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ABSTRACT

This study presents a comprehensive investigation of the Auger spectra of three thionated uracils using a combination of theory and experi-
ment. Non-resonant Auger spectra measured at the K-edges of carbon, nitrogen, and oxygen, as well as at the L, 3 edge of sulfur, are reported.
Even though the final decay states (valence two-hole states) are the same for all edges, the resulting Auger spectra are strikingly different,
highlighting the local nature of the Auger decay. Theoretical modeling, which employed a series of approaches incorporating varying levels
of correlation and different treatments of the metastable states, provides a clear interpretation of the experimental spectra. The analysis high-
lights the crucial role of electron correlation, evident in both the density of the decay states and the spectra constructed using channel-specific
partial decay widths, as well as the importance of spin-orbit coupling in shaping the L-edge spectra of thiouracils.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0339155

I. INTRODUCTION

Auger decay is a non-radiative process in which a core-vacancy
state decays by filling the hole and ejecting an electron (Auger elec-
tron) into the continuum. Auger spectra are obtained by recording
the yield of Auger electrons as a function of their kinetic energies.
The energies of the Auger electrons correspond to the differences
between the energies of the initial core-ionized state (or a core-
excited state in the case of resonant Auger decay) and the final decay
states, which are doubly ionized valence states (or singly ionized
valence states in the case of resonant Auger decay). The intensities of
the peaks are proportional to the partial decay rates of the respective
channels, which, in turn, are proportional to the decay widths.

Ab initio calculations of Auger spectra are challenging because
of the difficulties with computing core-vacancy states due to their

metastable character and the continuum nature of the Auger elec-
tron. Hence, in order to compute energies of these states and their
decay rates, one needs to incorporate the autoionization contin-
uum in quantum-chemistry treatments. The core-valence separa-
tion (CVS) approach,’ which allows one to decouple the core-level
states from the valence ionization continuum, is an effective way
to describe the core-level states. The combination of CVS with the
equation-of-motion (EOM) coupled-cluster (CC) framework” " has
been successfully used to compute energies of core-level states and
their spectroscopic signatures.5 "

Previous theoretical studies of Auger decay have explored a
variety of approaches, ranging from assuming equal decay rates
for all channels'®'” to methods based on non-Hermitian exten-
sions of quantum mechanics designed for resonances,'® such as

complex-variable approaches'””’ and techniques using different
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representations of the continuum. The latter approaches include dis-
cretized continuum treatment via Stieltjes imaging’' *’ and explicit
treatment of free-electron states within the Feshbach-Fano (FF)
ansatz.”* *Y Within the FF framework, the continuum state can be
effectively represented by a one-center approximation (OCA).”**~**

Within EOM-CC, there are two approaches for comput-
ing decay rates of core-level states—one based on the FF
formalism*® *’ and another based on the complex basis functions
(CBF) formalism.' %0

In the FF framework, the decay rates are computed using
Wentzel’s ansatz,” an expression akin to the Fermi golden rule. The
decay rate I, of the initial core-vacancy state # into the final two-
hole (2h) state y is given by a matrix element between the initial
core-vacancy state (W) and the final decay state, a product of the
doubly ionized valence state (‘I’LJ 'P) and a free-electron state (¥{),

T = 271g / dow[ (W HIY <) (v < H) | ()

where k is the momentum of the emitted electron (the absolute value
of k is determined by the energy difference between the core-hole
and decay states), factor g, accounts for spin degeneracy, and the
integration is done over all directions of k.

In the CBF approach, Auger decay is modeled as a two-step
procedure akin to Wentzel’s ansatz. The partial decay rates are com-
puted from the imaginary part of the energy of the core-vacancy
state, either by an a posteriori decomposition of the imaginary
energy in terms of the decay channels’””” or by applying channel-
specific projectors.'” These procedures yield the decay rates in terms
of orbital pairs of the initial-state wave function, which are then
mapped onto the final states in a second step.™

Recently, these two approaches have been used to model the
Auger spectrum of benzene, showing remarkably good agreement
with each other and with experiments.””** FF and CBF treatments
have also been applied to model L, 3-edge spectra, where inclusion
of spin-orbit interactions is important for quantitative accuracy’”’
by using the state-interaction framework ™’ with spin-orbit cou-
plings (SOCs) computed as matrix elements of the Breit-Pauli
Hamiltonian.” *

In this contribution, we present a combined experimental
and theoretical study on the Auger spectra of the three thionated
nucleobases shown in Fig. 1: 2- and 4-thiouracils (2TU and 4TU,
respectively) as well as 2,4-dithiouracil (2,4dTU). Thionated nucle-
obases are important in biology and medicine.”” *° They were found
in tRNA (translational RNA) of many bacteria, yeasts, and even

2-thiouracil 4-thiouracil
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higher organisms® and are believed to modulate the rate and fidelity
of the mRNA (messenger RNA) decoding process, thereby effect-
ing changes in the metabolism of the organisms. Sulfur-substituted
nuclear bases have also been explored in the context of artifi-
cial self-replicating cells in which the genetic content encoded in
RNA-like polymers is replicated without the enzymes,* as likely
occurred in prebiotic chemistry. In medicine, thionated nucleobases
and related molecules are used as immunosuppressants and anti-
cancer photodynamic therapeutic agents. The thionated uracils are
also finding applications as UV cross-linking agents.”” Many of
these applications are based on the unique photochemistry of thion-
ated nucleobases.””*® For example, UV-excited thiouracils exhibit
ultrafast relaxation into highly reactive triplet states with a high
quantum yield.””*****” In our own study, we investigated the details
of UV-induced electronic relaxation using x-ray induced Auger and
core-photoelectrons as well as x-ray absorption.”””* We also used
Coulomb-explosion imaging to correlate the electronic dynamics
with molecular structural rearrangements.”

Thionated nucleobases are also interesting from the funda-
mental point of view. Owing to their heteronuclear nature, these
molecules can interact with x-rays in several distinct energy regimes.
Here, we report Auger spectra corresponding to the ionization at the
carbon, nitrogen, and oxygen K-edges as well as sulfur’s L-edge. The
decay states, which correspond to the valence 24 states, are indepen-
dent of the initial core-hole state; however, the intensities for each
decay channel depend on the edge, illuminating the local nature of
the Auger process. The differences between the three molecules are
also interesting, as they reveal the effect of the molecular structure
on the spectra.

