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This study presents an ab initio investigation of the XANES spectra at the aluminum K edge
for three compounds: Al2Os, AlFs and AlICls, where the Al atoms share the same oxidation
state (III) and are coordinated in an octahedral symmetry. The XANES spectra calculated within
the independent-particle approximation reveal significant differences, including shifts in the spec-
trum onset, variations in the spectral shapes, and the presence of a pre-peak in the case of AlCls,
all in correspondence with the behavior of the PDOS of the absorbing atom in the different mate-
rials. The origin of the features stems from the specific band structure of each compound. When
electron—hole interactions are taken into account through the solution of the Bethe-Salpeter equation,
a series of dark and bright excitons with large binding energies and Frenkel character is obtained.
The strong excitonic effects lead to the suppression of the pre-peak in AlCl; and further accentuate
the differences among the three Al K-edge spectra.
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I. INTRODUCTION

X-ray absorption spectroscopy, particularly x-ray ab-
sorption near edge structure (XANES), is a powerful tool
for the structural characterization of materials. XANES
provides high sensitivity to the local chemical environ-
ment of the absorbing atom and to the medium-range
structural organization, yielding valuable information
on symmetry |1, 2|, coordination number [2-4], bond
length [5] and bond angle. Therefore, it serves as a
distinctive fingerprint to identify and characterize con-
stituent atoms within a material’s structure. XANES
can be also used to infer changes in the oxidation state
of the absorbing atom. An example is the K edge of
Mn, where changes in the oxidation state of Mn from IT
to IV in a series of compounds yield different chemical
shifts [6, 7]. Similarly, in a series of vanadium oxides the
energy shifts of the absorption edge and the pre-edge have
been observed to be linearly dependent on the valence of
the absorbing vanadium atom [8].

The fine structures measured with XANES provide in-
formation on the local density of the empty electronic
states at the site of the absorbing atom, in the presence
of the core hole. In particular, K-edge XANES spec-
tra probe predominantly s — p dipole transitions, since
monopole (s — s) and quadrupole (s — d) terms are nor-
mally orders of magnitude smaller. However, a pre-edge
related to dipole-forbidden transitions is often present at
the K edge of low-Z cations in minerals and oxides. These
pre-edge features are determined by multiple factors, in-
cluding coordination number, local distortion, oxidation
state, and the nature of ligands around the absorbing
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atom. For example, transition metal compounds with
tetrahedral geometries usually exhibit stronger pre-peak
intensities than those with octahedral geometries [9-11].
The pre-edge features stem from the density of states
the bottom of the conduction band, which in these com-
pounds is composed primarily by the transition metal
3d empty states. According to group theory, atomic
p—d mixing is forbidden under octahedral symmetry but
allowed under tetrahedral symmetry. When absorbing
atoms have a tetrahedral or distorted octahedral coordi-
nation, this results into an enhancement of the pre-peak
intensity, where dipole transitions from the core 1s state
to the p — d hybridized orbitals at the bottom of the con-
duction band become possible [12]. A similar behavior
has been observed in aluminum compounds and miner-
als [1-4, 13, 14|, where tetrahedral symmetry or local
distortions in octahedral geometries enable atomic s — p
mixing.

Extensive research has been carried out to correlate K-
edge spectral features, particularly in the pre-edge region,
with the local chemical environment. However, under-
standing the spectral shapes in detail remains challeng-
ing. For instance, in aluminum compounds with octahe-
dral geometries, six-fold coordinated aluminum exhibits
a variety of XANES features. The interplay among the
various structural parameters (such as the number of Al
sites and the distribution of interatomic distances) com-
plicates the quantitative interpretation of XANES spec-
tra [1, 2]. On the other hand, band-structure effects are
also expected to strongly influence the absorption fea-
tures. In addition, the interactions between the core
holes and the electrons excited in the conduction states,
also known as excitonic effects, can play a crucial role,
leading to substantial shifts in the absorption edge and
modifications in absorption intensities. In this context,
theoretical studies can provide important information for



the interpretation of spectra by allowing the selective ac-
tivation or deactivation of specific interactions at play in
the materials.

