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ABSTRACT

The K-edge photoelectron and KLL Auger—Meitner decay spectra of Argon have been investigated computationally at the restricted active
space perturbation theory to the second order level using biorthonormally transformed orbital sets. Binding energies were computed for
the Ar 1s primary ionization, as well as for satellite states originated from shake-up and shake-off processes. Based on our calculations, the
contributions of shake-up and shake-off states to the KLL Auger-Meitner spectra of Argon have been completely elucidated. Our results are
compared with recent state-of-the-art experimental measurements on Argon.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0156612

I. INTRODUCTION

Auger-Meitner' or molecular Auger electron spectroscopy™” is
the study of autoionization mechanisms, i.e., electron emission fol-
lowing initial core excitation or core ionization of some atomic or
molecular system. The technique offers crucial insight into the elec-
tronic structure of the probed system and provides an avenue for
probing molecular dynamics such as relaxation pathways or decay
channels.”” The availability of such detailed information is expected
to be paramount for advancements in several research areas, such as
artificial photosynthesis, where it can be utilized to tune and tailor
the functionality of solar batteries."’

Auger electron spectroscopy is commonly employed in cooper-
ation with other x-ray spectroscopies, such as x-ray absorption spec-
troscopy (XAS) and x-ray photoelectron spectroscopy (XPS).5
The manifestation of satellite states in photoelectron spectra is
direct evidence of electronic correlation. In particular, satellite states
originate from additional bound excitation or ionization subse-
quent to the initial core photoionization; therefore, satellite states

should not be visible in the photoelectron spectrum according to
Koopmans’ theorem. The breakdown of this single electron picture
unambiguously illustrates the effect of electronic correlation.”* '°

The satellite structures in the KLL Auger decay spectrum of
Argon have previously been assigned in several experimental and
theoretical studies.'” " In the most recent experimental study by
Piittner et al.,’’ three different photon energies for measuring the
Auger spectra were used, namely hv = 3216, 3400, and 4500 eV,
which allowed the authors to distinguish between the shake tran-
sitions in both the ionization and the Auger decay.’! Their assign-
ments were mainly based on fit analyses and estimated energies of
the final states from relativistic configuration interaction calcula-
tions. However, the authors concluded that much more sophisti-
cated computations are required for an ultimate assignment of the
experimental features.’’

Typically, satellite processes are distinguished with respect to
the mechanism entailing the transition. Most satellites are associ-
ated with correlation within the bound states. In the case of deep
core holes, a major effect is the shrinking of the outer orbitals in

J. Chem. Phys. 159, 024121 (2023); doi: 10.1063/5.0156612
© Author(s) 2023

159, 024121-1

8e:€zivL €20z AInr L1


https://pubs.aip.org/aip/jcp
https://doi.org/10.1063/5.0156612
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0156612
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0156612&domain=pdf&date_stamp=2023-July-11
https://doi.org/10.1063/5.0156612
https://orcid.org/0000-0001-8571-2872
https://orcid.org/0000-0002-7322-887X
https://orcid.org/0000-0002-4487-897X
https://orcid.org/0000-0002-9702-998X
mailto:soco@kemi.dtu.dk
mailto:brncat@dtu.dk
https://doi.org/10.1063/5.0156612

The Journal

of Chemical Physics

response to the core hole formation, i.e., electronic relaxation, which
can be considered a special type of correlation. The corresponding
effects are often called shake or monopole transitions and conserve
the symmetry of the orbitals. Additional correlations may gener-
ate more complex multielectron transitions. Now, depending on the
transition character, i.e., excitation or ionization, the shake transi-
tion is denoted shake-up or shake-off, respectively. In relation to the
K-shell photoionization of Argon, the shake-up satellite thus cor-
responds to an additional bound excitation of M-shell electrons,
whereas the shake-off satellite represents the doubly ionized final
state.”””” " Different mechanisms for the appearance of additional
satellites, with symmetry changes, are the conjugate transitions, in
which a dipole transition occurs within the bound states, and inter-
channel coupling among different continua. One can also say that
the satellite can result from a momentary interaction between the
outgoing electron from the initial core ionization and some valence
electron. The outgoing electron will interact and exchange energy
and angular momentum with the valence electrons under its ejection
trajectory, and satellite processes originating from this mechanism
are called knock transitions.”! In our analysis, however, we neglect
knock processes, since shake processes are dominant over knock
processes with respect to the formation of satellite structures, as
demonstrated by Piittner et al.”!

