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ABSTRACT  

The bulk electronic structure of 𝛽-Ga2O3 single crystals was investigated using oxygen K-edge 

x-ray emission and absorption spectroscopy as well as resonant inelastic soft x-ray scattering. 

Spectra were obtained for different orientations of the crystal planes with respect to the 

polarization vector of the incident x-ray beam. The spectra are analyzed with calculations based 

on density functional theory and using the Bethe-Salpeter equation in the OCEAN code to take 

the core-hole interaction into account. These calculations correctly capture all the main features 

in the experimental spectra, demonstrating the potential of the approach to predict the 

electronic properties of similar compounds. We find a pronounced anisotropy as a function of 

the excitation polarization vector and significant differences in the spectral contributions from 

the inequivalent oxygen atoms of 𝛽-Ga2O3. 
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Ga2O3 is an ultra-wide band gap material1, with literature band gap values ranging from 4.4 to 

4.9 eV.2–8 It can be used as a transparent conductive oxide (TCO), with good electrical 

conductivity and transparency in the UV-visible light region. Ga2O3 has been used in a wide 

variety of applications9: as a buffer3,10 or intrinsically “high-resistive” layer11 in Cu(In,Ga)Se2 

(CIGSe)-based thin-film solar cells, in power electronics,12–15 solar-blind UV detectors,16–19 

gas-sensing devices,20–22 catalysts,23,24 and space-based applications.25,26 A detailed and 

fundamental understanding of its electronic structure is crucial for further insight-driven 

optimization of these (and similar) devices. 

There are five different polymorphs of crystalline Ga2O3, 𝛼 , 𝛽 , 𝛾 , 𝛿 , and 𝜖 ,27 with the 𝛽 

polymorph being the most stable under ambient temperature and pressure. The crystal structure 

of 𝛽-Ga2O3 is anisotropic, which is reflected in its electronic and optical properties. Several 

studies have shown an anisotropy in the optical absorption, resulting in different band-gap 

values depending on the polarization of the light.5,28–30 Several angle-resolved photoelectron 

spectroscopy (ARPES) studies have been performed to determine the band structure, and a 

good correspondence with density functional theory (DFT) calculations was found.31–34 Cocchi 

et al. investigated the energy-loss near-edge fine structure (ELNES) at the O K edge of 𝛽-

Ga2O3,
35 together with spectra collected with a transmission electron microscope. By changing 

the diffraction conditions and comparing with calculations based on the Bethe-Salpeter 

equation (BSE), information about the inequivalent oxygen atoms could be gathered. Swallow 

et al. investigated different polymorphs of Ga2O3
36 with x-ray absorption spectroscopy (XAS) 
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 4 

and found that the spectra vary significantly depending on the polymorph and its crystal 

structure. Vorwerk et al. studied extensively the theoretical O K, Ga L2, and Ga K resonant 

inelastic x-ray scattering (RIXS) spectra of Ga2O3,37,38 and one of the foci was to understand 

how the absorption spectra differ between the polymorphs. To date, no experimental RIXS 

studies of Ga2O3 have been published.  

In this work, the experimental oxygen K x-ray emission spectroscopy (XES), XAS, and RIXS 

spectra of single crystal 𝛽-Ga2O3 for three different polarization directions are presented and 

compared with calculations using DFT and BSE approaches, which correctly reproduce the 

main features in the experimental spectra. By performing polarization-dependent 

measurements and calculations, we are able to selectively probe different regions of the band 

structure of 𝛽-Ga2O3, as well as enhance or suppress contributions from inequivalent O atoms.  

 

Figure 1. The conventional unit cell of 𝛽-Ga2O3 (see Refs. 35 and 39). Tetrahedrally (Ga1) and 

octahedrally (Ga2) coordinated Ga atoms are shown in green and turquois, respectively. 

