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Theoretical Calculation of Finite-Temperature X-Ray
Absorption Fine Structure: Application to Sodium
K-Edge in NaCl
Philipp Hönicke, Yves Kayser, and Pouya Partovi-Azar*

This study presents a comprehensive computational framework
for reproducing the full X-ray absorption fine structure (XAFS)
through quantum-chemical simulations. The near-edge region
is accurately captured using an efficient implementation of
time-dependent density-functional perturbation theory applied
to core excitations, while ab initio molecular dynamics provides
essential sampling of core-excitation energies and interatomic
distance distributions for interpreting extended X-ray absorption
fine structure (EXAFS) features. Owing to the efficiency of the
approach, the total spectrum can be decomposed into

contributions from bulk, defective, and surface environments,
which commonly coexist in experimental systems. The method-
ology is demonstrated for sodium at the Na K-edge in NaCl,
where the predicted spectra show good agreement with experi-
mental measurements on thin-film samples. This strategy offers
a practical route to generating chemically specific XAFS cross-
section data for elements and species that remain challenging
to characterize experimentally, thereby enabling deeper insights
into materials of technological importance.

1. Introduction

Materials characterization plays a central role in modern science
and technology, as it provides the fundamental understanding
of structure-property relationships that drive innovation. By
probing materials at the atomic, molecular, and macroscopic
levels, characterization techniques reveal the chemical compo-
sition, electronic structure, and physical properties essential for
tailoring performance.[1] From energy storage and catalysis to
nanotechnology and biomedical applications, reliable charac-
terization not only accelerates the discovery of new materials
but also ensures their functionality, stability, and scalability in
real-world technologies.

Experimental characterization techniques, particularly spec-
troscopic methods, are indispensable for unveiling the micro-
scopic properties of materials. Spectroscopy provides direct
insight into vibrational, electronic, and structural features,
enabling researchers to probe bonding environments, defect
states, and dynamic processes with high precision. Techniques
such as infrared, Raman, UV-Vis, and X-ray spectroscopy bridge
the gap between fundamental theory and practical application,
offering powerful tools to monitor material behavior under oper-
ating conditions and to guide the design of next-generation func-
tional materials.[2,3]

In particular, X-ray spectroscopies provide powerful insights
into the electronic and structural properties of materials, making
them especially valuable for the study of energy-related systems.
Techniques such as X-ray absorption fine structure (XAFS) spectros-
copy, which includes X-ray absorption near edge spectroscopy
(XANES) and extended X-ray absorption fine structure (EXAFS)
spectroscopy, and X-ray photoelectron spectroscopy (XPS) allow
for a reliable probing of oxidation states, local coordination envi-
ronments, and electronic structures with element-specific
sensitivity.[4–9] This enables a detailed understanding of catalytic
activity, charge transport, and chemical transformations in batter-
ies, solar cells, and other energy technologies.[10–16] By capturing
both static and dynamic information, X-ray spectroscopies help
unravel the mechanisms that govern material performance and
stability under realistic operating conditions. Recent works under-
score how XAS has become a powerful probe for energy materials
under realistic operating conditions. For a recent review on the
application of XAFS across Li-ion, Na-ion, and Li–S batteries, see
Ref. [15] and the references therein.

With the rise of sodium-based batteries as alternative to
lithium-based system, many X-ray spectroscopy studies have
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been carried out to characterize different components of these
batteries and decipher mechanisms of the underlying processes
during battery operation.[17–22] Correct analysis and quantitative
interpretation of X-ray spectroscopies require accurate key
atomic fundamental parameters of sodium as well as reliable ref-
erence XAFS spectra for relevant sodium chemical species.
However, the current knowledge on the fundamental parameters
for sodium is limited to outdated data often derived from inter-
polations of neighboring elements, relying solely on theoretical
calculations without experimental validation, and usually suffer-
ing from unknown or only estimated uncertainties.