For excitations from deep core states, predicting near-
edge structures requires appropriate theoretical methods,
capable of reproducing spectral features and excitonic
effects. In particular, the interaction between the ex-
cited electrons and core holes, highly localized and poorly
screened, demands a high-level treatment of electron-hole
correlation. Common approaches for XANES spectra,
in the so-called core-hole or final-state-rule approxima-
tion [15], typically evaluate a one-electron Fermi Golden
rule, with a relaxed final state including a partial or
a full core hole at a single atomic site within a super-
cell. Other methods based on multiplet ligand-field the-
ory [16-18| are very efficient, but are not completely pa-
rameter free. Alternatively, XANES spectra can be ob-
tained within linear-response theory through the Bethe-
Salpeter equation[19, 20] (BSE) using an all-electron ap-
proach. Here, core electrons are treated explicitly within
a muffin-tin region around the nuclear positions. The
BSE is the state-of-the-art method for calculating optical
excitations[20] and is also increasingly used for core-level
excitation spectra in solids [21-35].

The present work aims to analyze changes in the K-
edge XANES spectra of aluminum compounds and relate
them to their crystallographic properties and chemical
environments. We have carried out independent-particle
and state-of-the-art BSE calculations to obtain XANES
spectra at the aluminum K edge for Al;O3, AlF3, and
AlCl3, all containing Al atoms with the oxidation state
43 and octahedral coordination. The results show the
limits of the atomic perspective. Distorsions from the
ideal octahedral structure coupled with strong excitonic
effects make the ab initio results crucially needed for a
quantitative description and analysis of the aluminum
compounds.

The manuscript is organized as follows. In Sec. IT we
describe the theory for the calculation of the XANES
spectra through the BSE and independent-particle ap-
proximation (IPA), together with the computational de-
tails. In Sec. ITI we present the results for AloO3, AlF3,
and AlCls. Finally, in Sec. IV we draw conclusions and
perspectives of the present work.

II. METHODS
A. XANES spectrum from the BSE

The XANES spectra are calculated by solving the
Bethe-Salpeter equation (BSE), which gives the density-
density response function from the solution of a Dyson-
like equation for a two-particle correlation function[19].
Applying the GW approximation [36] and using a stati-
cally screened Coulomb interaction W, the BSE can be
expressed as an effective two-particle Schréodinger equa-

tion [20]:

HeXCA)\ = E‘,\A,\7 (1)
where H*¢ is the excitonic Hamiltonian and E) are the
excitation energies. The excitonic Hamiltonian is given
by the sum of the three following terms:

Hexc — Hz'pa + 2HT _ Hc (2)
which are matrices in the basis of transitions that, in
the Tamm-Dancoff approximation, are between occupied
core states and unoccupied Kohn-Sham orbitals ¢,k —
wck- More specifically, those matrix elements are:

Hipa _

cuk,c’ p'k’ uck(suu' 500’ 5kk/ (3)

Heneerww = / Pexc (1) Py (1) e (1, 1) perner (r') o (x') drdr’!
(4)

HE e = / o (E) e VW (0, 1) e ()0 ().
(5)

Here E,.x = Eo — Eyx are the interband transition
energies, U, is the bare Coulomb interaction, calculated
without its macroscopic component (i.e., the component
G = 0 in reciprocal space is set to 0), and the stat-
ically screened Coulomb interaction W = e v, is ob-
tained within the random-phase approximation (RPA)
for the inverse dielectric function e~'. The first term in
Eq. (2), H?, represents the independent-particle tran-
sitions. The repulsive term, H”, is the exchange electron-
hole interaction and is responsible for the local-field ef-
fects (LFE) [37, 38]. LFE are important in inhomoge-
neous systems as they reflect the inhomogeneities in the
induced microscopic Hartree potential that counteracts
the external perturbation. Finally, the attractive term,
—H¢, describes the electron-hole attraction.

