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ABSTRACT
By including phonon-assisted transitions within plane-wave density functional theory methods for calculating the x-ray absorption spectrum
(XAS), we obtain the Al K-edge XAS at 300 K for two crystalline Al2O3 phases. The 300 K XAS reproduces the pre-edge peak for α-Al2O3,
which is not visible at the static lattice level of approximation. Configurations from Monte Carlo sampling of the γ-Al2O3 phase space at the
300 K XAS correctly describe two out of the three experimental peaks. We show that the second peak arises from 1s to mixed s-p transitions
and is absent in the 0 K XAS. This letter serves as an insight into the electronic origins of the characteristic peaks in the Al K-edge XAS for
alumina crystals.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0146033

I. INTRODUCTION

Crystalline phases of alumina have a range of applications in
ceramic and abrasive manufacturing.1–3 Given the breadth of the
literature, especially in the case of corundum (the low energy α-
alumina phase), the crystal structure of α-alumina may be deemed
well-characterized by both experimental and computational meth-
ods. As alumina are increasingly used in electronic applications
such as perovskite solar cells and heterogeneous catalysts,4–6 it
has become imperative to understand not only their atomistic
but also their electronic structure, especially in the less well char-
acterized phases such as γ-Al2O3. X-ray absorption spectroscopy
methods have been used to obtain the K-edge absorption spec-
tra for α-alumina7 and, more recently, for γ-alumina,8 provid-
ing experimental insight into the electronic structure of these
materials.

The Al K-edge XAS for α-Al2O3
9 has a main absorption peak

at 1568 eV, which accounts for transitions to 3p states in the con-
duction band. Full multiple-scattering calculations reproduced this

main peak but failed to capture the pre-edge predicted to arise
from dipole-forbidden transitions from Al 1s to 3s states.10 The pre-
edge was later described using first-principles calculations which
introduced the effect of atomic vibrations into the absorption cross
section, with a method designed for cases in which the vibrational
energies are small in relation to the absorption energy (as is the
case for Al).11 This confirmed that the existence of the pre-edge was
allowed due to s-p mixing arising from distortions with the local
AlO6 environment.12 However, this approximation assumes that the
final electronic state of the system is not affected by vibrational
modes and therefore calculates the excited electronic state without
any vibrational effects included. Furthermore, as is shown for the
case of Ti,11 this method is unable to reproduce transitions between
the Ti s and d states as the assumption that the vibrational ener-
gies are small relative to the absorption energies no longer holds.
While this approximation works for localized, small energy effect
transitions, it is not generally applicable.

Incorporating vibrational effects using configurational aver-
aging across first-principles calculations to obtain temperature
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dependent spectroscopy is the state-of-the-art. For example, finite-
temperature nuclear magnetic resonance chemical shifts were com-
pared within 2–4 ppm of the experimental results for both organic13

and inorganic14 solid-state systems. Finite-temperature XAS of the
Mg K-edge of MgO has also been studied, and a correlation between
increasing temperature and decreasing absorption energy of the
pre-edge peak was found in the Mg K-edge.14 The temperature
dependent K-edge XAS of light elements and oxides, including
α-Al2O3, was reported by Nemausat et al.,15 and we compare their
results at 300 K to those presented in our work herein.

In this letter, we use first-principles XAS calculations combined
with phonon calculations to produce the Al K-edge XAS at 300 K of
both α- and γ-alumina. By incorporating these effects at 300 K, we
are able to fully describe the pre-edge peak in α-alumina. In addi-
tion, we calculate the Al K-edge XAS spectra for γ-alumina and
assign both structural and electronic features to two of the three
main edges in the γ-alumina XAS. We examine the electronic charge
density of the third peak in the spectrum and propose that this peak
is attributed to delocalized d-like states. This method of calculat-
ing finite-temperature XAS using first-principles accuracy can be
similarly used on other crystalline structures, and this method pro-
vides an example of the utility of incorporating phonon effects in the
modeling of the XAS.