Inequivalent O atoms are shown in red (O1), maroon (O2), and purple (O3). The image was 

produced using the VESTA software. 40 

Figure 1 shows the conventional unit cell of 𝛽-Ga2O3, with two inequivalent Ga atoms: the 

tetrahedrally-coordinated atoms are labeled as Ga1, the octahedrally-coordinated atoms are 

labelled as Ga2. There are also three inequivalent O atoms: O1 has two bonds with Ga2 and 

one bond with Ga1, O2 has three bonds with Ga2 and one bond with Ga1, and O3 has one bond 
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 5 

with Ga2 and two bonds with Ga1. The three inequivalent O atoms contribute differently to the 

spectra, depending on the polarization of the incident x-ray beam, as we will show in this paper. 

As a first step, the non-resonant O K XES spectra of 𝛽-Ga2O3 are presented in Figure 2, in 

comparison with calculations based on DFT and the OCEAN code.  

  

Figure 2. Comparison of the experimental O K XES spectrum of 𝛽 -Ga2O3 with DFT 

calculations. a) from bottom to top: calculated k-resolved band structure, projected density of 

states (PDOS) for gallium and oxygen, separated in s (red), p (blue), and d (green) symmetry, 

calculated O K XES spectrum without (“calc.”) and with (“calc. * Voigt”) experimental and 

lifetime broadening, and the sum of the experimental XES spectra for the three polarization 

directions excited with 550 eV photons (black, top). Small spectral contributions are also 

magnified by the given factors. b) from bottom to top: spectra calculated using the OCEAN code 

separated into O1 (continuous line), O2 (short dashed line), and O3 (long dashed line) 

contributions for 𝜀𝑒𝑥𝑐 ∥  𝑎⃗  (black), 𝑏⃗⃗  (red), and 𝑐  (yellow), calculations summed over all 

oxygen atoms (“OCEAN calc.”), and (top) experimental spectra for the three polarization 
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directions (arrows point at the region of largest difference between the spectra). In the 

experimental spectra and the OCEAN calculation, the contributions for 𝑏⃗⃗ (red) and 𝑐 (yellow) 

are very similar and lie on top of each other. 

According to the final-state rule41–43, ground-state calculations are often sufficient to simulate 

non-resonant XES spectra; all calculations presented in Figure 2 are thus based on DFT (i.e., a 

ground-state approach). For the calculations in Figure 2 a), the Wien2k program package44 was 

used. This calculation uses the formalism developed by Schwartz et al. to derive an angle-

integrated XES spectrum based on the projected density of states (PDOS).45 As an 

approximation of an angle-integrated spectrum, we summed up the experimental non-resonant 

XES spectra for three different polarization directions. The spectra in Figure 2 b) were 

calculated for different polarization directions and separated for the inequivalent oxygen atoms 

using DFT with the OCEAN code.46,47 

Starting at the bottom of Figure 2 a), the calculated k-resolved band structure is shown, with 

the energy relative to the valence band maximum (VBM) on the abscissa and the crystal 

momentum on the ordinate. The band structure can be divided into three regions: the upper 

valence band region at 0 to 7 eV, Ga 3d-derived bands at 12 to 13 eV, and O 2s-derived bands 

at 17 to 20 eV below the VBM, respectively. The atom- and symmetry-resolved PDOS (Ga s, 

Ga p, Ga d, O s, and O p) is shown above the band structure. The upper valence band region is 

mostly composed of oxygen p orbitals. Moreover, while the Ga 3d-derived bands mostly 

contribute to the Ga PDOS, small admixtures from O 2s and O 2p states are found in this region 

as well. In fact, Ga 3d – O 2s,36 as well as Ga 3d – O 2p hybridization (similarly to that observed 

for other metal oxides48), occurs, with a small contribution from Ga 3d to the O 2s-derived 

bands.  