From the theoretical side, we present and compare theoret-
ical Auger spectra computed using different treatments ranging
from assuming uniform intensities of each decay channel—in other
words, simply taking the density of states (DOS)—to spectra in
which the channel intensities are computed with the FF and CBF
approaches. We also investigate the impact of different treatments of
electron correlation as well as relativistic effects. Given that the theo-
retical treatment of core-vacancy states and Auger decay is an active
area of research, the availability of reliable experimental data is cru-
cially important for validating different theoretical frameworks, and
our contribution provides such data for three molecules and four
edges, building upon our previous studies of thiouracils.””~”

The outline of the paper is as follows. In Sec. 11, we present the
theoretical framework and computational details. The experimental
details are given in Sec. III. In Sec. IV, we first discuss the K-edge
spectra, focusing on the effects of correlation on the energies and

FIG. 1. Structures of the thionated
uracils. Color code: Dark gray (carbon),
blue (nitrogen), red (oxygen), yellow
(sulfur), and light gray (hydrogen).

©

2,4-dithiouracil
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decay rates, and then focus on the sulfur L-edge spectra, where we
also discuss different treatments of the continuum and relativistic
effects. Our concluding remarks are given in Sec. V.

Il. THEORETICAL FRAMEWORK AND
COMPUTATIONAL DETAILS

A. Initial core-ionized states, decay states, and density
of states

The energies of the initial core-hole and the decay states
(2h valence states) can be crudely estimated using Koopmans’
theorem. For a more accurate treatment, we use EOM-CCSD
methods in which the states of interest are found by diagonal-
izing the similarity-transformed Hamiltonian, H-= e_THeT, in the
appropriate sector of the Fock space. Here, T denotes the coupled-
cluster amplitudes of the reference state.”* Core-ionized states are
described by EOM-CCSD for ionization potentials combined with
CVS (CVS-EOM-IP-CCSD),”” and the decay states are described
by several flavors of EOM-CC for double ionization potentials
(EOM-DIP-CC).

The number of decay channels is given by the product of the
number of initial core-ionized states and 2/ (or DIP) states. Since for
each edge the energies of the initial core-hole states span a very nar-
row range, the spread of the energies of the Auger electrons reflects
the DOS of the decay states. Hence, the analysis of the decay states
provides the basis for the interpretation of the Auger spectra. We
employ a hierarchy of theoretical approaches to compute the DOS
of the 2k states. The theoretical approaches are as follows:

e A Koopmans treatment in which the DOS is computed from
the Hartree-Fock orbital energies. Note that this approach
does not distinguish between triplet and singlet states.

e EOM-DIP-CCSD(2h) calculations in which the DIP
energies are obtained by diagonalizing the similarity-
transformed Hamiltonian, H, in the space of 2h
determinants.

e EOM-DIP-CCSD(2h) calculations with a perturbative
account of contributions from 3hlp determinants; this is
accomplished by preconverging 2h states and then making
one Davidson iteration in the full space.

e Full EOM-DIP-CCSD calculations in which H is diagonal-
ized in the space of 2k and 3h1p determinants.

B. From DOS to Auger spectra

To proceed from the DOS to the Auger spectra, we use several
approaches of increasing complexity.

In the simplest treatment, we use orbital energies to compute
the energies of the initial and final decay states. We then construct
the Auger spectra either by assigning equal intensities to all decay
channels or by weighting each channel according to Mulliken’s pop-
ulation of the valence molecular orbitals (MOs) on the atoms hosting
the initial core-hole.

Using Mulliken-like populations to assign intensities to each
decay channel is based on the assumption that Auger decay is
dominated by local valence-to-core transitions. We note that this
reasoning was used in an early study of the Auger spectra of small

ARTICLE pubs.aip.org/aipl/jcp

molecules.”® For each decay channel, we compute the weight of the
corresponding valence MOs on the respective atoms (e.g., carbons
for carbon K-edge, nitrogens for nitrogen K-edge, etc.). Mulliken’s
population analysis is based on the following property of the density
matrix,

N = Z YuvSuy = Z (¥S)uu = Tr[yS], 2
w u

where N is the total number of electrons and y and S are, respec-
tively, the density and overlap matrices in the atomic orbital (AO)
basis. The population on a specific atom is given by the trace of a
submatrix over all AOs belonging to that atom. For example, if we
are looking at the population on the oxygen atom,

P(O) = Z yyvsyv- (3)
uveO

For a given atomic edge, we use Mulliken’s population of the
valence MOs, corresponding to a particular decay state, associated
with the specific atoms with the core-hole as a proxy for their
contribution to the decay process. This approach affords a quick
qualitative evaluation of the Auger spectra, as it reflects the spatial
proximity of the initial core-ionized state and the relevant valence
orbitals of the decay channels. These calculations can be carried
out as postprocessing of the quantum-chemistry calculations using
Python scripts, which are now included in the ezAuger suite.”” As
we show below, the so-computed spectra provide a reasonable zero-
order description of the Auger spectra. Importantly, they cover the
full range of energies of the Auger electrons. However, because these
calculations do not include correlation effects, the absolute energies
are off and the fine details of the spectra are not captured. Moreover,
for the L, 3 edge, Mulliken’s populations do not capture the extent
of alignment between the core-hole and valence-hole states. There-
fore, while the Koopmans’ approach can serve as a quick qualitative
tool for analyzing Auger spectra, more accurate correlated methods
are required for quantitative analysis.

