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While highly successful, density functional theory is known to have limitations owing to its neglect of many-
body electron-electron interactions. This neglect leads to errors in the single-particle energies, leading to
underestimated band gaps and band widths as well as errors in band alignment at interfaces. Many-body
perturbation theory, in the form of the G W self-energy correction, has been widely used to improve upon these
short-comings. Though less well studied, the same G'W method is also able to predict the finite quasiparticle
lifetime that is seen to cause anomalous broadening in the lowest-lying lines of valence emission spectra. Using
near-edge x-ray absorption and emission, we probe the electronic structure of LioCOg. Our measurements are
compared to first-principles calculations, including GW self-energy corrections to the single-particle energies

and excitonic effects from the Bethe-Salpeter equation.

I. INTRODUCTION

Recent work has highlighted the role of valence-band
lifetime broadening in x-ray emission spectra, with ex-
amples of both nitrates' 3, and sulfates®. It is expected
that substantial valence-band broadening will be present
in any system with a large splitting between bonding
and anti-bonding orbitals, exceeding the band gap of the
system. Ionic solids with polyatomic ions often fulfill
this criterion. In this work we examine the near-edge
x-ray absorption spectra (XAS) and resonant inelastic
x-ray scattering (RIXS) spectra at the carbon K edge
of LioCOg3. X-ray spectroscopy provides a valuable tool
for probing the electronic structure of materials and cri-
tiquing first-principles simulations. As a probe, x-rays
are generally insensitive to surfaces, providing a better
match for periodic, bulk-like simulations. The localized
nature of the core levels and (for soft x-rays) dipole-
limited transitions mean that x-ray absorption and emis-
sion probe a subset of the electronic states, focusing the
comparison to theoretical calculations.

The carbonate anion is isostructural and isoelec-
tronic with the nitrate anion, previously explored in
Refs. 1-3. Previous near-edge x-ray spectroscopy stud-
ies of LisCOg3 have investigated the oxygen K-edge
emission®, absorption®, and resonant inelastic x-ray scat-
tering (RIXS)”. Measurements and calculations have also
been carried out of the Li K edge® and non-resonant in-
elastic scattering at the carbon K edge®. In this work
we carry out a joint computational and experimental in-
vestigation of LisCOg, focusing on x-ray absorption and
emission at the carbon K edge. While the previous x-
ray emission studies have focused on the upper valence
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bands, we include the entire valence band. We find
a large broadening of emission features from the lower
valence bands which are explained by our calculations
as resulting from electron-electron scattering, in agree-
ment with previous studies on nitrates'™. A combina-
tion of first-principles density-functional theory (DFT)
and Bethe-Salpeter equation (BSE) calculations repro-
duces the major features of the measured spectra.

1. COMPUTATIONAL DETAILS

Our computational investigation of the x-ray spectra
is anchored by BSE calculations of both the absorption
and resonant emission. The BSE method simplifies the
many-body problem, perturbatively considering a single
electron-hole excitation on top of the ground state. Typ-
ically, the ground state used in BSE calculations is de-
termined at either the DFT level or using many-body
corrections to DFT through the GW method. Here we
incorporate approximate G'W corrections to the single-
electron energies of the occupied states, including, cru-
cially, an imaginary component, which corresponds to the
(inverse) lifetime of the valence holes. Due to the expense
of GW calculations on the dense k-point grids used in
the BSE, we applied only band-averaged self-energy cor-
rections. Lastly, we also consider the role of the atomic
positions and thermal disorder on the spectra. Our DFT,
and hence GW and BSE; is carried out within the Born-
Oppenheimer approximation and depends parametrically
on the atomic coordinates. Molecular dynamics simula-
tions of a 96-atom supercell were carried out to incor-
porate thermal disorder, and these structures were used
for our BSE simulations of the absorption and emission
spectra.

The crystal structure of Li;COg is monoclinic with the
space group C2/c. The ground state of LioCOs was
investigated within DFT using the PBE functionall®.
Calculations were carried out using ABINIT!!!2) and
pseduopotentials from Pseudo-Dojo'®'4 generated via



TABLE I. Structure of LioCOj3 calculated with DFT and com-
pared to previous experimental measurements.

Neutron® X-ray® DFT
a (A) 8.35663(10) 8.3593(36) 8.35263
b (A) 4.97593( 6) 4.9725(11) 4.97353
c (A) 6.19205( 7) 6.1975(21) 6.18942
B (°) 114.679(1) 114.83(3) 114.677
V (A% 233.959(3) 233.8 233.640

2 from Ref. 17.
b from Ref. 18.

