), the transitions towards

the partially empty t2, states were not probed. Sec-
ond, as can be seen from the lp-DOS, no significant
energy splitting is observed between minority and ma-
jority spins: the transitions to the empty e, states
thus occur at a similar energy for both spins. Third,
for € 1 heme the weak E2 transitions is masked by the
strong local-E1 peak.

The Ip-DOS show that peak A has the same assign-
ment as peak A; of MbCO for both orientations. In-
deed, the same MOs are involved at the energy of the
calculated A peak plotted in the top panels. Hence,
for the € 1 heme orientation, peak A is due to tran-
sitions 1s — 4p, where the 4p, orbital is hybridized
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with the MOs [3d,2 + ¢*(CN)]* and [3d,2 + o*(H93)|*
(the 0*(CN) and o*(H93) (sp?) MO being displayed
by the C 2p, Ip-DOS and the Ny;s 2p, 1p-DOS). For
the € || heme orientation, peak A is due to transitions
1s — 3d,2_,2 where the Fe 3d,2_,> orbital partici-
pates in the MO [3d,2_y2 + 05,0 (the o5, MO s
illustrated by the 2p, and 2p, partial DOS of the N
atoms belonging to the heme plane). Table 1.10 sum-
marizes the assignemnt of the pre-edge peak in MbCN.

Table 1.10: Main MO assignment of the Fe K pre-edge
feature of MbCN for two distinct orientations of the in-
cident photon beam polarization (&), as deduced from
single-particle 1p-DOS and absorption cross-section spin-

polarized calculations.

Peak  Assignment for € | heme
A El: 1s — 4p, hybrid.
with MO [3d,2 + ¢*(CN)]*
and with MO [3d,2 + 0" (H93)]"
Peak  Assignment for & || heme
A E2: 1s = MO [3d,2_,2 + 0lorpn)”

Apart from the now well-known energy position
problem of single-particle calculations, the pre-edge of
MDbCN appears not so critical to model (as initially ex-
pected). Nevertheless, these calculations reveal a fail-
ure similar to that observed in the case of tsavorite, i.e.,
the absence of energy splitting of the spin | partially
filled to4 shell. Indeed the Fermi energy, as calculated
by the plane-wave DFT code, is found to be at the mid-
dle of the main peak of the spin | Fe 3d,, density of
states (see the corresponding panels of Fig. 1.29). For-
tunately, this problem has no incidence on the cross-
section calculations because the Fe 3d,, states are not
probed in the orientation chosen in the experimental
setup.

1.4.6 Conclusion

Through the examples presented in this section, the
issue of coupling closely experiment and theory to ex-
tract electronic and structural information was empha-
sized. In the entire compounds investigated, single-
particle calculations were able to reproduce satisfacto-
rily the experimental pre-edge: the number of peaks
was well reproduced, and the relative energy positions
and relative intensities were in good agreement with
the experimental data. This allowed the interpretation
of the experimental features within a monoelectronic
view of the transitions involved in the K pre-edge.
The information that can be directly inferred from
such an assignment are the electric-dipole or electric-
quadrupole character of the transitions, as well as the
degree of local and non-local orbital hybridization. By

taking advantage of XNLD to probe specific empty or-
bitals, it is possible to draw a picture orientated in
space. In all cases, the angular dependence of the K
pre-edge was indeed reproduced in a level, which was
good enough to allow its interpretation. Moreover, if
some [e, k] orientations of the crystal with respect to
the x-ray beam are not accessible experimentally, cal-
culations are the only way to probe the corresponding
empty levels. Within such a detailed analysis, the elec-
tronic structure of a transition metal ion in a given lo-
cal environment can be well understood and therefore,
its spectral signature well characterized.

However, single-particle calculations show some lim-
itations. In the case of spin-polarized calculations for
transition metal ions with incomplete d shells (V3*
and LS Fe3T), occupied and empty states are not
well separated in the calculation. Such systems rep-
resent a real challenge for DFT. However, we point
out that the assignment of the XANES features in
terms of one-electron transitions still remains possi-
ble, provided that one keeps in mind that the 3d shells
are incomplete. In all the compounds investigated,
the calculation of K pre-edge spectra within DFT suf-
fers from two main drawbacks, i.e., the modeling of
the core-hole interaction, on the one hand, and the 3d
electron-electron repulsion, on the other hand.

First, for all the compounds presented in this pa-
per, we found out that the E2 and local E1 transitions
are systematically calculated at too high energy with
respect to the edge. This effect is due to the model-
ing of the 1s core-hole-electron interaction, which leads
to an overestimation of the screening of the 1s core-
hole. The relative energy positions of the pre-edge
features can be improved mainly by two means. The
simplest way consists of considering a core-hole with
a positive charge superior to one, in order to increase
artificially its attraction on the 3d empty states. Nev-
ertheless, such calculations cannot be considered as ab
initio anymore, since the value of the core-hole is a fit-
ted parameter. An alternative, more elegant way is to
consider a dynamic core-hole, instead of a static one as
in the calculations presented here. This requires the
Bethe-Salpeter formalism, which treats electron and
hole dynamics ab initio, as well as electron-hole inter-
actions [201]. However, such calculations are nowadays
still time-consuming, and complex systems like doped
minerals and proteins are definitely challenging.

Second, the other main drawback of single-particle
calculations is the modeling of electronic interaction:
LDA and GGA approximations give indeed a descrip-
tion of these interactions in a mean-field way, which
is not therefore completely satisfactory and which can
be responsible for the possible differences in relative
peak positions and intensities, compared to experi-
ment. However, keeping in mind that the pre-edge
features correspond to localized empty states where
3d-3d interactions are relevant, one must admit that
DFT-LDA or DFT-GGA approaches already enable a
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good modeling of the angular dependence of the pre-
edge. In the case of tsavorite, XNLD was very well-
reproduced quantitatively. The less satisfactory agree-
ment was observed for Cr-doped spinel, but it did not
hamper the interpretation of the pre-edge. In certain
cases, the description of 3d-3d electronic repulsion can
be improved by performing LDA+U (or GGA+U) cal-
culations. The Hubbard parameter U (3d) corresponds
to the 3d Coulombian “on-site” repulsion and mea-
sures the spurious curvature of the energy functional
as a function of occupation. The Hubbard parameter
can be determined self-consistently using QUANTUM-
ESPRESSO, as an intrinsic linear-response property of
the system [52, 140]. Nevertheless, DFT4+U calcu-
lations cannot be performed for all systems, since
the number of spins up and spins down needs to be
non-zero [52]. Few XANES calculations performed in
DFT+U are reported in the literature, for instance at
the Ni K edge in NiO [98], the Cu K edge in CuO
and LasCuOy [99] and in Cag_,CuO5Cly [100], the
Co K-edge in LiCoOy [127] and the Mn K edge in
LioMnOj3 [212]. In these compounds, the addition of
U, combined to the core-hole effects, enabled to shift
the local E2 transitions from the non-local E1 ones
in the pre-edge, yielding a better agreement between
calculations and experiments.

The way to take into account the many-body in-
teractions lacking in DFT-LDA (i.e., the multi-Slater
determinant nature of the electronic states) is to use
the multiplet approach. For example, in the case of
Cr-doped spinel, it has been shown that the angular
dependence of the K pre-edge could be better mod-
eled [124]. However, this approach has also some draw-
backs: () it uses a local approach, where a single tran-
sition metal ion is considered as embedded in a ligand
field. Therefore, non-local E1 transitions occurring in
the pre-edge cannot be calculated, (i7) because the
calculation includes multiplet effects, a simple atomic
picture is no longer possible to assign the transitions
in terms of one-electron transitions, (44) it uses some
empirical parameters, which may not be available for
all the systems. Hence, multiplet and single-particle
methods must be considered as highly complementary.
The development of approaches that go beyond DFT,
such as DFT-CI (Configuration Interaction), TDDFT
and Bethe-Salpeter opens new prospects to draw a
fully ab initio picture of the pre-edge structure. A nice
success of TDDF'T is already illustrated by the case of
K pre-edge of Fe?t and Fe?* in molecular model com-
plexes [59]. Applications of these methods to more
complex systems such as doped-crystals remain chal-
lenging.

1.5 Forthcoming studies

In the next few years, I will mainly focus my research
activity on the two following topics: (i) probing the

quantum thermal fluctuations of nuclei by XANES and
nuclear magnetic resonance (NMR)) spectroscopies, (%)
the modeling of electron-energy-loss near-edge struc-
ture (ELNES) spectra. Both studies imply the use
and development of the QUANTUM-ESPRESSO suite of
codes.

1.5.1 The impact of nuclear motion on
XANES spectra and NMR pa-

rameters

Scientific context and aim of the project

XANES and NMR spectroscopies have several speci-
ficities in common. They both are chemically selec-
tive and probe the local structure around a given ele-
ment in condensed matter. The analysis of the NMR
and XANES spectral data often requires theoretical
tools, which are often based on DFT. In particular, the
QUANTUM-ESPRESSO open source integrated suite of
codes includes packages that calculate XANES spec-
tra (code XSPECTRA) and the NMR parameters (code
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and the electric field gradient (for quadrupole nuclei)
measured by NMR and on XANES spectra, notably in
the K pre-edge structure.

In the case of NMR, rovibrational effects contribute
significantly to the chemical shift, dis, [222]. For in-
stance in MgQO, it was shown that the vibrational cor-

28The GIPAW code is based on the gauge-including projector-
augmented-wave method developed by Pickard and Mauri in
2001 [181], which permits the calculation of NMR parameters
within a pseudopotential approach. The GIPAW code gener-
ates the NMR shielding tensor, o, also called chemical shift
anisotropy (CSA) tensor and the electric field gradient (EFG)
tensor, G, in the crystal frame.
e The CSA tensor is defined as the ratio between Bij,(r) and
B, where the non-uniform magnetic field Bjy(r) is induced by

the applied external uniform magnetic field B:
Biy(r) = —o(r)B.

The induced magnetic field is produced by the first-order-
induced current, 51 (r):

r—r

lr —r'|3°
The GIPAW method uses the perturbation theory and the PAW

formalism to compute the all-electron induced current 5 (7).
The NMR isotropic chemical shift, dis0, is the given by

1
Bin(r) = ;/dsrlju)(,.,) o

6iso(7') = *[Uiso("') - Uref]a

where 0ig0(7), the isotropic shielding, is given by

1
Uiso(r) = gTr{U(T)}’

and o is the isotropic shielding of the same nucleus in a ref-
erence system.
e In the case of quadrupole nuclei (nuclear spin >1), the NMR
spectral resonances are shifted and their shape are strongly
modified by the quadripole interaction, which is due to the
anisotropic charge distribution inside the nucleus. The reso-
nance shape is defined by Cy, the quadrupole coupling constant,
and 7, the asymmetry of the quadrupole interaction. Both quan-
tities are computed from the eigenvalues, Vs, Viyy and V.. of
the EFG tensor:

6Q‘/'ZZ

o
where e, Q and h are the absolute value of the electron charge,

Cq =

the nuclear quadrupole momentum and the Planck constant,

respectively, and
Vaz — Viyy

VZZ
The components of the EFG tensor are computed from the

’r] =
charge density of the system, p(v’), [184]:
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Figure 1.30: Temperature dependence of iso(T)-
8i50(25°C") for Mg in MgO. The experimental data (open
circles) show a linear variation of about 2ppm between
1200° and room temperature. The calculation that only
takes the MgO thermal expansion into account (full trian-
gles) leads to a temperature dependence with a negative
slope, in total desagrement with experiment. In contrast,
the experimental data are quite well reproduced by the
calculation that takes both the thermal expansion and the
nuclear motion into account (full square). Figure extracted
from Ref. [192].

rections related to fluctuations of atoms around their
equilibrium position are essential to reproduce the
temperature dependence of dis, observed experimen-
tally [192] (see Fig. 1.30 that compares experimental
and theoretical 2°Mg 0iso)- The electric field gradi-
ent tensor is also very sensitive to temperature and
nuclear quadrupole resonance experiments (NQR)2°
show a variation of the resonances vy, vy and v_ up
to -0.2 kHz/K [25]. Fig. 1.31, for example, exhibits
the temperature dependence of the NQR frequencies of
1N in the RDX explosive compound. As emphasized
by Bonhomme et al. [25], NQR spectroscopy offers a
real opportunity to monitor the explicit effect of tem-
perature in theoretical first-principles developments.
According to the Bayer theory [16], the temperature
dependence of the v frequencies can be empirically de-
termined from:

b

V(T>:a_7exp(%)—l

(1.23)
where a, b and c are fitted on the experimental data
(a is the NQR frequency extrapolated to 0K in the
rigid lattice case, b and ¢ are functions dependent on
the moment of inertia and on the frequency of libra-

tion motions of a molecule, respectively). Such a fit
was performed in the case of RDX [177]. Eq. (1.23)

29NQR spectroscopy only concerns nuclei with spin > 1. NQR
is sometimes called “zero field NMR” since NQR measurements
are carried out without an external uniform magnetic field. The
GIPAW-calculated C; and 7 values can be used for the calcula-
tion of NQR resonances, which are considered as limits at 0 K

of low-temperature NQR data.
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is useful to evaluate the frequencies at temperature
out of the experimental range. However it is obviously
not able to predict the resonance frequencies when no
temperature-dependent experimental data are avail-
able. Therefore first-principles modeling of the NQR
temperature effects are of first importance to predict
the order of magnitude of a given NQR resonance at
finite temperature for any sample under study.
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Figure 1.31: Temperature dependence of the NQR vt
frequencies of N in the RDX explosive, also known as
The three
frequencies correspond to the three nitrogen of the C3Ng
cycle of the C3HgNgOg molecule. The 0K extrapolated ex-
perimental values are in good agreement with the GIPAW

cyclotrimethylene-trinitramine (C3HgNgOs).

calculated frequencies. Figure extracted from Ref. [177].