The underlying core-hole states of interest in this work and
their respective Auger decay pathways are schematically represented
in Fig. 1.

The calculation of Auger decay rates is an intricate task as it
requires the computation of bound-continuum matrix elements. In

1 Ar 4’ 2 AI'+

XPS
1522522p®3523p°

Ground state

[1s7!]

Direct ionization
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particular, the description of the continuum is a strenuous compu-
tational effort, since the continuum cannot be built from the same
square-integrable basis functions as the bound states.”® ** This most
often means that specialized software interfaced with general quan-
tum chemistry software packages is required for proper treatment
of the continuum.””*’ Recent advances within the field include the
Feshbach-Fano approach developed by Skomorowski and Krylov,*!
the spherical continuum-based methods of Inhester et al.,*” and of
Grell et al,"** and the complex-variable coupled cluster method
proposed by Matz and Jagau.*> Alternatively, multicentric B-splines
can be used for a full description of the continuum.*®

Our recent implementation,”” on the other hand, is based on
the one-center approximation (OCA) and relies on a restricted
active space perturbation theory to second order (RASPT2) wave
function parameterization of the bound states. The essence of OCA
is the utilization of pre-calculated one-center two-electron integrals
instead of the exact two-electron bound-continuum integrals.*” This
OCA-RASPT2 method has been utilized with success for the calcu-
lation of Auger spectra for small and medium size molecules.”*”**
The approach can also be employed to elucidate the Auger spectrum
of atomic systems, as demonstrated for Neon in Ref. 47 and now for
Argon in this study.

The OCA-RASPT?2 protocol takes advantage of the state inter-
action approximation.*’ In particular, the core and valence orbitals
utilized to produce, respectively, the initial and final bound states,
are obtained from separate self-consistent field calculations followed
by a biorthogonalization procedure. An impartial parameterization
of the initial and final states is thereby obtained, in which a proper
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[2p~23p~'4p]

Auger decay

>
c
Q
]
= -
Q
@
Q
Q
<

2Ar3+
[2p~23p~"]
2p~23p~2n"p]

Keoap Jebny
I

TAR+ A2+
[2p~23p~'np']

7l

[2p23p~'n"p"]

FIG. 1. Schematic representation of the main Auger decay pathways of core-ionized states s Ar", where Ms = 2S + 1 and N represent, respectively, the spin multiplicity
and the charge. We used blue to highlight direct Auger-decay final states, and green for shake transitions during Auger decay.
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account for the correlation effects responsible for the shake-up
satellites is ensured.”

Il. THEORY
A. Dyson orbitals within the RASSI approach

In Ref. 51, we presented a formalism to compute Dyson orbitals
from a biorthonormal orbital set within the restricted active space
state-interaction (RASSI) approach™”” for RASSCF/RASPT2 wave
functions, as implemented in the OPENMOLCAS program package.”

Dyson orbitals are one-electron functions of great practical
utility in describing molecular ionization processes and photo-
electron spectroscopy.” ™ Defined as overlaps between an initial
N-electron wave function, ‘I’fl , and a final (N — 1)-electron wave
function, ‘}’1;] -l

¢fF(X1) = \/Nf‘l’gfl(xz,...,xN)‘I’fl

x(xl,xz,...,xN)dxz... dxn, (1)
they quantify the difference between the N-electron and (N - 1)-
electron systems upon electron detachment [or electron attachment
when the (N - 1) wave function is the initial state].”® As pointed out
by Krylov,” the Dyson orbital can be thought of as the initial state
of the ejected electron.

Within the RASSI formalism,"””” for a non-orthonormal pair
of states, the Dyson orbital can be written as

d IF 71
¢IF = Z yq ¢q) (2)
q
that is, as a linear combination of a biorthonormally transformed
spin-orbital set of the initial wave function {¢'}. The expansion

coefficients in Eq. (2) are given by """

) 3)

quF _ <‘IJ§_1 ~

with the annihilation operator 4, being defined on the space of the
biorthonormally transformed spin-orbitals {¢'} of ¥¥. For later
convenience, we also express the Dyson orbital in terms of its
normalized counterpart, (Z)ijF, ie.,

¢fp = ‘¢?F| ‘Z’?F: (4)

where the squared norm is, in the biorthonormal orbital basis,
given by

B> = > v (Shloh)yy (5)