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I:
10

.10
63

/5.
02

52
57

1



 7 

The calculated O K XES spectrum, without and with experimental and lifetime broadening, is 

shown above the PDOS. Its main peak, approx. -1 eV below the VBM (at an emission energy 

of ≈ 526 eV), is dominated by contributions from the O 2p-derived band. In addition, there is 

a small peak at approx. -13 eV relative to the VBM (≈ 514 eV emission energy) due to 

transitions from the Ga 3d-derived band that contains O 2p contributions. The calculation gives 

a good description of the experimental non-resonant spectrum, with all the main features 

present. We note that the experimental Ga 3d-derived band appears at almost 5 eV lower 

emission energy than in the calculation (indicated by a dotted line). This underestimation of 

the position of d-bands is well known when using DFT with local density (LDA) or generalized 

gradient (GGA) approximations (as in the present case).49  

In the top half of Figure 2 b), we now compare the experimental emission spectra, for all three 

polarization directions separately, with the corresponding spectra calculated with OCEAN. 

Overall, the spectra for the three polarization directions are very similar, both in experiment 

and calculation. However, the spectrum for the 𝜀𝑒𝑥𝑐 ∥  𝑎⃗ direction has a slightly smaller relative 

intensity of the main peak at 526 eV and exhibits a more intense shoulder at lower energies (≈ 

525 eV, indicated by black arrows in Figure 2 b). These differences are accurately reproduced 

by the calculation. In the bottom half of Figure 2 b), the calculated XES spectra for the three 

polarization directions are further separated into contributions from the differently coordinated 

oxygen atoms (i.e., O1, O2, and O3). The contribution from O3 is stronger in the emission 

spectrum with 𝜀𝑒𝑥𝑐 ∥  𝑎⃗  than for the other two directions. The O3 contribution is shifted 

towards higher emission energy relative to O1 and O2, explaining the difference in the 

observed experimental spectrum for the 𝜀𝑒𝑥𝑐 ∥  𝑎⃗ direction. Nonetheless, the difference in the 

emission spectra for the different polarization directions is rather small and not as significant 

as in the absorption spectra that will be discussed below. 

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I:
10

.10
63

/5.
02

52
57

1



 8 

Figure 3 shows the experimental (left) and BSE-calculated (right) O K RIXS maps of 𝛽-Ga2O3 

for the three polarization directions.  

  

Figure 3. Experimental (left) and BSE-calculated (right) O K RIXS maps of 𝛽-Ga2O3 for the 

three polarization directions: 𝜀𝑒𝑥𝑐 ∥ 𝑎⃗  (bottom), 𝜀𝑒𝑥𝑐 ∥ 𝑏⃗⃗  (middle), and 𝜀𝑒𝑥𝑐 ∥ 𝑐  (top). The 

color-coded emission intensity is shown as a function of the excitation and emission energies. 

As a function of excitation energy, the overall emission intensities in the maps represent the 

absorption spectra, which will be discussed in detail in conjunction with Figure 4 below. The 

intensity variations are significantly different for the three different polarization directions and 

are well reproduced in the calculations. While the calculated line positions and spectral weights 

slightly shift along the emission energy axis as a function of excitation energy, this is barely 

visible in the experimental data. This can be partially attributed to additional experimental 

broadening in the measurements, as well as the fact that the experimental data also includes 

contributions from processes in which momentum is transferred to phonons or other electrons 

(henceforth called “incoherent contributions”)50. Such momentum transfers have a wide 
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 9 

distribution in k-space, leading to a broadening of the spectra, since the experimental spectra 

are then sums of the coherent and incoherent contributions. In contrast, the direction of the 

photon momentum (whose magnitude corresponds to a sizable portion of the Brillouin zone) 

is well defined by the orientation of the single crystal and the measurement geometry. The 

strongest changes in RIXS spectral shape as a function of excitation energy are observed close 

to the absorption onset (i.e., between excitation energies of 530 and 533 eV). This is due to a 

higher degree of coherence in this region, as will be discussed in detail in conjunction with 

Figure 5 below. 