In the case of XANES spectroscopy, we have theo-
retically shown that vibrations could have a spectacu-
lar effect at the Al K edge, allowing 1s to 3s electric
dipole transitions [39, 32]. Fig. 1.32 exhibits the Al K-
edge XANES spectrum of corundum (a-Al;O3) and
compares it to first-principles calculations performed
in the electric-dipole approximation. The calculated
spectrum labeled ‘equil." was obtained with the atoms
at their equilibrium positions. All the experimental
XANES features are satisfactorily reproduced by the
‘equil.” spectrum except pre-edge peak P. Fig. 1.33
shows that the 3s empty states of the absorbing atom
arise exactly at the energy position of P. Thus the
electronic states involved in the pre-edge region are
not the 3p but the 3s empty states of the absorbing
atom. The 3s states of the absorber cannot be reached
without the participation of nuclear motion. In 2009,
Christian Brouder and I developed a theory in order to
include vibrations in the computation of the XANES
cross-section [39, 32], which allows electric-dipole tran-
sitions from the 1s initial state to 3s final states.?® The

30The method presented in Refs. [39, 32] uses several approx-
imations. First, vibrational energies are considered to be small
with respect to the experimental resolution. In other words, this
approximation accounts for the fact that the absorption process

is much faster than atomic vibrations. Second, the strongly lo-
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Figure 1.32: Al K-edge XANES in corundum (a-Al>0O3).
Comparison between experiment (pink line with full cir-
cles) and two theoretical spectra: a standard cross-section
calculation performed with the atoms at their equilibrium
positions (black solid line) and a cross-section calculation
using the method presented in Refs. [39, 32] that allows
1s — 3s transitions (black dashed line).

corresponding calculated spectrum, labeled ‘1s motion’
in Fig. 1.32, exhibits a theoretical pre-edge peak in
good agreement with experiment. From this prelim-
inary work, we show that quantum thermal fluctu-
ations can result in a violation of symmetry, which
allows forbidden electronic transitions. Such forbid-
den transitions were previously invoked to be respon-
sible for the pre-edge feature that occurs at the Al
K edge in several aluminosilicate minerals [147] and
at the Si K edge in silicon diphosphate [149]. More-
over, Ankudinov and Rehr stated that atomic displace-
ments of order of typical Debye-Waller factors could
reveal some forbidden transitions [8]. Consequently,
the fact that vibrations may be able to induce addi-
tional peaks (in the pre-edge or at higher energies)
suggests that XANES could be considered as a rele-
vant probe of quantum thermal fluctuations. In or-

calized character of the 1s initial wave function is used to restrict
vibrations in the initial state to the absorbing atom motion only.
Third, the crude Born-Oppenheimer approximation is made for
the final state, which assumes that atomic motions do not sig-
nificantly change the final electronic states. Consequently, the
final states are determined for the atoms at their equilibrium
positions, and vibrations only modify the absorbing atom posi-
tion in the initial state. In practice, the 1s initial wave function
is no more centered on the equilibrium position of the absorbing
atom. This shifted 1s wave function is expanded over spheri-
cal harmonics centered at the equilibrium position and the ¢=1
component allows for dipole transition to 3s states. This method
does not create (or increase) hybridization in the final state on

the absorbing atom site.



44

MEMOIRE D’HABILITATION A DIRIGER DES RECHERCHES

Corundum

1 b
S — Calc.
= e EXp.
2
&
c
S |
=3
[=}
172
Qo
©

0 Y ! ! ! !
35 ‘ ‘

Al abs.

15

30at1.86 A
1 =

local and partial DOS (nb of states /cell)

[B0a10TA A e
0.5 -

1Alat2.65A 7
ob— 1 ) 7
0 1 2 3 4 5 6 7
Energy (eV)

Figure 1.33: Partial DOS projected on the absorbing Al
atom and its first neighbors in the supercell of corundum
including the Al 1s core-hole. The s, p and d empty DOS
are represented by light-colored solid line, black solid line
and black dashed line, respectively. The top panel repro-
duces the pre-edge region of the experimental and calcu-
lated spectra in order to make easier the identification of
the empty orbitals that are involved in the experimental
Al K pre-edge peak, labeled P. The role of the Al 3s of the
absorbing atom is found to be prominent. Figure extracted
from Ref. [39].

der to support our preliminary theoretical results, we
also carried out temperature-dependent XANES mea-
surements at the Al K edge in corundum and beryl
(BesSigAlyO1g), which also presents a pre-edge fea-
ture not reproduced without taking vibrations into ac-
count [153]. Results obtained for corundum are shown
in Fig. 1.34. The pre-edge peak is found very sensi-
tive to thermal fluctuations: its intensity grows and
its position shifts to lower energy as temperature in-
creases. Thermal fluctuations are also visible above
the pre-edge region, through an intensity decrease of
the main features and through a slight shift to lower
energy of the first main peak. Our method developed
in Refs. [39, 32] has nearly no impact on the peak in-
tensity above the edge, and is unable to produce any
shift of the features.?! Thus, the development of a the-

31This last result was expected because of the use of the crude
Born-Oppenheimer approximation. Within this approximation,

the transition energies are evaluated for the atoms at their equi-

oretical approach that fully accounts for the thermal
fluctuations observed in XANES is of first importance.
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Figure 1.34: Experimental Al K-edge XANES spectra
of corundum recorded at several temperatures from 300K
to 930K, on the LUCIA beamline at SOLEIL synchrotron
[153].

The NMR parameters, as well as the XANES cross
section, are not linear functions of the atomic coordi-
nates and are therefore sensitive to harmonic and an-
harmonic fluctuations.?? The purpose of this project is
to describe these quantum harmonic and anharmonic
thermal fluctuations, using methods based on DFT. In
the case of non-quantum nuclear motion, the method
of choice would be molecular dynamics (MD), either
classical or ab initio. However, MD simulations are
appropriate only if kgT > hwyip. Thus MD methods
are not suitable for systems containing light elements,

librium positions; hence the spectral features remain at the same
energy positions as in ‘equil.’ spectrum.
32The atomic position can be represented by the coordinate:

:v(t) =z + \{l_(:os wt  + anharmonic term,

harmonic term

where x¢ is the equilibrium position. Near xzg, a property O

depending on x(t) is written:

00(zo)

O ((t) = O(z0) + -

(z(t) — o)
linear function
of coordinate

2 620(930)

+(@(t) — o) T

quadratic function
of coordinate
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such as corundum and beryl. Therefore, a quantum
treatment of vibrations is crucial for this project. A
great improvement would be to use path-integral MD,
which enables to treat the quantum nature of nuclear
motion. For instance, it was successfuly used to model
the N K-edge absorption spectrum of Na gas [196].
But the computational cost of path-integral MD simu-
lations in solids, such as corundum or beryl, would be
a serious limiting factor.

Description of the project

In this project, we plan to treat the harmonic and
anharmonic quantum thermal fluctuations in two
steps. First, the harmonic effects will be modeled by
generating atomic position configurations that obey
quantum statistics at finite temperature. Specifically,
the objective is to set up a computing platform for
the generation of these structural configurations for
any compound. This platform will be integrated
in Quantum-Espresso suite of codes. The atom
position configurations so obtained will be used as
input for the calculation of XANES cross-section and
NMR parameters. An equivalent methodology was
experienced for the modeling of 17O and ?*Mg 6o
in MgO by Rossano et al. [192], and has proven to
be an effective instrument. Second, the anharmonic
terms will be evaluated by perturbative methods
such as the quasi-harmonic approximation and the
self-consistent harmonic approximation [72], which is
under development in our group for electron-phonon
coupling calculations occurring in superconductivity.

This theoretical work will be coupled to
temperature-dependent NMR, XANES and X-
ray diffraction experiments for a series of compounds,
selected from their XANES spectral signature in the
pre-edge region at the Al or Si K-edge. X-ray diffrac-
tion data will be used to characterize the sample and
to determine the thermal expansion of the selected
materials. XANES experiments will be performed on
the LUCIA beamline in the SOLEIL synchrotron in
collaboration with Nicolas Trcera. NMR experiments

The expectation value of O is then given by:

harmonic term
(O(2()) = Oz0) +

into linear function

=0
harmonic term
into quadratic function

harmonic fluctuation

anharmonic term

into linear function

anharmonic fluctuation
The harmonic and anharmonic fluctuations that we want to

model in this project correspond to the third and the fourth
terms of (O (x(t))), respectively.

will be realized at the CEMHTI in Orléans with
Christel Gervais (LCMCP, UPMC). The quantum
thermal fluctuations will be investigated from low
temperature (around 10 K) to high temperature
(around 900 K). The selected compounds are listed
in Table 1.11. As mentioned above, corundum and
beryl exhibit a well-defined pre-edge peak, signature
of the symmetry violation due to nuclear motion. The
pre-edge peak at the Al K-edge is a constant feature
in oxides containing hexa-coordinated aluminum
(91A1) [116]. Similarly, when Si lies in a six-fold coor-
dinated site (that is rather uncommon), the Si K-edge
displays a well-defined pre-edge peak [147, 149]. That
is why we decide to study stishovite, the high-pressure
crystalline polymorph of SiOs, which has a rutile-type
structure, and SiP;O7 polymorphs, where Si is also
six-fold coordinated to oxygen atoms. Besides, the
polymorphs of SiP;O7 has been already extensively
studied in NMR (experiments and calculations) by
Christel Gervais and Christian Bonhomme [25], but
without taking thermal fluctuations into account,
yet. When Al and Si are in four-fold coordinated
sites (WAL, Si), a pre-edge feature is sometimes
detectable but often hidden by the intense white line,
which characterizes the corresponding Al K-edge and
Si K-edge XANES spectra. However, compounds
with [4Al or [Si (like berlinite, natrolite and quartz)
also are good candidates for our purpose. Indeed,
when increasing the temperature, we expect that
thermal vibrations make a pre-edge emerge at the
left side of the white line. Such a result could lead
to a reinterpretation of the appearance of a pre-edge
peak observed at the Al K edge in zeolites when
temperature is increased, initially interpreted as the
signature of threefold coordinated Al [224, 223, 174].

This pluridisciplinary project is the subject of a
PhD work fully-funded by LabEx MATISSE, within a
collaboration between us (Francesco Mauri, Christian
Brouder and me) and Christel Gervais and Christian
Bonhomme from the LCMCP.

1.5.2 The modeling of ELNES spectra

Scientific context and aim of the project

A technique analogous to XANES spectroscopy is
the electron energy-loss near-edge structure (ELNES)
spectroscopy, which is also a technique currently used
at the IMPMC, due to the specific investment made in
STEM equipment [20, 175]. More generally, this last
decade, Electron Energy Loss Spectroscopy (EELS)
has undergone an extensive expansion due to the tech-
nical advances of scanning transmission electron mi-
croscopy (STEM). The development in correcting elec-
tron optical aberrations permits to obtain electron-
probe size smaller than 0.1 nm. The electron sources
have been improved in terms of current and energy
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Table 1.11: List of the compounds that will be investigated in the temperature-dependent NMR/XANES project.

Compound XANES NMR
corundum a-AlyO3 Al K edge (done from 300K to 930K [153]) 27Al
beryl Be3SigAl,O1g Al K edge (done from 300K to 800K [153]) 27Al, 29Si
stishovite SiO4 Si K-edge 2963,
SiP5 07 polymorphs Si K-edge 2963, 31p
berlinite AIPOy4 Al K-edge 2TAlL 31p
natrolite Nag(AlySizO19).2H20 Al K-edge 23Na, 27Al, 295i
quartz a-SiOq Si K-edge 2981, 170
resolution. For instance, cold-field emission guns pro-
vide energy resolution of about 0.3 eV, and the high- B¢ 0K EII:?\ISI'EOS

brilliance guns combined with monochromator im-
prove the energy resolution up to 0.07-0.1 eV (see
Ref. [157] for a comparison of ELNES spectra of 3d
transition metal oxides obtained with and without the
use of an electron monochromator). Consequently, it
is now possible to observe variations on ELNES spec-
tra at the edge of a given element as a function of its
spatial localization at the atomic scale. For instance,
Haruta et al. [104] measured site-resolved oxygen K-
edge ELNES spectra in LagCuSnOg (LSCO). The lay-
ered structure of the LSCO perovskite is suitable for
examining the site-resolved ELNES (see Fig. 1.35 for
explanation). The ELNES spectra are reproduced in
Fig. 1.36, and clearly exhibit different shapes. An-
other example is the paper of Suenaga and Koshino
[207], who realized site-resolved ELNES measurements
in graphene (see Fig. 1.37 for an illustration).

