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1. Introduction

Multi-alkali antimonides (MAAs) are an established class of
semiconducting materials for vacuum electron sources.' Thanks
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Multi-alkali antimonides (MAAs) are promising materials for vacuum electron sources. While sodium-
based MAAs have demonstrated superior characteristics for ultrabright electron sources, their synthesis
remains challenging, often resulting in mixed stoichiometries and polycrystalline domains. To address
this complexity and guide the characterization of experimentally grown photocathodes, we present a
comprehensive theoretical study of the X-ray near-edge spectroscopy (XANES) of four ternary MAAs:
cubic NayKSb and hexagonal NaK3Sb,
stoichiometry, as well as hexagonal Na,KSb and cubic NaK,Sb, two computationally predicted poly-

representing the experimentally known phase of each

morphs. Employing state-of-the-art ab initio methods based on all-electron density-functional theory
and the solution of the Bethe—Salpeter equation (BSE), we compute and analyze the XANES spectra at
the sodium and potassium K-edges, potassium L, 3-edge, and antimony K- and L,-edges. Our analysis
reveals distinct spectral fingerprints for the experimentally known phases, cubic Na,KSb and hexagonal
NaK,Sb, particularly at the sodium K-edge and potassium L, 3-edge, providing useful indications for their
identification in complex samples. By comparing BSE spectra against their counterparts obtained in the
independent-particle approximation, we address the role of excitonic effects, highlighting their influence
on the near-edge features, especially for excitations from the alkali metals. Our findings offer a useful
theoretical benchmark for the characterization and diagnostics of sodium-based MAA photocathodes,
complementing experiments on resolved polymorphs and providing the spectral fingerprints of
computationally predicted phases that could emerge in polycrystalline samples.

absorption threshold and overall favorable characteristics as
photocathodes.

Despite these encouraging results, the growth of Na-based
MAA photocathodes remains challenging,’®*' and samples
often exhibit coexisting stoichiometries and polycrystalline

to their favorable properties, including a narrow band gap, low
electron affinity, and sensitivity to visible light, cesium anti-
monide photocathodes have been investigated for decades.*®
After the first seminal studies of the past century,”* these
materials are still the subject of intensive experimental™™° and
computational research.”*° More recently, Na-based MAAs have
demonstrated superior characteristics for ultrabright electron
sources, such as near-infrared optical response** and enhanced
thermal emittance compared to other MAAs.**** The experi-
mental studies exploring these materials have been complemen-
ted by ab initio investigations,*° confirming their near-infrared
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domains.***? Based on this complexity, non-invasive diagnostic
techniques are of primary importance to characterize the
samples and identify specific phases and compositions. X-ray
spectroscopy is particularly suited for this purpose thanks to its
sensitivity to the local atomic environment.**">° Recent experi-
mental advances®">* have been accompanied by the refinement
of ab initio methods that are capable of describing the excita-
tion process, explicitly taking into account electron-hole
interactions.>®’” Solving the Bethe-Salpeter equation (BSE)
on top of all-electron density-functional theory (DFT)
calculations®****® is currently considered the state-of-the-art
approach to computing X-ray absorption spectra from first
principles. Corresponding results provide useful indications
to identify the spectral fingerprints of complex materials, not
only by complementing experiments on the resolved phases but
also by predicting the features of computationally discovered
polymorphs that could appear as metastable phases in poly-
crystalline samples.
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In this work, we employ DFT and BSE to investigate X-ray
near-edge spectra (XANES) of four ternary MAAs with chemical
compositions Na,KSb and NaK,Sb and either a hexagonal or
cubic lattice. Cubic Na,KSb and hexagonal NaK,Sb represent
the experimentally known phases of the respective crystals,’
while hexagonal Na,KSb and cubic NaK,Sb are computationally
predicted polymorphs that have been characterized in recent
work.*® We compute the XANES of all four materials, exploring
excitations from different core levels experimentally accessible
by hard or soft X-rays. We compare the spectral features of the
different compounds, highlighting the fingerprints that enable
distinguishing one phase and/or stoichiometry from the other.
We additionally discuss the excitonic character of the absorp-
tion resonances through the comparison between BSE spectra
and their counterparts computed in the independent-particle
approximation (IPA), where electron-hole Coulomb interactions
are neglected. This assessment offers insight into the charac-
teristics of the core-level excitations and provides additional
information on the electronic structure of these crystals. Our
results offer a valuable tool for the diagnostics and characteriza-
tion of Na-based MAA photocathodes.