P4

Considering a single-channel approximation of the final-state
wave function,”’ the photoelectron matrix element ngﬁ can be

. 39,40,61
written as ’

D = {@eimliia|$1e) = |916] (Grimliia |97, (6)

where ¢t% is the Dyson orbital relative to the initial and final states
of interest defined in Eq. (2), and ¢y, is the wave function of the

ARTICLE pubs.aip.org/aipl/jcp

ejected photoelectron; i) is the A cartesian component of the electric
dipole moment operator.
The photoelectron matrix element in the angular momentum

(Elm) representation is transformed to the linear momentum (k)
representation, i.e., ng,){ - Dg, in order to compute the molecular
differential photoionization cross section,

do 2 IF |2
T = 47" aw|Dp, | ?7)

where « is the fine structure constant, w is the photon energy, and

k is the momentum of the photoelectron in the molecular frame.®

Frequently, the sudden approximation®” (SA) is applied to cal-
culate the transition dipole matrix element in Eq. (7) at high kinetic
energies. This approximation neglects the kinetic energy depen-
dence of the transition strength, assuming that the dipole matrix
element involving the continuum and the normalized Dyson orbital
is almost independent on the final state F. This allows us to write

|D1€;\‘ |¢IF‘ —Z IF* ¢p|¢q (8)

The squared norms of Dyson orbitals are often called spectral
strengths or pole strengths. Here, we use “pole strength” every time
we are referring to squared norms of Dyson orbitals. The pole
strengths Ry are in the following used as the intensities in the
simulation of the XPS spectra.

B. Auger decay rates within the RASSI approach

The transition probability per unit time (transition rate) of
Auger decay processes can be described by the Fermi golden
rule.”* In particular, the transition may occur from a core-excited
(N-electron) initial state into a singly ionized [(N — 1)-electron]
final state, or from a core-ionized [(N — 1)-electron] initial state into
a doubly ionized [(N — 2)-electron] final state. These two mecha-
nisms are exploited in resonant Auger electron spectroscopy (RAES)
and normal, or non-resonant, Auger electron spectroscopy (AES),
respectively. Consequently, both decay processes entail the ejection
of an Auger electron.”

The initial-state preparation (core-excitation or core-
ionization) and the subsequent Auger decay are decoupled
under the Wentzel approximation and can thereby be treated
independently.”” In the following, only the decay process will be
explicitly considered.

The partial decay rate I',.; is given by the Wentzel ansatz,*

Ty = 2n( ¥ [H ~ Ei|)] 9)
Here, ¥ & Tepresents the wave function of the final state, H is
the molecular Hamiltonian, and E; is the eigenvalue correspond-
ing to the energy of the initial-state wave function ¥;. Within the
single-channel approximation, the final-state wave function is an
antlsymmetnzed product of a bound-state (N — 1)-electron wave

function, ¥§ ', and a continuum orbital ¢ with momentum k.

Yop= (Y ). (10)
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To get the total partial decay rate, and thus the Auger intensity,
or decay width, the partial decay rate must be integrated over all
directions of the electron emission,

M= [ dk Ty
Lm

Z TigEm» (11)

where the continuum orbital has been transformed in the basis of
angular momentum eigenstates in the second step, and an isotropic
angular distribution of electron emission is assumed. Thereby,
the integral reduces to a sum over the quantum numbers [ and
m that represent the angular momentum of the partial wave. Notlce,
moreover, that E is the kinetic energy of the continuum electron.”

The bound state and continuum orbitals are assumed orthogo-
nal; therefore, the partial decay rate in terms of angular momentum
eigenstates can be written as"

2
Tiggim = 270 Apgim + Brygim| > (12)

with the Auger decay matrix elements

5 N-1/7
Aggim = (%T;;m\PF 1|h|\1’1 Z ¢Elm|h|¢p Yp , (13)
P
and
AN . IF
BIF;E!m = (aElm\{jF 4 ¥y ) = Z <¢Elm¢q‘g|¢r¢$>)’qsr~ (14)
Q1S
&I:‘lm is the continuum creation operator, h is the one-electron

Hamiltonian operator, ¢ is the two-electron Coulomb operator, and
{(/)p,(/)q,. ..} represents the set of spin orbitals. The one-particle
Dyson orbital expansion coefficient yIF was already defined in

Eq. (3). The two-particle Dyson matrix element yqs, reads™*""

), (15)

Yoor = (¥ '

with 4, and @, being fermionic annihilation operators with respect
to the spin orbitals of the initial state wave function [¥}), and

51; creation operator with respect to the spin orbitals of the final state

[¥X ') wave function. The resultlng matrix elements are computed
within the RASST formalism'*”* on the biorthonormal set of spin
orbitals {¢}.