Figure 1.35: (a) Crystalline structure of LSCO, which con-
tains eight non-equivalent sites for oxygen, labeled O1 to
08. The O1, O2 and O3 atoms belong to Sn layer, and are
bound to Sn only. Similarly, O6, O7 and O8 belong to the
Cu layer and are bound to Cu only. In contrast, O4 and O5
are common to CuOg and SnOg octahedra. (b) Atomic res-
olution high-angle annular dark field image of LCSO. The
scanning area for site-resolved O K-edge ELNES spectra
are indicated by the rectangles. The electron probe is suc-
cessively placed at the Cu site and Sn site, in order to excite
the oxygen atoms coordinated to Cu and then those to Sn.
Figure extracted from Ref. [104].

(a) Whole LCSO

(b) Sn site

(c) Cu site

Intensity (arb. units)

525 530 535 540 545 550 555
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Figure 1.36: O K-edge ELNES spectra recorded by scan-

In these two examples, experimental spectra are in-

”terpreted with the help of DFT calculations. To my

knowledge, four available codes based on DFT offer

jthe possibility to calculate ELNES?3: cAsTEP [85],

WIEN2K-TELNES.2 [170, 121, 112], FEFF9 [121, 122],
ELK (elk.sourceforge.net). Some of their specifici-
ties are given in Tab. 1.12. CASTEP, based on the same
methods as Quantum-Espresso, seems to be the pio-
nneer code that calculates ELNES spectra, due to the
PhD work of Chris Pickard [180]. WIEN2K seems to
be the most used code for ELNES spectra modeling

33Here I list the codes especially dedicated to core-loss spectra.
For low-loss spectra simulations, several beyond DFT codes ex-
ist: DP (Dielectric Properties) based on TDDFT, Exc (Exciton)
and YAMBO (Yet Another Many-Body cOde) based on the BSE
formalism. Actually, these codes are able to calculate the whole
electron-energy-loss spectrum (including plasmon peak and ion-
ization edge) but are essentially used for the low-loss energy-

range modeling.
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Table 1.12: List of codes available for ELNES modeling. The indicated authors are the persons who coded the ELNES

part.
Name Methods Distribution Authors
CASTEP DFT, plane-wave basis set, pseudopotentials, PAW  commercial Ch. Pickard
periodic boundary conditions (supercell) (Univ. Cambridge)
WIEN2K-TELNES.2 DFT, FP-LAPW/APW+lo, all-electron commercial K. Jorissen
periodic boundary conditions (supercell) (TU Vienna) C. Hébert
relativistic effects (anisotropic materials) M. Nelhiebel
FEFF9 self-consistent multiple scattering commercial K. Jorissen
real space (cluster) (Univ. Washington) J. J. Rehr
relativistic effects (anisotropic materials)
ELK DFT, FP-LAPW, all-electron GNU public license  J. K. Dewhurst
periodic boundary conditions (supercell) S. Sharma
C. Draxl
a reasonable computational cost) within Quantum-
Espresso could be greatly appreciated. Besides, very
recently, Tamura et al.. [213] have presented PAW cal-
culations of ELNES spectra of Ti-bearing oxide crys-
tals and TiO-SiO glasses performed using the QMAS
code, already mentioned in Sec. 1.3.1. QMAS is another
DFT code that uses periodic boundary conditions and
plane-wave basis set, and seems to now incorporate an
= ELNES package. This emphasizes the importance of
s adding new features (like ELNES) in electronic struc-
‘g ture DFT codes (like Quantum-Espresso) in order to
8 enlarge their application fields.
8
o
Project description
This second project consists in writing an ELNES
ot computational code dedicated to the edges observable
280 290 300 310 in EELS (i.e., for ionization energies that rarely
Energy loss (eV) exceed 2 keV) that can be modeled in a single-particle
approach. As XSPECTRA, this ELNES code will be in-
Figure 1.37: Three site-resolved C K-edge ELNES spectra corporated within the Quantum-Espresso distribution.

in graphene. Figure extracted from Ref. [207].

(see Ref. [112] for a review of the ELNES calculations
performed using WIEN2K up to 2007). Ref. [161] is
dedicated to ELNES calculations using FEFF, which
has been recently modified to consider fully relativis-
tic effects within the double differential scattering cross
section for inelastic electrons [122]. The ELK code is
based on the same method as WIEN2K, but I did not
found any publication that reports ELK ELNES cal-
culations. Except ELK, ELNES codes are distributed
under general public license. Moreover, the method
used in WIEN2K and ELK is time-consuming, so that
the treatment of complex systems (defects, surfaces,
interfaces), which requires large supercell, is a bottle-
neck. Hence it appears that an ELNES package (with

The method of XANES calculation (comprising PAW
all-electron wave-function reconstruction, Lanczos
basis set, continued fraction) will be adapted to the
case of ELNES, including the following specificities:

(i) The relativistic expression of the double differential
electron inelastic scattering cross section

The modeling of an ELNES spectrum is achieved by
the computation of the double differential cross section
for the inelastic scattering of fast electrons,

d%0(q, E)

00E (1.24)

which gives the probability of detecting an electron
that has lost energy E and transferred momentum ¢
by scattering into the solid angle d). The momentum
transfer is ¢ = k — k/, under the assumption that the
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incoming and outgoing fast electrons are plane waves
with wave vectors k and k', respectively. Since in a
(S)TEM, the energy of the incoming electron can reach
300 keV (corresponding to vg/c = 0.77 where vy is the
velocity of the incoming electron and ¢ the velocity
of light), relativistic effects have to be taken into ac-
count. Schattschneider et al. in 2005 [195], started
from the Bethe’s theory [22] to derive a relativistic ex-
pression of Eq. (1.24) within the Born-Oppenheimer
approximation in a single-particle approach. Later,
this derivation was revisited by K. Jorissen [121] and
Sorini et al. [204], who showed that a term of order
hw/mc? in the transition matrix element was omitted
by Schattschneider et al. (fuw = E is the energy lost by
the probe). According to Sorini et al., this term is not
always negligible. Finally, the relativistic expression
of Eq. (1.24) is:

0%c
ONOE

A S

T ICON

< S| 1= 35 (e )] 0f
if

x 8(Ef — E; — E),

(1.25)

where v = /1 — v3/c? is the relativistic factor, ag is
the Bohr radius, ¢, is the momentum transfer pro-
jected onto the direction of vg, p is the momentum
operator, m is the electron rest mass, |i) and |f) are
the one-electron initial and final states in the probed
material, with energy F; and Ey, respectively.34

The relativistic corrections, as given in Eq. (1.25),
act differently in the direction of the incident electron
beam and in the direction perpendicular to it. Thus
the relativistic effects are dramatic for anisotropic
materials [195, 122] and compensate for isotropic
ones. For isotropic systems, the following expression
Eq. (1.24) can be used [112]:

0%c B
ONOFE

4’}/2 1 kf
at ¢tk

<3 [(fleem iy
i f

x 8(Ef — E; — E).

(1.26)

The relativistic effects concern the scalar and vector
potential in the Hamiltonian of the system that are
added by the probe fast electron. They only intervene
in the prefactor term and in the transition matrix
Hamiltonian. Therefore the computation of Eq. (1.25)
does not require the calculation of relativistic initial
and final states in SCF calculation.

(i) The nature of the electronic transitions observed
in ELNES spectroscopy

34 Actually the term neglected by Schattschneider et al. is

q9-vo
2mc?*

For medium acceleration voltages less than 400 keV,
the observable momentum transfer in electron inelas-
tic scattering does not exceed 10 m~! [195]. In this
condition, gqag << 1 that allows a Taylor expansion of
¢'?" (done here up to the second order):

e da] - 2 (o 9)-

Vo q
1— ) 1.27
( 2mc? ( )

. o'pP . Vo q
+(1q L—— —1q~r2m62)(1.28)
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- {1(q : r)Q”;ﬂ(mO)

Term (1.27) is constant and does not contribute to the
transition matrix element since (f|¢) = 0.
Using p = & [r, Ho| [31], it can be shown that

{flpli) =1 m—(flrli) =1m(vo-q) (flrli). (1.31)
Hence, term (1.28) is of order r and leads to the dipole

transition matrix element:

(vo - q)q
2mc?

(’Uo : Q)Uo

i<f|[q 2

-r|i) (1.32)
Term (1.29) is of order 72 and leads to both
monopole and quadrupole matrix elements (not ex-
plicited here). This differs from x-ray absorption spec-
troscopy, where the r2-order term only corresponds to
electric quadrupole transitions. Indeed, the r2-order
transition operator of XAS is %k: -7 € -7 (instead of
(g-7)? in ELNES), and the orthogonality between the
wave vector k and the polarization vector € of the x-
ray incident beam cancels the monopole matrix ele-
ment (see appendix 4.2.2 of Ref. [31] for more details).
Term (1.30) is of order 3 and will be neglected.

Although electronic transitions observed in ELNES
are essentially dipolar, the monopole, dipole and
quadrupole transition matrix elements will be in-
cluded in the ELNES code that we want to write, and
their angular dependence will be investigated.

(iii) The specific geometry of an ELNES experiment
in a STEM
Unlike the case of XAS, where the photon beam is
polarized, and although different experimental setups
were proposed in the literature to record momentum-
resolved ELNES (see the review of Keast et al. [131]),
the accurate selection of incident and scattered elec-
tron wave vectors is limited by the use of finite con-
vergence and collection angles. This is particularly
true when operating the microscope in STEM mode
(see Fig. 1.38) to obtain the finest possible electron
probe: the incident wave vector k is included in a con-
vergence cone of semi-angle a. Similarly, the detector
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integrates the signal over a certain range of outgoing
beam directions so that k’ is included in a collection
cone of semi-angle 8. Both « and S usually are of
the order of few to few tens of millirad. Assuming

incident beam
specimen

spectrometer
entrance aperture B

Figure 1.38: Schematic drawing of the scattering geom-
etry including integration over collection and convergence

angle (image kindly provided by G. Radtke).

that the incoming electron beam is monochromatic,
the measured ELNES signal is given by:

30(E)_/ 0%0(q,E)
o0F ap OQOE

A special care will be paid on the integration over the
« and B angular domains. Besides, the influence of
probe convergence, collector aperture and electron-
beam incidence angle on the angular-dependence of
ELNES spectra will be investigated and confronted to
the study of Le Bossé et al. [143].

d*q. (1.33)

This second project will be carried out in collabora-
tion with Guillaume Radtke, who has joined our lab-
oratory in October 2012. Guillaume Radtke is CNRS
researcher; experimentalist specialized in STEM and
EELS measurements and expert user of WIEN2K for
ELNES calculations. Hence, his skills will be of first
importance for the achievement of this project.

1.6 and what else?... beyond DFT

In the conclusion of Sec. 1.4, I have discussed the two
main deficiencies of DFT-LDA approach, when used to
calculate K-XANES spectra: the modeling of (i) the
core-hole-electron interaction, (ii) the electron-electron
repulsion.

The second deficiency actually is not too disabling
and can be circumvented while remaining in the
DFT framework. I confess that, up to now, I have
limited my K XANES calculations to systems that
are fairly-well suited to single-particle methods (only
CazAlySi3012: V3T and MbCN were borderline cases).
Nevertheless, a better strategy than restricting the ap-
plications of a method because of its limitations, is to
improve it, to find solutions that allow the treatment
of a wider variety of systems. For instance, the incor-
poration of the Hubbard parameter has permitted the
calculation of the pre-edge features at the transition
metal K edge in several correlated materials with a
good precision (see for instance Refs. [98, 127]). More-
over, very recently, Calandra et al. have proposed a
simple method to account for the shake-up many-body
excitations, which arise from a valence electron exci-
tation following the creation of a core-hole by the in-
cident photon [48]. The method consists of including
the shake-up effects in K-XANES spectra by a simple
convolution of the single-particle DFT+U calculated
XANES spectrum with the corresponding 1s photoe-
mission experimental spectrum. Ref. [48] presents suc-
cessful applications of the method at the metal K-edge
of NiO, CoO and CuO.