ONCcvPSP'®16 The atomic positions and lattice pa-
rameters were relaxed to achieve forces with magni-
tudes less than 1 x 107° Ha/Bohr and stresses below
6 x 1075 Ha/Bohr3. The resulting cell and atomic posi-
tions are in reasonable agreement with experiment (see
Table I)17!® as well as previous DFT studies'®. A
planewave cutoff energy of 52.6 Ha and k-point sampling
of 10® were employed.

Partial eigenvalue self-consistent ev-GW? corrections
were calculated on a 43 k-point grid for the lowest 16 con-
duction band states and all occupied bands. The electron
orbitals were held fixed, and the screened Coulomb po-
tential was calculated only with the initial DFT energies.
(Note however that while the Li 1s states are treated as
valence, the parameters for our GW corrections are in-
sufficient to give accurate corrections for them.) The
dielectric response was calculated with an energy cut-
off of 16 Ha and the orbitals were downsampled to this
cutoff as well. The response was calculated along the
real axis up to 22.8 eV at 0.4 eV spacing and for 10 fre-
quencies along the imaginary axis, using the default ex-
ponentially increasing grid. The frequency dependence
was determined via the spectral method using 4000 fre-
quency points and the triangular approximation to the
delta function?. The self-energy corrections were then
determined using contour deformation with the orbitals
downsampled to an energy cutoff of 30 Ha. For the
screening calculation 1024 bands were included while for
the self-energy 1052 were used.

Vibrational disorder in Li;COj3 was investigated us-
ing ab initio molecular dynamics (AIMD) within den-
sity functional theory. Simulations were performed on
a 2 x 2 x 2 supercell (96 atoms) using the Vienna Ab
initio Simulation Package (VASP)?1723 using projector-
augmented wave (PAW) potentials®® to treat electron—
ion interactions. A plane-wave kinetic energy cutoff
of 500 eV was used for these calculations. Exchange—
correlation effects were described by the Perdew—Burke—
Ernzerhof (PBE) functional'®. Brillouin zone integra-
tions employed a I'-centered 5 x 5 x 5 Monkhorst—Pack
grid?® with Gaussian smearing. The computational setup
is consistent with our previous work®.

To generate thermally disordered configurations, the
system was gradually heated from 0 K to 298 K at a rate

of 1 K/fs within the canonical (NVT) ensemble. A re-
duced time step of 0.1 fs was employed during this tem-
perature ramp to ensure stable integration of the ionic
equations of motion. After reaching 298 K, the time step
was increased to 1 fs, and the system was equilibrated for
10 ps at constant temperature. A subsequent production
simulation was performed at 298 K. Atomic configura-
tions were extracted at a 2.5 ps interval from 0 ps to
5 ps and 32.5 ps to 37.5 ps, yielding 10 snapshots span-
ning both the early and late stages of the production
trajectory. This sampling strategy provides representa-
tive coverage of the full simulation window and verifies
sustained equilibration at 298 K.

X-ray calculations were carried out via the Bethe-
Salpeter Equation (BSE) method using the OCEAN code,
version 3.2.126:27. Wave functions were calculated using
QuanTUM ESPRESSO version 7.42%, using the same
functional and pseudopotentials as the GW corrections.
X-ray absorption spectra are generated by averaging over
all 16 carbon sites in the supercell and 3 orthogonal po-
larization directions. RIXS calculations were averaged
over 6 pairs of orthogonal polarizations, mimicking the
experimental scattering geometry. For both XAS and
RIXS, DFT conduction-band states included approxi-
mately 60 eV above the conduction band minimum (1110
empty bands) on a 3% k-point mesh, while the core-hole
screening was calculated with 2388 empty bands on a 23
k-point mesh, encompassing approximately 100 eV above
the conduction band minimum. The screening was calcu-
lated using an adiabatic time-dependent DFT correction
to the vertex?. 10 snapshots were taken from the AIMD
simulation and x-ray spectra were averaged over them.

RIXS spectra were also calculated using OCEAN, with
the same settings as the XAS calculations. Intermediate
core-hole excitons were constructed using the generalized
minimal residual (GMRES) method?®’, while the valence
loss function was constructed using Haydock recursion
with 100 iterations3'32. For all the methods an effec-
tive broadening of 0.1 eV was included. A discussion of
both methods can be found in Ref. 27. The Li 1s orbitals
are included within the DFT calculations (an all-electron
pseudopotential), but were excluded for the RIXS, cor-
responding to the lowest 32 bands. The energies of the
occupied bands included an approximate, k-point aver-
aged GW energy correction, based on the calculation
of the unit cell. As discussed later, the only occupied
bands with substantial imaginary GW components are
well-separated in energy, and therefore the broadening
correction was carried out as a post-processing step based
upon loss energy.