Toward this end, we employ approaches based on EOM-CCSD
wave functions and the FF***’ and CBF'**"""! formalisms for com-
puting partial decay widths. In the FF approach, the decay rate is
given by Eq. (1). By integrating over N — 2 electron coordinates,*®
the requisite matrix elements become

el ny 1 n,
(T HPDT W) = 3 hygox " + EZ (pq|kr) x ™D,
P par

(4)
el n 1 n~r
(Y2 < W HYY ) = 3 hip x*"d, + EZ (kr[pq) x*" Dy,
p par

where hy and (pg|kr) are matrix elements of the one-electron
and two-electron parts of the Hamiltonian, indices p,q,r run
over molecular orbitals, and k now also denotes the continuum
orbital. The integrals are contracted with one- and two-body Dyson

amplitudes,”®”® "d and "™ D!,
M= (T, My = (8 ), (5)
and
"D = (W pTq ey,

Db = (¥ pTarly). (6)
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There are two sets of one- and two-particle Dyson amplitudes
because of the non-Hermitian nature of EOM-CC theory.”” "’ The
contributions due to one-body Dyson orbitals are small, owing to
the two-electron nature of the Auger decay. The application of the
FF approach requires an explicit free-electron state, which can be
approximated by a plane wave or a Coulomb wave.

In the CBF approach,”””"""** Auger decay is described using
an L*-representation of the resonance wave function obtained via
analytical continuation of the Hamiltonian into the complex plane.
Therefore, the CBF approach does not require an explicit description
of the Auger electron. The complex resonance energy is determined
as an eigenvalue of a non-Hermitian Hamiltonian, with the real
part describing the energy of a resonance and the imaginary part
describing its width. The total decay width is then

T = —2 Im(Eres). (7)

To obtain partial widths for each channel, we employ the Auger
channel projector (ACP) approach, in which partial widths are com-
puted by applying channel-specific projectors.'” The projectors are
constructed by removing a particular set of determinants corre-
sponding to the final decay state from the many-body expansion,
akin to the CVS projectors (out-ACP). Alternatively, the set of deter-
minants corresponding to the final decay state can be added to
the CVS-EOM-IP-CCSD wave function (in-ACP). Then the partial
widths can be computed as the difference between the calculations
with and without the inclusion of a particular channel-specific set of
determinants.

For the nitrogen and oxygen K-edges, we use the FF method
with the continuum electron described as a plane wave (FE-PW).
According to our recent benchmarks, this approximation performs
poorly for L,3-edge Auger spectra® for which a Coulomb-wave
representation of the continuum state (FF-CW) provides a more
accurate description of the partial decay widths. The CW treatment
is based on the pseudo-partial-wave expansion in terms of products
of a plane wave and Gaussian functions, as described elsewhere."®
The center of the Coulomb wave is placed on the atom bearing the
core hole, i.e., sulfur. For all three thiouracils, we employ a uniform
effective charge Zoy = 6.7 for all channels, the same value as used for
H,S in our recent study.””

For the S L-edge spectra, we compare the results obtained with
the FF-CW and CBF approaches. Here, we also include SOC, which
has a significant effect on the energies and partial decay widths of the
Auger electrons. SOC arises from relativistic interactions between
the electron’s intrinsic magnetic moment (spin) and the magnetic
field generated by the motion of charged particles (electrons orbiting
the nuclei). It mixes states of different spin multiplicities, which are
uncoupled in a purely non-relativistic framework, and leads to the
energetic splitting of orbitals with non-zero orbital angular momen-
tum. In particular, SOC splits the atomic 2p orbitals into the 2p, ,
and 2p,,, components, giving rise to two distinct edges in the L-edge
spectra: L, and Ls. The degeneracy of the 2p, , and 2p, , levels can
be further lifted by the molecular field arising from an anisotropic
chemical environment. We evaluate SOC-perturbed energies and
partial decay widths using the state-interaction approach,””” as in
our previous studies.”” °”®* For the core-ionized states, the state-
interaction calculations include six (2p™"') states; for 2,4dTU, the
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model Hamiltonian is diagonalized separately for each of the two
non-equivalent S atoms.

C. Computational details

We carried out the calculations using equilibrium geome-
tries of the thionated uracils optimized at the RI-MP2/cc-pVTZ
level of theory. Relevant Cartesian coordinates are provided in the
supplementary material.

Within the Koopmans approach, we computed DOS from
the Hartree-Fock orbital energies. We then calculated the singlet
and triplet DIP states (120 in each multiplicity) using EOM-DIP-
CCSD(2h) and including the perturbative correction to account for
the effect of the 3h1p determinants. We also performed full EOM-
DIP-CCSD calculations, in which we were able to compute 60 singlet
and 60 triplet states.

For the N and O K-edges, we used the 6-311(2+,+)G** basis
with an uncontracted core.* For the S L, 3 edge, we used the 6-311G
basis on C, N, O, and H and the 6-311G(2df) basis with uncontracted
core functions on S.

In the CBF calculations, we employed the in-ACP approach'”
using the cc-pCVTZ(5sp) real basis set for S, cc-pCVTZ for C, N,
and O, and cc-pVTZ for H. The cc-pCVTZ(5sp) basis set was con-
structed by replacing the valence s- and p-shells in the standard
cc-pCVTZ basis with those from the cc-pCV5Z basis.”* In addi-
tion, a set of 4s4p4d diffuse complex functions was placed on the
sulfur atom. Within the in-ACP framework, the partial Auger decay
widths are obtained by weighting each channel by the square of the
corresponding excitation amplitude in the EOM-DIP-CCSD wave
function associated with the final 2A state.'””’

To generate the Auger spectra from the computed energies and
decay widths, we convoluted the stick spectra with a Gaussian func-
tion. Unless specified otherwise, we used Gaussian functions with a
full width at half maximum (FWHM) of 0.70 eV.

All electronic structure calculations were carried out using
the Q-Chem package.”™"” Auger spectra were generated using the
ezAuger suite.”’