On the contrary, the modeling of the core-hole-
electron interaction is a more serious issue and cer-
tainly requires going beyond DFT. In single-particle
DFT schemes, the core-hole effects are statically
treated by the electronic relaxation of a supercell of
atoms including a 1s core-hole on the absorber. To
ensure neutrality of the system, a background charge
is added during the SCF procedure of the total energy
minimization. By doing so, the results are not always
satisfactory. Sec. 1.4 has repeatedly shown that the
core-hole screening is too pronounced in the case of
K edge of 3d elements, leading to electric-quadrupole
and local electric-dipole pre-edge features at too high
energy, compared to experiment. However, at the Al
K-edge, especially when Al is in sixfold coordination,
I have observed the opposite effect, i.e., the core-hole
screening (by the valence electrons) is not effective
enough and leads to a too strong white line (see for in-
stance the Al K-edge isotropic spectrum of corundum
displayed in Fig. 1.1a).3% Similar underestimation of
the core-hole screening was found at the Mg K-edge
in the case of [IMg- and [8)Mg-bearing minerals (see
Fig. 1.8). To face the problem of the underestimation
of the core-hole screening, a half core-hole is sometimes
used, notably at the O K-edge [234, 183].

These observations are not so surprising since
DFT is a ground state theory. For the calculation of
electronic excitations, beyond DFT theories, such as
TDDFT and many-body Green’s function approaches,

35The fact that the core-hole screening is more important for
[61Al than for [4JAl was supposed by using muffin-tin parame-
terized multiple scattering calculations, during my PhD (see the
discussion of Ref. [46]).
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have undergone a remarkable development since
the nineties (see the useful review by G. Onida, L.
Reining and A. Rubio, dated 2002 [176]). Unlike
DFT, TDDFT is able to describe the evolution of
the system instead of its ground state. In many-body
Green’s function approaches, the key ingredients
are the electron self energy ¥ and the electron-hole
interaction. A good approximation for ¥ is given
by the Hedin’s GW approach [113], where G is the
one-electron Green’s function and W the screened
Coulomb interaction. The electron-hole interaction is
well described by the Bethe Salpeter equation (BSE).
Many codes, based on these two methods, were
developed for the modeling of optical properties.3®
Nevertheless, at present one observes a formidable
emergence of the TDDFT and GW/BSE methods
for core-level spectroscopy calculations. The FDMNES
package has recently included TDDFT [4, 36, 35].
The ORCA real-space quantum-chemistry code also
calculates XANES spectra using TDDFT [59, 190].
Another code, which uses TDDFT for XANES
modeling (in the electric-dipole approximation), is
becoming an interesting alternative to, on the one
hand, solid state codes that use plane-wave basis sets
and, on the other hand, quantum-chemistry codes
that use localized basis set. Indeed, the GPAW code
(Grid-based Projector Augmented Wave), developed
by J. Mortensen and coworkers and written mostly in
Python, uses uniform real-space grids, which can flex-
ibly treat both free and periodic boundary conditions
[163, 71, 151]. Parallel to these TDDFT developments
for XANES, there is the GW/BSE code developed
many years ago by E. Shirley and coworkers, called
NBsSE (N standing for NIST) [201, 18, 203, 202].
Recently (2011), Shirley and the Rehr’s group have
finalized the OCEAN interface, which permits to
Obtain Core Excitations using ABINIT?? and NBSE
[226]. The OCEAN interface incorporates advances of
the FEFF9 code, such as the calculation of inelastic
mean free paths [187, 188]. Indeed, in both OCEAN
and FEFF9, the intrinsic broadening of the spectra
is not a parameter, i.e., the final-state self-energy
shifts and damping effects observed in experimental
spectra are calculated using the efficient many-pole
GW self-energy model,3® developed by Kas et al.
[129] (see Ref. [130] for an evaluation of these ef-
fects on our Mg K-edge calculated spectrum of spinel).

And what about the QUANTUM-ESPRESSO project?
As a well-developed electronic structure suite of codes,

36Since TDDFT leads to a screening equation similar to the
BSE, but with a two-point, rather a four-point, interaction ker-

nel, usually GW /BSE approaches also incorporate TDDFT.
STABINIT is plane-wave DFT code, distributed under GNU

licence, whose full documentation is available on abinit.org.
38The many-pole GW self-energy model developed by Kas et
al. is a straightforward extension of the Hedin and Lundqvist

single plasmon-pole GW self-energy model.

QUANTUM-ESPRESSO also includes several beyond
DFT packages dedicated to the electronic excitation
modeling;:

e TD-DFPT, standing for Time-Dependent Den-
sity Function Perturbation Theory, developed by
Walker et al. [229],

e cww, meaning (GW + Wannier + Lanczos), de-
veloped by P. Umari et al. [220, 221] and able to
calculate optical spectra of molecules containing
more than 300 atoms in the TDDFT framework,

e YAMBO (Yet Another Many-Body cOde) devel-
oped by A. Marini et al. [154], based on GIW /BSE
formalism, including TDDFT,3°

o SAX, standing for Self-Energy and eXcitation, a
GW program developed by L. Martin-Samos and
G. Bussi [155].

Therefore, it clearly appears from what precedes, that
a combination of our DFT scheme, namely XSPEC-
TRA that also belongs to the QUANTUM-ESPRESSO
distribution, and at least one the beyond DFT code
(listed below) would be a challenging and promising
project, in which I am greatly interested. However,
using TDDFT or GW/BSE does not necessarily solve
the core-hole-electron interaction issue. For instance,
in the case of small-gap compounds, the electron-hole
interaction as calculated using GW /BSE can lead to
the fall of the first unoccupied states into the valence
band (as in DFT), and then compromise the modeling
of the pre-edge structure. Moreover the use of full
core-hole ws half core-hole is debated not only in
DFT, but also in the BSE formalism. Hence, it still
remains instructive to compare the core-hole effects
when statically treated using a supercell (XSPECTRA)
and when dynamically treated using either BSE or
TDDFT (via the linear response in the perturbation
theory).

To conclude this thesis, my goals are twofold. On
the one hand, I plan to further develop the XSPECTRA
package by adding the computation of ELNES spectra
and by incorporating the effects of the electron-phonon
interaction. On the other hand, I would like to es-
tablish a collaboration with the authors of the beyond
DFT codes in order to transpose the XAS (E1 and E2
transitions) and EELS transition matrix elements into
TDDFT and GW/BSE formalisms.

39YAMBO is also interfaced with ABINIT.
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Appendix: Technical details of the calculations

This appendix contains the computational details of the most of the calculations presented in this thesis.

A1- Structure of the studied compounds

Periodic systems

Table 1.13 summarizes the crystallographic structures that were used to calculate the XANES spectra of the
minerals and other periodic systems, shown in this thesis.

Table 1.13: Description of the crystallographic structures of the compounds studied. For the absorbing atom, I
indicate its coordination number and, in parenthesis, the point group and multiplicity of its crystallographic site within
the conventional cell. The Z value is the number of formula units per cell. The compounds are listed in alphabetic

order, separating the pure minerals from the doped minerals. For the latter (i.e., emerald, pyrope, ruby, sapphires,

spinel and tsavorite), the Z value is the one of the corresponding undoped minerals.

Compounds  Chem. formula Lattice syst. Space group Abs. atom Cell param. Z  Ref.
anatase TiO2 tetragonal I4, /amd 1T (4m2) a=3.7845 A 4 [115]
(No. 141) c=9.5153 A
corundum a-AlxOs trigonal R3c STA1 (3) an =4.7589 A 2 [172]
(No. 167) cn = 12.991 A
a=5128 A
a = 55.3°
diopside CaMgSi2Os monoclinic C2/c SIMg (2) a=9.746 A 4 [49]
(No. 15) b=28.899 A
c=5251 A
B =105.63°
enstatite Mg2Si2Os orthorhombic ~ Pbca Mgl (1, m=8) a=18.216 A 16  [107]
(No. 61) 6IMg2 (1, m=8) b=8.813 A
c=517T A
farringtonite ~ MgszP20Os monoclinic P2 /n [4]Mg (1, m=4) a =759 A 2 [173]
(No. 14) 6IMg (T, m=2) b=28231A
c=5.078 A
B = 94.05°
forsterite Mg2SiO4 orthorhombic ~ Pbnm 6IMgl (1, m=4) a=4.755A 4 [30]
(No. 62) 61Mg2 (m, m=4) b=10.198 A
c=5979 A
grandidierite  (Mg,Fe)Al3SiBOg  orthorhombic ~ Pbnm BIMg (m) a=10340 A 4  [205]
(No. 62) b=10.980 A
c=5.750 A
KyGegO17 KoGegO17 orthorhombic Pnma 2101 (m, m=4) a=13.371 A 4 [103]
(No. 62) 2102 (m, m=4) b =8.800 A
2103 (m, m=4) ¢=13.372 A
2104 (m, m=4)
2IO5 (m, m=4)
2106 (1, m=8)
2107 (1, m=8)
2108 (1, m=8)
2109 (1, m=8)
21010 (1, m=8)

2IO11 (1, m=8)
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pyrite FeSo cubic Pa3 SlFe (3) a=>51175 A 4 [206]
(No. 205)

pyrope MgsAlSizO12 cubic Ta3d BIMg (222)  a=11548 A 8 [111]
(No. 230)

q-GeO2 GeO2 trigonal P3,21 2o (1) a=498A 3 [97]
(No. 152) c=>5.648 A

r-GeOg2 GeOq tetragonal ~ Pdo/mnm  PBlO (m2m) a=4395A 2 [15]
(No. 136) c=12.860 A

rutile TiO, tetragonal ~ Pds/mnm  ©Ti (mmm) a=4.5937 A 2 [115]
(No. 136) c=2.9587 A

spinel MgAl>Oy4 cubic Fd3m “4IMg(43m) a=8080A 8 [242]
(No. 227)

emerald BesSigAl2015:Cr®"  hexagonal — P6/mcc ©ICr (32) a=0921A 2 [162]
(No. 192) c=9.19 A

red pyrope MgsAlySis012:Cr®t  cubic Ta3d Dl (3) a=11.454 A 8 2]
(No. 230)

ruby a-Al,03:Cr?t trigonal R3c 6lcr (3) a=>511A 2 [69]
(No. 167) o = 55.41°

blue sapphire  a-Al2O3:Fe-Ti trigonal R3c ke (3) a=511A 2 [69]
(No. 167) a = 55.41°

pink sapphire  a-Al,O3:Ti**+ trigonal R3c 6T (3) a=511A 2 [69]
(No. 167) a = 55.41°

red spinel MgAl,O4:Cré* cubic Fd3m ©ICr (3m) a=80806 A 4 [242]
(No. 227)

tsavorite CazAlySiz0y2: V3T cubic Ia3d 61y (3) a=11.847A 8 [94]
(No. 230)

Structural relaxation of the doped minerals

In order to simulate the 3d defect in allochromatic minerals, supercells were built using the DFT opti-
mized crystal structure of the pure phases (corundum for ruby and sapphires, beryl for emerald, spinel for red
spinel, pyrope for red pyrope), and the experimental crystal structure of grossular for tsavorite. The supercells
were chosen large enough to minimize the interaction between two paramagnetic ions. Moreover, the 3d
impurity concentration is estimated to be low enough (<1.7 at %) not to modify the mean cell parameter.
While the size of the supercell was kept fixed, all atomic positions were relaxed in order to investigate
long-range relaxation. The symmetry of the trivalent ion site is let free to relax. The resulting atomic forces
were lower than 0.3 mRy/Bohr radius.“°

The calculations were performed in the local density approximation (LDA), using the pseudopotentials
described in Table 1.15. The code used for the structural relaxation of emerald, ruby and sapphires was
cPMD,*! using a simulated annealing. The wave functions and the charge density were extended in plane waves
using 80 Ry and 320 Ry energy-cutoff, respectively. The code used for the structural relaxation of spinel,
red-pyrope and tsavorite was PARATEC, using energy cutoff of 90 Ry for spinel and 70 Ry for red-pyrope and
tsavorite. In each case, the Brillouin zone was sampled at the I' point.

Non-periodic systems

KMS3 glass

The numerical structure of the KMS3 glass (K2O-MgO-3SiO2) was obtained from the first-principles
relaxation of a 112 atom cubic box (24Si, 640, 8Mg and 16K), first generated by classical MD simulation. The
MD simulation was performed using Born-Mayer-Huggins interatomic pair potentials and three-body terms to
constrain the Si-O-Si and O-Si-O angles, using the parameters of Ref. [62, 63] for Si and O, the parameters of

40Tn order to compare directly the theoretical bond distances to those obtained by EXAFS spectroscopy, the initial slight
underestimation of the lattice constant of the pure phases (systematic within LDA) was removed by rescaling the lattice parameter

by 1.6%. This rescaling is homothetic and does not affect the reduced atomic positions.
41CPMD V3.7 Copyright IBM Corp 1990-2003, Copyright MPI fuer Festkoerperforschung Stuttgart 1997-2001. For more

information see http://www.cpmd.org
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Ref. [17] for Mg, and those of Ref. [88] for K.4? The glass structure was obtained by quenching a relaxed liquid
from 4000 K down to room temperature using two quench rates (10*°® Ks™! from 4000 down to 1400 K and
4x10" Ks™! down to 293 K). The first-principles relaxation was then performed using PARATEC and the
pseudopotentials described in Table 1.15. Energy minimization was carried out at the I" point of the Brillouin
zone of the cubic cell (i.e., the MD simulation box) in the LDA approximation [51]. While the cell size was
kept fixed (a=12.54 A), all the atomic positions were allowed to relax. Convergence was achieved for a 120 Ry
plane-wave energy cutoff, the discrepancies in the atomic forces being lower than 0.3 mRy per Bohr radius
unit.

