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X-ray Absorption spectroscopy (XAS) is a high-resolution probe of the electronic density of states
within solid-state materials. By including phonon-assisted transitions within plane-wave density-
functional theory methods of calculating the XAS we obtain the Al K-edge XAS at 300 K for two
crystalline phases of alumina (Al2O3). From these finite-temperature spectra, we reproduce the
pre-edge peak for the α-Al2O3 phase, which arises from a mixed s-p state that is not visible at
the static-lattice level of approximation. In addition, we calculate the finite-temperature XAS for
γ-Al2O3, which has not previously been reported, and find that the fully ordered spinel-based model
of γ-Al2O3 describes two out of the three experimental transitions seen in the Al K-edge. We observe
that the third peak in the calculated γ-Al2O3 spectrum arises from transitions in AlO6 octahedral
coordination environments from Al 1s to delocalized d-like states. Finally, we propose this letter as
a basis for future applications of finite-temperature XAS from first principles, as the methods used
are fully generalizable to any atom and edge, beyond the Al K-edge.

Crystalline phases of alumina have a range of appli-
cations in ceramics and abrasives manufacturing [1–3].
Given the breadth of 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 methods. In-
creasingly, as aluminas are used in electronic applications
such as perovskite solar cells and heterogeneous cata-
lysts [4–6], it has become imperative to understand not
only their atomistic but also their electronic structure,
especially in the less well characterized phases such as
γ-Al2O3. X-ray absorption spectroscopy (XAS) methods
have been used to obtain the K-edge absorption spectra
for α-alumina [7], and more recently, γ-alumina [8], pro-
viding experimental insight into the electronic structure
of these materials.

The Al K-edge XAS spectrum for α-Al2O3 [9] has a
main absorption peak at 1567.4 eV, which accounts for
transitions to 3p states in the conduction 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 en-
ergies 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 to the local AlO6 environment [12]. How-
ever this approximation assumes that the final electronic
state of the system is not affected by vibrational modes
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and therefore calculates the excited electronic state with-
out any vibrational effects included. Further, as is shown
for the case of Ti [11], this method is unable to repro-
duce transitions between the Ti s and d states, as the
assumption that the vibrational energies are small rela-
tive to the absorption energies no longer holds. While
this approximation works for localized, small energy ef-
fect transitions, it is not generally applicable.

Incorporating vibrational effects within first-principles
calculations to obtain temperature dependent spec-
troscopy is the state-of-the-art. For example, finite-
temperature Nuclear Magnetic Resonance chemical shifts
compare within 2-4 ppm of experimental results for
both organic [13] and inorganic [14] 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]. Despite these
successes, finite temperature XAS has yet to be applied
elsewhere, further underscoring the need for this study
on the crystalline aluminas.

In this letter, we use first-principles XAS calcula-
tions combined with phonon calculations to produce
finite-temperature Al K-edge XAS of both α- and γ-
alumina. By incorporating these finite-temperature ef-
fects at 300 K we are able to fully describe the pre-
edge peak in α-alumina, using a method for calculating
phonon-assisted XAS, which accounts for vibrational ef-
fects across the whole unit cell and therefore represents a
step change improvement over previous methods [11, 12].
Additionally, we calculate the Al K-edge XAS spectra for
γ-alumina, and assign both structural and electronic fea-
tures to two of the three main edges in the γ-alumina
XAS spectrum. We examine the electronic charge den-
sity of the third peak in the spectrum, and show that
this peak is attributed to delocalized d-like states. This
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method of calculating finite-temperature XAS using first-
principles accuracy can similarly be used on other crys-
talline structures, and provides an example of the utility
of incorporating phonon effects in the modeling of XAS.

X-ray Absorption Spectroscopy (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
transitions are short range and vertical, and normally
describe differences in energy states between nearest-
neighbor atoms. When using pseudopotential plane-wave
density-functional theory (DFT), which does not explic-
itly treat electrons in the core orbitals, it is necessary to
approximate the effect of the X-ray excitation of an elec-
tron 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 [15].
This core-hole pseudopotential method has shown success
in reproducing the experimental absorption spectra of a
range of materials [16–18] as implemented in the DFT
code, CASTEP [19]. To recover the wave function of
the all electronic core state requires a transformation us-
ing a projector-augmented wave approach in which each
transmission matrix element is calculated from a linear
transformation of the pseudo wavefunction [15].