II. THEORY AND COMPUTATIONAL DETAILS
The XAS measures the electronic transitions from a core state

(in this case the Al 1s state for the Al K-edge spectrum) to the
excited states in the conduction band of the material. The tran-
sitions are short range and vertical and normally describe differ-
ences in the energy states between nearest-neighbor atoms. When
using pseudopotential plane-wave density-functional theory (DFT),
which does not explicitly treat electrons in the core orbitals, it
is necessary to approximate the effect of the x-ray excitation of
an electron by incorporating a pseudopotential at the site of the
excitation, which has the electronic configuration of the atom with
an electron removed from the core state.16 This core-hole pseudopo-
tential method has shown success in reproducing the experimental
absorption spectra of a range of materials,17–19 as implemented in
the DFT code CASTEP.20 To recover the wave function of the
all-electron core state requires a transformation using a projector-
augmented wave approach, in which each transmission matrix
element is calculated from a linear transformation of the pseudo
wavefunction.16

The x-ray absorption cross section, σ, is described using Fermi’s
golden rule approximation to the imaginary part of the dielectric
function,14,21

σ(ω) = 4π2α0̵hω∑
f
∣⟨Ψ f ∣ϵ̂ ⋅ r∣Ψi⟩∣

2 δ(E f − Ei − ̵hω), (1)

where hω is the energy of the incoming x ray, r is the single elec-
tron position operator, α0 is the fine structure constant, and ϵ̂ is the
polarization direction of the electromagnetic vector potential. The
incoming x ray excites an electron from a core-level orbital ∣Ψi⟩ to
a final state ∣Ψ f ⟩ in the conduction band. The final electronic states,
∣Ψ f ⟩, are eigenstates of the Kohn–Sham Hamiltonian.

The zero temperature approximation of the x-ray absorp-
tion cross section [Eq. (1)] can be extended to finite-temperature

using the Williams-Lax theory,14,22–24 which yields the following
expression:

σ(T) =
1
Ƶ∑k

⟨χk(R)∣σ(ω, R)∣χk(R)⟩e
−Ek/kBT , (2)

in which Ƶ = ∑k e−Ek/kBT is the partition function from the initial
state, where Ek is the energy of vibrational state k and ∣χk(R)⟩ is
the vibrational wave function with nuclear configuration R, which
we describe within the harmonic approximation in this letter. Using
a Monte Carlo (MC) sampling technique, described in detail in
Ref. 24, we evaluate Eq. (2) by calculating a series of x-ray absorption
transition energies for sampled nuclear configurations R distributed
according to the harmonic vibrational density.

III. RESULTS
A. α-Al2O3

The experimental Al K-edge absorption spectrum for α-Al2O3
contains three peaks (a, b, and c) at 1565, 1568, and 1572 eV,
respectively, shown in Fig. 1. The pre-edge peak at a is assigned to
transitions from Al 1s to 3s states.8 At 1568 eV, peak b is the main
absorption peak in the Al octahedral sites and results from a tran-
sition from the Al 1s to 3p state. Peak c is attributed to transitions
from the Al 1s to 3d states.8

The ground-state static lattice XAS calculation of α-Al2O3
reproduces peaks b and c (Fig. S3a), but the pre-edge at a is absent.
This pre-edge comprises an s-to-s transition; hence, it is dipole for-
bidden due to the octahedral symmetry present in the unit cell.
However, the pre-edge peak at a, as well as peaks b and c, is vis-
ible in the XAS calculated at 300 K, indicating that the inclusion