Il. EXPERIMENTAL DETAILS

The measurements were carried out on the U49 un-
dulator beamline of the Physikalisch-Technische Bun-
desanstalt at the electron storage ring BESSY II.
The beamline consisted of a plane grating soft x-ray



monochromator and a spherical grating spectrometer
configured in the Rowland circle geometry333%. The
spectrometer used a grating of 1200 lines/mm on a Row-
land circle of 2.5 m radius with a CCD detector®®, and
optimal correction formulas for the curvature of the elas-
tic peak on the CCD in this spectrometer are described
elsewhere®. The spectrometer was oriented in the plane
of polarization of the incident beam at a scattering angle
of 90° (p-polarization). The monochromator was cali-
brated in the vicinity of the carbon K edge by the x-ray
absorption spectrum through a gas cell as detected by
a photodiode. The beam intensity was normalized with
the empty gas cell to eliminate the absorption of car-
bon present on any of the optical surfaces and in the gas
cell windows. Calibration was accomplished with COq
gas at a pressure of 3 Pa. A linear fit of the energies
of the four major absorption peaks of COs gas between
290 eV and 297 eV?" gave a standard error of 2 meV.
The spherical grating spectrometer was then calibrated
by quasielastic scattering of the monochromator beam
from highly aligned pyrolytic graphite (HAPG), as well
as from the Li;COjz. The standard error of this cali-
bration between 289 eV and 295 eV, including the uncer-
tainty of the absolute energy scale of the monochromator,
was 63 meV. Fits to the width of the quasielastic scat-
tering from HAPG indicated that the resolution of the
spectrometer was 0.50 eV, Gaussian full width at half
maximum (FWHM).

The sample consisted of LioCO3 powder pressed into
indium foil. It was then mounted in ultra-high vacuum at
an angle of 45° to both the incident beam and the spec-
trometer. The x-ray absorption spectrum was recorded
by C Ka fluorescence from the sample using a silicon drift
detector. The mass absorption coefficient due to non-
resonant energy levels was less than 3% of the resonant
absorption, so no self-absorption correction was applied.
Emission spectra were recorded at a series of excitation
energies above the C K-edge designated in Fig. 3. Each
spectrum represents 7200 s of counting time except for
5400 s during the final spectrum at 321.7 eV.

IV. RESULTS
A. Electronic Structure

The GW-corrected band structure of the occupied
bands is shown in Fig. 1. The conduction band mini-
mum (not shown) is at ', with a calculated band gap of
9.47 eV compared to a DFT gap of 5.14 eV. The bands
are color-coded by the magnitude of the imaginary com-
ponent of the GW correction, which is inversely propor-
tional to the quasiparticle lifetime. As has been shown
in other materials’ ™, the upper valence bands have very
small lifetime broadening. As discussed previously?, it
is only when valence band states are deeper than the
band gap below the valence band maximum (VBM) that
they are energetically allowed to decay through electron-
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FIG. 1. Band structure of LioCO3 determined from DFT

calculations with GOW? corrections, where 0 is the top of the
valence bands (located at C). The bands are colored based
on the complex value of their GW correction. The grey line
at —9.47 eV is the energy below the top of the valence band
corresponding to the value of the calculated GW band gap.
The conduction band is not shown, but its minimum is at IT".

electron scattering. The entirety of the upper valence
bands are within 9 eV of the VBM, and, as expected, the
GW calculations indicate that they have little lifetime
broadening.

Substantial broadening is associated with the bands
near —20 eV and —24 eV. From the projected density
of states (pDOS) shown in Fig. 2 we can identify these
as the C-O bonding orbitals. In particular, the states
near —20 eV have a strong p-like character around the
carbon atoms, implying that they should have a strong
transition in x-ray emission spectra (XES) at the carbon
K edge. From both the band structure and density of
states plots, we can see that these states have very lit-
tle dispersion. In the absence of self-energy broadening,
emission peaks associated with them would be expected
to be quite sharp. As a point of reference, the carbon
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FIG. 2. Top) the GW corrections as a function of the
G W-corrected energies, relative to the valence band maxi-
mum (VBM). Bottom) Projected density of states (pDOS) of
Li»CO3 determined from DFT calculations with G°W?° cor-
rections, relative to the valence band maximum.