Figure 4 shows the measured and calculated partial fluorescence yield (PFY) O K XAS spectra 

of 𝛽-Ga2O3 for the three polarization directions. The calculated spectra and their dependence 

on the non-equivalent oxygen atoms and the polarization direction are in good agreement with 

the results in Ref.37, where a very similar BSE-based approach was used. The experimental 

spectra were generated from the RIXS maps in Figure 3 by integrating the emission intensity 

between emission energies of 519 and 529 eV for each excitation energy. The spectra were 

then normalized to the XAS edge jump from 530 to 560 eV. The experimental spectra exhibit 

several absorption features, labeled A-E, that are enhanced in some polarization directions 

while reduced in others. These changes, as well as the overall shapes of the XAS spectra, are 

well reproduced by the calculation, which allows for a more detailed discussion of the different 

features. 
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 10 

 

Figure 4. Comparison of the experimental (black) and calculated (blue, using OCEAN and the 

BSE approach) XAS spectra for the three polarization directions. In addition to the calculated 

sum (light blue), calculated spectra are shown for the inequivalent oxygen atoms individually 

(blue, yellow, and red). All calculated spectra were convoluted with Voigt line profiles to 

account for experimental and lifetime broadening. The excitation energy axes of all calculated 

spectra were shifted by the same amount and stretched (by a factor of 1.05) to match the 

experimental spectra. 

Feature A is present in all spectra but slightly shifts and changes spectral shape for the different 

polarization directions, which is reproduced in the calculation. The calculations show strongly 

varying contributions of the inequivalent oxygen atoms to the absorption spectra for the three 

orientations and excitation energies, which can be used to selectively enhance the contributions 

of specific oxygen environments as suggested in Ref.35. In detail, feature A is dominated by 

absorption at O2 and O3 for 𝜀𝑒𝑥𝑐 ∥  𝑎⃗. For 𝜀𝑒𝑥𝑐 ∥  𝑏⃗⃗, all oxygen atoms contribute, and for 𝜀𝑒𝑥𝑐 ∥

 𝑐, only O1 and O2 give rise to appreciable intensity. Feature B is most prominent for 𝜀𝑒𝑥𝑐 ∥  𝑏⃗⃗ 

and 𝜀𝑒𝑥𝑐 ∥  𝑐, and less pronounced for 𝜀𝑒𝑥𝑐 ∥  𝑎⃗. For 𝜀𝑒𝑥𝑐 ∥  𝑐, a distinct peak can be found in 
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 11 

this region, which can be related to absorption at O3. Conversely, features C and E are most 

distinct for 𝜀𝑒𝑥𝑐 ∥  𝑎⃗ and 𝜀𝑒𝑥𝑐 ∥  𝑐 while reduced for 𝜀𝑒𝑥𝑐 ∥  𝑏⃗⃗. In the calculations, O2 strongly 

contributes to feature C for 𝜀𝑒𝑥𝑐 ∥  𝑎⃗ and 𝜀𝑒𝑥𝑐 ∥  𝑐, while O1 makes the strongest contribution 

to feature E for 𝜀𝑒𝑥𝑐 ∥  𝑎⃗.  

Figure 5 shows the measured and calculated coherent contributions of the RIXS spectra for 𝛽-

Ga2O3 for all three polarization directions. To obtain the coherent contributions in the 

experiment, individual RIXS spectra were extracted from the RIXS maps in Figure 3 by taking 

horizontal cuts through the maps. These spectra contain both coherent and incoherent 

contributions, while the calculated spectra contain the coherent part only. In a simple model 

suggested in Refs.51,52, the incoherent contribution is approximated by a spectrum excited high 

above the absorption edge (i.e., a non-resonant spectrum), and subsequently a maximal amount 

of this incoherent spectrum is subtracted from each RIXS spectrum, without generating 

negative intensities. This approach is not easily applicable to 𝛽-Ga2O3, due to its inequivalent 