FIG. 1. XAS at 300 K (blue) calculated as a sum of 30 spectra from the MC sampled
configurations of α-Al2O3 (purple) compared to the experimental XAS from the
study by Cabaret and Brouder,12 indicating that the pre-peak at a is visible in the
MC sampled spectra. Experimental spectrum adapted with permission from D.
Cabaret and C. Brouder, J. Phys.: Conf. Ser. 190, 012003 (2009). Copyright 2009
IOP Publishing; licensed under a Creative Commons Attribution (CC BY) license.
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of phonon assisted transitions successfully describes all three peaks
in the α-Al2O3 Al K-edge XAS. These results are consistent with
the Al K-edge spectrum calculated by Nemausat15 at 300 K, which
matches peaks a, b, and c with the experimental spectrum. In addi-
tion, they show at increasing temperatures that the intensity of
peak a increases, suggesting that with increasing temperature and
local disorder, there are additional allowed transitions due to the
vibration-induced symmetry breaking; this trend is present both in
the experiment and in first principles calculations.

One major benefit of calculating spectral features with DFT is
the direct access to the electronic structure of the material; thus,
we go one step beyond calculating the spectrum and explore the
band character of the transitions at pre-edge peak a. By calculat-
ing the electronic density of states (DOS) for both the ground-state
static lattice case and a configuration from the MC sampling, we
can determine the orbital character of the pre-edge states. In both
the ground-state static lattice and MC sampling configuration DOS,
there are Al 3s states at 3 eV above the Fermi level; however, in the
MC sampling case, there are additional Al 3s states at this energy
level. The presence of the additional Al 3s states is a result of the
distortion of the lattice at 300 K breaking the inversion symmetry
of the cell and allowing s-to-s transitions. This additionally distorts
the electron density and local octahedral environment surrounding
the Al atom (shown in Fig. 2, right). Thus, while the Al 3s states
are present in both cases, the transitions at the pre-edge are allowed
only in the MC sampled configuration due to the breaking of local
symmetry.

B. γ-Al2O3

The Al K-edge XAS spectrum for γ-alumina is less well-
understood than that of α-Al2O3 despite the large number of stud-
ies on the K-edge spectrum of aluminosilicate glasses.25–27 Unlike

FIG. 3. XAS at 300 K for γ-Al2O3 calculated as the weighted average over 30
generated configurations from Monte Carlo sampling over the static lattice phonon
modes. Peak a′ described the spectra with a core-hole on the AlO4 site well. Peak
b′ is described by six spectra with a core-hole on the AlO6 site, and the remaining
spectra with a core-hole on the AlO6 site have a peak at 1570.0 eV. Only the c′

peak from the experiment is not described by the spectrum at 300 K. Experimental
spectrum adapted with permission from Altman et al., Inorg. Chem. 56, 5710–5719
(2017). Copyright 2017 American Chemical Society.

α-alumina, which contains only one, symmetry-equivalent, octa-
hedral AlO6 site, in the γ-Al2O3 phase, there are two symmetry-
inequivalent sites—an octahedral AlO6 site and tetrahedral AlO4
site. The cation disorder in this system has led to several model
unit cells of γ-alumina.28 Discrepancies between experimental x-ray

FIG. 2. (a) Electronic DOS for the
ground-state static lattice structure of α-
Al2O3 and visualization of the states at
3 eV surrounding the core-hole Al atom.
(b) Electronic DOS and visualization for
one MC sampling configuration of α-
Al2O3. The orange shaded region in the
DOS is the energy at which the electron
density is calculated. In the right panels,
Al atoms are shown in blue, O atoms are
shown in red, and the positive (blue) and
negative (yellow) electron densities are
shown in 3D.
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diffraction and first principles models suggest a variety of poten-
tial models for γ-Al2O3, namely, a spinel model in which the Al3+

cations are all on spinel sites,29 a spinel model in which these cations
sit on non-spinel sites,30 and a non-spinel model.31,32 In this work,
we have chosen to use Pinto et al., phase of γ-Al2O3

30 as the recent
selected-area electron diffraction analysis suggests that Pinto et al.,
model shows excellent agreement with the experiment.28,33

The presence of two symmetry-inequivalent sites in γ-Al2O3
requires careful treatment of the contribution of these two sites
to the overall XAS lineshape. Typically, the total XAS spectra
are weighted according to the abundance of each symmetry-
inequivalent atom in the system;34 thus, to calculate the γ-Al2O3
XAS, we weight the contribution of core-holes placed on AlO4 and
AlO6 sites according to their abundance in the static lattice unit cell
(10 AlO6 to 6 AlO4 units).