2. Methods

2.1. Theoretical background

The results presented in this work are obtained in the frame-
work of all-electron DFT®® and many-body perturbation
theory.>* After solving the Kohn-Sham equations,®® we com-
pute the XANES from the BSE**** mapped into the eigenvalue
problem

~ BSE
§ Hm(k o u’k’Ao "u'k! T

o'u'kK

E AoulU (1)

where the eigenvalues E are the excitation energies, and the
eigenvectors A* contain information about the character and
composition of the excitations. They both enter the imaginary
part of the macroscopic dielectric tensor,

!t’| 8(

ey = — E;“), (2)

where Q is the unit cell volume,  is the angular frequency of
the incoming photon, and the ¢* are the transition coefficients
between initially occupied core levels (o) and unoccupied
conduction states (),

Z Aouk Ok‘p‘uk>7 (3)

ouk uk — &o

with corresponding KS energies appearing in the denominator.
The BSE Hamiltonian in eqn (1) is
= A% 4+ 2 f° + AT, (4)

BSE

where A% accounts for vertical transitions between core and
conduction states, 2K represents the repulsive exchange inter-
action between photoexcited electron and hole (the multiplica-
tion factor 2 arises from spin-degeneracy), and A% embeds the
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statically screened electron-hole Coulomb potential (direct
term). In its full form, A®5® includes the key physical inter-
actions that are crucial for an accurate description of XANES
spectra. However, to reveal and quantify excitonic effects and
associate the spectral features to the (unoccupied) electronic
structure of the material described by the projected density of
states (PDOS), it is instructive to compare the BSE spectra with
their counterparts computed in the IPA, obtained by diagona-
lizing A™* = A%, BSE and IPA spectra are usually different
unless electron-hole correlations are negligible.

2.2. Computational details

All calculations are performed with “exciting”, a full-potential
all-electron code implementing the linearized augmented plane
waves and local orbitals method for DFT and BSE.***° The
explicit treatment of core electrons makes this software ideally
suited to address the central problem of this work.”® To ensure
convergence, we set the muffin-tin radius of both Na and K
atoms to 2.0 bohr and that of Sb to 2.2 bohr. The plane-wave
cutoff for the basis set, defined in this framework as the
product between the smallest muffin-tin radius among the
considered atomic species and the maximum length for the
k-vector,” is fixed to 8.0 and 8.5 for the cubic and hexagonal
crystals, respectively. The exchange-correlation potential of DFT is
approximated using the spin-unpolarized Perdew-Burke-Ernzer-
hof functional for solids (PBEsol).°" In the DFT runs, the Brillouin
zones of the cubic and hexagonal crystals are sampled with
10 x 10 x 10 and 8 x 8 x 4 k-meshes, respectively.

The BSE is constructed and solved in the Tamm-Dancoff
approximation,** computing the screened Coulomb interaction
in the random phase approximation with 100 empty states. An
energy cutoff of 1.5 Ha is taken for the local fields. The BSE is
solved with 10 (12) empty states for the cubic (hexagonal)
crystals, adopting a I'-shifted k-mesh with 8 x 8 x 8 points
for the cubic crystals and 8 x 8 x 4 for the hexagonal ones to
obtain an appropriate resolution of the spectral features. A
Lorentzian broadening of 100 meV is used to visualize all
spectra. For the cubic crystals, we plot the unique non-zero
term of eqn (2), while for the hexagonal crystals, we take the
average of the three Cartesian components.