I1l. EXPERIMENTAL DETAILS

The experimental Auger spectra were taken at the PLETADES
beamline of the synchrotron SOLEIL.*® The experimental setup
was identical to recently published x-ray photoelectron experiments
on these molecules.”” In short, a heatable gas cell inside the vac-
uum chamber was used to evaporate the samples at temperatures
around 120 °C, resulting in vapor pressures on the order of 1 x 10™*
mbar.”” The beamline uses an Apple II HU 80 permanent mag-
net undulator to create the x-rays. The photon energy was selected
with a 600 lines/mm grating. Pinholes at both sides of the gas cell
allowed the beam to enter and exit. The focal size inside the cell
was 100 x 250 ym?, where the vertical dimension is an image of the
monochromator slit. The photon flux for the slit size was ~2 x 10"
photons/s. Photon energies of 610, 430, 320, and 250 eV for 2TU
and 628, 495, 382, and 250 eV for 4TU and 2,4dTU were used to
core-jonize the samples. The hemispherical electron kinetic energy
analyzer (Scienta R4000) was used to collect the Auger electrons
within the expected kinetic energy ranges. The pass energy for the
hemispherical analyzer was 200 eV such that the resolution was
250 meV.
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IV. RESULTS AND DISCUSSION

Figure 2 presents the experimental Auger spectra of the thion-
ated uracils at the K-edges of C, N, and O as well as the L, 3-edge of
S. The energies of the Auger electrons produced from the four edges
are well separated. The carbon K-edge spectra of the three molecules
span the range of 220-280 eV and appear broad and unstructured.
Only 2,4dTU shows a sharp rise at 265 eV. The peaks at around
230 eV in 2TU and 4TU originate from 2nd-order undulator radi-
ation and show the N and O 1s photoline, respectively. Similarly,
the K-edge spectra of N are broad, spanning the 330-390 eV range.
However, they show slightly more structure, exhibiting at least two
distinguishable peaks at 370 and 375 eV. At the O K-edge, the spec-
tra display more pronounced structure. In both 2TU and 4TU, an
intense band appears between 495 and 510 eV, followed by a decline
in intensity between 480 and 495 eV, and then a weaker band in the
470-480 eV range. The K-edge spectra are similar across the three
molecules. Overall, the K-edge spectra span ~60 eV, consistent with
the expected distribution of decay states, which we describe in detail
below.

The Auger spectra at the S L, 3-edge have better-resolved struc-
ture, spanning a narrower energy range of 135-150 eV. In compar-
ison to the other edges, the differences between the three molecules
are more pronounced at this edge. Below, we focus on the effect of
the second sulfur atom in 2,4dTU relative to 2TU and 4TU.

— 2TU

C K-edge

Signal / arb. units

Signal / arb. units

220 230 240 250 260 270 280
Auger electron energy / eV

— 2TU

O K-edge Iy

Signal / arb. units

460 470 480 490 500 510 520
Auger electron energy / eV
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We are not reporting the L; edge Auger spectra because
of the strong overlap of L; and L3, which results in very fast
Coster-Kronig decays between the two subshells. Moreover, the low
kinetic energy of the emitted valence electrons (<60 eV) from this
decay impedes a clean detection of the spectra because it repeatedly
overlaps with other (much stronger) core-level photolines.

A. Molecular orbital framework

Figures 3-5 show the occupied valence MOs for the three
thiouracils, and Tables S1-S3 in the supplementary material give
the corresponding orbital energies and combined Mulliken’s pop-
ulations on the S, O, N, and C atoms.

Each molecule has 21 occupied valence MOs. We classify these
MOs as outer-, mid-, and inner-valence MOs according to their
Koopmans ionization energies: the first seven MOs (9-15 eV) form
the outer-valence region, the next seven MOs (16-22 V) form the
mid-valence region, and the last seven MOs (23-39 eV) form the
inner-valence region. This classification is similar to that of Mod-
deman et al.,”° who divided valence electrons into strongly and
weakly bound groups, the former associated with orbitals with large
2s contributions and the latter associated with orbitals with large 2p
contributions.

In 2TU (Fig. 3) and 4TU (Fig. 4), the outer-valence region
comprises the orbitals from the HOMO (6a’") to HOMO-6 (3a").

— 2 N K-edge
— 41U

— 2,4dTU

330 340 350 360 370 380 390
Auger electron energy / eV

— 2TU
— 4TU
— 2,4dTU

A

125 130 135 140 145 150 155
Auger electron energy / eV

S L,;-edge

Signal / arb. units

FIG. 2. Thiouracils: Experimental Auger spectra at the C, N, O K-edges, and S L, 3-edge.
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FIG. 3. Occupied molecular orbitals of 2-thiouracil. Orbitals are numbered from the bottom up sequentially in each irrep. The outer-valence group comprises orbitals from
6a’’ (HOMO) to 3a”” (HOMO-6), the mid-valence group comprises orbitals from 24a’ (HOMO-7) to 19a’ (HOMO-13), and the inner-valence group comprises orbitals from

18" (HOMO-14) to 12a’ (HOMO-20).
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FIG. 4. Occupied molecular orbitals of 4-thiouracil. Orbitals are numbered from the bottom up sequentially in each irrep. The outer-valence group comprises orbitals from
6a’”’ (HOMO) to 3a”” (HOMO-6), the mid-valence group comprises orbitals from 24a” (HOMO-7) to 19a’” (HOMO-13), and the inner-valence group comprises orbitals from

18" (HOMO-14) to 12a’ (HOMO-20).

Among these, the 6a”, 27a’, and 254" orbitals are localized on the
sulfur atom, whereas the 54", 264", and 3a” orbitals have substantial
density on oxygen. Nearly all orbitals have significant weights on the
carbon atoms, followed by the weights on the nitrogens. In contrast,
2,4dTU (Fig. 5) contains two S atoms, whose combined Mulliken’s
populations dominate across all outer-valence MOs (7a”-3a"). In
all three molecules, no MOs in the mid-valence region have sub-
stantial Mulliken’s populations on S. Instead, these orbitals have
large contributions from the C and N atoms, with a few orbitals

showing contributions from O. We observe a similar trend in the
inner-valence region, where only a few MOs have notable popula-
tions on sulfur or oxygen. Below, we demonstrate how Mulliken’s
populations help interpret the shapes of the Auger spectra at each
edge.