The structural model so obtained was characterized using bond-valence theory following the procedure
described in Ref. [191]. Among the 8 Mg distinct sites, 3 presents an Mg unusual environment, in total
desagreement with the Pauling’s second rule. Consequently, these 3 Mg sites were not considered in the
calculation of the Mg K-edge spectrum of KMS3. The resulting theoretical spectrum to be compared to
experiment is the mean average of 5 individual spectra, all shown in Fig. 1.10.

The MbCO and MbCN proteins

Table 1.14 gives the structural characteristics of the Fe environment for the MbCO and MbCN -clusters
used to calculate the Fe K pre-edge structures (Sec. 1.4.3). These clusters were embedded in large cubic cell
(35 Bohrx35 Bohrx35 Bohr) in such a way that Fe sits at the center, the N, atoms lie along the x and y
direction, and the Ny;s atom lies along the z direction.

Table 1.14: Structural characteristics of the local surrounding of Fe in the MbCO and MbCN clusters used for XANES

calculation. Distances are in A and angles in degrees.

MbCX <ch7Np > chhoiS dpcfc dcfx « ﬂ PDB code Ref Fig.
MbCO  2.00 2.06 1.83 107 6 14 / [152] 1.22
MbCN  2.04 2.08 1.92 1.11 4 13 2JHO [10] 1.29

A2- Pseudopotentials

All the pseudopotentials used for the calculations presented here are norm-conserving Troullier-Martins [218].
Their parameters are described in Table 1.15.

A3- XANES calculation parameters

The computational details of the single-particle XANES calculations performed within plane-wave pseudopo-
tential formalism and shown in this thesis are gathered in Table 1.16. The calculation of the absorption cross
section comprises two steps: (%) the calculation of the self-consistent charge density of the supercell including a
1s core-hole on the absorbing atom, (i) the calculation of the XANES spectrum (Eq. 1.15). All the reciprocal
space integrations are performed using a Monkhorst-Pack k-point grid [160]. The charge density calculation
can be done either in the local density approximation (LDA) or in the generalized gradient approximation
(GGA), and can include spin polarization. The convergence parameters of a XANES calculation are: the
energy cutoff of the plane wave basis set and the number of k-points in the Brillouin zone for step (i), the
dimension of the Lanczos basis and, again, the number of k-points for step (7). It should be noted that the
number of computed Lanczos vectors depends on the value of the broadening parameter v (Eq. 1.15), which
can be energy-dependent (but constant across the Fermi level).

4211 the case of the MgO pair, the value of the short distance repulsive term A;; was slightly modified and set to 0.23062 108,
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Table 1.15: Parameterization used for the generation of the norm-conserving Troullier-Martins pseudopotentials. The

core radii of the valence states are indicated in parentheses in Bohr units.

The Mg and K pseudopotentials include

non-linear core corrections. The asterisk indicates that the pseudopotential has been generated with only one 1s electron

(absorbing atom).

Atom At. No. Valence states Local part used for

a 1 1s'(1.00) s MbCN, MbCO

Be 4 25%-2(2.00) 2p°(2.00) p emerald

B 5 25%(1.80) 2p*(1.80) p grandidierite

C 6 25%(1.50) 2p*°(1.50) p MbCN, MbCO

N 7 25%(1.45) 2p®(1.45) s MbCN, MbCO

0] 8 25%(1.45) 2p*(1.45) D all compounds

o* 8 25%(1.40) 2p*(1.40) 3d°(1.40) d q-GeOa, r-GeOa, K2GegO17

Mg 12 35%(2.00) 3p°(2.00) 3d°(2.00) d red spinel

Mg 12 35%-1(2.00) 3p°(2.00) 3d°(2.00) d diopside, enstatite, farringtonite, forsterite,
grandidierite, spinel, pyrope

Mg* 12 35%1(2.00) 3p°(2.00) 3d°(2.00) d diopside, enstatite, farringtonite, forsterite,
grandidierite, spinel, pyrope

Al 13 35%(2.00) 3p°(2.00) 3d°(2.00) d spinel, red spinel, ruby, blue sapphire, pink sapphire,
emerald, red pyrope, tsavorite

Al 13 35%(2.00) 3p°3(2.00) 3d°2(2.00) d corundum

Al* 13 35%(2.00) 3p°3(2.00) 3d°2(2.00) d corundum

Si 14 35%(2.00) 3p*3(2.00) 3d°2(2.00) d diopside, enstatite, forsterite, grandidierite,
pyrope, red pyrope, tsavorite

Si 14 35%(2.00) 3p*(2.00) 3d°*(2.00) d emerald

P 15 35%(2.00) 3p"#(2.00) 3d°2(2.00) d farringtonite

K 19 35%(1.20) 3p°®(1.30) 3d°(1.60) s K2GesO17, KMS3

Ca 20 35%(1.45) 3p°(2.00) 3d°(1.45) d diopside, tsavorite

Ti 22 35%(1.00) 3p°®(1.60) 3d°(1.50) s anatase, rutile

Ti* 22 35%(1.00) 3p°®(1.60) 3d°(1.50) s anatase, rutile

Ti* 22 35%(1.10) 3p°®(1.70) 3d°(1.70) d pink sapphire

A 23 35%(1.00) 3p°®(1.60) 3d*(1.50) s tsavorite

Cr 24 35%(1.00) 3p°®(1.70) 3d3(1.70) d emerald, ruby, red spinel, red pyrope

Fe* 26 35%(1.00) 3p°®(1.20) 3d°(1.20) p MbCO, MbCN

Fe* 26 35%(0.90) 3p°®(1.50) 3d°(1.50) d blue sapphire

Ge 32 452(1.70) 4p*8(2.10) 4d°2(3.00) s q-GeOg, 1-GeO2, K2GegO17




Table 1.16: Computational details of the XANES calculations presented in this report and performed using the plane-wave pseudopotential scheme descripted in Sec. 1.2.3.
Upper part: periodic systems. Middle part: allochromatic minerals with 3d impurities. Lower part: non-periodic systems (molecules and glasses). All categories are listed
in alphabetic order. In the case of non periodic systems (MbCO, MbCN and KMS3), the size of the supercell is given in Bohr radius cubed. In the case of spin-polarized
calculation (Spin pol.), the value of Siota1 imposed to the supercell is given. PBE and CA refer to as the exchange and correlation density functional formulation of Perdew-
Burke-Ernzerhof [179] and Ceperley-Alder [51], respectively. The broadening parameter v (see Eq. 1.15) is constant in most cases, except when the value has an asterisk.

In such cases, the indicated value is the one used across the Fermi level and in the pre-edge-region. QE means QUANTUM-ESPRESSO and implies the use of both PWSCF and

XSPECTRA.

Compounds K edge Supercell Spin pol.  FEg. Cut-off k-point grid ~v (V) Code Fig.
Size Nb of atoms SCF XANES
anatase Ti 3x3x1 tetragonal 108 atoms none GGA-PBE 90 Ry I1x1x1 4x4x4 0.47 QE 1.16
corundum Al 2x2x1 hexagonal 120 atoms none LDA-CA 64 Ry Ix1x1 3x3x3 0.7 paraTEC 1.1
Al 2Xx2x2 trigonal 80 atoms none GGA-PBE 80 Ry 1x1x1 4x4x4 0.7 QE 1.32
diopside Mg 1x1x2 monoclinic 80 atoms none LDA-CA 60 Ry 2x2x2  4x4x4 0.5 paraTEC 1.2
enstatite Mg 1x1x2 orthorhombic 160 atoms none LDA-CA 60 Ry Ix1x1 3x3x3 0.5 paraTEC 1.8
farringtonite Mg 2x1x2 monoclinic 104 atoms none LDA-CA 60 Ry 2x2x2  3x3x3 0.5 paraTEC 1.8
forsterite Mg 2x1x2 orthorhombic 112 atoms none LDA-CA 60 Ry 2x2x2  3x3x3 0.5 paraTEC 1.8
grandidierite =~ Mg 1x1x2 orthorhombic 120 atoms none LDA-CA 60 Ry 2X2x2 4x4x4 0.5 paraTEC 1.2
K2GegOq7 O 1x1x1 orthorhombic 108 atoms none LDA-CA 70 Ry Ix1Ix1 2x2x2 0.5 paraTEC 1.6
pyrope Mg 1x1x1 cubic 160 atoms none LDA-CA 60 Ry 2x2x2  4x4x4 0.5 paraTEC 1.8
q-GeOa (0] 2x2x2 hexagonal 72 atoms none LDA-CA 70 Ry Ix1x1 3x3x3 0.5 paraTEC 1.6
r-GeOq (0) 2x2x3 tetragonal 72 atoms none LDA-CA 70 Ry 1x1x1 3x3x3 0.5 paraTEC
rutile Ti 2x2x3 tetragonal 72 atoms none GGA-PBE 80 Ry Ix1x1 4x4x4 0.7 QE 1.15
spinel Mg 2x2x2 trigonal 112 atoms none LDA-CA 60 Ry 2x2x2  4x4x4 0.5 paraTEC 1.2
emerald Cr 1x1x1 hexagonal 58 atoms 3/2 LDA-CA 80 Ry 1x1x1 4x4x4  0.54* paraTEC  1.27
red pyrope Cr 1x1x1 cubic 160 atoms 3/2 LDA-CA 70 Ry Ix1Ix1 2x2x2 1.1 paraTEC 1.4
ruby Cr 2x2x2 trigonal 80 atoms 3/2 LDA-CA 64 Ry Ix1x1 4x4x4 0.54* paraTEC 1.3, 1.25, 1.26
blue sapphire  Fe 2x2x2 trigonal 80 atoms 5/2 LDA-CA 64 Ry 1x1x1 4x4x4  0.62* paraTEC 1.3
pink sapphire Ti 2x2x2 trigonal 80 atoms 1/2 LDA-CA 64 Ry 1x1x1 4x4x4 047" paraTEC 1.3
red spinel Cr 2x2x2 trigonal 112 atoms 3/2 LDA-CA 70 Ry I1x1x1 3x3x3 1.1 paraTEC 1.4
Cr 2x2x2 trigonal 112 atoms 3/2 LDA-CA 70 Ry I1x1x1 3x3x3 0.54* paraTEC 1.24
tsavorite \% 1x1x1 cubic 160 atoms 1 LDA-CA 90 Ry Ix1x1 4x4x4 0.5* QE 1.4, 1.28
KMS3 Mg 23.7x23.7x23.7 112 atoms none LDA-CA 90 Ry Ix1Ix1 2x2x2 0.54 paraTEC  1.10
MbCN Fe 35%x35x35 48 atoms 1/2 GGA-PBE 90 Ry  1x1x1 4x4x4  0.625 QE 1.29
MbCO Fe 35x35x35 48 atoms none GGA-PBE 90 Ry 1x1x1 4x4x4  0.625 QE 1.22

xtpuaddy

qq
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After a review of temperature-dependent experimental x-ray absorption near-edge structure (XANES) and
related theoretical developments, we present the Al K-edge XANES spectra of corundum and beryl for
temperature ranging from 300 to 930 K. These experimental results provide a first evidence of the role of
thermal fluctuation in XANES at the Al K edge, especially, in the pre-edge region. The study is carried out by
polarized XANES measurements of single crystals. For any orientation of the sample with respect to the x-ray
beam, the pre-edge peak grows and shifts to lower energy with temperature. In addition, temperature induces
modifications in the position and intensity of the main XANES features. First-principles DFT calculations are
performed for both compounds. They show that the pre-edge peak originates from forbidden 15— 3s transitions
induced by vibrations. Three existing theoretical models are used to take vibrations into account in the absorption
cross-section calculations: (i) an average of the XANES spectra over the thermal displacements of the absorbing
atom around its equilibrium position, (ii) a method based on the crude Born-Oppenheimer approximation where
only the initial state is averaged over thermal displacements, and (iii) a convolution of the spectra obtained for
the atoms at the equilibrium positions with an approximate phonon spectral function. The theoretical spectra
so obtained permit to qualitatively understand the origin of the spectral modifications induced by temperature.
However, the correct treatment of thermal fluctuation in XANES spectroscopy requires more sophisticated

theoretical tools.