The bulk crystals investigated in this work were taken from
the Open Quantum Materials Database (OQMD),* structure
numbers: 7 813 090 for hexagonal Na,KSb (hNa,KSb), 42 945 for
cubic Na,KSb (cNa,KSb), 1245 926 for cubic NaK,Sb (cNaK,Sb),
and 7751654 for hexagonal NaK,Sb (hNaK,Sb). The cubic
phases of both Na,KSb and NaK,Sb are face-centred cubic
Bravais lattices with Sb atoms at the Wyckoff position (0, 0, 0)
and alkali species at (1/2, 1/2, 1/2) and +(1/4, 1/4, 1/4), see
Fig. 1a. In the hexagonal crystals, the Sb atoms occupy the (2/3,
1/3, 3/4) and (1/3, 2/3, 1/4) Wyckoff positions while alkali atoms
have lattice coordinates (2/3, 1/3, 1/4 + 1/6), (1/3, 2/3, 3/4 + 1/6),
and (0, 0, +1/4), see Fig. 1b. The initial structures taken from
the OQMD are subsequently relaxed with “exciting”’, using the
Broyden-Fletcher-Goldfarb-Shanno algorithm® to minimize
interatomic forces and volume optimization based on the
Birch-Murnaghan fit.®>*® The same procedure was adopted
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Fig. 1 (a) Face-centered cubic (FCC) and (b) hexagonal unit cells of the
NaoKSb and NaK,Sb crystals considered in this work. Sb atoms are in
bronze while the alkali species are in yellow and blue. Graphs were
produced with the visualization software VESTA %2

39

in a previous related study,” where further details can be

found.

3. Results

In the following, we analyze the XANES spectra computed for
the four MAA crystals considered in this work. Despite the
importance of surface characteristics in the performance of
photocathodes, we perform our analysis on bulk materials. This
choice is motivated by two main reasons: first, XANES is inher-
ently not a surface-sensitive technique; second, experimental
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samples are typically orders of magnitude thicker®” than the
surface slabs accessible from first principles.®®*

In Section 3.1, we examine excitations from the sodium K-edge
(1s core electrons), targeting unoccupied electrons with p-orbital
characteristics. In Section 3.2, we inspect spectra computed from
the potassium K-edge, whereby the 1s electrons are promoted to
unoccupied p-states. In Section 3.3, we discuss excitations from
the potassium L, ;-edge, corresponding to transitions from the 2p
core electrons to unoccupied levels bearing s- and d-character.
In Section 3.4, we investigate the XANES spectra computed from
the antimony K-edge, ie., excitations from Sb 1s electrons to
unoccupied Sb p-bands. Finally, in Section 3.5, we analyze the
spectra obtained by exciting antimony 2p core electrons to
unoccupied states with Sb s and d character. Due to the large
spin-orbit splitting (several tens of eV) in the Sb 2p shell, we
consider only the 2p;,, component of the XANES (L,-edge), which
yields equivalent signatures, albeit with different oscillator
strength, as expected, than the L;-edge.”

3.1. Sodium K-edge

We begin our analysis with the inspection of the sodium K-edge
spectra (Fig. 2), which reveal notable similarities between the
two Na,KSb phases (Fig. 2a and c). Both spectra exhibit a high-
intensity peak at low energies, with the maximum at 0.9 eV and
0.6 eV above the IPA onset for cNa,KSb and hNa,KSb, respec-
tively. The excitonic nature of this peak is evident from the
comparison between the BSE and the IPA spectra. The former
exhibits a strong peak at low energies (up to 1 eV from the IPA
onset), where uncorrelated vertical transitions lead to extremely
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Fig. 2 XANES of (a) cubic NayKSb, (b) cubic NaK,Sb, (c) hexagonal Na,KSb, and (d) hexagonal NaK,Sb computed from the sodium K-edge. Solid lines