We first compute DOS spectra within the Koopmans frame-
work, where the energies of the 2/ states are given by the sum of the
corresponding orbital energies. This results in 21 decay states cor-
responding to the removal of both electrons from the same valence
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FIG. 5. Occupied molecular orbitals of 2,4-dithiouracil. Orbitals are numbered from the bottom up sequentially in each irrep. The outer-valence group comprises orbitals
from 7a”" (HOMO) to 27a’ (HOMO-6), the mid-valence group comprises orbitals from 4a”” (HOMO-7) to 22a’ (HOMO-13), and the inner-valence group comprises orbitals

from 21a’ (HOMO-14) to 15a’ (HOMO-20).

MO and an additional 210 decay states arising from the removal of
electrons from two different MOs.

Figure 6 shows the Koopmans DOS. In these calculations,
we computed all main decay states, which span the energy range
between 18 and 78 eV. This is close to the 60 eV spanned in the
experimental K-edge Auger spectra shown in Fig. 2. The Koopmans
DOS is relatively unstructured and similar in the three molecules.
The peaks below 20 eV originate exclusively from the outer-valence
MOs. At higher energies, numerous peaks emerge, reflecting the
increased number of available 24 states. In the 20-40 eV region, the
decay states correspond to combinations of outer-outer, outer-mid,
mid-mid, and outer-inner valence ionizations, leading to a large
DOS. At even higher energies, decay states of mid-mid, mid-inner,
and inner-inner character appear, with the number of decay states
gradually decreasing. Notably, most of the states at energies >60 eV
arise from the removal of the electrons from inner-valence MOs. The
inner-inner decay states span nearly 18 eV and are well-separated in

energy, resulting in fewer states contributing to each peak within this
region.

B. The effect of correlation on the energies of the
decay states: EOM-DIP-CCSD vs Koopmans approach

Although Koopmans DIP energies span the full experimen-
tal range, the corresponding DOS do not account for electron
correlation. To go beyond the Koopmans framework, we employ
correlated methods for computing the decay states. In particu-
lar, we compare the Koopmans DOS with the results obtained
from two variants of EOM-DIP-CCSD: calculations restricted to
2h determinants [EOM-DIP-CCSD(2h)] and calculations including
both 2k and 3hlp determinants [full EOM-DIP-CCSD or EOM-
DIP-CCSD(2h,3h1p)]. Unfortunately, when using higher levels of
correlation, we can only compute a subset of the decay channels due
to convergence problems.

2-thiouracil 4-thiouracil

Density of states / arb. units
Density of states / arb. units

2.4-dithiouracil

Density of states / arb. units

80 70 60 50 40 30 20 80 70 60
DIP energy / eV

50

DIP energy / eV

40 30 20 80 70 60 50 40 30 20
DIP energy / eV

FIG. 6. Thiouracils: The density of 2h states computed using Koopmans’ theorem.
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Figures 7 and SI in the supplementary material compare
the density of states (DOS) obtained using the Koopmans, EOM-
DIP-CCSD(2h), and EOM-DIP-CCSD(2h,3h1p) approaches. The
energy ranges covered by each method are indicated in Fig. 7 by
shaded regions. Using EOM-DIP-CCSD(2h), we computed 120 sin-
glet and 120 triplet states spanning the 25-55 eV energy range,
corresponding to a window of ~30 eV. In the Koopmans spectra
(first row), the blue-shaded region highlights the portion of the
total Koopmans energy range that is accessible within the EOM-
DIP-CCSD(2h) framework, which amounts to nearly half of the full
range.

In contrast, EOM-DIP-CCSD(2h, 3h1p) yields 60 singlet and
60 triplet states spanning a narrower energy interval of 23-35 eV,
corresponding to a window of ~12 eV. This range is shaded in

ARTICLE pubs.aip.org/aipl/jcp

green in the first and second rows of Fig. 7. Overall, the EOM-
DIP-CCSD(2h,3h1p) treatment covers roughly one-sixth of the
Koopmans energy range and less than half of that accessible with
EOM-DIP-CCSD(2h).

Figure S1 in the supplementary material presents the DOS
plots shifted to align their respective energy onsets with those
obtained from full EOM-DIP-CCSD; the applied shifts are indicated
in the figure. As anticipated, the Koopmans treatment underesti-
mates double-ionization energies, while EOM-DIP-CCSD(2h) sys-
tematically overestimates them relative to the full EOM-DIP-CCSD
calculations.

Interestingly, the differences in the DOS among the three
molecules are more pronounced at the correlated levels. The inclu-
sion of correlation changes the energies of the valence 2/ states in a
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FIG. 7. Thiouracils: The density of 2h states computed using Koopmans’ approach (first row), EOM-DIP-CCSD(2h) (second row), and EOM-DIP-CCSD(2h, 3h1p) (third

row).
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way that changes the shape of the DOS. Already at the EOM-DIP-
CCSD(2h) level, the spectra acquire additional structure. Notably,
an energy gap appears at 26-28 eV in 2,4dTU. With the improved
treatment of correlation in full EOM-DIP-CCSD, the differences
among the three molecules become further accentuated, and the
gaps in the DOS become more prominent. Specifically, in 2TU, the
gaps occur around 24 and 26 eV; in 4TU, a gap occurs around
26 eV; and in 2,4dTU, a pronounced gap emerges at 22 eV with an
additional smaller gap near 26 eV. Figure S2 in the supplementary
material compares the DOS from the EOM-DIP-CCSD(2h) and
EOM-DIP-CCSD(2h,3hlp) calculations, with energies from the
former shifted to match the onset. Despite these differences between
the two approaches due to correlation, the shapes of the DOS are
qualitatively similar.

C. Auger spectra computed with Koopmans-based
approach

1. Carbon edge

The C K-edge Auger spectra of the thionated uracils include
contributions from the four carbon atoms. Figure S3 in the
supplementary material and Fig. 8 show the experimental spectra
and the spectra computed within the Koopmans approximation.
Two different schemes were employed to determine the spectral
intensities. In the first approach (Fig. S3), all decay channels were
assigned equal weights, effectively resulting in a shifted DOS spec-
trum. In the second approach, shown in Fig. 8, the intensities were
scaled according to Mulliken’s populations of carbon atoms in each
MO. The two spectra are similar, which is not surprising, given that
nearly all valence MOs have significant electron density on the car-
bon atoms, as evident from Mulliken’s population data provided in
Tables S1-S3 in the supplementary material.