1s lifetime broadening is taken to be 0.1 eV, which cor-
responds to a lifetime around 10 times longer than these
lower valence bands. We also see that the conduction
band minimum has a strong carbon p component, while
the upper valence bands are nearly entirely associated
with anti-bonding states around the oxygen atoms. A
comparison of the relative spacing of the valence bands
to photoemission spectra of LioCOj3 indicates that our
GW calculations may have overestimated the binding of
these deep valence states®, which is corroborated by our
x-ray emission comparison in Sec. IV C.

B. X-ray Absorption

In polyatomic or molecular ions, the local electronic
environment around the central atom is less sensitive
to the specific counterion as the strong intramolecular
bonds dominate over the weaker ionic ones. This is
born out in the strong family resemblance in near-edge x-
ray absorption measurements of the central element. In
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FIG. 3. X-ray absorption at the carbon K edge. The theory
is aligned to match the strong peak at 290 eV, and the two
spectra are offset vertically for clarity. Lighter blue shading
denotes the variance of the calculated average spectra, which
is smaller than the line thickness except near 298 eV (see dis-
cussion in Appx. A). Vertical lines show the incident energies
the correspond to the RIXS spectra in Fig. 4 (five, closely
spaced spectra taken near 290 eV are not marked).

Fig. 3 we see the main features of the carbon K edge, a
strong, narrow, and well-separated 7* exciton followed by
a much broader o* peak or set of peaks that is common
to carbonates3%4°,

The strong, well separated 7* exciton at 290 eV is due
to excitations into p,-like states on the carbon, perpen-
dicular to the carbonate plane. Due to its positioning
into the empty space above and below the carbonate,
this peak is nearly unaffected by thermal disorder. All
10 AIMD snapshots as well as the unit cell give a nearly
identical 7* peak, as can be seen in Fig. 5. The exciton
is hybridized with p, states on the neighboring oxygen
atoms. To demonstrate this, the photo-electron density
of this exciton is plotted in Fig. 6.

The higher-energy, o* peaks range from around 296 eV
to 302 eV. These excitations are in the CO%‘ plane, in-
volving p;, states on the central carbon and neighbor-
ing oxygen atoms, see Fig. 6. Unlike the 7* exciton,
the excited-electron density is along the C-O bonds, and
therefore, as seen in Fig. 5, these states are sensitive to
thermal disorder. However, this sensitivity is mild and,
importantly symmetric and peak-independent (excluding
the m* exciton). This means that the thermal disorder is
not mixing in dipole-forbidden electronic states. Given
the elements and electron filling in COg_, there are no
such local, unoccupied states to mix in. This is in con-
trast to systems such as LiF® or Al,O3*! where so-called
“dark” (s-like) excitons become dipole allowed due to
thermal disorder, or the case of ammonium nitrate, where
the broadening is strongly peak dependent!.



C. Resonant Inelastic X-ray Scattering

Measured and calculated RIXS spectra are shown in
Fig. 4. The main features and intensities of the x-ray
emission are well-captured by the calculation, especially
towards the non-interacting limit. X-ray emission at
the carbon K edge is dipole limited, and the emission
lines must have some p-type character around the car-
bon atoms. The states will be in energy ranges that cor-
respond to the pDOS shown in Fig. 2, though the matrix
elements, and therefore intensities, can be quite different.
Small shifts in emission energy are possible due to the
excitonic binding of the final state conduction-electron—
valence-hole exciton. This effect is most pronounced near
the edge and for spatially small excitons.

The most-bound valence holes created by the x-ray
emission process, calculated to be around 20 eV below the
valence band maximum, correspond to an x-ray emission
energy of around 265 eV. These states can be assigned
as 1le’, with sufficient C 2p,,, hybridization to be visible.
As can be seen in Figs. 1 and 2, these states have almost
no dispersion. The observed width is due primarily to
the large lifetime broadening from electron-electron scat-
tering or decay, as shown by the self-energy calculations.
The strongest emission line (near 279 eV) is made up of
CO 7- and o-bonding orbitals. The highest energy emis-
sion feature near 283 eV comes from states primarily on
the oxygen with weak hybridization with the C pg,,.