(shaded areas) represent BSE (IPA) spectra.
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weak oscillator strength. This oscillator strength enhancement to facilitate the identification of specific compositions in poly-
and a red shift of almost 1 eV are characteristic signatures of crystalline samples. Likewise, the distinct spectral features of the
strong electron-hole correlations. In the spectrum of hNa,KSb, experimentally resolved crystals, cNa,KSb and hNaK,Sb (Fig. 2a
a weak but distinct feature is identified around —0.1 eV and and d), will promote their recognition in mixed samples.
associated with a double-degenerate bound exciton with a
binding energy of 70 meV (Table S1, ESIf). Two pairs of
degenerate excitons appear below the IPA onset of cNa,KSb, In analogy to the Na K-edge XANES, the results obtained for
with binding energies of 229 meV and 59 meV, but their the cubic and hexagonal phases of Na,KSb are very similar,
oscillator strength is so weak that they do not produce any see Fig. 3a and c. Both spectra are characterized by a broad
visible maximum in Fig. 2a. absorption onset with several maxima covering the first 3 eV
The spectra of the NaK,Sb crystals exhibit remarkably dif- above the IPA onset, and two degenerate dark excitons below
ferent signatures. The XANES of cNaK,Sb is characterized by an  the IPA onset with binding energies of 111 meV in cNa,KSb and
onset culminating in the pronounced resonance at approxi- 60 meV in hNa,KSb (Table S1, ESIT). Electron-hole correlations
mately 1.5 eV (Fig. 2b). On the other hand, the spectrum of enhance the oscillator strength in this region, leading to a
hNaK,Sb is dominated by a sharp excitonic resonance below redistribution of the spectral weight to lower energies upon
the IPA onset, given by two degenerate excitons with a binding inclusion of electron-hole correlations,** as from the Na K-
energy of approximately 130 meV (Table S1, ESI). Comparison edge. The IPA spectra of the Na,KSb phases reproduce the
with the respective IPA spectra confirms the excitonic character characteristics of the K p-contributions to the PDOS, especially
of all these features, whereby electron-hole interactions are concerning the stronger maxima around 3 and 4 eV, see
responsible for spectral weight enhancement at low energies Fig. S2a and c (ESIt).
and for a redshift of the order of 1 eV. In the XANES of cNaK,Sb, The XANES of the computationally predicted cNaK,Sb crystal is
two pairs of degenerate excitons appear below the IPA onset, characterized by broad excitations at low energies (Fig. 3b). How-
with binding energies of 574 meV and 55 meV (Table S1, ESI{). ever, the oscillator strength of the first peak is weaker than in
In analogy with the Na,KSb compounds, their oscillator cNa,KSb and the BSE spectrum retains the overall spectral shape
strength is negligible due to the minimal contribution of the of its IPA counterpart, confirming the less prominent role of
Na p-states to the bottom of the conduction band,*® giving rise  excitonic effects. On the other hand, the spectrum of hNaK,Sb is
to an energetically broad but weak band (see Fig. S1b, ESIY). dominated by a sharp excitonic peak at the onset (Fig. 3d),
The similarities between the spectra of the materials with stemming from the broad feature in the IPA spectrum between
equal stoichiometry and different crystal structures are expected approximately 1.2 and 2.2 eV which finds a direct counterpart in

3.2. Potassium K-edge
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Fig. 3 XANES of (a) cubic Na,KSb, (b) cubic NaK,Sb, (c) hexagonal Na,KSb, and (d) hexagonal NaK,Sb computed from the potassium K-edge. Solid lines
(shaded areas) represent BSE (IPA) spectra.
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the K p-contributions to the PDOS of this material (Fig. S2d, ESI).
The absorption dip appearing between this maximum in the IPA
spectrum and the following stronger region of absorption stems
directly from the K p-PDOS characteristics (see Fig. S2d and ref.
36, ESIt). This minimum is also visible in the XANES computed
from the BSE, where it is red-shifted by about 0.5 eV (Fig. 3d). The
comparison between the sharp excitonic resonance in the BSE
result and the energetically distributed oscillator strength in
the IPA spectrum allows assigning the former a binding energy
of approximately 800 meV. The excitonic maximum has a shoulder
at higher energies and is followed by a broader region with non-
negligible oscillator strength, red-shifted by about 1 eV from its IPA
counterpart (Fig. 3d). The presence of this prominent excitonic
feature in the XANES spectra of hNaK,Sb makes this experimentally
resolved phase well detectable in polycrystalline samples.