Theoretical calculations of X-ray spectroscopies provide a cru-
cial framework for interpreting and complementing experimental
measurements. By simulating core-level excitations and elec-
tronic transitions with atomistic accuracy, theory helps disentan-
gle overlapping spectral features and assign them to specific local
environments, oxidation states, or bonding motifs.[23–27] Such cal-
culations bridge the gap between raw experimental spectra and
the underlying microscopic processes, enabling a more reliable
identification of structure–property relationships. In energy-
related materials, this combined approach is particularly powerful
for tracking redox mechanisms, defect states, and degradation
pathways, thereby guiding the rational design of more efficient
and durable technologies.[28–31] In fact, theoretical calculations
may even be required to determine reference XAFS spectra for
relevant but chemically highly sensitive species for which isolated
experimental data within operando XAFS datasets of batteries is
hard or impossible to be obtained.[32]

In this work, we present practical steps toward theoretical cal-
culation of the compound-specific fine structure components,
which allows for the interpretation of experimental XANES and
EXAFS data by combining quantum-chemical calculation of
core-excitation energies and amplitudes together with ab initio
molecular dynamics simulations at finite temperatures. As a tar-
get system, we concentrate on the Na K-edge in NaCl in order to
assess and benchmark the computations against experimental
data. The presented computational procedure will enable us to
eventually find the missing chemically specific cross-section data
in existing fundamental parameters tabulations for sodium as
well as for sodium species, which are relevant for Na-ion based
battery materials but very hard to be addressed experimentally
because of high chemical sensitivity or instability.

2. Methodology

The theoretical investigation have been performed for three sys-
tems, namely a perfect NaCl crystal, a defective NaCl crystal, both
using a 11.176Å� 11.176Å� 11.176Å unit cell, and a NaCl (100)
surface using a 22.000Å� 11.176Å� 11.176Å unit cell (Figure 1).
The unit cells for the perfect crystal and (100) surface contained
64 atoms, whereas two chlorine atoms were removed from the
one considered for the defective sample. Periodic boundary con-
ditions were used for all calculations.

Finite-temperature effects have been included by performing
ab initio molecular dynamics (AIMD) simulations at two different

temperatures, namely T ¼ 300 K and T ¼ 400 K, using the CP2K
software package.[33] The AIMD simulations have been performed
at electronic ground state and serve to provide a set of snapshots
for every system at a finite temperature to be further used for
XANES simulations. For each system, an AIMD simulation has
been first carried out in the canonical ensemble for 20 ps using
CSVR thermostat.[34] A time step of 1 fs was chosen for atomic
coordinate propagation. The atomic forces for integrating the
equation of motion during AIMD have been calculated at den-
sity-functional theory (DFT) level,[35,36] where the core electrons
have been effectively taken into account via Goedecker–
Tetter–Hutter-type pseudopotentials,[37–39] while the valence
electrons have been described using the mixed Gaussian and
plane wave basis set DZVP-MOLOPT-SR.[40] Exchange and corre-
lation effects have been approximated using the PBE func-
tional[41,42] together with the semi-empirical DFT-D3 method[43]

to correct for the long-range dispersion interactions. A plane-
wave energy cutoff of 500 Ry and a relative cutoff of 50 Ry were
chosen. After the equilibration phase, the atomic coordinates
have been sampled in the micro canonical ensemble for an addi-
tional 20 ps. A similar procedure involving AIMD simulations has
been already adopted before for ab initio simulation of finite-
temperature vibrational spectra.[44–47] To simulate the XANES,
these trajectories have been used afterwards to calculate core-
excitation energies and corresponding excitation amplitudes.

There have already been valuable strides toward theoretical
calculation of XANES based on quantum-chemical methods, such
as ΔSCF,[48] transition-potential DFT,[49–51] real-time[52] and linear-
response time-dependent DFT (TDDFT),[53–55] and wavefunction-
based methods.[56,57] Wavefunction based methods give by far
the most accurate results with an excellent agreement with exper-
imentally measured XANES spectra. However, their huge compu-
tational cost limits their use to small molecular systems.[23] Here,
the core excitations have been studied using time-dependent
density-functional perturbation theory (TDDFPT) within Tamm–

Dancoff approximation.[58] To calculate the core excitations, we
have assumed that the core and valence states only weakly cou-
ple, due to the large difference in their energies. Following the
work of Bussy and Hutter,[59] we have also assumed that the

Figure 1. AIMD snapshots of the structures representing a) NaCl bulk struc-
ture and b) NaCl (100) surface together with their respective unit cells con-
sidered here. Purple and green spheres denote chlorine and sodium ions,
respectively.