Comparing with the experiment, we see that the Koopmans-
based spectra reproduce the overall shape and energy range of the
experimental C K-edge Auger spectra upon a uniform redshift of
18 eV. The experimental spectra extend from ~210 to 275 eV, which
is well captured by the calculations. The C K-edge Auger spec-
tra are very dense and exhibit almost no structure. The broad and
unstructured shape of the spectra can be attributed to the fact that
nearly all decay states have significant electron density on the carbon
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atoms, leading to Auger transitions with comparable probabilities
and, consequently, a DOS-like spectral band.

2. Nitrogen edge

We next examine the N K-edge Auger spectra, arising from the
decay following core ionization at the two nitrogens. The experi-
mental spectra span ~325-395 eV and, similarly to the C K-edge, are
broad, dense, and unstructured. Our theoretical spectra constructed
using either equal weights (Fig. S4 in the supplementary material)
or Mulliken’s weights (Fig. 9) agree well with the experiment upon
a uniform shift of 22 eV. The theoretical spectra largely resemble
the DOS, reflecting the fact that most MOs have substantial Mul-
liken populations on the nitrogens. The band maximum observed
between 365 and 375 eV arises due to a high density of decay states
in this region. We note that the Mulliken-weighted spectra better
capture the lower Auger energy region, where the equal-weight spec-
tra (Fig. S4) tend to overestimate the intensities compared to the
experiment, particularly for 2,4dTU.

3. Oxygen edge

In contrast to the C and N K-edges, the O K-edge Auger spec-
tra are more structured, and their shapes differ from the DOS. In
both 2TU and 4TU, the spectra show two bands—a more intense
one between 495 and 510 eV and a less intense one between 470 and
480 eV. Hence, the Koopmans-based spectra with uniform intensi-
ties fail to reproduce these features, as Fig. S5 in the supplementary
material illustrates. However, when the intensities are scaled accord-
ing to Mulliken’s populations of the valence MOs, as shown in
Fig. 10, the computed spectra qualitatively capture the shape of the
experimental spectra. Mulliken’s populations reported in Tables S1
and S2 in the supplementary material provide a rationale for these
observations.

For 2TU, in the 510-495 eV range, the O K-edge Auger spectra
comprise ~100 decay states, predominantly originating from tran-
sitions involving the combination of outer-mid, outer-inner, and
mid-mid valence molecular orbitals. The major contributions arise
from orbitals with substantial Mulliken’s populations on the oxy-
gen atom, including the outer-valence orbitals 5a”, 26a’, and 3a”
as well as the mid-valence orbitals 224" and 24a’. The high den-
sity of states, along with the presence of combinations of outer-mid
MOs that have significant electron density on the O atom, results
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FIG. 8. Thiouracils: The C K-edge Auger spectra computed within the Koopmans framework with intensities based on Mulliken’s populations.
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FIG. 9. Thiouracils: The N K-edge Auger spectra computed within the Koopmans framework with intensities based on Mulliken’s populations.
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FIG. 10. Thiouracils: The O K-edge Auger spectra computed within the Koopmans framework with intensities based on Mulliken’s populations.

in the intense band in that range. Between 495 and 480 eV, the
spectra include roughly 70 decay states, primarily associated with
outer—inner and mid-inner valence transitions. These states are
dominated by inner-valence orbitals, with negligible involvement
from the HOMO through HOMO-3. The peaks in this region mainly
originate from orbitals with large density on oxygen—such as 224’,
24a’, and 3a"' —resulting in the dip in intensity. In the lower energy
range (480-470 eV), there are about 15 decay states, arising predom-
inantly from mid-inner and inner-inner valence combinations. No
significant contributions from outer-valence orbitals are observed
here. We assign the second, less intense band around 470-480 eV to
the oxygen-rich orbitals, including 12a’, 134, 224’, and 244’. A sim-
ilar trend is observed in 4TU. The distinct two-band spectral shape
and better-resolved peaks arise because, in contrast to the C or N
K-edges, only a few valence MOs show significant electron density
on the oxygen atoms. We note that a similar two-band structure
observed in the O K-edge Auger spectrum of carbon monoxide was
explained using similar MO-based arguments.”®

It is well documented that Mulliken’s populations are sensitive
to the basis set, which may lead to artifacts in interpretation.”’ To
address this issue, we computed the O K-edge spectra using two basis
sets; the results are shown in Fig. S6 in the supplementary material.

While the individual orbital Mulliken’s populations do differ
between the basis sets, the computed spectra are very similar, which
can be attributed to the high DOS of the decay states.

4. Sulfur edge

The S L,3 edge, which originates from the ionization of the
S(2p) orbitals, yields the most structured experimental spectra.
Figures 11 and S7 in the supplementary material compare
Koopmans-based Auger spectra computed with Mulliken’s popula-
tions and with equal weights for each decay channel, respectively.
As anticipated, the DOS-like spectrum fails to reproduce the exper-
imental structure because, similarly to the O K-edge, only a limited
subset of MOs have substantial electron density on sulfur. For
2TU, the outer-valence MOs (6a”, 274’, 5a”, and 25a’) have large
Mulliken’s populations on S, whereas the mid- and inner-valence
MOs have very low weights on S. Consequently, the S L-edge Auger
spectrum is dominated by a few intense features concentrated in a
relatively narrow energy range.

The Mulliken-weighted Koopmans spectra in Fig. 11 differ con-
siderably from the experimental spectra. Whereas the O K-edge
Mulliken-weighted spectra qualitatively reproduce the experimen-
tal trends, the agreement degrades at the S L,3 edge. This can be
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FIG. 11. Thiouracils: The S L, 3-edge Auger spectra computed within the Koopmans framework with intensities based on Mulliken’s populations.

attributed to the sensitivity of Auger decay to the alignment of the
initial core-ionized state and the final doubly ionized states, as we
had observed” for the L,3 edge in H,S. Because the S(2p) core
orbitals are directional, their overlap with valence MOs depends
on orientation; such effects are absent at the K-edge owing to the
spherical shapes of 1s orbitals. Consequently, Mulliken-weighted
Koopmans spectra are of limited utility for the L, 3 edge. For exam-
ple, there are high intensity peaks in the higher Auger electron
energy range that are absent in the experimental spectra, a conse-
quence of neglecting the effects of relative orbital orientations in the
initial and final states in Auger decay. Hence, in order to analyze
the spectra at the L, 3-edge more rigorously, explicit calculation of
partial widths becomes necessary.