3.3. Potassium L, ;-edge

We continue our analysis with the XANES computed from the
potassium L, ;-edge. The result obtained for the experimentally
known cubic phase of Na,KSb is dominated by two intense
peaks at the onset (Fig. 4a), which offer a valuable spectroscopic
signature to identify this phase in a polycrystalline sample. The
excitonic nature of these maxima is evident from the compar-
ison with the IPA spectrum, which features weak oscillator
strength distributed up to almost 3.5 eV (Fig. 4a). The replicas
of these peaks, appearing approximately 3 eV above the first
ones, stem from transitions from 2p,, electrons and, as
expected, their oscillator strength is approximately 2/3 of those
generated by excitations from the 2p;,, core states.
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The XANES of the computationally predicted cubic NaK,Sb
is characterized by very weak peaks at the onset and by a strong
maximum at 2 eV (Fig. 4b). The replica of this feature is visible
at about 5 eV, but it would be hardly detectable in experiments
due to the relatively large oscillator strength of overlapping
excitations between 3 and 4 eV. Excitonic effects are pro-
nounced and manifest themselves through a strong red-shift
of the spectral weight upon inclusion of electron-hole correla-
tions. The IPA spectrum, in turn, assimilates the features of the
K d-states in the PDOS, which dominate over the contributions
from K s-electrons (Fig. S3b, ESIT).

The spectrum of the other computationally predicted com-
pound, hNa,KSb, is again characterized by excitations of
increasing strength at the onset up to approximately 2 eV
(Fig. 4c). The spectral shape in the BSE result somehow reflects
the IPA spectrum, suggesting that electron-hole interactions
mainly red shift the excitations by about 1 eV and enhance their
oscillator strength toward lower energies. In this case, the high-
energy replica of the first excitations is not clearly visible, due to
other bright excitations appearing in the same energy range.
Similar to cNaK,Sb, the target states for the core-level transi-
tions are mainly given by the K d-states, which dominate
over the s-orbital contributions in the relevant energy region
(Fig. S3c, ESIY).

The XANES computed for hNaK,Sb, the other experimentally
known phase, is dominated by a sharp peak slightly about 1 eV,
see Fig. 4d. The excitonic nature of this feature is testified not
only by its very strong oscillator strength but also by the
absence of a direct counterpart in the IPA spectrum. A replica

-2 K -3 K
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Fig. 4 XANES of (a) cubic NaKSb, (b) cubic NaK,Sb, (c) hexagonal NayKSb, and (d) hexagonal NaK,Sb computed from the potassium L, 3-edge. Solid

lines (shaded areas) represent BSE (IPA) spectra.
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of this intense maximum is visible around 4 eV, i.e., about 3 eV
above the first one, with an oscillator strength approximately
2/3 of the lower-energy resonance, as expected. Interestingly,
a weaker but equally sharp peak is visible a few tens of meV
above the onset. Its higher-energy replica is not visible, again
due to overlap with other bright states. In this case, K s-orbital
contributions are more pronounced in the unoccupied region
targeted by the relevant core-level transitions (Fig. S3d, ESIY),
but, given the shape of the IPA spectrum, excitations to K
d-states are still expected to be dominant.

All compounds are characterized by four degenerate excita-
tions below the IPA onset. Their binding energies are on the order
of 60 meV in both cNaK,Sb and hNa,KSb, while they are almost
twice as large in the experimentally known phases cNa,KSb and
hNaK,Sb (Table S1, ESIt). The oscillator strength of these bound
excitons is negligible in the spectra of the two cubic polymorphs,
where no signatures can be identified in Fig. 4a and c. On the
other hand, in the XANES of the two hexagonal phases, we notice
very weak maxima below the IPA onset, with the one in hNa,KSb
being hardly visible (Fig. 4b), while the one in hNaK,Sb appearing
as a shoulder of the peak centered around 0 eV (Fig. 4d).