ChemElectroChem 2025, 00, e202500342 (2 of 8) © 2025 The Author(s). ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Research Article
doi.org/10.1002/celc.202500342

http://doi.org/10.1002/celc.202500342


relaxation of electrons beyond the core region is negligible upon
excitation of a core electron. In a simplified picture, fast relaxations
of the valence electrons due to an effectively positive charge in
the core region (that of the core hole after the excitation of an
electron) result in lowering of the energy of the final electronic
configuration. Therefore, ignoring such relaxations could result
in an overestimation of core-excited energies. Adopting the above
approximations, all required 4-center 2-electron integrals involve
the excited core state (here sodium 1s) and, therefore, allows for a
core-specific resolution of the identity scheme.[59] A PBEh
(α= 0.45)[60] hybrid exchange-correlation functional has been
used. All-electron basis set aug-pcseg-2[61] has been employed
only for one Na atom in the structures while other atoms have
been treated within the pseudopotential formalism to reduce
the computational cost. Periodic Hartree–Fock calculations have
been performed for all systems using the truncated coulomb
potential[62] together with the auxiliary density matrix method
and corresponding basis set aug-admm-2[63] only on the excited
Na atom, where core excitations from 1s level have been investi-
gated. The core-excitation energies and oscillator strengths have
been computed on reference trajectories described above and
sampled every 10 fs. TDDFPT calculations have also been per-
formed using CP2K software. The excitation energies from core
levels obtained from TDDFPT calculations should normally be
shifted to match the experiments. This is related to the well-
known self-interaction error in DFT calculations as well as to
the lack of orbital relaxation upon the creation of the core hole
in TDDFPT scheme adopted here. However, this can be substan-
tially corrected for using the ab initio correction method
GW2X∗ .[64,65] It has been shown that using PBEh XC functional
together with the GW2X∗ method could lead to computed reso-
nance energies in good agreement with experiments.[65]

For comparison purposes, a NaCl thin-film coating on a sili-
con nitride (SiN) membrane is used. The NaCl coating has a nom-

inal mass deposition of (102.5 � 5.2) μg cm�2, corresponding to
a thickness of about 470 nm using the tabulated bulk density of
NaCl, while the carrier membrane has a nominal thickness of
1000 nm. Both the XANES and the EXAFS of this sample at
the Na K-edge have been measured in transmission mode
employing the plane grating monochromator beamline of the
Physikalisch–Technische Bundesanstalt at BESSYII.[66] For refer-
ence purposes and for subtraction of the carrier membrane
contribution, also a blank membrane of nominally identical
thickness was used. These experiments have been carried out
using an in-house developed ultra-high vacuum chamber,[67]

which is equipped with calibrated photo diodes used to deter-
mine and monitor the incident photon flux at each probed
monochromatic photon energy. The samples were aligned to
be in the center of the experimental chamber by an x-y-
scanning stage. For all experiments, both the sample orientation
with respect to the synchrotron radiation beam was 45°. For the
transmission experiments, the incident photon energy was var-
ied from 990 eV to 1300 eV in small steps (0.2 eV) in the vicinity
of the sodium K attenuation edge and in larger steps (1 eV)
below and further away from this edge. For each incident

photon energy, 10 readings of a photo diode placed in the beam
behind the sample were recorded and averaged. Further details
can be found in Ref. [68].

From the transmission data, the sample specific mass atten-
uation coefficients (product of the mass attenuation coefficient μ,
material density ρ, and thickness d) can be derived employing the
Beer–Lambert law. In the case of the NaCl on SiN, it represents the
sum of the sample specific mass attenuation of NaCl and SiN,
respectively. Using the transmission data from the blank SiN
membrane, the contribution for NaCl can then be isolated and
the sample specific mass attenuation factors μS,NaClðE0Þρd for
NaCl can be obtained. The contribution from the Na K-shell
was isolated by scaling the relevant partial subshell contributions
using Ebel polynomials[69] into the μS,NaClðE0Þρd dataset. As the rel-
ative contributions for the coherent and incoherent scattering
are low in this photon energy regime, the isolated Na K-shell con-
tribution is the sample specific photoionization cross section
τTot;NaClðE0Þρd.