O atoms that contribute differently at different excitation energies35,37,38. Nevertheless, we have 

used this procedure to derive an estimate for the experimental coherent fraction as exemplarily 

shown for two excitation energies in Fig. S1; the result is shown in Figure 5. 
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 12 

 

Figure 5. Coherent contributions of the experimental RIXS spectra compared with calculations 

at selected excitation energies for a) 𝜀𝑒𝑥𝑐 ∥  𝑎⃗, b) 𝜀𝑒𝑥𝑐 ∥ 𝑏⃗⃗, and c) 𝜀𝑒𝑥𝑐 ∥ 𝑐. The experimental 

spectra are normalized to the peak maxima, and the calculated spectra are scaled for the best 

correspondence to the experiment. The emission energy axes of all calculated spectra were 

shifted by the same amount to match the feature positions of the experimental spectra. Insets 

(upper right corners) show the respective coherent fractions (i.e., the percentage of the coherent 

contribution in the overall spectrum) as a function of the excitation energy.  

For all three polarization directions, the following types of features are observed in the 

experimental spectra: the elastically-scattered (Rayleigh) peak, emission features that do not 

shift as a function of excitation energy, and emission features that exhibit a Raman-like 

behavior (i.e., their emission energy shifts linearly with excitation energy). Below the 

absorption edge (≈ 532 eV), only excitations into “virtual” states are possible, and the emission 
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 13 

lines shift with a Raman behavior. In this excitation-energy region, we find very good 

agreement between experiment and calculations for all three polarization directions. The 

spectral shapes change only slightly as a function of excitation energy, but distinct differences 

are observed between the polarization directions (e.g., the spectra are narrower when 𝜀𝑒𝑥𝑐 ∥  𝑐).  

Above the absorption edge at ≈ 532 eV, spectral shapes change significantly as a function of 

excitation energy, and no Raman-like shift is observed. While the agreement between 

experiment and theory is still very good when 𝜀𝑒𝑥𝑐 ∥  𝑎⃗, the agreement is poor for 𝜀𝑒𝑥𝑐 ∥  𝑏⃗⃗ and 

𝜀𝑒𝑥𝑐 ∥  𝑐 . As discussed above, this is expected due to the inequivalent oxygen atoms. At 

resonant excitation, they are not equally excited (see Figure 4) and since our calculation in 

Figure 2 b) indicates significant differences between the non-resonant spectra of these oxygen 

atoms, the experimental non-resonant spectra are no longer good approximations for the 

incoherent contribution. For excitation below ≈ 532 eV, the coherent contribution dominates 

the spectra (see insets), and the error introduced by the approximation of the incoherent 

contribution is small. Above ≈ 532 eV, the incoherent contribution increases significantly, and 

the error gets much larger. Notably, 𝜀𝑒𝑥𝑐 ∥  𝑎⃗ is the exception, where the subtraction of the 

incoherent contribution works well for all energies. This can be attributed to the fact that, for 

this polarization, the non-resonant spectra of the inequivalent oxygen atoms are rather similar. 

Qualitatively, O1 is preferred for 𝜀𝑒𝑥𝑐 ∥  𝑏⃗⃗ and 𝑐 with excitation below 535 eV (see Figure 4) 

and the non-resonant emission spectra of O1 contain a sharp and intense peak at ≈ 526 eV for 

these polarizations (see Figure 2 b)), which then remains after subtraction of the non-resonant 

spectra in Figure 5 b) and c). 