DOI: 10.1103/PhysRevB.85.224108

I. INTRODUCTION AND STATE OF THE ART

X-ray absorption near-edge structure (XANES) spec-
troscopy is a powerful technique to probe the empty states
in solids and to determine the local structure around a selected
atom. The interpretation of K-edge XANES spectra is not
straightforward and often requires the use of simulation tools,
which are traditionally based on the density functional theory
(DFT). XANES calculations for inorganic solids usually
consider the atoms at fixed positions, even if in reality
atoms are subjected to quantum thermal fluctuations that
reduce to the zero point motion at 7 =0 K. Recently, it
has been theoretically shown that vibrations could have a
spectacular effect at the Al K edge, allowing 1ls to 3s
dipole transitions.! Such forbidden transitions were previously
invoked to be responsible for the pre-edge feature that
occurs at the Al K edge in several aluminosilicate minerals?
and at the Si K edge in silicon diphosphate.® Moreover,
Ankudinov and Rehr stated that atomic displacements of order
of typical Debye-Waller factors could reveal some forbidden
transitions.* Consequently, the fact that vibrations may be
able to induce additional peaks (in the pre-edge or at higher
energies) suggests that XANES could be considered as a
relevant probe of quantum thermal fluctuations. It is already
the case in organic molecules, the vibronic fine structure
of which can be observed in XANES or NEXAFS (near-
edge x-ray absorption fine structure) spectra. For instance
in the last ten years, XANES spectroscopy has revealed the
vibronic structure of naphtalene,’ biphenyl,® and even larger
molecules such as naphthalenetetracarboxylic dianhydride’
at the C K edge, the vibronic structure of acetonitrile® and
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acrylonitrile’ at the N K edge, and more recently the one
of halogenated acenaphthenequinone'® at the O K edge. The
vibronic component of the lowest core-excited state of OH and
OD was observed at the O K edge as well.!!

In this paper, we focus on the thermal effects in two
inorganic crystalline solids at the Al K edge: corundum («-
Al»,03) and beryl (Be3Al,SigOq3). Polarized XANES spectra
have been measured on single crystals for temperatures
ranging from 300 to 930 K. Our purpose is to show that
thermal fluctuations induce substantial spectral modifications,
especially, in the pre-edge region. Very few studies were
carried out in inorganic solids toward the same goal. As far as
we know, thermal effects measured in XANES spectroscopy
mainly concern the Ti K pre-edge region in oxides. Such
a temperature dependence was first observed by Durmeyer
et al.'? in TiO, (rutile), Li4/3Ti5/304 and LiTi;O4. The main
pre-edge peak was found to grow with temperature, and to
slightly shift to lower energy for the first two compounds.
Later, the temperature dependence of the polarized pre-edge
structure at the Ti K edge in rutile was measured at low and
room temperature.'? Thermal effects were essentially visible
through an increase of intensity of the first two pre-edge
peaks. The temperature dependence of the electric dipole
and quadrupole contributions of the Ti K edge in rutile was
investigated in the 6-698 K range by Collins and Dmitrienko in
2010 at the Diamond Light Source.'* Nozawa et al.'> measured
the temperature dependence of the Ti K-edge XANES in
SrTiO; from 15 to 300K, showing an increase of the first
two pre-edge peaks along with a slight shift to lower energy
of the second pre-edge peak and of the absorption edge.

©2012 American Physical Society
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These effects were attributed to random thermal vibrations of
Ti."s

Apart from these last examples at the Ti K edge, most of
temperature-dependent XANES measurements were carried
out in order to study phase transition mechanisms or to
determine the local structure below and above the transition
temperature. For instance, in some perovskite crystals, signifi-
cant spectral changes in the K pre-edge region are induced by
temperature and are interpreted in relation to phase transition.
The literature reports temperature-dependent x-ray absorption
spectra (including pre-edge) in perovskite titanates at the Ti K
edge,'®2! in perovskite manganites at the Mn K edge®>** and
atthe O K edge,”*? in zirconates at the Zr K edge, niobiates
at the Nb K edge,”’3! in the La;_,Sr,FeOs_s system at the
Fe K edge,*? in a La(Fe,Ni)Oj3 solid oxide fuel cell cathode
at the O K edge,® and more recently in the PrysCaysCoO;
cobaltite at the Ca L, 3-edges and the Pr L3 and M, s-edges.*
Phase transition studies using temperature-dependent XANES
are not restricted to the perovskite structure. In particular, Cu
K and La L-edges spectra in La,_,Sr,CuQO4 cuprates were
recorded at room temperature and at 78 K.*> An angular
dependence XANES study was performed at the V K edge in
VO, for temperatures lower and higher than the metal-insulator
transition temperature at 68 °C.® Several studies reported
in literature deal with oxide glass and melt structures. For
instance, the local structural environment of Ti in Na-, K-,
and Ca-titanosilicate glasses and melts was determined by Ti
K -edge x-ray absorption spectroscopy at temperatures ranging
from 293-1650 K.*7 The Zr K edge in a ZrO,-MgO-Al,0;-
SiO, glass was measured for various temperatures around
T, (1085 K).*® The crystalline and melt structures of ALOs3
and MgAl,O4 were investigated using temperature dependent
XANES spectroscopy at the Al and Mg K edges.> A similar
study concerns the crystal, glass, and melt structures in the
Ca0-MgO-Al,03-Si0; system at the Al, Si,and Ca K edges.40
Again at the Si K edge, the structure of SiO, polymorphs were
studied using XANES spectroscopy from room temperature to
2030 K, above the melting point at 2000 K.*' Furthermore, at
the oxygen K edge in liquid water, variations were observed
between the room-temperature spectrum and the 90 °C one
and found to be related to a change of local environment of a
significant amount of molecules.*

Temperature-dependent x-ray absorption spectroscopy was
also used to study chemical reactions. For instance, in catalysis,
the local structure of Alin zeolites was examined to understand
the processes that take place during steam activation of
these complex cagelike porous compounds. Hence Al K -edge
measurements in several zeolites were carried out in the range
300-975 K, in vacuum or in a flow of helium saturated with
water,¥*~*® and in other working conditions of the catalysis.*’
In Refs. 43,44,46 and 47, a pre-edge peak appears when
temperature is increased. The presence of this Al K pre-edge
peak at high temperature is interpreted as the signature of
threefold coordinated Al in the zeolite structure. Other temper-
ature effects are observable at higher energies in the XANES
region and attributed to the transformation of a given amount
of octahedrally coordinated Al to tetrahedrally coordinated
AL*% Recently, in a totally different field, the temperature
dependence of Fe K-edge XANES spectra of FePt/Fe;04
nanoparticles has been measured from 300 to 870 K in
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order to understand the annealing process, which enables the
building of magnetic nanocomposites with combined magnetic
properties.*® A strong temperature dependence was observed
in Fe L, 3-edges spectra of Fe impurities in MgO thin films in
the range 77-500 K it was attributed to the thermal population
of low-lying Fe 3d excited states, that are present due to
the spin-orbit coupling.*® At last, the valence state of Yb
in YbC,, investigated by Yb L3 XANES spectroscopy at
low and high temperatures, is found to be stable from 15 to
1123 K, so providing new information about this long-known
compound.”®

In all the references cited in the previous two paragraphs, the
role of nuclear motion in the temperature-dependent XANES
spectra was not investigated. A thorough study of thermal
fluctuations could then bring new insights in the interpretation
of the temperature-dependent spectral features whatever the
purpose of the experiments is (catalysis, phase transition, etc.).

The modeling of nuclear motion in the absorption cross
section of solids is a challenging task. In particular, the
presence of phonon modes in crystalline solids generates a
dynamic disorder, which has a completely different behavior
from the static disorder that can be found in glasses. Far
from the edge, in the extended x-ray absorption fine structure
(EXAFS) region, vibrations are taken into account through
a Debye-Waller factor exp (—2k%02).>"32 Since this factor
vanishes for k >~ 0, it cannot reproduce well the thermal
effects in the XANES region and especially in the pre-edge
region. Fujikawa and co-workers showed in a series of
papers of increasing sophistication®>™> that the treatment
of vibrations could be achieved by the convolution of the
“phononless” x-ray absorption spectrum with the phonon
spectral function. To our knowledge, this theoretical work has
not been applied to any real case yet. A basic and simple idea
to take vibrations into account is to calculate the absorption
cross section for a configuration where the absorbing atom
is shifted from its equilibrium position.*?® For instance, at
the B K edge of ABO; perovskite structures, the approach
used by Vedrinskii et al.° to treat the temperature effects is
based on the assumption that the area of the pre-edge peak
is proportional to the mean-square displacements of the B
atom along the O-B-O chain. In such a way, the symmetry
breaking of the absorbing atom site generates or increases
local p-d and p-s hybridization. Brouder and co-workers'-°
developed a different approach assuming that vibrational
energies are small with respect to the instrumental resolution,
and using the crude Born-Oppenheimer approximation, so
that only core-hole motion remains. The resulting expression
for the absorption cross section shows that, at the K edge,
vibrations enable electric-dipole transitions to 3s and 3d
final states, that are not due to local hybridization with the
p states. In the case of organic molecules, more advanced
theories are employed to reproduce the vibronic structure
observed in XANES spectra. Beyond the Born-Oppenheimer
approximation, a vibronic coupling theory was developed
and successfully applied to the C-1s absorption spectra of
ethylene’” (C,Hy), ethyne® (C,H,), and isotopomers. Besides,
many approaches calculate Franck-Condon factors based on
a vibrational eigenmode analysis in the ground and excited
states. In particular, the linear coupling model was used to
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compute the Franck-Condon factors for NEXAFS spectra
at the O K edge in formaldehyde,® at the C K edge in
formaldehyde, naphtalene,” gaseous cyclopropane,®' and
acetic acid®® and at the N K edge in gaseous pyridine,5
acetonitrile,® and acrylonitrile.9 In Ref. 9, a direct calculation
of the Franck-Condon amplitudes is also performed. However,
the Franck-Condon approximation ignores the impact of
nuclear motion on the electronic transition amplitude. To first
order, this impact is referred to as the Herzberg-Teller effect.®
To go beyond the Franck-Condon approximation, the nuclear
degrees of freedom of molecules was modeled using various
molecular dynamics (MD) techniques. In doing so, atomic
configurations are generated at finite temperature and then used
as input in cross-section calculations. Finally, the individual
spectra associated to each sampled atomic configuration
are averaged over. Using this methodology, vibrations were
included in XANES calculations at the N K edge of several
prototype molecules: upon classical MD sampling®-%7 and
upon path-integral molecular dynamics (PIMD).%68 PIMD
sampling enables to consider the quantum nature of nuclear
motion, which has been found to be of noticeable importance to
accurately simulate XANES of N,,% s-triazine, and glycine.%®
The sensitivity of photoabsorption spectroscopy to a quantum
treatment of nuclear motion was also highlighted in the optical
range® and in the UV range.”” The MD methodology is not
restricted to organic molecules; simulations of the density and
temperature dependence of XANES in warm dense aluminum
plasmas were achieved using ab initio’"’? and classical’”> MD
and, recently, they have been compared to experiments.’*7

In the present study, DFT calculations based on plane-wave
formalism are performed in order to understand the spectral
modifications induced by temperature that are observed ex-
perimentally. Reference theoretical Al K XANES spectra of
corundum and beryl are first obtained considering the atoms
at their equilibrium positions. Then three existing methods are
used to account for vibrations: (i) a calculation considering
thermal displacements of the absorbing atom around its
equilibrium position, (ii) the method developed by Brouder
et al.,' and (iii) a convolution of the spectra obtained for the
atoms at the equilibrium positions with an approximate phonon
spectral function.

The paper is organized as follows. Section II is dedicated
to the methods. First, the temperature-dependent XANES
experiments at the Al K edge of corundum and beryl are
described, with a specific attention paid to the self-absorption
correction procedure. Second, the three theoretical DFT
methods used to take the vibrations into account are detailed.
Section III is devoted to the description of the experimental
spectra recorded for temperatures ranging from 300 to 930 K.
In Sec. IV, the experimental results are analyzed with the help
of the DFT calculations and discussed in the context of the
temperature-dependent XANES spectra already reported in
the literature. The conclusion of this work is given in Sec. V.

II. METHODS

A. Experimental setup

Two single-crystalline samples containing aluminum in
6-fold coordination with oxygen are studied. The first is a
cylindrical synthetic transparent ruby («-Al,O3 with 18 ppm
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of Cr and 10 ppm of Ti) of 4.0 mm diameter and 1.0 mm
thickness, which will thereafter be denoted as corundum. The
second is a parallelepipedic section of a natural green emerald
from Colombia (Be3Al,SicO;g with 238 ppm of Fe, 78 ppm
of Cr, 59 ppm of Sc and 36 ppm of Co) of 10.0 mm length,
3.6 mm width and 1.2 mm thickness, which will be denoted
as beryl. The samples were analyzed using the CAMPARIS
electronic microprobe at Université Pierre et Marie Curie -
Paris 6, France.

X-ray absorption experiments were performed at LUCIA
beamline in the French synchrotron facility SOLEIL.”® The
synchrotron was operating in the top-up mode at 2.75 GeV
with a current of 400 mA. The beam spot size was set to
1 x 2 mm? and the energy range chosen to include the Al K
edge (1559.6 eV inbulk)’” was set from 1550 to 1700 eV, hence
measuring pre-edge, XANES, and the beginning of EXAFS.
Energy selection was performed through the combination
of an HUS52 “Apple II” type undulator and a double KTP
(011) crystal monochromator. The pressure in the experimental
chamber was 10> mbar.