In our approximation, the one-electron part in Eq. (12), that
is, the App,, matrix elements, is neglected.”” Thereby, Eq. (12)
reduces to

Tiggim = 271 Brgim \2> (16)

with the two-electron matrix elements being approximated by pre-
calculated bound-continuum atomic integrals from Ref. 65. For
more details on our implementation of the OCA approximation to
compute Auger decay rates, please refer to Tenorio et al.*’

l1l. COMPUTATIONAL DETAILS

Initial core-ionized states and final decay states of Ar have
been computed with the restricted active space self-consistent field

ARTICLE pubs.aip.org/aipl/jcp

TABLE I. Number of roots computed with AS/ for each irreducible representation of
the Doy, point group symmetry for each final decay state.

Decaying state A, By Bzg Bsz Au B B B

LAt 220 160 160 160 180 180 180
SArt 280 210 210 210 270 270 270
2Ar%Y 300 300 300 300 300 300 300 300

(RASSCEF) approach.®® The restricted active space approach is based
on a threefold division of the correlation orbital space, denoted
RAS1, RAS2, and RAS3. The RASSCF calculations have been per-
formed with two different selections of active spaces using the
Douglas-Kroll basis set aug-cc-pCVQZ-DK,*” further augmented
with additional three s, three p, and two d Rydberg-type func-
tions following the recipe proposed by Kaufmann, Baumeister, and
Jungen.®® The complete basis set is given in the supplementary
material. Scalar relativistic effects have been taken into account
by the Douglas-Kroll-Hess Hamiltonian up to second order in all
the calculations.®” Our results were obtained with the OpenMolcas
program package.”

The first active space, named ASI, was formed with the Is
orbital in the RAS1 subspace, followed by the valence orbitals 2s,
2p, 3s, and 3p in the RAS2 subspace, and the virtual 4s, 4p, and
5p in the RAS3 subspace. A maximum of one hole and one electron
were allowed in RAS1 and RAS3, respectively. The second active
space, named ASII, is similar to ASI, but with the addition of the
virtual 5s, 3d, and 6p orbitals in RAS3. The RASSCF wave func-
tions have been corrected by the multi-state restricted active space
perturbation theory of second order (MS-RASPT2) approach.”””!

The final states of the Auger decay process were obtained by
state averaging over a large number of roots for each irreducible rep-
resentation of the D, point group. Notice that, in a purely atomic
approach, the atomic orbitals are eigenstates of angular momentum
operators.”” On the other hand, our computational method does not
exploit SO(3) symmetry and angular momentum expectation values,
because it is mainly aimed at application to molecular systems.™

A major practical challenge in computing KLL AES spectra
of third-row elements is to reach double cationic states with two
holes in the inner valence L shell (25 and 2p), as the lowest lying
double cationic states are the ones with ionized electrons from the
M shell (3s and 3p). Moreover, the necessary number of roots grows
exponentially when increasing the number of active orbitals, turn-
ing the computation of final decaying states of KLL Auger processes
with ASIT unpractical. Therefore, only ASI has been used to compute
final states for Auger decay. The total number of roots calculated
at each irreducible representation of the D, point group is given
in Table I for each final decay state. Core-ionized states relevant
to the XPS spectrum were obtained for 20 A, states either with
ASI or ASII.

IV. RESULTS AND DISCUSSION
A. Ar[1s7'] XPS

In Table II, we present the calculated binding energies for
singly charged core states having pole strengths larger than 107, as
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TABLE Il. Calculated binding energies (BE) of core-ionized states of Argon, ABE relative to the primary ionization and square
norms of the Dyson orbital (pole strengths R). We present results computed with the two active spaces AS/ and ASII for which
the pole strength is higher than 10~*. ltalicface denotes spurious states possibly introduced by the use of a very diffuse basis