The experimental Al K-edge XAS of γ-Al2O3 contains an edge
(a′) at 1565.7 eV and two peaks (b′ and c′) at 1568.0 and 1571.2 eV,
respectively. Edge a′ and peak b′ have been assigned to 1s to 3p tran-
sitions, and c′ is assigned to 1s to 3d transitions.8 Peak c′ at 1571.2 eV
is also present in the α-Al2O3 XAS and other aluminosilicate mate-
rials, corresponding to transitions to Al 3d states.8 The ground-state
static lattice XAS with a core-hole placed on the AlO4 site reproduces
the peak at a′, but the XAS with a core-hole placed on the AlO6 site
has a peak with an absorption energy between b′ and c′ at 1570.0 eV.
Overall, the static lattice XAS (Figure S3b) describes neither
peak b′ or c′.

At 300 K, the first principles XAS for γ-Al2O3 has peaks at
1565.7 and 1570.0 eV, as shown in Fig. 3. The peak at 1565.7 eV
corresponds to a′ in the experiment. The XAS at 300 K success-
fully reproduces peak b′ at 1568.0 eV in a set of 6 MC sampled

FIG. 4. Electronic DOS for the static lattice structure of γ-Al2O3 (a) and two configurations from MC sampling at 300 K [(b) and (c)] alongside the orbital character of the
states giving rise to the main peak in the XAS for each case. The Fermi level is at 0 eV, and the XAS is aligned to the corresponding energy levels in the DOS. The orange
shaded region in the DOS is the point at which the electron density is calculated. In the right panels, Al atoms are shown in blue, O atoms are shown in red, and the positive
(blue) and negative (yellow) electron densities are shown in 3D. (a) Electronic DOS for the static lattice structure of γ-Al2O3 and visualization of the Al d-like states giving
rise to the maximum between b′ and c′ in the XAS. (b) Electronic DOS for MC sampling configuration 19 and visualization of mixed s-p states corresponding to a maximum
peak in the XAS of 1568.0 eV at b′. (c) Electronic DOS for MC sampling configuration 20 and visualization of delocalized electronic orbitals that cannot easily be assigned
to s, p, or d characters, corresponding to an XAS peak at 1570.0 eV between b′ and c′.

AIP Advances 13, 055015 (2023); doi: 10.1063/5.0146033 13, 055015-4

© Author(s) 2023

 09 August 2023 09:40:16

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

configurations with a core-hole on the AlO6 site. This peak is not
described by the static lattice XAS for γ-Al2O3 shown in Fig. S3,
highlighting the need for incorporating temperature effects. Finally,
the third peak in the XAS at 300 K is 1.2 eV lower than the c′ transi-
tion and is present in a set of 24 MC configurations with a core-hole
placed on the AlO6 site.

To determine the band character of the states that give rise to
each peak in the XAS, we compare the static lattice DOS [shown in
Fig. 4(a)] with the electronic DOS from an MC configuration that
reproduces peak b′ [shown in Fig. 4(b)] and one that reproduces the
peak at 1570.0 eV [shown in Fig. 4(c)]. In the ground-state static
lattice unit cell with a core-hole placed on the AlO6 site, shown in
Fig. 4(a), the electron density at the 1570.0 eV peak in the XAS visu-
ally appears to have a d-like character; however, the distortion at this
site results in assignment of the Als or Alp character in DFT (6.5 eV
above the Fermi level in the DOS).