The XAFS spectra were analyzed using the Xraylarch software
package.[70] The E0 value (ionization threshold) was determined
using the maximum in the derivative of the XAFS spectrum.
First- and second-order pre- and post-edge polynomials were
used to produce a normalized spectrum. The autobk algorithm
included in Larch was then used to calculate the χðkÞ, the
EXAFS structure in k-space. The k2-weighted EXAFS data were
then Fourier-transformed to r-space using an FFT, with a
Hanning window ranging from 2 Å�1 to 10 Å�1 with an edge
width of 10 Å�1 being applied.

3. Results and Discussion

The calculated XANES of the above systems are presented in
Figure 2a. These calculations have been performed with the
computational setup described above using the PBEh functional.
For a comparison with the spectra calculated using the PBE0 func-
tional, please see the Supporting Information. As seen in the
lower panel, the elevated temperature results in broader peaks
and overall smoother, less-featured spectrum. It should be
emphasized again that here the effect of finite temperature on
the spectrum has been included only through computation of
oscillator strengths for core excitations averaged over an AIMD
trajectory obtained at the electronic ground state. A pre-edge
activity is also seen in the XANES of the perfect crystals at both
temperatures. Main features above 1090 eV are also observed
in the defective bulk system (blue). Although the photon
energies corresponding to the resonances close to the threshold
(1080–1085 eV) are also seen in the defective system, but their
relative intensities differ significantly. Additionally, a small peak
is observed at lower energies in the XANES of the defective sam-
ple, �1.5 eV lower than the pre-edge peak in the perfect system.
Analyzing the projected density of states reveals that (see the
Supporting Information) this peak, unlike the weak pre-edge peak
in the bulk NaCl, can be assigned to an excitation from the 1s
state to the 3p state of the excited Na atom. The analysis also
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shows that the dipole-forbidden transition to 3s state of the
excited atom in the defective bulk system almost coincides in
energy with the pre-edge peak in the bulk NaCl and only results
in an unnoticeable shoulder at �1080 eV in the XANES of the
defective sample. For a detailed analysis, see the discussion
below as well as the Supporting Information. The spectrum for
the (100) surface exhibits substantial differences as compared
to the spectra of the perfect and defective bulk systems. Apart
from the resonances in 1080–1082 eV range becoming consider-
ably insignificant, a strong peak is observed at around 1087 eV
and a broader one above 1100 eV. The blueshift observed in
the position of the first resonance in the case of (100) surface
can partially be related to a more strongly bound 1s electron
of the excited Na atom on the surface (see the Supporting
Information).

Figure 2b shows the calculated XANES for a single AIMD snap-
shot of the bulk NaCl system (orange bars, lower panel). For com-
parison, the XANES obtained as an average over the individual
spectra of AIMD snapshots at T ¼ 300 K is shown in dashed black.
The significant differences between the orange bars and dashed
black curve emphasizes the importance of finite-temperature
effects in reliable calculation of X-ray spectroscopies. The above
three panels in Figure 2b show the projected density of states
(PDOS) in the near-edge region for the absorber (excited) Na
atom, as well as the remaining Na and Cl atoms. In agreement
with previously reported DFT studies,[71] the PDOS analysis reveals
that the two observed pre-edge peaks, p1 and p2, mainly arise
from an 1s ! 3s transition in the excited Na atom, only allowed
through the much weaker quadrupole mechanism in geometries
differing from perfect crystal, such as those at finite temperatures.
The 3s states of chlorine and other sodium atoms could also con-
tribute, to a much smaller degree, to the observed pre-edge
peaks (see two upper panels in Figure 2b). The main peak A
can be solely attributed to 1s ! 3p transition in the excited Na.
The peaks B1 and B2 can be mainly assigned again to excitations