The peculiar spectral characteristics of cNa,KSb and hNaK,Sb
make these two experimentally resolved phases expectedly well
detectable in polycrystalline samples. In particular, the striking
differences between the two spectra in Fig. 4a and d, namely the
presence of two low-energy sharp peaks in the former and a single
intense low-energy maximum in the latter, is anticipated to
promote the identification of either compound in a mixed
sample.
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3.4. Antimony K-edge

The XANES calculated from the Sb K-edge exhibit pronounced
similarities for each considered stoichiometry. The cubic and
hexagonal phases of Na,KSb are characterized by relatively
weak oscillator strength at the onset and larger spectral weight
at higher energies, around 1 eV (Fig. 5a and c). In the BSE
spectrum of cNa,KSb (Fig. 5a), the lowest-energy region is
dominated by four relatively broad maxima mimicking the
features of the IPA spectrum, which in turn reflects the Sb
p-orbital contributions to the conduction region (Fig. S4, ESIf),
including a dip between the two unoccupied Sb p-state
manifolds.?® In the spectrum of the computationally predicted
hexagonal phase of Na,KSb, the oscillator strength at low
energies is focused across a narrow range of approximately
1.5 eV (Fig. 5¢). The first weak peak appears around 0.6 eV in
both the BSE and IPA spectra, suggesting an almost negligible
influence of electron-hole correlations. It is followed by a broad
distribution of bright excitations with the most intense maxi-
mum at 2 eV. The spectral features characterizing the BSE
result are almost identically reproduced in the IPA spectrum,
only shifted by about 1 eV. This finding suggests that excitonic
effects in this material manifest themselves in the above-
mentioned sizeable red shift of excitation energies but do not
alter the spectral shape. In both Na,KSb polymorphs, two
degenerate excitations are found below the IPA onset. Both of
them are dark, being two orders of magnitude weaker than the
strongest resonances. Their binding energy is 105 meV in
cNa,KSb and 59 meV in hNa,KSb, see Table S1 (ESIt). The
systematically lower intensity of excitations from the Sb K-edge
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Fig. 5 XANES of (a) cubic NayKSb, (b) cubic NaK,Sb, (c) hexagonal Na,KSb, and (d) hexagonal NaK,Sb computed from the antimony K-edge. Solid lines

(shaded areas) represent BSE (IPA) spectra.
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compared to those analyzed above (e.g., from the K L, ;-edge) is
ascribed to the negligible contribution of Sb p states to the
bottom of the conduction region of both materials (Fig. S4a and
¢, ESIT).%%%°

The XANES of both NaK,Sb phases are characterized by
similar spectral fingerprints, which are in turn quite different
from those of Na,KSb. In the computationally predicted cubic
polymorph, the absorption from the Sb K-edge is dominated by
two broad regions (>1 eV each) of intense excitations, see
Fig. 5b, both red-shifted by about 200 meV compared to the IPA
result, which mirrors the salient features of the Sb p-orbital
contributions to the PDOS (Fig. S4b, ESIT), including the small
gap between the first and second absorption region around
2.8 eV in Fig. 5b.*® While the first manifold almost doubles its
oscillator strength upon inclusion of electron-hole correla-
tions, this effect is less pronounced for the higher-energy
maxima. The spectrum of the experimentally resolved hexago-
nal structure of NaK,Sb is dominated by an intense peak at
about 1 eV (Fig. 5d). This strong excitation is preceded by a
weak shoulder at approximately 0.5 eV. Higher-energy excita-
tions have about half the oscillator strength of the aforemen-
tioned intense peak and form a broad band spanning almost
2 eV. The peaks in the BSE spectrum mirror those computed
from the IPA - reflecting the contributions of the Sb p-states to
the PDOS (see Fig. S4d and ref. 36, ESIT) - and the red-shift
associated with their binding energy is on the order of 800 meV.
However, only the intensity of the first resonance is signifi-
cantly affected by the inclusion of electron-hole correlations.
The sharp resonance in the spectrum of hNaK,Sb represents a

View Article Online
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relevant signature to identify this structure in a polycrystalline
sample, although the large broadening expected for excitations
from such a deep edge (> 30 keV, see ref. 71) likely overshadows
these features during measurements.