set.
ASI ASIT

Tonization character BE (eV) ABE (eV) Ry BE (eV) ABE (eV) Ry Assignment
Primary 3207.82 0 0.7621 3207.90 0 0.7529 [1s71]
Shake-up 323121 2339 0.0322 323122 2332 0.0163 [ls'3p~'4p']
Shake-up 323220 2438  0.0002 3231.26 2336 0.0001 [1s'3p~'4p']
Shake-up 323215 2433 0.0938 323226 2436 0.0843 [1s'3p~'4p']
Shake-up 323543 2761  0.0006 323542 2751  0.0001 [1s'3s7'5p']
Shake-up 323643 2844  0.0012 323549  27.58  0.0086 [1s7'3s7'5p']
Shake-up 323635 2852 0.0010 323633 2842  0.0051 [ls'3s7'5p']
Shake-up 3237.69  29.79  0.0053 [1s'3s'6p']
Shake-up 323854 3063  0.0031 [1s'3s'6p']
Shake-up 324499  37.17  0.0060 324575  37.85  0.0056 [1s'3s'4s']
Shake-up 324656 3874  0.0041 3247.32  39.41  0.0036 [1s'3s'4s']
Shake-up 3251.46  43.56  0.0004 [1s'3s7'5s']
Shake-up 325327 4537  0.0002 [1s7'3s7'5s']
Shake-off 324040 3251 324034 32.75 [1s7'3p™"]
Shake-off 3257.36  49.47 3257.33  49.74 [1s7'3s7']

computed with the two active spaces ASI and ASII. Additionally,
we also present the calculated binding energies of double ionized
shake-off states [1s™'3p™ '] and [1s™'3s™']. In Fig. 2, we plot the XPS
spectrum obtained with ASII.

According to the LS coupling scheme, electronic configurations
such as [1s7'3p~ np'], with two inequivalent p electrons (a hole 3p
is the same as a single 3p electron) coupled with the unpaired spin of
1s, can only result in two independent 2§ states. However, as shown

[1s713p7Y]

[15713s71]

Intensity [arbitrary unit]

0 10 20 30 40 50

Binding Energy (relative to Ar[1s71]) [eV]

FIG. 2. Ar [1s~'] XPS computed at the RASPT2 level with ASI/. The dashed
lines represent the double ionization energies (shake-offs). The region between
15 and 50 eV is highlighted in the inset panel. The peaks have been broadened
with Lorentzian functions using an arbitrarily chosen half width at half maximum
(hwhm) parameter of 1.0 eV.

in Table II, we obtained more than two states with configurations
[1s7'3p~'4p'] and [15'3p™'5p'] within a pole-strength threshold
of 10~*. While two of them are clearly the desired 28 states, those
with very low poles strengths are spurious states. Possible reasons
for their occurrence could be the presence of very small exponents
in the basis set used, or broken degeneracies introduced by the sep-
arate SCF optimizations. We noticed, for example, that if the XPS
is computed using the regular aug-cc-pVQZ basis (see Table S2),
no intruder states are obtained, i.e., only two [1s™'3p™'np'] states
were generated. However, employing the regular aug-cc-pVQZ has
the disadvantage of yielding inaccurate binding energies and intensi-
ties for the 15" satellites of Argon. We briefly discuss the XPS results
in the regular aug-cc-pVQZ basis in the supplementary material,
Sec. S2.

Concerning the data shown in Table II, no significant changes
have been observed for the binding energies obtained with both
active spaces, except for contributions of [1s™'3p™'6p'] shake-up
states that are absent in ASI, as this active space does not contain
6p orbitals. The binding energy of the primary peak was experi-
mentally obtained as 3206.3 + 0.3 eV,** which is ~1 eV below our
calculated values. The relative binding energy (AE) of the intense
shake-up peak [1s7'3p~'4p'] was obtained here around 24.4 eV,
which is in excellent agreement with the experimentally measured
binding energy” of 24 + 0.5 eV, and with other calculations from
Dyall™ using the MCDF approach. Moreover, double ionized shake-
off binding energies obtained here at around 32.5 and 49.5 eV for
[1s'3p™'] and [1s7'3s7'] are in good agreement with the values
obtained in Ref. 25.

The relative intensities estimated from the ratio between the
calculated peaks of [1s™'3p™"4p'] and [1s7'], are 13% and 12%,
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for ASI and ASII, respectively, while the experimentally determined
relative intensity was 10% + 1%.”’ As shake-off states correspond
to doubly charged species in their final states, we cannot pro-
vide a direct estimate for their intensities with the approximation
employed here. However, we can propose an indirect estimate
assuming that the sum of pole strengths of all final states should
converge asymptotically to the total number of ionized electrons,
ie.,to 1.