It is evident that the peak near 265 eV is broader in the
measured data than in the experiment, and that it nar-
rows slightly at threshold, incident energy ~290 eV. From
this, we attribute some of the additional observed broad-
ening to dynamic effects, phonon relaxation or scattering,
that are neglected in our approach. For excitations on
the first exciton, dynamical phonon effects may be sup-
pressed slightly by the compact exciton screening the core
hole. The position of this peak in the calculations is too
low in energy by approximately 1 eV. This highlights a
limitation in our GW calculations, which may arise from
starting-point dependence or other shortcomings from in-
complete self-consistency. In particular, the differences in
localization between the lower valence and upper valence
bands may lead to different errors in the shape of the or-
bitals from the semi-local exchange correlation approxi-
mation which are uncorrected by our GW approximation.
Previous work using fully eigenvalue-self-consistent GW
calculations has also noted a relative overestimation of
the binding of the lower valence bands*?, though in that
previous work W was recomputed with updated eigen-
values while here we kept W°. Higher-order methods
remain infeasible for condensed systems, but the molec-
ular nature of the carbonate ion might be amenable to
cluster approaches with lower scaling costs.

Focusing now on incident energies near 290 eV (bot-
tom of Fig. 4), we see a large emission energy shift in
the OCEAN calculations that is only partially present in
the measured data. Two separate effects are responsible
for the shift in the main emission feature. The measured
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FIG. 4. X-ray emission spectra at various incident x-ray en-
ergies. Spectra are offset vertically for clarity, and scaled
independently with calculations set to match the main peak
height. Again, lighter blue shading indicates the 95% confi-
dence interval based on only 10 MD snapshots, which is only
notable at 290.0 eV incident x-ray energy. For an incident en-
ergy of 321.7 eV we include the calculation without valence-
band lifetime broadening (light blue).



spectra show a shift from 279 eV to 277 eV as the inci-
dent energy is reduced from high above the edge down
towards threshold. The shift appears binary, with an
onset that corresponds with initial excitations into the
first exciton. This nearly 2 eV shift is due to excitonic
binding in the final state — valence hole and conduction
electron. The incompletely filled 2p shell results in a
highly localized excited electron, while the molecular na-
ture of the system ensures an equally compact hole state.
This strong localization results in substantially increased
excitonic binding, shifting the emission lines. This ef-
fect was previously observed and calculated in the RIXS
spectra of lithium peroxide”, and it should be a general
consequence of the strongly localized exciton enabled by
a partially filled shell. For an incident x-ray energy of
290.4 eV, it can be seen that the OCEAN calculation ade-
quately captures the shift due to enhanced exciton bind-
ing.

Continuing down in energy, the theory and measure-
ment diverge slightly. This is due to a Raman shift in
the calculation, indicating that the x-ray absorption ex-
citations are into virtual states with an energy deficit
that must be balanced by an emission shift. This may be
indicative of too little ground-state vibrational disorder,
possibly due to only including thermal disorder in our
MD. More likely, the neglect of dynamic phonon scatter-
ing is responsible for the observed shift in the calculation,
with vibrational coupling making up for the energy losses
in the physical system. Indeed phonon scattering could
reduce the effect of the Raman shift on either side of the
m* exciton, accounting for the misalignment both above
at 290.6 eV and below at 289.8 eV and 290.0 eV.

Lastly, the measured x-ray emission shows spectral
weight below the strong emission peak of 279 eV that is
unaccounted for in the calculations. This takes the form
of an almost linear slope starting near 271 eV, and it is
more prominent at higher incident photon energies. We
do not believe this to be due to unaccounted-for many-
body satellite (plasmon) excitations as those must nec-
essarily be separated from the main peak by more than
the band gap (> 9 eV), e.g., starting below 270 eV. At
the same time this spectral weight would not be coming
from neglected phonon excitations as the energy is much
too large. While its origin is not known, the most likely
cause of this artifact is emission from graphitic carbon,

which has the correct shape and energy range®3.

V. CONCLUSIONS

We have measured and calculated the x-ray absorption
and resonant emission at the carbon K edge in Li;COs.
As in earlier studies of the nitrogen spectra in nitrates,
we have found that emission features from the lower va-
lence band have extreme broadening. We have demon-
strated that the majority of this effect is accounted for
by electron-electron scattering within the GW approxi-
mation. The calculated and observed lifetimes of these

states is more than 10 times shorter than that of the 1s
core hole. Including the complex-valued GW energy cor-
rection in the BSE calculations gives good overall agree-
ment between the calculated and measured spectra.