The electronic DOS for one MC sampling configuration, shown
in Fig. 4(b), with a peak at b′, shows that the states at b′ have a
mixed s-p character. This peak has previously been assigned to Al
1s to 3p states;8 however, these results suggest that the orbital char-
acter of these states is mixed s-p. Figure 4(c) also shows the DOS for
a configuration from MC sampling, which has a peak at 1570.0 eV
in the XAS. The states that contribute to the peak at 1570.0 eV are
delocalized in real space and therefore are not easily assigned to
an s, p, or d character when computing the projection onto atomic
orbitals.

Peak c′ in the XAS shown in Fig. 3 is not described by any of the
spectra with core-holes placed on the AlO6 site in the MC configura-
tions at 300 K. However, the distorted d-like states in the static lattice
spectrum shown in Fig. 4(a), as well as the delocalized states in the
configuration from MC sampling in 4c, are suggestive of transitions
to d-like states, as in the experiment at peak c′. Although the DFT
transition energy of this third peak is at a lower energy than in the
experiment, this is a good first approximation for visualizing these
mixed states at peak c′. One potential source of this discrepancy is in
the use of the Perdew–Burke–Ernzerhof (PBE) functional and could
be resolved through an investigation of the electronic states in the
region above the Fermi level using a hybrid functional. While this
is beyond the scope of this work, which focuses on the DOS, this
could resolve the energy difference between the c′ experiment and
theory. Using a multiple-scattering approach to calculate the XAS
would resolve features at higher energies; however, our work here
determines which transitions are a function of thermal vibrations
and obtain accurate transition energies near the absorption edge
using DFT. However, given the strong agreement between theory
and experiment for peaks a′ and b′, there is reason to suggest that
the structure is the source of this energy difference. By calculating
the XAS of another γ-Al2O3 structure, one could explore the effects
of partial occupancy on the electronic configurations.

IV. CONCLUSIONS
Monte-Carlo sampling of the vibrational modes of the ground

state structure of both α- and γ-Al2O3 has shed light on the origins of
their electronic transitions in the XAS and suggested possible further
studies for γ-Al2O3. The XAS at 300 K for α-Al2O3 is in agreement
with previous results15 and accurately reproduces the absorption
pre-edge not observed at the static lattice level of theory; in addition,

the resulting electronic states above the Fermi level show s-p mixing.
The ground state XAS for γ-Al2O3 only describes the K-edge transi-
tions in the AlO4 sites. By incorporating finite-temperature effects,
we are able reproduce two of three peaks in the experimental Al
K-edge XAS using individual configurations from MC sampling.

Using the Williams-Lax theory together with a stochastic con-
figuration sampling technique15,22–24 is a general method for calcu-
lating the finite-temperature XAS. By calculating the corresponding
DOS for each spectrum, we gain additional information, which is
not accessible in the experiment, including visualizing the electronic
charge density alongside the corresponding absorption peaks. Thus,
the XAS calculated at 300 K for α- and γ-Al2O3 not only contains the
same peak positions but also the same assigned orbital transitions
as the experiment. In order to calculate L1 or L2,3 absorption edges,
further approximations are needed, such as multiple scattering
Green’s function’s approaches35 or linear response methods.36 The
multiple scattering approach has previously been combined with
DFT-calculated forces to calculate finite temperature Debye–Waller
factors,37 and the methods presented in this paper could be modi-
fied in a similar fashion to incorporate DFT-calculated vibrational
modes. However, additional approximations are needed to calculate
especially high temperature spectra, as shown by Laraia et al.38 Nev-
ertheless, the method presented herein is not specific to crystalline
alumina, the Al K-edge absorption spectrum, or x-ray absorption
spectroscopy; indeed, it is a general approach for incorporating
DFT-calculated forces into a spectroscopic calculation, which can
be applied to other systems to study the experimental features not
observed at the ground-state static lattice level.

SUPPLEMENTARY MATERIAL

The supplementary material contains five figures which con-
tribute to the understanding of both the methods and results of this
work, and the figure captions describe their relevance to the work
in the main text. In addition, detailed information about the specific
parameters used to calculate the phonons, XAS spectra, and eDOS
are also included.
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