ARTICLE pubs.aip.org/aipl/jcp

The sum of pole strengths of all singly ionized states was
obtained as 0.88 with ASI and 0.90 with ASII. We then assume
that what is missing to 1 (i.e., 100%) is related to doubly ionized
shake-offs, that is, around 10%. The sum of the pole strengths of
shake-ups was computed as 0.14 and 0.13 with ASI and ASII, respec-
tively, of which ~95% corresponds to the strongest [1s™'3p™'4p"]
shake-up alone for both ASI and ASII. Therefore, to simulate the
total Auger decay spectrum of Ar with a considerable excess of

KLL Ar [1s71] 2p~2
I 25~12p=1
i (D,)
(1Py)
L 25—2
1
L (15p) (3Po12) (*So
A A"
T | KLLAr[1s'3p~l4pl]
5 L
Py
© |
:‘é
S |
2
()]
E L
g
[ oy
- A P | —/[;LA L. Ill
KLL Ar [1s~13p~1]
2500 2550 2600 2650

Kinetic Energy [eV]

FIG. 3. Ar KLL AES computed with ASI for the primary [1s™'], shake-up [1s="3p='4p'], and shake-off [1s='3p~"] initial states. Green and orange sticks come from,
respectively, singlet and triplet decay channels of [1s~"]. Purple and gray sticks come from decay channels of the shake-up and shake-off initial states [1s~'3p~"4p'], and
[1s"3p="], respectively. The calculated spectra have been shifted by —1.0 eV and broadened with Lorentzian functions using hwhm = 1.0 eV.
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energy above the [1s™'] threshold, we can tentatively estimate the
primary ionization to correspond approximately to 80% of the total
Auger decay spectrum, followed by ~10% of shake-up and ~10%
of shake-off. For simplicity, we assume only the [1s™*3p™ 4p'] ini-
tial shake-up state for the Auger decay spectrum, since, according
to our calculations, it contributes to ¥95% of the total shake-up
intensity.

We also assumed that the [157'3s™"] shake-off has a negligi-
ble contribution compared with the [1s7'3p™!] shake-off. This was
demonstrated, for example, in Ref. 25, where the probabilities of
the shake-offs [1s™'3s'] and [1s'3p™"] were obtained as 3% and
16%, respectively, using relativistic multi-configuration calculations.
In Sec. IV B, we will use our estimated populations of initial core-
ionized states to scale the combined (total) KLL Auger spectrum of
Argon.

Our populations are in fairly good agreement with previous
theoretical and experimental studies that showed that satellite struc-
tures originating from valence orbitals are responsible for about 20%
of the transitions that produce additional final states for the Auger
decay.””

B. Ar KLL AES

The KLL AES computed with ASI for each of the primary
([157']), shake-up ([1s7'3p™"4p"']), and shake-off ([1s™'3p~*]) ini-
tial states are shown in the three panels of Fig. 3. The simulated

TABLE Il Ar KLL AES partial decay rates for the primary ionization [1s~']
(in multiples of 10~* a.u.).

Channel 1S() 1P1 3P()]z ISO 1D2 Total
This work 10.3 35.5 9.6 11.9 98.8 166.7
Reference 20 13.6 35.2 8.4 8.10 102.5 170.8

ARTICLE pubs.aip.org/aipl/jcp

spectra have been shifted by —1.0 eV and broadened with Lorentzian
functions using a half width at half maximum (hwhm) parameter
of 1.0 eV, to better compare with the experimental spectrum. The
total decay rate of the primary ionization state has been obtained
as 166.7 x 10™* a.u. or 456 meV, which is in good agreement with
other calculations,”””” as well as experimental data.””” The values
of the KLL partial decay rates of the primary ionization state are col-
lected in Table ITI, where we also compare with ab initio results from
Ref. 20. The corresponding kinetic energies computed for the pri-
mary ionization decay spectrum are 2519.36 eV ('Sy), 2576.84 eV
(*P1), 2600.45 eV (*Py12), 2652.19 €V (1S,), and 2661.50 eV (' D;).