The X-ray absorption cross section, σ, is described us-
ing Fermi’s golden rule approximation to the imaginary
part of the dielectric function [14, 20],

σ(ω) = 4π2α0~ω
∑
f

|〈Ψf |ε̂ · r|Ψi〉|2 δ(Ef−Ei−~ω), (1)

where ~ω is the energy of the incoming X-ray, r is the
single electron position operator, α0 is the fine structure
constant, and ε̂ is the polarization direction of the elec-
tromagnetic vector potential. The incoming X-ray ex-
cites an electron from a core-level orbital |Ψi〉 to a final
state |Ψf 〉 in the conduction band. The final electronic
states, |Ψf 〉, are eigenstates of the Kohn-Sham Hamilto-
nian.

The zero temperature approximation of the X-ray ab-
sorption cross section (Equation 1) can be extended to
finite temperature using the Williams-Lax theory [14, 21–
23], which yields the following expression,

σ(T ) =
1

Z
∑
k

〈χk(R)|σ(ω,R) |χk(R)〉 e−Ek/kBT , (2)

in which Z =
∑

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 in this letter we
describe within the harmonic approximation. Using a
Monte Carlo (MC) sampling technique [23] we evaluate
Equation 2, by calculating a series of X-ray absorption
transition energies, for sampled nuclear configurations R
distributed according to the harmonic vibrational den-
sity.

The finite temperature XAS energies at 300 K were
calculated for both α- and γ-Al2O3, with a phonon q
point grid of 2×2×2, and 30 MC sampling points. The
ground-state, static-lattice unit cell of α-Al2O3, has one
symmetry equivalent Al site, in an octahedral AlO6 en-
vironment, so that a core-hole was placed on one site in
each of the 30 MC configurations to calculate the XAS
at 300 K.

The experimental Al K-edge absorption spectrum for
α-Al2O3 contains three peaks (a, b, and c) at 1565 eV,
1568 eV, and 1572 eV respectively, shown in Figure 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 transition from the Al 1s to 3p state. Peak c is
attributed to transitions from the Al 1s to 3d states [8].

FIG. 1: Finite temperature XAS spectrum (blue)
calculated as a sum of 30 spectra from the MC sampled
configurations of α-Al2O3 (purple), compared to the
experimental XAS spectra from Cabaret and Brouder,
Journal Physics Conference Series, 2009 [12] indicating that
the pre-peak at a is visible in the MC sampled spectra.

.

The ground-state static-lattice XAS calculation of α-
Al2O3 reproduces peaks b and c (Figure S3a), but the
pre-edge at a is absent. This pre-edge comprises an s-to-s
transition, hence is dipole forbidden due to the inversion
symmetry present in the unit cell. However, the pre-edge
peak at a, as well as peaks b and c are visible in the
XAS calculated at 300 K, indicating that the inclusion
of phonon assisted transitions successfully describes all
three peaks in the α-Al2O3 Al K-edge XAS.

By calculating the electronic density of states (DOS)
for both the ground-state static lattice case, and one con-
figuration from the MC sampling, we can determine the
orbital character of the states at this pre-edge. In both
the ground-state static lattice and MC sampling config-
uration DOS, there are Al 3s states at 3 eV above the
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FIG. 2: 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 in red, and the positive
and negative electron density in 3D.

Fermi level, however in the MC sampling case there are
additional O p states at this energy level. The pres-
ence of the O p states is a result of the distortion of the
lattice at 300 K breaking the inversion symmetry in the
unit cell. This additionally distorts the local octahedral
environment surrounding the Al atom (shown in Figure
2). Comparing the static lattice and MC sampled sites
based on their continuous symmetry measure (CSM) as
described by Pinsky [24], gives a quantitative measure
of the site’s distortion from the pristine octahedral sym-
metry. Higher CSM values show further deviation; the
AlO6 site in the static lattice unit cell has a symmetric
energy density around the Al atom (CSM = 0.59), and
in the MC sampled configuration this site has lower sym-
metry (CSM = 0.81) [25]. 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 presence of a mixing of s and p states and breaking
of inversion symmetry.

The Al K-edge XAS spectrum for γ-alumina is less
well-understood than that of α-Al2O3, despite the large
number of studies on the K-edge spectrum of aluminosil-
icate glasses [26–28]. Unlike α-alumina, which contains
only one, symmetry-equivalent, octahedral 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 lead to several
model unit cells of γ-alumina [29]. Discrepancies between
experimental X-ray diffraction and first principles models
suggest a variety of potential models for γ-Al2O3: namely
a spinel model in which the Al3+ cations are all on spinel

FIG. 3: Finite temperature XAS for γ-Al2O3 calculated as
the weighted average over 30 generated configurations from
Monte Carlo sampling over the static lattice phonon modes.
Peak a′ is well described the spectra with a core-hole on the
AlO4 site. 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 1570.0ėV. Only
the c′ peak from experiment is not described by the finite
temperature spectrum. Experimental spectrum adapted
with permission from Altman et al.. Inorg. Chem. 2017, 56,
10, 5710–5719 Copyright 2017 American Chemical Society.

sites [30]; a spinel model in which these cations sit on
non-spinel sites [31]; and a non-spinel model [32, 33]. In
this work, we have chosen to use the Pinto et al. phase
of γ-Al2O3 [31], as recent selected-area electron diffrac-
tion analysis suggests that the Pinto et al. model shows
excellent agreement with experiment [29, 34].