from 1s–3p in all Na species. There are also some small overlaps
from 3s states of Cl and Na, as well as that of the excited Na 3d,
observed around these two peaks, all of which should be dipole
forbidden. Similarly, peak C should also arise from an excitation to
Na 3p states which have an overlap with Cl 3s states.[71] Finally,
while peak D can be attributed to excitations from the 1s state of
the excited Na atom to the 3p states of all Na atoms, peaks E and F
can be assigned to transitions mainly to Na 3p and partially to
those of Cl. Around peaks E and F, there are also contributions
observed from the excited Na and Cl 3d states, which should only
be weak due to dipole selection rule. The broad peak G can
generally be attributed to excitations to the 3d states of sodium
and chlorine atoms, weakly allowed due to thermal atomic
fluctuations.

In order to incorporate the effects from different structures to
an X-ray near-edge spectrum comparable to an experimental
XAFS spectrum of a thin-film sample (which presumably encom-
passes perfect and defective NaCl crystallites as well as different
crystal surfaces), we have computed a “total” spectrum as a linear
combination of the individual spectra presented in Figure 2a.
Figure 3 shows the calculated XANES for the perfect NaCl crystal
(orange), defective crystal (green), and NaCl (100) surface (red), as
well as the experimental XANES measured for a NaCl thin-film
sample (blue). Also shown in Figure 3 is a linear combination
of computed spectra, with manually selected weights (purple,
63% of the perfect NaCl crystal, 26% of the defective crystal,
and 11% of the NaCl (100) surface). It should be noted that since
the ionizations into the continuum at higher photon energies are
not fully incorporated in the TDDFPT calculations here, a more
systematic fit to the experimental data is not yet feasible. All
the computed spectra have been rigidly shifted about 5 eV in
energy to match the energy corresponding to the first experi-
mentally observed resonance. Without the GW2X∗ correction
scheme, this difference has been observed to be around
22 eV, which was also reported for other systems.[65] As stated

(a) (b)

Figure 2. a) Computed XANES of the perfect NaCl crystal at T ¼ 300 K (black) and T ¼ 400 K (red), as well as that of the defective sample (blue) and the
aCl (100) surface (green), both at T ¼ 300 K. b) Upper three panels: Projected density of states (PDOS) onto the individual Na and Cl states in the near-
edge region of the perfect NaCl sample; 3s: blue, 3p: red, 3d: black. Lower panel shows the calculated XANES of a single AIMD snapshot of the perfect
NaCl bulk sample (orange), and an averaged spectrum computed over the entire AIMD trajectory at T ¼ 300 K (dashed black).
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earlier, the observed discrepancy can be related to the self-
interaction error in the DFT calculations and the lack of orbital
relaxation upon the creation of the core hole.[65] The relative
intensities and peak positions are well reproduced by the purple
spectrum. The agreement between the theory and experiment is
remarkable up to 1090 eV. The discrepancy between the purple
and blue curves becomes more profound at around and above
1095 eV, which might be an indicator that the contribution of the
NaCl surfaces (red) to the overall spectrum could be more sub-
stantial. However, it should be noted that the actual crystal struc-
ture of the NaCl thin film on the SiN carrier membrane is likely to
be more complex.

The calculated radial distribution functions, gðrÞ, are shown
on upper panels of Figure 4, while the lower panels show the
number of neighbors of typical Na reference atom. While the
radial distribution functions and the number of neighboring

atoms in the perfect (both at T ¼ 300 K and T ¼ 400 K) and
defective samples slightly differ from one another, the most pro-
found difference is observed in the case of NaCl (100) surface. The
nearest neighbor distance from a reference Na atom (Cl) in all the

systems is found to be around 2.75 Å, while the second nearest

neighbor (Na) is found at about 3.95 Å. The thirst nearest neigh-

bor (Cl) is slightly shifted from 4.85Å in the perfect and defective

samples to �4.95Å. in the case of (100) surface.
The EXAFS data together with the applied Hanning

window is shown in Figure 5a, while the magnitude of the
non-phase-shift-corrected FFT obtained from the experimental
EXAFS data in r-space is shown in Figure 5b in light gray. The
black curve in Figure 5b is a scaled radial distribution function,
gNa�allðrÞ obtained from the AIMD simulations on the defective
crystal system (blue curve in the upper-right panel of Figure 4).
The discrepancy between the experimental data (dashed light