We also identify shake transitions in the KLL AES spec-
trum of Ar [I1s7'] with calculated kinetic energies around
2625.5 eV. These transitions are associated with the decay process
[1s7'] = [2p723p "4p"]. The 2600-2680 eV region of the Ar [157']
spectrum is highlighted in the supplementary material, Fig. S1,
where the shake transitions can be better compared with primary
decay states. We note that these transitions represent ~2% of the
total decay rate of Ar [1s7'].

The Auger decay features of shake-up and shake-off initial
states are listed in Table I'V. A few lines associated with shake-up
decay channels [1s™'3p~'4p'] — [2p723p~"4p' ] accumulate inten-
sity around 2652 + 1 eV, which overlaps with the 1S, (2652.2 eV)
decay channel of the primary ionization. Another prominent fea-
ture that is associated with the [1s7'3p™"4p'] — [257'2p7"3p™"4p']
shake-up decay process is found at around 2566 eV. All these fea-
tures initiated by a shake-up ionization are observed in the measured
spectra of Ref. 31 obtained with photon energies of hv = 4500 eV,
although only spectral features with kinetic energy above 2600 eV
have been previously assigned.

[2p723p~'5p'] decay states are generated by shake transitions
during the Auger decay process of the shake-up ionization, but our
calculations demonstrate that such transitions give negligible con-
tributions to the total KLL Auger decay rate. In Ref. 31, the authors
argue that configurations including 3d and 6p orbitals should be

TABLE IV. Auger decay features from the simulated KLL AES spectra of argon and ionization character assignment.

Ionization character Kinetic Partial decay Assignment

of initial state energy (eV) rates (x107* a.u.) final state
Shake-up 2508.29 7.28 [257%3p~ 4p']
Shake-up 2566.15 8.98 [2s7'2p7'3p7 4p!]
Shake-up 2566.60 15.28 [2s'2p™'3p7 ap")
Shake-up 2641.76 7.65 [2p723p~"4p"]
Shake-up 2650.08 5.35 [2p723p~"4p"]
Shake-up 2649.88 5.54 [2p7%3p~"4p']
Shake-up 2650.92 3.32 [2p723p~"4p"]
Shake-up 2652.55 4.61 [2p723p~"4p"]
Shake-up 2652.33 425 [2p723p™"4p"]
Shake-off 2635.17 10.60 [2p723p7"]
Shake-off 2642.81 5.93 [2p723p7"]
Shake-off 2644.12 9.47 [2p723p7"]
Shake-off 2645.43 12.65 [2p7%3p7"]
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FIG. 4. Combined Ar KLL AES spectra scaled to 80% of primary, 10% of shake-up, and 10% of shake-off. The color code for the sticks in the top panel is the same as in
Fig. 3. The calculated spectra were shifted by —1.0 eV and broadened with Lorentzian functions using hwhm = 1.0 eV. Experimental data (in red) measured with photon
energy hv = 4500 eV were digitized from Ref. 31. Peaks marked with a star in the experimental spectrum were associated with satellite initial states.
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taken into account for an assignment of the shake features of the KLL
AES spectrum of Argon. However, following our discussion on the
satellite structure of the XPS spectrum, initial shake-up states involv-
ing the 6p and 3d orbitals would also be expected to have a minor
contribution to the total intensity of the Auger decay spectrum,
similar to what we observed for the 5p orbital.

The spectrum resulting from a shake-off [ 1s™'3p™'] initial state
is shown in the bottom panel of Fig. 3. The most intense peaks initi-
ated by the shake-off show up at around 2644 + 2 eV (see Table IV),
where some of the shake-up peaks are also found. A single peak,
here computed at 2635.2 eV, was also observed experimentally,’’
where it was also assigned to the [1s7'3p™'] — [2p™23p™"] decay
process.

All in all, our assignments of the shake features of the Auger
decay spectrum agree with the ones from Ref. 31, which were mainly
obtained from more simplistic fit analyses based on relativistic
configuration interaction energies of the final states.

In Fig. 4, we combine the KLL AES computed for the primary
([157']), shake-up ([1s7'3p'4p']), and shake-off ([1s7'3p7'])
initial states by scaling the intensities—that is the partial decay
rates—of the corresponding spectra to 80%, 10%, and 10%, respec-
tively, based on the arguments we presented in our discussion of the
XPS spectrum. The experimental spectrum measured with photon
energy hv = 4500 eV, digitized from Ref. 31, is plotted below the sim-
ulated spectrum, where features identified as originating from shake
transitions are marked with a star. The scaled total decay rate of the
combined spectrum is 166.13 x 10™* a.u. or 452 meV, which is very
similar to the total decay rate of the primary ionization.