The XANES spectrum can be obtained from the imagi-
nary part of the macroscopic dielectric function Imey, (w)
in the long-wavelength limit q — 0, which can be calcu-
lated from of eigenvectors Ay and eigenvalues E) of the
BSE Hamiltonian, Eq. (1), as

S(w— Ey),

(6)
where (1 is the crystal volume and p,,.x are the oscillator
strengths:

Imeps (w)

- (llli% qu Z ZA)\ p/wk

pck

ﬁ,uck(q) :/cpftk_q(r)efiqrgock(r)dr. (7)

Each excitonic peak in the spectrum, located at energy
FE)\, has an intensity given by the absolute square mod-
ulus in Eq. (6). If the intensity is negligibly small, the
exciton is said to be dark, and bright otherwise.



In the independent-particle approximation, one could
rewrite Eq. (6) simply as:

)=l
qlg}) Qq

Z puck O(w —

pck

ImEM( Evck)a (8)

since the excitonic eigenvectors Ay, which in Eq. (6)
mix independent-particle transitions, become 6,/ 0cc Ok
(H™?* is a diagonal matrix). If, additionally, the oscilla-
tor strengths p,.x are approximately constant for s—p
transitions (and zero for all other transitions), then the
K-edge XANES spectrum becomes proportional to the p
component of the projected density of unoccupied states
(PDOS) of the absorbing atom.

B. Computational details

The calculations were performed within an all-electron
full-potential linearized augmented plane-wave (FP-
LAPW) method, as implemented in Exciting code [39].
Kohn-Sham density functional theory (KS-DFT) [40] cal-
culations have been done within the local density approx-
imation (LDA) [41] for the exchange correlation func-
tional. We adopted the experimental crystal structure
of the three compounds. «a—Al;O3 has a rhombohe-
dral structure with lattice parameters [42] a = 5.128 A
and a = 55.287°. «a—AlF3, also with rhombohedral
unit cell, has parameters [43] ¢ = 5.0314 A and o =
58.6772°. Finally, AICI3 has a monoclinic unit cell with
parameters [44] a = 5914, b = 10.234, ¢ = 6.148
and @ = 108.25°. The convergency of the ground-
state density was achieved using a plane-wave cutoff,
RMT|G +k|mam =10 for AlF3 and RMT|G +k|mam =9
for Al,O3 and AlCl;. Here, Ry is the muffin-tin ra-
dius of the anion, O (1.45 Bohr), Cl (1.45 Bohr) and F
(1.39 Bohr), which is always smaller than Ry, = 2 Bohr
for Al

The RPA screening was calculated considering 100 con-
duction bands and a cutoff in the matrix size given by
|G 4 Qlmaz = 4,7 and 6 ay ' for Al,O3, AlF3 and, AlCl3,
respectively, maintaining the same cutoff for the wave-
functions as for the ground state.

The BSE calculations for the XANES spectra are per-
formed using a shifted k-point grid (i.e., not containing
high-symmetry k points), which allows for a quicker con-
vergence of the spectra[45]. The adopted k-point grids
are 8 x 8 x 8 for Al,Oz, 10 x 10 x 10 for AlF3 and 6 X 6 X 6
for AlCl3 with a (0.05, 0.15, 0.25) shift. In all three
cases, we observed slow convergence with respect to the
number of empty bands. To achieve accurate results, we
had to include 60, 50, and 100 empty bands for Al;Og,
AlF'3, and AlCl3, respectively. Finally, the XANES spec-
tra have been plotted using a Lorentzian broadening of
0.1 eV.

III. RESULTS AND DISCUSSION
A. 6-fold coordinated aluminum compounds

We have investigated core excitations at the aluminum
K edge in three different compounds, a—Al,O3, a—AlF3
and AlCl3, with the aim of relating their distinctive
XANES features to variations in the chemical environ-
ment, i.e., the crystal structure and the ligand atom.
Therefore, we will first discuss their crystallographic
properties and their electronic band structures.