The presence of two symmetry-inequivalent sites in γ-
Al2O3 requires a careful treatment of the contribution of
these two sites to the overall XAS lineshape. Typically,
total XAS spectra are weighted according to the abun-
dance of each symmetry-inequivalent atom in the system
[35]; 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 transitions and c′ is
assigned to 1s to 3d transitions [8]. Peak c′ at 1571.2 eV
is also present in α-Al2O3 XAS and other aluminosilicate
materials, 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. The static lattice XAS (Figure S3b) describes
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FIG. 4: Electronic DOS for the static-lattice structure of γ-Al2O3 and two configurations from MC sampling at 300 K
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. The gray shaded region highlights the Al core-hole s states near the CBM. In the
right panels, Al atoms are shown in blue, O atoms in red, and the positive and negative electron density 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 which cannot easily be assigned to s, p, or d character, corresponding to an
XAS peak at 1570.0 eV between b′ and c′.

neither peak b′or c′, and therefore justifies the use of the
finite temperature XAS at 300 K, in order to resolve the
unassigned peaks.

At 300K, the first principles XAS for γ-Al2O3 has
peaks at 1565.7 eV, 1568.0 eV, and 1570.0 eV, as shown
in Figure 3. The peak at 1565.7 eV corresponds to a′

in experiment. The finite temperature XAS successfully
reproduces peak b′ in a set of 6 MC sampled configura-
tions with a core-hole on the AlO6 site. This peak is not
described by the static lattice XAS for γ-Al2O3 shown in
Figure S3, highlighting the need for incorporating tem-
perature effects. Finally, the third peak in the XAS at
300 K is 1.2 eV lower than the c′ transition, and is present
in a set of 24 MC configurations with a core-hole placed
on the AlO6 site.

By calculating the electronic DOS for the static lattice
γ-Al2O3 structure and two configurations from MC sam-
pling, we can determine the orbital character of the states
which give rise to peak b′ at 1568.0 eV and the peak at

1570.0 eV. In the ground-state static lattice unit cell with
a core-hole placed on the AlO6 site, shown in Figure 4a,
the electron density at the 1570.0 eV peak in the XAS
has d-like character (6.5 eV above the Fermi level in the
DOS).

The electronic DOS for one MC sampling configura-
tion shown in Figure 4b, with a peak at b′, shows 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 character of these
states is mixed s-p. Figure 4c also shows the DOS for
a configuration from MC sampling which has a peak at
1570.0 eV in the XAS. The states which contribute to the
peak at 1570.0 eV are delocalized, and cannot be easily
assigned to an s, p or d character.

Peak c′ in the XAS in Figure 3 is not described by any
of the spectra with core-holes placed on the AlO6 site
in the MC configurations at 300 K. However, the d-like
states in the static lattice spectrum in Figure 4a, and de-
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localized states in the configuration from MC sampling
in 4c, are suggestive of transitions to d-like states as in
experiment at peak c′. Although the DFT transition en-
ergy of this third peak is at a lower energy than in exper-
iment, 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 PBE functional, and
could be resolved through an investigation of the elec-
tronic 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 finite temperature DOS,
this could resolve the energy difference between c′ exper-
iment and theory. 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.

The electronic structure of both α- and γ-Al2O3 has
been characterized experimentally using Al K-edge XAS,
in order to describe the electronic transitions present in
these two crystalline phases of Al2O3 [8, 9, 12]. Using
MC sampling on the vibrational modes of the ground
state structure of these alumina phases has shed light
onto the origins of their electronic transitions in the XAS,
and suggested possible further studies for γ-Al2O3. The
finite temperature XAS for α-Al2O3 accurately repro-
duces the absorption pre-edge not observed at the static
lattice level of theory and the resulting electronic states
above the Fermi level show s-p mixing. The ground state
XAS for γ-Al2O3 only describes the K-edge transitions
in the AlO4 sites. By incorporating finite temperature
effects, we are able reproduce two of three peaks in the
experimental Al K-edge XAS.