Overall, our scaled simulated spectrum shows very good corre-
spondence with most features of the experimental spectrum, except
for the apparently overestimated intensities of the peaks due to the
257'2p™" and 257 configurations, as compared with those of the
2p~%. Overestimated intensities associated with these peaks were also
observed in previous theoretical studies,”’ and their cause remains
unclear. We do not discard the possibility that the overestima-
tion is linked to limitations in our calculations, such as correlation
or insufficiently large active space. Nonetheless, the broadening
of these peaks in the experimental spectrum suggests the domi-
nance of other processes such as Coster-Kronig Auger effect,”*”
resulting in the decay of an additional 3s or 3p valence electron
filling the inner valence 2s hole. A fit analysis of the width of the
experimental Ar [1s™'] — [257%] and [1s7'] - [257'2p™"] peaks
yielded lifetime broadenings of ~5.5 and 2.2 eV, respectively,’!
which are much larger than our computed value of 452 meV for the
total decay rate. Such cascade Auger Coster—Kronig effects are not
taken into account in our simulations, as they go beyond the scope of
our study. We plan, however, an extension of the present study aim-
ing at the Auger decay processes of double core hole species, such as
Ar [2572].

The comparison between the simulated and the experimental
spectra of Fig. 4 validates the use of the scaling factors of 80%, 10%,
and 10% for primary and satellite initial states, obtained from the
calculated XPS spectrum. The proposed protocol, as it relies only
on ab initio results, can be used to disentangle the Auger spectrum
of atoms and molecules’® of other third-row elements, such as HCI,
H,S, PH3, SO,, SF¢, or SiHy, in the vicinity of satellite states, which
in many situations may be close-lying and/or overlapping with the
primary ionization.

ARTICLE pubs.aip.org/aipl/jcp

V. CONCLUSIONS

Accurate computations of argon’s [1s~'] photoelectron spec-
trum and KLL AES spectra based on the RASPT2 level of theory
were presented. The computed results were compared with recent
state-of-the-art experimental data.’’ The Ar [1s~'] photoelectron
spectrum was obtained with two active spaces, labeled ASI and
ASII, where ASI includes all occupied plus the 4s, 4p, and 5p
orbitals, while ASII extends ASI with the 5s, 3d, and 6p orbitals. The
photoelectron spectra calculated with both active spaces demon-
strated excellent agreement with previous theoretical studies and
with experimental data.”’ The binding energies of the primary and
satellite ionizations obtained with both ASI and ASII differ in most
cases by less than 0.1 eV. We have identified shake transitions in the
KLL AES spectrum of Ar [1s™'] associated with the decay process
[1s7'] = [2p~23p~'4p"]. These shake transitions were found to rep-
resent ~2% of the total decay rate of the Auger spectrum of Ar
[1s™']. Furthermore, the calculated intensities of the photoelec-
tron spectrum were used to estimate the probabilities associated
with the initial states on the subsequent KLL Auger decay, con-
sidering a measurement performed with photon energy around
50 eV above the Ar [1s™'] threshold. We estimated 80% of pri-
mary and 20% of satellite initial states, of which 10% are shake-up
and 10% are shake-off. For the computation of the total com-
bined Ar KLL Auger decay spectrum, we considered only the most
intense [1s'3p~'4p'] shake-up and the [1s7'3p™'] double ionized
shake-off state. Comparison of the simulated KLL AES with the
experimental spectrum, obtained with photon energy hv = 4500 eV,
showed that our estimated initial-state probabilities are capable of
reproducing the main experimental features fairly well. Moreover,
the assignments of the satellite features resulting from our calcu-
lations agree with the ones from Ref. 31, which are mostly based
on the calculated energies of the final states. The proposed proto-
col can be further extended to probe the relaxation dynamics of
different atoms and molecules in the presence of satellite states, pro-
viding significant insights into the electronic structure of complex
systems.

SUPPLEMENTARY MATERIAL

The supplementary material contains: the computed spectra,
the Rydberg-augmented basis set (Table S1), the binding energies
computed with the ASI active space and the aug-cc-pVQZ basis set
(Table S2), and the 2600-2680 eV region of the Ar [1s7Y] spectrum
(Fig. S1).
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