3.5. Antimony L,-edge

We conclude our analysis by inspecting the XANES computed
from the Sb L,-edge. Target states for the excited Sb 2p
electrons are unoccupied bands with Sb s and d character. As
extensively discussed in ref. 36 for the experimentally resolved
phases ¢Na,KSb and hNaK,Sb, and in ref. 39 for the computa-
tionally predicted polymorphs hNa,KSb and cNaK,Sb, Sb s-
electrons dominate to the lowest unoccupied region of all
materials while Sb d-states appear at slightly higher energies
(see also Fig. S5, ESIt). The spectra of the two Na,KSb poly-
morphs are quite similar, see Fig. 6a and c. They are both
characterized by weak transitions at the onset and by stronger
peaks above 1 eV. The spectral features from the BSE are
present already in the IPA spectra, only with weaker oscillator
strength (about 2/3 for the first manifold of excitations up to
approximately 2.2 eV) and an energy shift of about 700 meV in
cNa,KSb and 400 meV in hNa,KSb. The relatively large oscilla-
tor strength in the higher energy part of the IPA spectra is due
to the combined contributions to transitions targeting both Sb
s- and d-states appearing with similar weight a few eV above the
conduction band minimum (Fig. S5a and c, ESI}).

The NaK,Sb spectra display weak excitonic effects, with red
shifts of the order of 200 meV in ¢cNaK,Sb (Fig. 6b) and 600 meV
in hNaK,Sb (Fig. 6d), and an oscillator strength of the first
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Fig. 6 XANES of (a) cubic NayKSb, (b) cubic NaK,Sb, (c) hexagonal Na,KSb, and (d) hexagonal NaK,Sb computed from the antimony L,-edge. Solid lines

(shaded areas) represent BSE (IPA) spectra.
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excitations only marginally amplified by electron-hole correla-
tions. While the XANES of cNaK,Sb hosts very weak excitations
up to about 3 eV, hNaK,Sb exhibits a weak but distinguishable
absorption band between 0.3 and 1 eV, and a stronger one
between 2 and 3 eV. It is hard to expect that these features will
enable the identification of specific stoichiometries and/or
crystal structures in mixed samples. Similar to Na,KSb, the
larger oscillator strength in the IPA spectra at higher energies is
due to the combined contributions of transitions targeting both
Sb s- and d-states coexisting in that range of the conduction
region (Fig. S5b and d, ESI¥).

All compounds exhibit a doubly degenerate excitation below
the IPA onset. Its oscillator strength is at least one order of
magnitude lower than the transitions giving rise to the visible
peaks in the XANES, while its binding energy is of the order of
60 meV in the two computationally predicted compounds
(cNaK,Sb and hNa,KSb) and 120 meV in the experimental
phases (cNa,KSb and hNaK,Sb), see Table S1 (ESIf). Only in
the spectrum of hNaK,Sb do the bound excitons give rise to a
visible signal in the XANES (Fig. 6d). Overall, the relatively weak
spectral weight of these absorption spectra and the absence of
any distinct resonance make it hard to expect the signatures
from XANES to provide an effective tool to identify different
stoichiometries or crystal phases from the Sb L, ;-spectra of
polycrystalline sodium potassium antimonide samples.

4. Summary, discussion, and
conclusions

In summary, we investigated from first-principles many-body
theory the XANES spectra of four Na-based ternary alkali
antimonide phases, considering excitations from sodium,
potassium, and antimony K-edge, potassium L, ;-edge, and
antimony L,-edge. In this analysis, we included both the
experimentally resolved cubic polymorph of Na,KSb and hexa-
gonal phase of NaK,Sb,’?® as well as the computationally
predicted cubic NaK,Sb and hexagonal Na,KSb.** By compar-
ing the results obtained for all compounds, we identified
the spectral fingerprints that can enable their identification
in polycrystalline samples embedding different stoichiome-
tries. From a fundamental viewpoint, we addressed the role
of electron-hole correlations to gain further insight into the
electronic structure of each material.