Combining the measured and calculated XAS and XES spectra, we can estimate the one-

particle fundamental band gap of 𝛽 -Ga2O3. The observed extrema of the emission and 

absorption spectra do not identify the true band extrema. They only probe the p-type electronic 
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 14 

states around the oxygen atoms, and, furthermore, the absorption is red-shifted by the presence 

of the core hole. However, the OCEAN calculations account for these effects. In the calculations, 

the gap between the absorption and emission spectra is set by the one-particle gap and the BSE 

excitonic binding in the absorption. DFT calculations typically underestimate the one-particle 

gap, often by 50% or more, due to the neglect of many-body terms, which can be corrected 

through GW self-energy calculations53. Another limitation of the DFT band gap is a lack of 

phonon renormalization, though this is smaller than the self-energy and has the opposite effect, 

reducing the gap by a few tens to hundreds of meV54. 

By aligning the calculated spectra to the experimental XAS and XES measurements, we 

estimate a one-particle gap that includes these effects. This alignment required an adjustment 

of 2.9 eV on top of the DFT-calculated band gap of 2.5 eV, giving a true one-particle band gap 

of 5.4 eV. The primary source of error in our estimation of the gap is from using only the 

lowest-order interactions in the BSE calculations and the limitation of using DFT orbitals. We 

repeated absorption and non-resonant emission calculations using the r2SCAN exchange-

correlation functional55 and found a corrected one-particle gap of 5.3 eV, leading us to estimate 

an error range of ±0.2 eV. Reported optical gaps are 0.5 to 1 eV smaller2–8, presumably due to 

(valence) excitonic effects, but also possibly due to shortcoming in the Tauc plot approach56 or 

differences in sample quality. A previous comparison of x-ray spectra estimated the gap to 5.0 

eV,36 but that value did not account for the excitonic binding. Our method of determining band 

gaps by combining x-ray measurements and calculations can be applied broadly. As an x-ray 

technique, it is relatively insensitive to surface defects or contamination and can be applied to 

buried layers of heterostructures as well as to determine the position of defect or dopant mid-

gap states. 

In conclusion, we have presented XES and XAS spectra, as well as RIXS maps, of a 𝛽-Ga2O3 

single crystal with the polarization of the incoming x-ray photon beam oriented parallel to each 
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of the unit cell vectors. The experimental spectra are compared with spectra calculations 

corresponding to each experimental configuration using the BSE method in the OCEAN code. 

The calculations reproduce the main features in the experimental spectra. Most strikingly, 

significant differences in all spectra are found for the different polarization directions, both in 

the experiment and in the calculations. These differences are caused by the polarization 

dependence of the dipole transition matrix elements, as well as which one of the inequivalent 

O atoms (O1, O2, O3) is excited. The good correspondence between the calculated and 

measured spectra demonstrates the capability of using OCEAN to simulate and predict the 

electronic structure (including an optimized approach to estimate the one-particle fundamental 

band gap), not only for β-Ga2O3, but also for other TCOs, including those that have not yet 

been synthesized or measured.  

 

EXPERIMENTAL METHODS 

𝛽-Ga2O3 single crystals in the (010) (of size 10 mm x 15 mm x 0.51 mm) and (001) (of size 10 

mm x 15 mm x 0.65 mm) orientations were obtained from Novel Crystal Technology, Inc., 

Tamura Corporation, where they were grown by the edge-defined film-fed growth method.57 

The samples were doped with Sn to improve their conductivity, resulting in carrier 

concentrations of 3.6 x 1018 cm-3 for the (010) and 6.3 x 1018 cm-3 for the (001) crystals.  

Non-resonant XES spectra and RIXS maps were recorded at Beamline 8.0.1 of the Advanced 

Light Source (ALS), Lawrence Berkeley National Laboratory, using our SALSA endstation.58 

The SALSA endstation uses a high-resolution, high-transmission x-ray spectrometer, with an 

entrance slit-less design, a spherical collecting mirror, a variable line spacing grating, and a 

soft x-ray CCD.59 The combined resolving power for the spectrometer and the beamline was 

set to be better than 1,000. The optical axis of the spectrometer was oriented at (45 ± 2)° 
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relative to the incident photon beam in the plane of the storage ring, with the spectrometer 

accepting about 0.6° vertically and 1° horizontally. Samples were mounted on the sample 

holder with an accuracy of ± 1° to align the unit cell vectors (𝑎⃗ and 𝑐 with the (010) crystal 

and 𝑏⃗⃗ with the (001) crystal, see Figure 1) parallel to the polarization 𝜀𝑒𝑥𝑐  of the exciting 

photon beam. The emission energy scale was calibrated using the emission energies of BN and 