The samples were held between a parallelepipedic boron
nitride furnace and a punched molybdenum lamella fixed
to the furnace, allowing temperatures ranging from 300 to
950 K. This holder was fixed on a mobile stage, allowing
translations along a cartesian xyz coordinate system plus a
z-axis rotation, where the x axis corresponds to the beam
direction and the y axis to the (horizontal) linear polarization
€ of the beam. In order to minimize self-absorption effects, the
sample surfaces should be orthogonal to the beam axis. For
fluorescence detection, the sample holder has been slightly
rotated by 15° around z axis.

Corundum and beryl point groups are 3m and ’%mm,
respectively.”®” This implies that both materials are dichroic
in the electric dipole approximation.®’ The single crystals
were set on the sample holder in order to measure successively
o) and o spectra, corresponding respectively to & parallel and
perpendicular to the high symmetry axis, i.e., the threefold
symmetry axis for corundum and the sixfold symmetry axis
for beryl.

Total fluorescence yield was measured by a four element
silicon drift diode (SDD) detector with a total active area of
40 mm? protected from infrared and visible radiations by a thin
beryllium window. In order to maximize the signal/noise ratio,
each point was obtained after a six second acquisition time and
five consecutive spectra were measured for each configuration
(a configuration consists of a sample, an orientation and a
temperature). This system produces five intensity outputs, one
for each of the four SDD (/y, I, I5, I4) and one for the
incident beam (), measured before the sample. For each
spectrum, each /; was then divided by I, followed with a
normalization on the 1590-1700 eV energy range (spectra are
divided by their mean values on this region) giving (/; / Io)norm-
Then, (Ij/lp).y was calculated for each configuration by
averaging five consecutive acquisitions of (/;/1p)norm. Since
self-absorption effects are angle dependent and since the
four SDD were not at the exact same spatial position, the
four (1;/1y)ay Were not directly comparable. Self-absorption
correction was performed using the formula®!-$?

wiwy  Ni@(Ba +v)
pilwo) (B 4y 4 1) — Nj(w)

sinfy,

ey

aj(a)) =
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in which p; is the edge absorption coefficient for detector

J» Nj(w) = % is the measured intensity on silicon
drift diode j, normalized at a fixed pulsation wy (chosen
after the main edge at hwy = 1653 eV), 6; = 75° is the angle
between the beam axis and the sample surface, 6, ; is the angle
between the sample surface and the outgoing fluorescence
beam (which depends on each detector j position). Coefficient
B is equal to %, where wqyo 1s the Koj-fluorescence
pulsation (hwgy, = 1486.7 V) and puy s the total absorption
coefficient, including edge absorption p and background
contribution pup, of other atomic species in the sample.
Finally, y is equal to %(wo). Values for 8 and y are
calculated based on crystal stoichiometry, atomic masses,
unit cell geometry and using experimental tabulated atomic
values.®® For example, fto(w) = Dout palug}ble(w)/Mm with
Pat = NyMyN4/ V.. where the sum is over all the atoms
in the unit cell and for each atom 2 is the tabulated value
in Barns/atom, M, is the molar mass in g mol~!, Ny is the
number of atoms “at” in the unit cell, V,. is the unit cell
volume in cm?, and N, is the Avogadro constant. Such a
correction gives comparable values of o; for each detector,
each one being normalized at the point of energy hwy. By
using such a procedure to perform self-absorption correction,
averaging over the four detectors is possible and gives the
spectra o) and o shown in Sec. III. No smoothing was applied

to the spectra.

B. Theoretical methods

In order to explain the experimental spectral features
observed when temperature is increased, first-principles cal-
culations were performed in the density functional theory
framework using the QUANTUM-ESPRESSO suite of codes.3*
The 1s core-hole effects were taken into account within a
2 x 2 x 2 trigonal supercell for corundum, containing 80
atoms,’”® and a 2 x 1 x 1 hexagonal supercell for beryl,
containing 58 atoms.”® Troullier-Martins®> norm-conserving
pseudopotential were used. The pseudopotentials of Al and Si
were generated using the 3s, 3p, and 3d orbitals as valence
states, with 2.00 Bohr cutoff radii and considering the d states
as local. The pseudopotential of the Al absorbing atom was
generated with only one ls electron in the Al electronic
configuration. The oxygen and beryllium pseudopotentials
were built using the 25 and 2p as valence states (local part
p) with cutoff radii of 1.46 Bohr for O and of 2.00 Bohr
for Be. Self-consistent charge densities were calculated in
the generalized gradient approximation of Ref. 86, using the
PWscf code, at the T' point, with plane-wave energy cutoff
of 80 Ry. Thereafter local and partial density of states were
calculated using Lowdin projections on a 4 x 4 x 4 k-point
grid with a Gaussian broadening parameter of 0.3 eV. XANES
cross section calculations were performed using the XSpectra
code.?”88 The all-electron wave function of the Al absorbing
atom was reconstructed using the projector augmented wave
method,*® with augmentation region radii of 2.0 Bohr. The
spectra were computed on 4 x 4 x 4 k-point grid with a
broadening parameter y = 0.6 eV.

Three methods were used to take into account the effects
of vibrations without having to calculate phonon modes. First,
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FIG. 1. (Color online) A sketch of the 21-point cubic grid used
in Eq. (2).

adapting the idea of Ref. 15 on vibrations, only the absorbing
atom was moved in the crystal structure with respect to
its equilibrium position. This method will be referred to as
method 1 in the following section. As vibrations are concerned,
spectra for several absorbing atom displacements R were
calculated and averaged with a weighting core displacement
distribution function p(R). Within the harmonic approxi-
mation, this distribution function is linked to the thermal
parameter matrix [U;;] through p(R) =exp(—R- % -R).
The components of the rank-2 tensor U are given by x-ray
or neutron scattering measurements. In this approximation,
each spectrum is calculated with a static off-center absorbing
atom, modifying hybridization between Al valence orbitals
and neighboring atoms orbitals, thus changing valence states of
the crystal. Vibration modeling comes from averaging spectra
over a large number of absorbing atom displacements.

The absorbing atom motion was discretized on a cubic
tridimensional grid consisting of 361 points. Equation (2) gives
the cubic integral approximation on a grid of 21 points (see
Fig. 1):%°

1

1
— ,R)dR = — [ —496 f,, + 128 B
a’ cube f(w ) 360 ( f * Z f

+8) fr+5 va) +0@@®), @)

where a is the length of the cube edge, f(w,R) = o.(w,R) x
po(R) is the weighted spectrum calculated with absorbing atom
displaced of R, f,, = f(w,0) is the value at the center of the
cube (red point), > f, is the sum of the values of f at the four
points halfway between the center of the cube and the center
of each face (pink points), ) f; is the sum of the values of
S at the center of each face (green points), and > f, is the
sum of the values of f at the vertices of the cube (blue points).
The 361 point grid is an augmented 3 x 3 x 3 version of the
21 point one. This discretization would lead to a27 x 21 point
grid, which reduces to only 361 points after avoiding double
counting of similar points. The value of the integration cube
edge a is given by 2, /Ui, where U,;, are the eigenvalues of
the U matrix. For the method 1 calculations, a was chosen
equal to 0.3 Bohr radius, corresponding to Uejg = 0.07 Az, in
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agreement with the thermal matrix parameters of corundum
and beryl given in Refs. 79 and 91.

The second method, referred to as method 2 in the follow-
ing, was described and mathematically justified in Refs. 1 and
56. It uses several approximations. First, vibrational energies
are considered to be small with respect to the experimental
resolution. In other words, this approximation accounts for
the fact that the absorption process is much faster than
atomic vibrations. Second, the strongly localized character
of the 1s initial wave function is used to restrict vibrations in
the initial state to the absorbing atom motion only. Third, the
crude Born-Oppenheimer approximation is made for the final
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state, which assumes that atomic motions do not significantly
change the final electronic states. Consequently, in method 2,
the final states are determined for the atoms at their equilibrium
positions, and only the absorbing atom position in the initial
state is modified by vibrations. In practice, the ls initial
wave function is no more centered on the equilibrium position
of the absorbing atom. This shifted 1s wave function is
expanded over spherical harmonics centered at the equilibrium
position and the £ = 1 component allows for dipole transition
to 3s states. Contrary to method 1, method 2 does not create
(or increase) hybridization in the final state on the absorbing
atom site. In the resulting absorption cross section formula
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FIG. 2. (Color online) Experimental x-ray absorption polarized spectra of corundum (left) and beryl (right) at the Al K edge for different
temperatures along with difference of each spectrum with respect to the 300 K reference. The top and bottom panels display the o and o
spectra, respectively. The upper-right insets use the same legend code and present a zoom on the main peak(s).
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[Eq. (9) of Ref. 1], the integral over the absorbing atom
displacement (in the initial state) is performed by using the
same core displacement distribution and the same 361 point
grid as those used in method 1. We used a shorter value for a

(a = 0.1 Bohr radius), corresponding to Uy, = 0.007 Az, as
in Ref. 1.

The third method, denoted as method 3, is based on
Fujikawa’s work.”* Within the Franck-Condon approximation,
the effect of vibrations on x-ray absorption spectroscopy can
be represented as the convolution of the phonon spectral
function with the x-ray absorption spectrum at equilibrium
position. Here, the phonon spectral function is approximated
as a Gaussian distribution. Along with the two precedent
methods, convoluted spectra are calculated. The convolution is
performed between the first-principles equilibrium spectrum
for a configuration and a Gaussian. The Gaussian equation is
1/(v270) exp[—x%/(20)?], with parameter o being chosen
for each configuration in order to reproduce the main edge
intensity of method 1 spectra. Calculated spectra presented in
Sec. IV are all normalized on the high-energy region, as was
done for experimental data.

III. EXPERIMENTAL RESULTS

Figure 2 shows the self-absorption corrected XANES
spectra of corundum and beryl recorded at different temper-
atures for both orientations. Spectra originating at y = —0.5
correspond to the difference o (T)—o (300 K). We observe here
for the first time the slow evolution of the Al K pre-edge
feature with temperature. In addition to the expected increase
in the peak intensity,"*® a shift toward lower energy of the
pre-edge structure is observed when temperature increases.
Furthermore, this effect appears for each sample and for each
orientation and seems to be general as well as the decreasing
intensities and broadening of main peaks with temperature.

Corundum o} and o, spectra are quite similar up to
1575 eV: they both present a well-resolved pre-edge peak P,
the main peak A followed by the double feature B and B,. The
300-K polarized spectra are in agreement with those recorded
in total electron yield shown in Ref. 92. As mentioned before,
the intensity of peak P increases with temperature while its
position is shifted towards lower energy. This is confirmed by
the peak p in the difference spectra. Peak A also varies with
temperature: it broadens, its intensity decreases and its position
is shifted to lower energy (around 0.2 and 0.3 eV forojand o,
respectively). The decrease of peak A intensity corresponds to
the difference spectra peak a and the shift to lower energy to
a’. Peak a’ is also related to the broadening of peak A with
temperature. Peaks B; and B, intensities also diminish and
they only form one broad peak at 930 K in o) and o .

Beryl oy and o, spectra present much different shapes,
unlike the case of corundum. In the energy range 1560—
1575 €V, the o spectrum exhibits the pre-edge peak P and
three main features A, B, and C, feature B being around twice
more intense than A and C at 300 K. On the contrary, the o
spectrum exhibits two main features B and C, preceded by a
small shoulder A and the pre-edge P. Peak C is more intense
than peak B. Peak A and B of o, are located at 0.7 and 0.3 eV
lower than their corresponding peaks in oy. The pre-edge peak
P is less intense in o than in oy at 300 K and its intensity
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increases more in oy than in o . Indeed, the difference peak
p appears better resolved and more intense in o than in o .
Peak A of oy has a constant intensity with temperature but
creates the difference peak a’ due to broadening. The weak
peak A of o, decreases in intensity with temperature. The B
peak intensity also decreases with temperature as well as a
slight shift of 0.1 eV toward lower energy, that creates peaks b
and b’ in the difference spectra, more pronounced in o) than in
o . Peak C decreases and broadens with temperature, leading
to feature c in the difference spectra.

The x-ray natural linear dichroisms (XNLD) for the various
experimental temperatures are plotted in Fig. 3. The XNLD
signals of the two samples are large and their variations with
temperature do not change their general shape. XNLD on the
pre-edge is quite small so that temperature dependence can
hardly be seen. One mainly observes that some sharp XNLD
maxima are reduced when the temperature increases: Al and
A2 peaks for corundum and B peak for beryl. One also notices
that the rising edge and the maximum of the first XNLD feature
is shifted to lower energies. This effect is observed for both
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FIG. 3. (Color online) Temperature dependence of the x-ray
natural linear dichroism (XNLD) measured at the Al K edge in
corundum (top panel) and beryl (bottom panel). The cross section
oxnip 18 equal to the difference oy-0 . Note that the y-axis range is
twice larger for beryl than for corundum.
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(R? ~0.9).

corundum and beryl and can also be detected on the parallel
and perpendicular cross sections. It is apparently a key feature
of the temperature evolution of the spectra. The features at high
energies are only slightly modified. Sum rules relates XNLD
to the electric quadrupole distribution of the empty DOS with
p symmetry on the aluminum site.”> The sum rules were first
derived in the absence of electron-phonon coupling and it is not
yet clear whether the sum rules still hold when temperature is
present. A theoretical analysis of the temperature dependence
of XNLD sum rules is beyond the scope of the present paper
but would eventually give information on the modification of
the electronic structure with the temperature.