Figure 4. Radial distribution functions (upper panels) of Na-Cl (left), Na–Na (middle), and a-all (right) in different systems, namely perfect crystal at
T ¼ 300 K (black), perfect crystal at T ¼ 400 K (red), defective crystal (blue), and naCl (100) surface (green). Please note the different normalization factors
for gðrÞ in each system. The panels on the lower row show the corresponding number of neighboring atoms from a typical sodium atom.

Figure 3. Calculated XANES for the perfect aCl crystal (orange), defective crystal (green), and naCl (100) surface (red). Experimental spectrum measured for
a thin-film sample is also shown (blue). Purple curve represents a linear combination of the computed spectra with different weights (purple, 63% of the
perfect NaCl crystal, 26% of the defective crystal and 11% of the NaCl (100) surface). The spectra were shifted vertically for clarity.
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gray) and the calculated radial distribution function (solid black)
is due to a phase-shift in the scattering process, which neces-
sitates a rigid shift in energy applied to the experimental data.
The same FFT data with a rigid shift of �0.3 Å is shown in red.
For a better comparison, the rigid shift and the scaling factor
were chosen so that the first peaks in the red and blacks curve
coincide in both position and intensity. Although the agreement
between the experimental and theoretical results seems accept-
able, the main difference appears to occur at around 3.65 Å
and about 4.50 Å. This could be related to the considerable
structural difference of thin film samples used in the measure-
ments and relatively simple system considered in the computa-
tions. Additionally, the discrepancy at above 5 Å could be
related to relatively small unit cell size in the calculations.
The agreement with the experimental EXAFS at around this
distance can be slightly improved using bigger super cells
(please see the Supporting Information). Moreover, we have per-
formed a FEFF calculation using scattering paths generated by
FEFF8L as incorporated in the Xraylarch program,[70] starting
from a 2� 2� 2 cell for bulk NaCl that was replicated into a
3� 3� 3 cell in order to allow for calculations over a larger
r-range for capturing more scattering paths and reducing edge
effects. The calculation was performed without including a
Debye–Waller factor, but including a fixed sigma_square factor
of 0.005, a value that is within the commonly recommended
range for ionic systems. These factors impact peak heights
and shapes but were not further optimized since the intended
goal was to confirm the positions from Na and Cl scatterers (with
Na being the absorber). Hence, no fitting was attempted, where
optimization of further parameters would be required and cross-
correlations need to be considered. As discussed, the first-shell
peak (6 Cl scatterers) appears lower than the true distance due
to the phase shift, but the shift between calculated and experi-
mental data is identical. Hence, the required qualitative shift
(0.3 Å) to match the radial distribution function from the
AIMD simulations can be considered, as it is validated by the
FEFF calculations. The second-shell peak (12 Na scatterers)
shows a slightly different phase shift, but is still in qualitative
agreement with gNa�allðrÞ, with less than 0.1Å difference.

4. Conclusions

In this work, we have shown that the complete X-ray absorption
fine structure (XAFS) can be reliably reproduced using state-
of-the-art quantum-chemical methods. The near-edge spectral
features are accurately described through an efficient imple-
mentation of time-dependent density-functional perturbation
theory applied to core electrons, while ab initio molecular
dynamics simulations prove essential both for sampling core-
excitation energies and for providing radial distribution func-
tions that enable a direct interpretation of the extended
X-ray absorption fine structure (EXAFS). The combined approach
has been successfully applied to the Na K-edge in NaCl, yielding
theoretical spectra in good agreement with experimental meas-
urements on thin-film samples. Thanks to the efficiency of the
employed methodology, we were further able to disentangle
the spectral contributions originating from bulk crystals, lattice
defects, and surfaces-structural motifs that are typically present
in experimentally studied samples. Altogether, this computa-
tional framework provides a robust pathway for generating
chemically specific XAFS cross sections of elements and com-
pounds that remain difficult or even impossible to characterize
experimentally.
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