Even if all the three materials contain Al in octahedral
centers, their crystal structures exhibit strong differences
(see Fig. 1). AlF3; and Al;O3 have a rhombohedral cell
(R-3c), with alternate layers of Al and F or O atoms
in planes perpendicular to the c axis, forming octahe-
dra linked through faces or vertices, respectively. This
results in shorter distances between aluminum planes in
Al;Oj3 than in AlF3, even though the Al-F distances are
shorter than the AI-O distances. On the other hand,
AICl;3 crystallizes in an XCls-type layer lattice with a
monoclinic (C2/m) symmetry, like CrCls [46]. In this
structure, Cl-Al-Cl layers are stacked along the ¢ axis,
with octahedra sharing edges along the plane defined by
the ab axis, which leads to first neighbor Al atoms sharing
a pair of ligands. Finally. it should be noted that while
AlF3 is composed of perfectly symmetric octahedra, in
Al;O3 and AICl3, the octahedra are slightly distorted.

These strong differences reflect into the band struc-
tures, shown in Fig. 2. Our LDA results for a-Al;O3 and
a-AlF3 are in very good agreement with previous KS-
DFT calculations [47-50]. We are not aware of previous
band-structure calculations for AlCls in the literature.

The bottom conduction band of Al,O3 and AlF3 are
characterized by a typical parabolic behavior around the
T’ point, primarily composed of Al 4s states. The top of
the valence band has contributions mostly from 2p states
of O or F. The LDA bandgap in both cases is located at
the I' point, with values of 6.21 eV for Al,O3 and 7.76 eV
for AlFs.

The band structure of AICl3 shows more peculiar fea-
tures, with weakly dispersing top-valence and two split-
off bottom-conduction bands, the latter constituted by
poorly hybridized Al 4s states, mixed with p states from
aluminum and chloride atoms. The LDA bandstructure
has an indirect bandgap (between Y and T') of 4.99 eV
and a direct gap, at the Y point, of 5.07 V.

B. XANES at the Al K edge

The excitations at the Al K edge involve transitions
from the 1s state to empty states with predominantly
p character, localized at the aluminum absorbing atom.
Therefore, before addressing the XANES spectra, it is
useful to compare first the p component of the projected
density of states (PDOS) on Al atoms in the three com-
pounds, as shown in Fig. 3(a). The dispersion of bottom
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FIG. 1: Top and side views of the crystal structure of a—AlyO3 (left) a—AlF3 (center) and AlCl; (right)
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FIG. 2: Band Structure of a—Al,O3 (left) a—AlF3 (center) and AlCls (right), calculated within LDA. The zero of
the energy scales has been set at the Fermi energy in the middle of the band gap.

conduction band in Aly;O3 and AlF3, shown in Fig. 2,
results in a gradual increase in the p component of the
PDOS. In contrast, the low dispersion of the two lowest
conduction bands in AlCl; is reflected as two sharp peaks
in the PDOS. It is interesting to notice that the PDOS
shifts towards lower energies, as we go from AlFj3 through
Al;O3 and AICl3. This trend corresponds to an increas-
ing distortion of the octahedral symmetry around the Al
atom, which is known to favor sp hybridization [3], and
therefore, the p character in the bottom of the conduction
band.

The absorption spectra calculated within the IPA,
which, beyond the PDOS, explicitly take into account
the oscillator strenghts p,ck, are shown Fig. 3(b). In the
three cases, the independent-particle spectra follow quite
closely the shape of the p empty PDOS of the Al ab-
sorbing atom, showing that the oscillator strenghts p,,.x
are approximately constant. For AlF3; and Al,Os, the
lowest-energy transitions, which are located at the zero
of the energy axis of the figure, are dipole forbidden, and

therefore are not visible in any of the three polarization
directions. On the contrary, in AlCl3 there is a pre-peak,
which highlights the weak p character of the two non-
dispersive bands at the bottom of the conduction band
in Fig. 2(c).