The intense excitonic resonances dominating the onset of
the sodium and potassium K-edge XANES of hNaK,Sb represent
a valuable tool to identify this crystal in mixed samples. Like-
wise, the potassium L, ;-edge spectra of the two experimental
phases, cNa,KSb and hNaK,Sb, are dominated by clear spectral
signatures promoting their recognition in polycrystalline sam-
ples. In particular, the spectrum of c¢Na,KSb hosts two reso-
nances at the onset with strong intensity and almost equal
oscillator strength, while the XANES of hNaK,Sb features a
distinct strong peak about 1 eV from the onset. In contrast, the
spectra of two computationally predicted phases are charac-
terized by weak excitations at the onset, growing in intensity
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with increasing energies, and forming broad absorption bands.
The XANES computed from Sb core electrons offers very few
signatures for the identification of specific crystal structures
and stoichiometries. All Sb K-edge spectra feature broad excita-
tions at the onset, except for hNaK,Sb and, to a lesser extent,
its cubic counterpart, characterized by an intense peak around
1 eV. However, the large broadening associated with such an
energetically deep excitation is expected to overshadow these
features and to prevent any direct fingerprinting of these
compounds. The scenario is even less favorable for the XANES
from the Sb L,-edge. In this case, all spectra exhibit broad
absorption bands that are hardly distinguishable from each
other in a mixed sample.

Comparing the spectra computed from the BSE and in the
IPA reveals the influence of excitonic effects. They are most
pronounced in the XANES from Na K-edge, where they give rise
to a large redistribution of oscillator strength to the lowest-
energy excitations in Na,KSb and at higher energies (~1 eV) in
NaK,Sb. However, in all the considered phases and edges, the
differences between the BSE and IPA spectra are so pronounced
that it is unlikely that a simplified description of the XANES,
neglecting electron-hole correlations, can lead to insightful
comparisons with experiments. In all materials, these excita-
tions undergo a red shift larger than 0.5 eV compared to the
IPA. In the spectra computed from the potassium K-edge,
excitonic effects remain strong but are less relevant than from
the Na K-edge. Binding energies are on the order of 200 meV,
and the oscillator strength enhancement of low-energy excita-
tions is weakly pronounced except for hNaK,Sb. Stronger
excitonic effects are found in the potassium L, ;-edge spectra
of all considered crystals, especially in the experimental phases
cNa,KSb and hNaK,Sb, where they manifest themselves
through strong resonances at lowest energies (cNa,KSb) and
around 1 eV (hNaK,Sb). In the XANES from the Sb K- and L,-
edges, excitonic effects are least pronounced: binding energies
do not exceed 200 meV, and the oscillator strength enhance-
ment at lowest energies is negligible. These results confirm
previous findings,”>’*> suggesting a systematic reduction of
electron-hole correlation strength with increasing energy of
the excited core electrons. This behavior is consistent with
physical intuition, whereby transitions from deeper states are
subject to a larger screening generated by a larger number of
semi-core and valence electrons separating the initial core state
of the transition to the final one in the conduction band. It is
also worth noting that in the considered MAAs, many-body
effects are more pronounced in X-ray spectra than in optical
spectra,®®*® as predicted by Spicer in 1967.7

In conclusion, our study provides valuable indications
for the X-ray spectroscopic characterization of MAA photo-
cathodes, predicting the spectra not only of experimentally
resolved phases but also of computationally predicted poly-
morphs that could appear as metastable phases in polycrystal-
line samples. Our results suggest that excitations from the
Na K-edge and the potassium L, ;-edge are mostly suited to
identify different compositions and crystal structures, while
XANES from the potassium K-edge can reveal the presence of
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hexagonal NaK,Sb, featuring a distinct sharp excitonic reso-
nance. In contrast, X-ray absorption from Sb K- and L,-edge
does not provide any clear fingerprints to identify specific
stoichiometries and crystal structures, also given the larger
broadening associated with these deep core-level transitions.
The absence of experimental references on these compounds
prevents a direct comparison between our computational
results and measurements, but we are confident that our
comprehensive study will stimulate corresponding experiments
validating our predictions.
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