The discrepancies between predicted and observed
spectra point to the utility of near-edge x-ray spec-
troscopy as a benchmark for electronic stucture theory
methods. In the non-resonant limit, relative spacing be-
tween the main emission peaks, at 265 eV and 279 eV,
and the width of the lower-energy peak are both tied di-
rectly to the dressed one-electron Green’s function and
the success of the GW approximation to the electron self-
energy. In our calculations, the spacing of the emission
features is overestimated by approximately 1 eV. The
calculated band gap also appears to be overestimated
by approximately 0.5 eV, though the relative alignment
between x-ray absorption and emission calculations nec-
essarily involves the stength of the electron-hole interac-
tions which may introduce error. Finally, the broadening
of the lowest-energy emission feature is underestimated in
the calculations. This is most likely due to only including
electron-electron scattering and neglecting excited-state
phonon dynamics. This emission peak corresponds to a
final-state hole in the CO bonds, making phonon broad-
ening likely, but capturing the vibrational dynamics is
beyond the scope of this work.

The data that support the findings of this study are
openly available in the NIST Public Data Repository at
https://doi.org/10.18434 /mds2-4167.

Certain software is identified in this paper in order
to specify the experimental procedure adequately. Such
identification is not intended to imply recommendation
or endorsement of any product or service by NIST, nor
is it intended to imply that the software identified is nec-
essarily the best available for the purpose.
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Appendix A: Thermal Disorder

In order to capture the effect of disorder, simulations
must be carried out on a large enough structure such
that the size of the cell does not artificially bias the re-
sulting spectra. X-ray absorption is a local probe, and
we chose a 96-atom supercell (16 carbon sites) as a bal-
ance between computational cost and systematic error.
Next, an average over different snapshots is necessary to
converge the results. To indicate the convergence with
respect to the number of snapshots, the variance of the
mean is determined for the calculated x-ray spectra

N
v (w) = [N(N = 1) Z (oi(w) —o(w)* (A1)

where & + 2.26v gives the approximate 95% confidence
interval for the mean spectrum in the infinite-snapshot
limit, given our use of 10 snapshots. This confidence in-
terval is indicated as a shaded region in the plots of XAS
and RIXS spectra. The scatter in XAS among the 10
AIMD snapshots is shown in Fig. 5. The effect of the
thermal disorder is largely captured by Gaussian broad-
ening, though in Fig. 5 it can be seen that the 301 eV
peak is broadened slightly more by thermal disorder than
the 298 eV peak.
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288 290 292 294 296 298 300 302 304 306
Energy (eV)

FIG. 5. Calculations of the x-ray absorption at the carbon
K edge, showing the differences between the thermal snap-
shots. The black line is the undistorted unit cell, while the 10
lines of various colors are the 10 AIMD snapshots. All calcu-
lations are broadened by the same 0.1 eV core-hole lifetime
and an additional 0.8 eV full-width at half-maximum Gaus-
sian. Offset vertically, the average of the 10 snapshots in blue
compared to the unit cell broadened further with a 1.2 eV
full-width at half-maximum Gaussian.

Appendix B: Exciton densities

Exciton photo-electron densities were calculated for
the unit cell at select x-ray absorption energies and po-
larizations. This procedure is outlined in Ref. 27 and
summarized briefly here. The exciton is not treated as
an eigenstate of the BSE, but instead it is a sum over
eigenstates as selected by the x-ray energy w and polar-
ization €.

1

——d.|o
w — Hgsg + I 8| > ’

|72 (w)) = (B1)

where |0) is the ground state, I" is the core-hole lifetime,
d. is the electron-photon operator, and Hgsg is the BSE
Hamiltonian for the x-ray excitation. The x-ray absorp-
tion can be written in terms of x instead of an explicit
sum over final states

a(w;e) oc {0ldf |z (w)) (B2)
Summing over the electron and hole states, the exciton
photoelectron density can be plotted in real-space as is
done in Fig. 6 for three selected energies and polariza-
tions.



FIG. 6. Calculations of the x-ray absorption photo-electron density (yellow) for three different energies (left, middle, right),
each from two carbonate perspectives top (above) and side (below). The absorbing carbon atom is shown in brown, nearest
neighbor oxygen atoms in red, and the second-nearest neighboring lithium atoms in green. Left, 290.35 eV and polarization
perpendicular to the carbonate plane, the exciton is strongly p.-like on the carbon and nearest oxygen atoms. Middle, 298.28 eV
and polarization in the carbonate plane, the exciton is still localized p-like on the central carbon with some intensity on the
neighboring oxygen atoms. Right, 300.53 eV and polarization in the plane, the exciton is largely similar to the middle-energy
case but less localized. The visualization was created using VESTA.%4