CaSO4 reference samples60. The excitation energies were then calibrated using the energy 

position of the elastically-scattered (Rayleigh) line in each spectrum. We approximate an 

uncertainty of the absolute emission and excitation energy scales of better than ± 0.1 eV. Prior 

to plotting the experimental spectra, contributions of the higher harmonics of the spectrometer, 

as well as additional intensities due to, e.g., Wentzel-Druyvesteyn (WD) satellites,61 were 

subtracted from the spectra.  

 

COMPUTATIONAL METHODS 

The electronic structure and polarization-independent XES spectrum of 𝛽 -Ga2O3 were 

calculated using WIEN2k (version 21.1), which is based on the full-potential augmented plane-

wave plus local orbitals (APW + lo) method to solve the Kohn-Sham DFT equations.44 The 

generalized gradient approximation (GGA) in the Perdew, Burke, and Ernzerhof (PBE) 

parametrization62 was used to approximate the exchange-correlation functional. The product 

of the smallest muffin tin radius RMT and the largest k-vector Kmax was set to 8. The self-

consistent field (SCF) cycle was run with 1,000 k points, while the projected density of state 

(PDOS) and XES calculations were run with 10,000 k points. The XES spectra were calculated 

according to the formalism in Refs.45,63. The dipole matrix elements were generated on the 

basis of the dipole selection rules, and then multiplied by the corresponding PDOS and radial 

transition probability to obtain the spectra.64 
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The polarization-dependent x-ray calculations were performed with the OCEAN code, where the 

ground-state wave functions were calculated with the pseudopotential-based code Quantum 

Espresso.65 Pseudopotentials were taken from the PseudoDojo collection66, version 0.4 

stringent, and were constructed using the optimized norm-conserving Vanderbilt method67. The 

plane-wave cut-off was set to 122 Ryd, and, as in Wien2k, the GGA with the PBE 

parameterization was used. The number of DFT conduction band states included as final states 

in the BSE calculations was chosen such that they span approximately 40 eV above the 

conduction band minimum. A series of convergence tests was performed to determine the 

optimal k-point and x-point grids for calculation of the final states, which were taken as 8x8x5 

and 14x14x12, respectively. A 4x4x3 k-point grid was sufficient for the SCF cycle. The number 

of conduction bands for the screening calculations was chosen such that they span 

approximately 150 eV above the conduction band minimum. The energies of the calculated 

emission and absorption were determined from the quasi-particle energies of the conduction or 

valence bands in the DFT calculation and the electron-hole interactions within BSE. The 

relative energy shifts of the oxygen 1s orbital between the three unique oxygen sites were 

calculated,68 but a single fit parameter was used to align all calculated x-ray spectra to the 

experiment. Additionally, per discussion above, a band gap correction of 2.9 eV was necessary 

to simultaneously align theory to experiment in both absorption and emission.  

A small Lorentzian broadening (0.2 eV full-width at half maximum (FWHM) for the core-hole 

lifetime is included in the spectra, to which Gaussian (FWHM of 0.5 eV) and Lorentzian 

(FWHM of 0.1 eV) broadening was further applied when comparing the calculations with 

experiment. A stretch factor of 5% was applied to the excitation energy axis of the XAS spectra 

calculated using OCEAN. The crystal structure was obtained from the Crystallography Open 

Database69 (entry 200498770), and the structure from the Materials Project71 (material ID md-

886) gave very similar results. The OCEAN input file is given in the Supporting Information. 
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