D. The effect of correlation on the decay widths:
Nitrogen and oxygen edges

We next compute the partial decay widths using the FF
approach. Since the Koopmans-based Auger spectra already pro-
vide a satisfactory description for the C K-edge, we focus our
discussion on the N and O K-edges. For these edges, we construct
the 2h states using three levels of theory: EOM-DIP-CCSD(2h),

EOM-DIP-CCSD(2h) with a perturbative account of the 3h1p deter-
minants, and full EOM-DIP-CCSD. The resulting Auger spectra
exhibit noticeable differences depending on the level of correlation
used for the DIP states. In particular, even a single (2h,3hlp) iter-
ation on top of EOM-DIP-CCSD(2h) leads to pronounced changes
in the computed partial widths.

Figure 12 shows the N K-edge Auger spectra computed using
the intermediate DIP FF-PW approach. The corresponding spec-
tra obtained with EOM-DIP-CCSD(2h) and full EOM-DIP-CCSD
are shown in Figs. S8 and S9, respectively. With the intermediate
DIP FE-PW approach, we were able to span an energy window of
about 30 eV. Although the agreement with the experiment is far
from perfect, the computed spectra capture the main features. In
particular, for 4TU and 2,4dTU, we observe weaker peaks at higher
Auger electron energies, followed by intense peaks that reproduce
the overall pattern seen in the experimental spectra. When we move
to full EOM-DIP-CCSD (Fig. S9), the agreement between theory and
experiment improves; however, these calculations are restricted to
a narrower energy range of roughly 12 eV, which limits the scope
of quantitative comparison. As expected, the dominant peaks in
this window originate from 24 states formed predominantly from
outer-valence MOs.
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FIG. 12. Thiouracils: The N K-edge Auger spectra computed using the FF-PW approach with decay states calculated using EOM-DIP-CCSD(2h) with a single iteration

including 3h1p determinants.
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At the O K-edge, the impact of correlation becomes even more
pronounced. For both 2TU and 4TU, the Auger spectra computed
at the intermediate correlation level reproduce the main spectral
features, as shown in Fig. 13. The peaks at energies around >510
eV arise almost exclusively from double ionizations involving the
HOMO and HOMO-1; their relatively low intensity is consistent
with small Mulliken’s populations on the O atom for these orbitals.
In contrast, the intense peaks near 500 eV originate from decay
channels involving the 5a”, 274" MOs, which carry larger Mulliken’s
populations on O. The computed spectra also exhibit a decrease in
intensity below 500 eV, in line with the experiment. This trend is
absent in the EOM-DIP-CCSD(2h) spectra for 4TU in Fig. S10,
highlighting a redistribution of intensity as the level of correlation
is increased. Unfortunately, our calculations do not span the full
experimental energy range and, therefore, cannot describe the rise in
intensity observed around 480 eV. In contrast, the Koopmans spec-
tra in Fig. 10 capture this feature quite well. The FF-PW spectra
obtained with full EOM-DIP-CCSD provide an even more accu-
rate description, but, as in the N K-edge case, they are restricted
to a relatively narrow energy window of about 12 eV, as shown in
Fig. S11.
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These results highlight the importance of the correlation treat-
ment in calculations of Auger decay rates. For quantitative accu-
racy, it is desirable to use full EOM-DIP-CCSD to describe the
decay channels. However, an approximate treatment, EOM-DIP-
CCSD(2h) with a perturbative account of 3h1p determinants, pro-
vides a reasonable compromise. Our results highlight the need to
develop new algorithms for EOM-CCSD calculations when many
target states are needed.

E. Sulfur L, 3-edge

From a theoretical perspective, the S Lj3-edge is the most
intriguing, as its treatment must account not only for correlation
effects but also for relativistic effects. In sulfur, the relativistic effects
are dominated by SOC, which mixes the 2p orbitals and splits
them into the 2p,, and 2p,, components. The impact of SOC
is clearly visible in the S L;3-edge XPS spectra of the thiouracils
shown in Fig. S12. For all three molecules, the non-relativistic spec-
tra exhibit a single peak: the three 2p orbitals are split only slightly
by the molecular field. Upon inclusion of SOC, the single peak splits
into two distinct features with an approximate 2:1 intensity ratio,
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FIG. 13. Thiouracils: The O K-edge Auger spectra computed using the FF-PW approach with decay states calculated using EOM-DIP-CCSD(2h) with a single iteration

including 3h1p determinants.
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FIG. 14. Thiouracils: The S L 3-edge Auger spectra computed using the FF-CW approach with decay states calculated using EOM-DIP-CCSD(2h) with a single iteration

including 3h1p determinants.

J. Chem. Phys. 165, 034305 (2026); doi: 10.1063/5.0339155
Published under an exclusive license by AIP Publishing

165, 034305-12

60 :6T :2T 9202 AInC ¥2


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

corresponding to the L, and L3 edges. The resulting SOC splitting of
about 1.2 eV for the thiouracils is in good agreement with a previous
study.”

In what follows, we focus on the relativistic calculations. The
S Ly3-edge Auger spectra are the most structured among all edges,
with intense features concentrated between 135 and 150 eV, as
shown in Fig. 14. Below 135 eV, the intensity gradually decreases.
This behavior can be rationalized by the fact that the relative orienta-
tion between the core-ionized and decay states is important in Auger
decay. Therefore, only decay states that overlap well with the ini-
tial core-ionized state yield large Auger intensity. We also find that
the spectra computed using approximate EOM-DIP-CCSD 2# states
reproduce the main experimental features much better than the
Koopmans-based spectra constructed from Mulliken’s populations
given in Fig. 11. For instance, the intensities of the peaks at energies
>142 eV and <135 eV are overestimated in the Koopmans approach,
whereas the FF-CW calculations preserve the overall spectral shape
well.