Beyond the results we have shown for the crystalline
phases of α- and γ-Al2O3, we have demonstrated that
using the Williams-Lax theory together with a stochas-
tic configuration sampling technique [21–23] is a general

method for calculating finite-temperature XAS. By cal-
culating the corresponding DOS of states for each spec-
trum we gain additional information which is not ac-
cessible in experiment, including visualizing the orbitals
alongside their absorption peaks. Thus the XAS calcu-
lated at 300 K for α- and γ-Al2O3 not only contains the
same peak positions, but also the same assigned orbital
transitions as experiment. This method is not specific to
crystalline aluminas, the K-edge absorption spectrum, or
to X-ray Absorption spectroscopy, and can be easily ap-
plied to other systems and absorption edges in order to
study experimental features not observed at the ground-
state static-lattice level.
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Supplemental Materials

A. Dynamical Stability

The atomic positions in both α- and γ-Al2O3 were op-
timized to reduce the forces to within 0.01 eV/Å at a
plane-wave basis set cut off of 700 eV and an electron
k -point grid size of 4×4×4. In Figure S2 we show the
phonon dispersion for both α- and γ-Al2O3 calculated
with a coarse q-point grid of 2×2×2. Using finite differ-
ences combined with the nondiagonal supercell method
of constructing commensurate supercells [36], a total of 4
supercells were required for α-Al2O3, which has 10 atoms
in the unit cell. For γ-Al2O3, which contains 40 atoms
in the unit cell, a total of 6 supercells were required to
calculate the phonon dispersion. The number of super-
cells required is based on the symmetry of the unit cell
[36]. There are no imaginary phonon modes at this level
of theory, as shown in Figure S2, indicating that both
structures are dynamically stable.

The fully ordered Pinto et al. structure of γ-Al2O3 is
used here in the calculation of the XAS spectrum of γ-
Al2O3 and is shown alongside the R3̄m phase of α-Al2O3

in Figure S1. Other phases which have partial occupancy
on the AlO6 site would require additional analysis of the
site orderings, and the use of large supercell models with
300 atoms, which are too computationally intensive for
first principles XAS. Ayoola et al. [29] suggest that of
the postulated structures of γ-Al2O3 in the literature, the
Smrčok cubic spinel model could represent disorder that
is not present in the fully ordered Pinto model used in
this work. However, the use of the Pinto model is partly
justified as it contains the same ratio of tetragonal to
octahedral Al environments as the Smrčok model [29, 31].

B. Transition Energy Referencing

The spectral features for an XAS calculation are pro-
duced using the method above, however a correction is
needed, as described by Mizoguchi et al. [16], to calcu-
late the theoretical transition energy (ETE). In an all-
electron calculation, ETE is directly computed from the
total energy difference between the excited and ground
state electron configurations, but when using pseudopo-
tentials only the valence electrons are accounted for in
the total energy. Thus, calculating the transition energy
requires a contribution from both core and valence elec-
tron energies, such that

ETE = ∆Evalence + ∆Ecore(atom) (S1)

where

∆Ecore(atom) = ∆EAll orbitals(atom) −∆Evalence(atom).
(S2)

In Equation S1, ETE is the total transition energy, cal-
culated by summing the energy difference in the valence
electron density, ∆Evalence, and in the core orbital en-
ergy for the core-hole pseudopotential, ∆Ecore(atom) be-
tween the core-hole and non-core-hole calculations. The
∆Ecore(atom) is the difference between the all-electron
energy and pseudopotential energy for the atom with
the core-hole, ∆EAll orbitals(atom), and the all-electron
versus pseudopotential energy for the valence electrons,
∆Evalence(atom) from the core-hole pseudopotential.

Equation S2 calculates the transmission energy from
the core-hole pseudopotential calculation ∆Ecore(atom),
whereas ETE and ∆Evalence are obtained from the full
pseudopotential XAS calculation. By comparing with
experimental results it is possible to calculate both the
total energy shift as well as the relative shifts between
core-hole calculations for several XAS calculations.

C. 0 K Static Lattice XAS

The DFT calculated static lattice level XAS spectrum
for both α- and γ-Al2O3 are calculated and shown in
Figure S3. In the case of α-Al2O3, the pre-edge peak at
a is not present in the static lattice spectrum, however
peaks b and c are both in line with experiment. This
spectrum is calculated with a core-hole placed on one Al
site within the 2×2×2 supercell of α-Al2O3, as there is
only one symmetric AlO6 site within the unit cell. On the
other hand, γ-Al2O3 contains one AlO4 site and one AlO6

site (as shown in Figure S1b) and therefore two core-hole
calculations were performed in the γ-Al2O3 case. These
are shown in Figure S3b, in which the total spectrum is
calculated as the sum of both the AlO4 and AlO6 sites,
weighted by their abundance of 6:10 respectively. The a′

peak in this spectrum is the only peak resolved at the
static lattice level of theory.