In order to more quantitatively describe the behavior of
the pre-edge peak, extraction was performed using FITYK
software,”* which fits the main edge and pre-edge by the
sum of an arctangent and a Gaussian. Figure 4 reports
the fitted Gaussian intensities and center energies for each
sample and each orientation. These quantitative values are
in good agreement with the foregoing observations, a global
increase of intensity with temperature is noticeable. While
both orientations seem to progress similarly in corundum, it
is not the case in beryl where o intensities grow less rapidly
than in oj. Concerning peak position, both compounds and
orientations present a similar shift toward lower energies.

IV. INTERPRETATION AND DISCUSSION

In this section, theoretical results are presented and dis-
cussed in order to try to understand the effects of temperature
observed in the XANES spectra shown in Sec. III. First, a den-
sity of states (DOS) analysis is performed for both compounds

showing the involvement of the 3s empty states of the Al
absorbing atom in the process of pre-edge peak creation. Then,
theoretical spectra obtained by using the three different meth-
ods described in Sec. II B are shown and compared together.

A. DOS calculations: the nature of the pre-edge peak

The pre-edge peak is not reproduced by purely electric
dipole 1s— p transitions, as shown in the top panels of Fig. 5.
Hence some transition toward non-p states must be at stake.
The bottom panels of Fig. 5 present partial and local density
of states (DOS) of corundum and beryl. The s, p, and d partial
empty DOS are plotted for the absorbing aluminum atom (with
acore hole), only the s and p for the first six oxygen neighbors,
and again the s, p, and d for the aluminum next neighbor.
The similarity between the absorbing Al 3p local DOS and
the XANES spectra shows that the later is a good probe of
the former. In the pre-edge region, the role of the absorbing
Al atom is clear as the pre-edge position coincides with its 3s
projected DOS. In the case of beryl, a certain proportion of
absorbing Al 3d states is also present in the pre-edge region.
However, the 3d states do not contribute to the absorption co-
efficient via electric quadrupole (1s— 3d) transitions. Indeed,
the calculated electric quadrupole transitions are negligible
in the whole XANES region, since they are found to be lower
than 0.25 10~ in the normalized units used in the top panels of
Fig. 5. Aluminum atoms are in 3 and 32 symmetry point group
sites in corundum and beryl, respectively. Thus, according to
group theory, a mixing of aluminum s and p, states is allowed
(on the contrary, the Al p.-p, states cannot hybridize with
the Al s states). Our calculations are consistent with these
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FIG. 5. (Color online) Top: calculated and experimental isotropic (20, +07)/3 spectra at the Al K edge of corundum (left) and beryl(right).
Bottom: partial and local density of states of corundum (left) and beryl (right) calculated for the supercell including a 1s core hole. The role of

the Al 3s of the absorbing atom is prominent in the pre-edge region.

predictions. Indeed, the p, DOS of the Al absorbing atom,
although indistinguishable in Fig. 5, is not zero at the position
of the Al 3s peak. Nevertheless the s-p, mixing of the Al
states is definitely too weak to give rise to a pre-edge peak in
the oy spectrum. The 3s states of the absorber interact with
both s and p empty states of the oxygen neighbors while the
aluminum next neighbors do not contribute to the pre-edge
since their DOS are at higher energies. The presence of the 1s
core hole on the absorbing atom shifts the first empty states to
the bottom of the conduction band and leads to the pre-edge
and first peaks of XANES.

B. Theoretical XANES spectra: vibration modeling

The DOS analysis indicates that the modeling of the exper-
imental Al K-edge XANES spectra has to allow transitions
toward the 3s states of the absorbing Al. Both method 1
and method 2 presented in Sec. II B are able to achieve this

goal. Figure 6 displays the theoretical spectra obtained by
the three methods described in Sec. II B, together with the
spectra calculated with the atoms at their equilibrium positions
(labeled “equil.”). Difference spectra with respect to the equil.
reference are also plotted. It should be noted that the equil.
spectra do not strictly correspond to the 0-K case since they
do not take the zero point motion of nuclei into account.
Experimental spectra measured at 20 K on the same samples
(not shown here) still exhibit the pre-edge peak, even without
active phonon modes, and the pre-edge intensity at 20 K is
quite similar to that at 300 K. At room temperature nearly
no phonon mode is active,®> thus the pre-edge feature
observable in the 20-300K range seems to be essentially due
to the quantum zero-point motion effect.

Corundum o, and o} equil. spectra reproduce well the
overall shape of the experimental spectra, except in the
pre-edge-region. Switching on method 1 mostly affects
the main edge A intensity and shifts its position by 0.2 eV
with respect to equil. spectra. Peaks a and a’ of the difference
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FIG. 6. (Color online) Calculated o and o, spectra at the Al K edge of corundum (left) and beryl (right) along with difference of each
spectrum with respect to the equil. reference. The “equil.” spectra correspond to DFT calculations performed with the atoms at the equilibrium
positions. The spectra labeled “meth. 1,” “meth. 2,” and “meth. 3” refer to the three methods of vibration modeling described in Sec. II. The
upper-right insets use the same legend code and present a zoom on the main peak(s).

spectra are the signature of these effects. Peak B, intensity
slightly decreases for both orientations while peak B, is
nearly unchanged. Small difference peaks b; and b, confirm
these points. A weak pre-edge peak P seems to appear for
both orientations. Although method 1 is not able to grow a
well-resolved pre-edge peak, it provides difference spectra that
are very similar to the temperature-dependent experimental
difference spectra of Fig. 2 (left panels). On the contrary,
method 2 gives rise to a more important pre-edge peak, which

is in better agreement with experiment. The difference peak
p shows a really distinct Gaussian-like shape. The rest of the
spectrum is nearly unchanged and this is confirmed by the flat
difference spectra. Method 3 spectra do not show a pre-edge
but have a visible impact on main edge peak A, by broadening
it, lowering its intensity, and shifting its energy to higher
energies by 0.1 eV, i.e., in the opposite direction as compared to
temperature-dependent experiments. These effects are visible
on difference peaks a and a’.
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Beryl o and o, equil. spectra also reproduce the ex-
perimental spectra quite well, except for some of the peak
intensities. While peaks A and C are of similar amplitude in
o) experimental spectrum, the intensity of peak A is twice the
one of peak C in the equil. spectrum. On the opposite, peaks
B and C have similar intensity in o, equil. spectrum while
peak B is 1.5 times less intense than peak C in the 300-K
experimental spectrum. By using method 1 for oy, no pre-edge
peak seems to arise, peak A is decreased and shifted to lower
energy by 0.2 eV, peak B is also decreased, and peak C remains
stable. These effects are also visible through the shape of the
difference spectrum. Thus vibrations treated within method
1 are not able to well reproduce the temperature-dependence
trend observed in the top-right panel of Fig. 2. In the case of
o1, method 1 leads to theoretical spectrum in better agreement
with the x-ray absorption temperature dependence seen in
the bottom-right panel of Fig. 2. Indeed, method 1 enables
a well resolved pre-edge peak P to rise (clearly confirmed by
difference peak p), and a very weak peak A to appear. It also
moves B to lower energy (0.2 eV) and decreases the intensity
of peaks B and C. Here again, method 2 has no influence
on peak position, it nearly does not change the amplitude of
peaks A, B, C in o and B, C in o, . However, it creates the
pre-edge P at the right energy, but with too high an intensity.
The value of the U parameter used in method 2 might be
overestimated for beryl and yielded a too pronounced pre-edge
peak. Method 3 decreases the amplitude of main peaks. It also
shifts peak A of oy and B of o, towards higher energies that,
as in corundum, is the opposite of what is seen experimentally.
A slight broadening appears and is more visible in o .

To summarize, method 1 leads to difference spectra
that reproduce quite well the temperature-dependent trend
observed experimentally in most cases. Nevertheless, the
impact of vibrations as treated by method 1 is not sufficient to
systematically reproduce the experimental pre-edge feature.
The p-s hybridization on the Al site induced by this method is
not satisfactory enough. In method 1, the vibration modeling
results in integration, over a cubic volume around the
absorbing atom, of cross sections calculated for absorbing
Al isotropically displaced inside this volume. In other words,
this method equally considers the contributions of Al motion
along all directions. Some Al displacements would be favored
by taking into account the phonon modes of the material, what
could substantially improve the agreement between theoretical
and experimental spectra at least in the pre-edge region.
Method 2 spectra all exhibit a well-defined pre-edge peak,
corresponding to dipole 1s-3s transitions, which are allowed
by the displacement of the 1s wave function.'”® Nevertheless,
method 2 has nearly no impact on the peak intensity above
the edge, and is unable to produce any shift of the features.
This last result was expected because of the use of the
crude Born-Oppenheimer approximation in method 2. Within
this approximation, the transition energies are evaluated for
the atoms at their equilibrium positions, hence the spectral
features remain at the same energy positions as in equil.
spectra. Method 3 spectra, as expected, do not exhibit any
pre-edge peak, and present main-edge peaks less intense and
shifted in energy. However, the energy shift goes the wrong
way, i.e., to higher energies. Therefore a simple convolution
of the equil. spectra seems to be inappropriate to account for
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the temperature-dependence of the XANES spectra observed
experimentally.

Thermal expansion effects have been evaluated in the case
of corundum by performing a XANES calculation for the struc-
tural parameters refined at 2170 K (153 K below the melting
point).”” A contraction of the highest energy XANES features
has been noticed. Such an effect was expected according to the
predictions of the Natoli’s rule.”® However, it is contradictory
with what has been experimentally observed when temperature
is increased (see Fig. 2). Therefore, the thermal expansion is
unable to explain the temperature dependence of the Al K -edge
XANES spectra in corundum and beryl.

The calculations carried out in this study clearly show the
crucial role of vibrations in the pre-edge region and partially
explain the temperature dependence observed in the whole
XANES region. However, none of the three methods used
here is fully satisfactory. A great improvement would be to use
PIMD as Schwartz et al. did in the case of two isolated organic
molecules.®® But the computational cost of PIMD simulations
in solids, such as corundum or beryl, would be a serious
limiting factor. A more reasonable way to account for the
thermal fluctuation of XANES at the Al K edge would consist
of the generation of atomic configurations of the whole crystal
from the dynamical matrix of the system. The temperature-
dependent XANES theoretical spectrum would then result in
an average of cross sections calculated for a large number of
configurations. An analogous methodology has been success-
fully employed to account for the temperature dependence of
nuclear magnetic resonance chemical shift in MgO.%”

V. CONCLUSION

In this study, temperature-dependent Al K-edge XANES
spectra of corundum and beryl have been presented for
temperature ranging from 300 to 930 K. The XANES spectra
were measured on single-crystals with the polarization vector
of the x-ray beam parallel and perpendicular to the high-
symmetry axis of the minerals, allowing the investigation of the
temperature dependence of the o and o, components. This
series of experiments shows that the pre-edge peak is very
sensitive to thermal fluctuations: the pre-edge peak intensity
grows and its position shifts to lower energy as temperature
increases. These variations do not depend much on the x-ray
polarization. Thermal fluctuations are also visible above the
pre-edge region, through an intensity decrease of the main
features and, in the case of corundum, through a slight shift to
lower energy of the first main peak.

First-principles DFT calculations have confirmed the Al 3s
nature of the pre-edge peak in both minerals, and have shown
that the introduction of vibrations within the XANES calcula-
tion gives rise to a pre-edge peak. Our experimental and theo-
retical results on the Al K pre-edge in corundum and beryl sug-
gest that vibrations (the zero-point motion and also tempera-
ture) could be able to induce a pre-edge feature at the Al K edge
in other minerals. This conclusion might bring a reinterpreta-
tion of the appearance of a pre-edge peak observed at the Al
K edge in zeolites when temperature is increased, which was
interpreted as the signature of threefold coordinated Al.4344:46

We have used three existing methods to take nuclear motion
into account in the Al K-edge XANES modeling. Method 2
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permits to account for the existence of the pre-edge peak,
which mainly originates from zero point motion in corundum
and beryl. Method 2 is therefore acceptable for XANES mod-
eling at low temperature, but it fails to reproduce the spectral
energy shifts observed at high temperature. On the contrary,
method 1 provides spectra in better agreement with the high
temperature experiments, but is not suitable to the XANES cal-
culation at low temperature. Indeed method 1 is unable to give
rise to the well-defined pre-edge peak observed experimen-
tally. Finally, method 3 is found to be inappropriate to account
for the impact of the thermal fluctuations on XANES at the Al
K -edge. These theoretical results will be particularly useful for
upcoming works, giving insight of what has to be considered
in the modeling of temperature-dependent XANES spectra.
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