The experimental Auger spectrum of 2TU exhibits six well-
resolved peaks between 136 and 147 eV. The corresponding theoreti-
cal spectrum shows about seven peaks in this energy range. Although
the relative intensities of the theoretical peaks are not perfect, the
overall spectral shape agrees reasonably well with experiment, with
the main exception of the intense experimental peak at 137 eV. For
4TU, there are roughly seven peaks in this energy window and,
after applying an energy shift, the theoretical spectra reproduce both
the positions and intensities of the experimental features quite well,
except for the experimental peak near 142 eV that is absent in the cal-
culations. In contrast, the experimental spectrum of 2,4dTU is less
resolved than those of the other two molecules. In our theoretical
treatment, we include contributions from both S atoms; the resulting
spectra are in qualitative agreement with experiment, although the
theoretical intensities deviate more from the experiment compared
to 2TU and 4TU.

Next, we analyze the decay channels computed using full EOM-
DIP-CCSD. Unlike other edges, our calculated decay states for the S
L,3-edge were able to describe the most structured portion of the
experimental spectra between 135 and 150 eV, shown in Fig. 15.
The increased level of detail in this region allows us to resolve

ARTICLE pubs.aip.org/aipl/jcp

finer features, such as the energy gaps present in the experimental
spectra. For example, in the 2TU Auger spectrum, there is a pro-
nounced gap near 142.5 eV, whereas in 4TU a similar gap appears
around 141 eV. In 2,4dTU, there is also a gap, but it is less promi-
nent. These gaps are also evident in the theoretical spectra, which are
shifted in accordance with the experimental energy gaps.

Figures 15, 16, and S13 in the supplementary material com-
pare the L;3-edge Auger spectra computed using the FF-CW and
CBF approaches and the experiment. In contrast to the K-edge
Auger spectrum of benzene,” the two theoretical approaches do not
agree with each other, indicating an increased sensitivity of L, 3-edge
Auger decay to the treatment of the continuum.

More importantly, although both approaches capture certain
experimental features, their overall agreement with the experiment
is less satisfactory compared to the L,3-edge Auger spectrum of
H,S.”” For all three molecules, the CBF approach provides a better
description of the higher-energy region; for example, in the cases of
4TU and 2,4dTU, CBF reproduces peak intensities that are compa-
rable to the experiment. However, as we move toward lower Auger
electron energies, the FF-CW approach yields improved agreement,
capturing the spectral features more accurately than CBF in this
region.

These observations underscore the need for further method-
ological developments in modeling L,3-edge Auger decay. Within
the FF framework, this highlights the importance of developing an
ab initio description of the continuum electron, beyond simplistic
models such as PW or CW. For the CBF approach, greater attention
must be given to the design and optimization of complex functions,
as their spatial extent and scaling parameters critically affect the
description of the outgoing electron. In this context, systematically
converging the basis and assessing its transferability across different
edges is essential.

Finally, these findings motivate the exploration of approximate
yet efficient frameworks, such as OCA,* particularly for L, 3-edge
Auger decay. Benchmarking OCA performance and comparing it
with FF and CBF approaches may provide valuable insight into the
balance between computational efficiency and accuracy and help
identify the key physical ingredients required for reliable modeling
of L-edge Auger spectra.
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FIG. 15. Thiouracils: The S L, 3 edge Auger spectra computed using the FF-CW approach with decay states calculated using full EOM-DIP-CCSD. Gaussian convolution

with FWHM = 0.50 eV was used.
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FIG. 16. Thiouracils: The S L, 3 edge Auger spectra computed using the CBF approach with decay states calculated using full EOM-DIP-CCSD. Gaussian convolution with

FWHM = 0.50 eV was used.

V. CONCLUSION

We have presented a comprehensive study of the Auger spectra
in three thionated uracils (Fig. 1), comparing theoretical results with
the experimental spectra. We considered four edges—carbon, nitro-
gen, and oxygen K-edges (i.e., decay of 1s vacancies) and the sulfur
L3 edge (i.e., decay of 2p vacancies). Even though the decay chan-
nels (valence 24 states) are the same for all edges, the resulting Auger
spectra are strikingly different, highlighting the local nature of Auger
decay. The analysis of the decay states in terms of Mulliken’s popula-
tions provides an explanation: the spectra are broad and featureless
for carbon and nitrogen edges because nearly all valence MOs have
large weights on these atoms, but structure emerges for the oxygen
and sulfur edges because only a few MOs have large weights on these
atoms.

The dense spectra of the C, N, and O edges can be
well described by the Koopmans approximation combined with
Mulliken’s populations. However, finer details require correlated
treatments. The sulfur edge spectra show much more structure,
revealing interesting differences among the three molecules. Quan-
titative description of these spectra has proven to be challenging,
as it requires a high-level of electron correlation, the inclusion of
spin-orbit interactions, and an accurate treatment of the continuum.

The S Ly3-edge Auger spectra highlight the increased
complexity of modeling L-edge decay, where both SOC and
continuum-electron effects play a critical role. While correlated
EOM-DIP-CCSD descriptions capture the overall spectral structure
and key experimental features, noticeable discrepancies in intensities
and peak positions remain. In particular, the differences between the
FF-CW and CBF results, along with their relatively poor agreement
with the experiment, underscore the higher sensitivity of L, 3;-edge
spectra to the treatment of the continuum electron. These findings
point to limitations of current approaches and emphasize the need
for improved methodologies, including ab initio continuum descrip-
tions within the FF framework, better-optimized complex exponents
in the CBF approach, and systematic benchmarking of approximate
schemes such as the OCA.

We conclude by emphasizing the crucial role of the synergy
between theory and experiment in advancing our understanding

of complex x-ray-induced phenomena such as Auger decay in
polyatomic molecules.

SUPPLEMENTARY MATERIAL

The supplementary material encompasses relevant Cartesian
geometries, basis sets, input details, additional results, spectra, and
information about Zenodo deposition.
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