The solution of the BSE gives a series of strongly
bound dark and bright exciton states with energies below
the lowest independent-particle transition energy. The
absorption spectra including electron—hole interactions,
shown in Fig. 3(c), feature pronounced excitonic peaks,
followed by lower-intensity fine structures. These exci-
tons have an atomic nature and a Frenkel character, as-
sociated with large binding energies. The comparison be-
tween IPA and BSE spectra indicates a dramatic effect of
electron-hole interactions, which completely change the
spectral shapes, moving their weights to lower energies.
At this point, the resemblance with the PDOS is com-
pletely lost, showing that an interpretation of XANES
spectra based only on a band-structure picture is inade-
quate.
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FIG. 3: (a) p component of the PDOS for empty states of aluminum atoms, where the zero of the energy axis has
been set to conduction band minimum energy. (b) IPA XANES spectra at the K edge of Al, where the zero has been
set at the lowest transition energy of each compound. (c) Bethe-Salpeter XANES spectra at the Al K edge, setting

the zero at the lowest TPA transition energy as in (b), in order to highlight the bound character of the exciton
states. The IPA and BSE spectra are shown for the in-plane polarization direction, perpendicular to the ¢ axis.

Remarkably, there are no signatures of pre-edge fea-
tures in any of the three BSE spectra as the lowest-energy
excitons are dark even in AlCl;. Excitonic effects com-
pletely suppress the low intensity pre-peak features that
are visible in the TPA spectrum in Fig. 3(b). The lowest
energy excitons that are dark in all the three compounds
are marked with the vertical lines in Fig. 3(c). They
have large binding energies: 1.69 eV for Al;O3, 4.05 eV
for AlF3, and 4.33 eV for AICl3. The calculated BSE ab-
sorption spectra of a-AlyO3 have been compared in detail
with experimental XANES in [51]. To the best of our
knowledge, there are no accurate experimental K-edge
XANES spectra for the other two compounds. In the
following sections, we will focus on AICl3, which shows
peculiar electronic structure and XANES features.

1. Pre-peak analysis

It is well known that the K-edge XANES spectra of alu-
minum compounds with tetrahedral coordination have
an edge position approximately 2 eV lower than those
with octahedral coordination [2, 13]. However, in some
cases, a visible pre-edge feature in octahedral aluminum
appears at an energy similar to that of the tetrahedral
compounds. In particular, in a-Al;Og this pre-peak has
been attributed to thermal vibrations that enhance octa-
hedral distortions, allowing further sp hybridization at
the bottom of the conduction band [52, 53]. Conse-
quently, calculations including excitonic effects but with-
out coupling to phonons fail to describe this feature, and
at best, they only predict a small pre-peak at higher en-
ergies, arising from the slight distortions in corundum
crystal structure [51]. Non-resonant inelastic x-ray scat-
tering experiments and calculations, which include exci-
tonic effects, capture this pre-peak for high momentum
transfer, confirming its non-dipolar nature [51, 54]. The
origin of these dark excitations, which in the BSE spec-
trum result from the mixing of the independent-particle

matrix elements weighted by the excitonic eigenvectors
Ay, are related to two factors: (1) the negligible oscilla-
tor strength of the low-energy independent-particle tran-
sitions which are dipole forbidden, (2) the cancellation
of independent-particle contributions at higher energies
when they are summed together [55].

In this work, for AICl3 we have found a pre-peak in
the IPA spectrum, due solely to electronic contributions,
see Fig. 3(b), which is suppressed by electron-hole inter-
actions, as shown by Fig. 3(c). This feature arises from
transitions between Al 1s and the bottom of the conduc-
tion band with a weak p-character, shown by the PDOS
in Fig. 3(a). The origin of the pre-peak is the break-
ing of the octahedral symmetry around the Al atoms,
which allows for sp hybridization. However, when the
independent-particle transitions mix together in Eq. (6)
to give the BSE spectrum, two prominent peaks and a
shoulder emerge at the onset, while suppressing any sig-
nature of a pre-peak below them. This raises two impor-
tant questions: Why is the pre-peak absent in the BSE
spectra? What is the nature of the lowest-energy dark
and bright excitons?