D. Electronic DOS and corresponding spectra

The electronic DOS shown in Figure 4 corresponds to
the DOS for the static lattice unit cell with a core-hole on
an AlO6 atom, and two configurations from the MC sam-
pling at 300 K. These are MC configurations numbered
19, and 20, and their corresponding absorption spectra
are shown in Figure S4. All MC sampled configurations
with a core-hole on the AlO4 atom have a main peak at
a′, however a select set of configurations additionally con-
tain a pre-edge peak. The corresponding XAS spectrum
for MC configuration number 10 with a core-hole placed
on the AlO4 atom is shown in Figure S4. Comparing the
DOS for the static lattice configuration with configura-
tion number 10 (see Figure S5) shows that there is a dis-
tortion of the electron density surrounding the core-hole
atom, which results in a slightly higher mixing between
the O p states and the Al s states, resulting in a pre-edge
peak for this configuration.
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FIG. S1: (a) The α-Al2O3 structure has R3̄c space group with one symmetry-equivalent Al environment. All Al atoms are
in an octahedral arrangement (blue) and all O atoms are in tetrahedral environments. All O atoms are shown in red, with
Al-O bonds shown in black. (b) Pinto et al. fully-ordered spinel structure of γ-Al2O3 [31], containing two Al vacancies on the
octahedral site of the C2/m unit cell. This phase contains both octahedral AlO6 environments (blue) and tetrahedral AlO4

environments (purple).
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(a)

(b)

FIG. S2: (a) α-Al2O3 phonon dispersion through high symmetry points Γ-T -S-Γ-L (b) γ-Al2O3 phonon dispersion through
high symmetry points Γ-T -S-Γ-L. Both using (a) and (b) at a plane-wave energy cut-off of 700 eV using the PBE functional
at a q-point grid size of 2x2x2. This phonon dispersion is used to construct the supercells from Monte Carlo sampling, which
were then used to calculate the XAS spectra at finite temperature.
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(a)

(b)

FIG. S3: (a) α-Al2O3 XAS at 0 K with a core-hole placed on one Al atom in a 2x2x2 supercell containing 168 atoms. (b)
Static lattice XAS for γ-Al2O3 calculated as the weighted average over two spectra from core-holes placed on AlO4 and AlO6

sites. The γ-Al2O3 ground state unit cell used for this calculation is the Pinto et al. monoclinic spinel-based model [31] which
contains a ratio of AlO4:AlO6 of 6:10, in line with the Smrčok cubic spinel model with partial occupancy. Experimental
spectrum adapted with permission from Altman et al. Inorg. Chem. 2017, 56, 10, 5710–5719 Copyright 2017 American
Chemical Society.
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FIG. S4: Three configurations from the Monte Carlo sampled finite temperature XAS for γ alumina used to calculate the
DOS shown in the main text. The configurations are numbered according to their corresponding numbers assigned in the MC
sampling. The purple spectrum shows snapshot 10, with a core-hole placed on the AlO4 environment. The orange and yellow
lines show configurations 19 and 20 respectively, with a core-hole placed on the AlO6 environment. The DFT Total spectrum
is shown for reference, and is the weighted average over all 30 configurations from the MC sampling.

FIG. S5: (a) Electronic DOS for the static lattice γ-Al2O3 phase with a core-hole placed on the AlO4 site. This phase shows
a symmetric distribution of the p-orbitals on the four surrounding oxygen atoms from the tetrahedral Al atom (as shown in
the right panel) from the lowest unoccupied band in the DOS at 0.9 eV above the Fermi level. The Al atom is shown at the
center of this image in blue, surrounded by red O atoms, and the positive and negative electron density in 3D are shown. (b)
Electronic DOS for configuration 10 from MC sampling (see Figure S4 for the XAS for this phase) shows that the bandgap
decreases in the distorted case, and the shape of the electronic density surrounding the central Al atom is distorted, with a
lower electronic density on the O atom in the -c axis direction when compared to the static lattice case. Both the static
lattice and configuration from MC sampling show a maximum XAS peak at a′ (1567.5 eV) and the configuration from MC
sampling has a pre-edge at 1563 eV, not seen in the static lattice case.
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