Fig. 4 illustrates the excitonic weight |A5¥|, projected
on the LDA band structure, of each independent particle
transition uk — ck contributing to the first dark (A = 1)
and bright (A = 5) excitons. Each independent-particle
transition pk — ck is then represented by a circle in
the conduction band, with a size proportional to their
weight. In both excitons, the most important contribu-
tions are given by transitions from core 1s states (out of
view in this scale) to the non-dispersive bottom conduc-
tion bands. The dark exciton is composed exclusively by
these transitions - see top panel - while for the bright ex-
citon transitions from Al 1s to upper conduction bands
also sum up - see bottom panel. Moreover, the strong
delocalization in reciprocal space of the excitonic weights
|A’;Ck| suggests a high localization of the exciton in real
space, consistent with the typical Frenkel-model picture.
From Fig. 3(b), we know that the oscillator strenghts,
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FIG. 4: Contributions of independent transitions to the
lowest-energy dark (top) and bright (bottom) excitons.
The size of the circles is proportional to the excitonic
coefficients |A3°K|.

Puck, for those transitions are dipole allowed. There-
fore, each contribution A‘;Ckﬁuck is separately not zero in
Eq. (6). However, the different contributions cancel out
when they are summed together and give a dark exci-
ton. This picture contrasts with other materials, includ-
ing Al;Og, where the strongly bound dark excitons arise
instead from zero oscillator strengths pcx.

2. Anisotropy

The anisotropy in the absorption spectra of AloO3 has
been extensively studied for core [14, 51, 52] and optical
spectra [55, 56|, whereas AlF3 does not exhibit significant
directional differences in absorption spectra [49]. There-
fore, in the present section we will focus on the more
interesting case of AlCls.

AlCl3 has a strongly anisotropic crystal structure as-
sociated to its layered configuration. As a result, the

XANES spectra along the polarization directions zy (per-
pendicular to the ¢ axis) and z (parallel to the ¢ axis) are
quite different, as shown in Fig. 5 for (a) IPA and (b)
BSE. In the IPA spectrum, the pre-peak is completely
suppressed in the z direction, while at higher energies
the spectrum behaves similarly along the two directions.
In the BSE spectrum, the two bright excitons in the xy
direction, which are split by 0.62 eV and give rise to the
two main features, are dark in the z direction. Instead,
a single bright exciton is responsible for the main fea-
ture in the z polarization, appearing about 0.2 eV higher
than the edge in the xy polarization. The origin of this
anisotropy is related to the contributions of the first
two unoccupied bands to the excitonic peaks. In fact,
BSE calculations that explicitly exclude these two empty
bands, as shown in Fig. 5(c), yield a series of dark and
bright excitons where the anisotropy is strongly reduced,
resulting in only a small shift towards lower energies in
the z direction.

IV. CONCLUSIONS

In conclusion, we have investigated the XANES spec-
tra of a series of aluminum compounds with octahedral
coordination to evaluate the influence of chemical en-
vironments on their spectral features. By solving the
Bethe-Salpeter equation, to account for excitonic effects
in the XANES spectra, we found that the three mate-
rials exhibit a strong electron-hole interaction, leading
to the formation of localized Frenkel-like excitons with
large binding energies. Our analysis reveals that octahe-
dral distortion can be a primary mechanism that allows
for sp hybridization, enabling atomic-like dipole transi-
tions s — p, which are the main contribution to these
excitons. Despite this, and in line with other octahe-
dral compounds, the first excitons in all three materials
are dark, resulting in the absence of pre-edge features
in the calculated XANES spectra. We analyzed in de-
tail the case of AlCl3, where two non-dispersive bands at
the bottom of the conduction band lead to excitons with
noteworthy properties.

Our calculations demonstrate that an atomic perspec-
tive alone has strong limitations to analyze the XANES
spectra of aluminum in different chemical environments,
as the ligand states strongly hybridize with the Al 4s or-
bitals, significantly influencing the electronic structure.
In addition, excitonic effects play a crucial role in deter-
mining the edge position and absorption features. As a
result, establishing a direct correlation between the dif-
ferences in the XANES spectra of the three compounds
and changes in the chemical environment, through mod-
ifications of the ligand atom and variations in the crystal
structure, remains challenging.
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