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Abstract

We present an ab initio computational study of the Auger spectra of methane,
ethane, ethylene, and acetylene. Auger spectroscopy is an established technique to
probe the electronic structure of molecules and exploits the Auger-Meitner effect that
core-ionized states undergo. We compute partial decay widths using coupled-cluster
theory with single and double substitutions (CCSD) and equation-of-motion-CCSD
theory combined with complex-scaled basis functions and Feshbach-Fano projection.
We generate Auger spectra from these partial widths and draw conclusions about the
strength of particular decay channels and trends between the four molecules. A con-
nection to experimental results about fragmentation pathways of the electronic states

produced by Auger decay is also made.

Introduction

Carbon atoms in different hybridization states and chemical environments are the basic
building blocks of organic chemistry. There is ample evidence that an analysis of the core-
vacant states produced by X rays, specifically through the measurement of the energies
of Auger electrons, can yield important information about chemical properties, electronic
structure, and molecular geometry of organic compounds.'® In Auger decay, a core vacancy
is filled by one valence electron, while a second valence electron — the Auger electron — is
simultaneously emitted into the continuum.®!° This is the dominant relaxation mechanism
of core vacancies in systems with light nuclei, i.e., nuclei lighter than about germanium for
K-shell holes and lighter than about neptunium for L-shell holes. }1:12

Core vacancies include core-ionized states, which are the focus of this manuscript, and
core-excited states where one usually speaks of resonant Auger decay.'®'* Furthermore, pro-
cesses that change the internal energy of a molecule as strongly as core ionization and Auger

decay tend to produce satellite or shake-up states, in which valence electrons are excited in

addition to the relaxation of the core hole. These satellite states enable additional decay



channels. A particular example is double Auger decay,'® where two electrons are simultane-
ously emitted from a system with a core vacancy. In the present manuscript, however, we
do not consider satellite states and focus on those target states that are characterized by
exactly two holes in the valence region. Decay into these states usually dominates molecular
Auger spectra.

While Auger spectroscopy of small organic molecules such as methane, ethane, ethy-
lene, and acetylene has been the subject of experimental and theoretical studies for many
years, 63! recent advances in X-ray technology and computational methods have driven re-
newed interest in the field.??*® Many previous works focused on differentiating between final
states of Auger decay in terms of fragmentation processes, but the computation of total and
partial Auger decay widths has remained a challenge due to the necessity to deal with the
ionization continuum and a multitude of final states.

Core-ionized states are electronic resonances and their decay is not captured by quantum-
chemical methods designed for bound states. %47 In most computations on core-vacant states,
Auger decay is neglected by invoking the core-valence separation?® (CVS), where configu-
rations in which the core hole is filled are projected out from the wave function. Due to
the energetic separation of core and valence orbitals, the contribution of these configurations
to the wave function is small and CVS methods enable reliable calculation of energies of
core-vacant states.4? %4

Computations of Auger decay widths usually rely on the Wentzel approach,®°¢ which
means that the decay of a core vacancy is independent of the mechanism by which it is
created. One possible technique is the Feshbach-Fano method, where the Hilbert space is
partitioned into bound and continuum configurations.®”*° The bound part of the core-vacant
state is not subject to decay; one can use, for example, CVS to define it. Greater difficulty
lies in defining appropriate wave functions for the continuum part. Using Stieltjes imaging,
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the continuum functions can be constructed in an implicit fashion; alternatively, it is

possible to construct the wave function of the Auger electron explicitly. 424362766 A possible



approach to facilitate Feshbach-Fano calculations is the one-center approximation.4? 446267

Here, electron-repulsion integrals involving continuum functions, which are necessary for
the computation of the width, are approximated by a linear combination of the respective
integrals for Auger decay in isolated atoms.

The Feshbach-Fano method has been combined with several electronic-structure meth-

68,69

ods including algebraic diagrammatic construction, multireference configuration-inter-

446364 and equation-of-motion coupled-cluster theory with single and double substi-

action,
tutions (EOM-CCSD).5%% The latter approach, which we dub Fano-EOM-CCSD in the
following, is used in this work.

As an alternative to Fano-EOM-CCSD, we use complex-scaled basis functions™ 7 (CBFs)

combined with CCSD and EOM-CCSD theory. The CBF approach is related to complex

74,75 76-78

scaling and has been shown to yield accurate total and partial Auger decay widths.
CBF methods are capable of describing the bound and unbound parts of a resonance state
at once; there is no need to partition the Hilbert space or to impose an explicit form for the
wave function of the Auger electron.

In the following section, we discuss the theory of total and partial Auger decay widths
and the methods used for their computation. Subsequently, we present our numerical results
for the Auger decay widths of methane, ethane, ethylene, and acetylene and construct their

Auger spectra. The last section offers our concluding remarks on the ab initio computation

of Auger spectra.

Theoretical construction of Auger spectra

The simulation of Auger electron spectra requires two quantities for each decay channel i:
the kinetic energy of the Auger electrons (£;) and the decay rate, which is proportional to
the partial decay width I';. Our two approaches for computing these quantities are shown

in Figure 1 and explained in the following.



Due to energy conservation, the energy of an Auger electron is given as the difference

E; = E(A™) — E(AT) (1)

between the energy of the core-ionized initial state E(A**) and that of the doubly-ionized
target state £(A7"). To obtain these energies, EOM-CC methods™ 2 are particularly use-
ful because they enable the computation of energies of states with a different number of
electrons using the same Hamiltonian and orbital set. In our calculations, we use the CCSD
approximation and take the neutral ground state of every molecule as the reference.

We compute the energies of the initial states with EOM-ionization potential-CCSD
(EOMIP-CCSD),®* the corresponding wave functions are constructed by applying single hole
(1h) and two-hole-one-particle (2h1p) excitation operators to the CCSD reference wave func-
tion. The energies of the target states, which have two electrons fewer than the reference
state, are computed with the EOM-double ionization potential-CCSD (EOMDIP-CCSD)
method,®® which includes two hole (2h) and three-hole-one-particle (3h1p) excitation op-

erators.

Determination of Auger decay widths with complex-variable meth-

ods

We previously demonstrated that total and partial Auger decay widths can be extracted from
CBF-EOMIP-CCSD wave functions of core-ionized states.” ™ The decay is represented in
these wave functions by 2h1p-excitations that fill the core hole. The resulting configurations
give rise to the metastable character and are responsible for convergence problems when
methods are used that do not treat the decay properly.?*5? With CBF methods, however,
the decay can be captured. Here, selected Gaussian basis functions have an exponent scaled

by a complex number e~ 7 The Hamiltonian constructed in such a basis set has complex



energy eigenvalues

I
Eres:E_i§~ (2)

From the imaginary part, the total decay width I' is obtained, while the real part E represents
the physical energy in the usual sense.

To obtain the partial width for a channel, we solve the EOMIP-CCSD equations for the
core-ionized state under the constraint that the amplitudes for this particular channel are
zero, which we previously referred to as Auger Channel Projector (ACP)." The difference
in the total width with and without the channel being present is then interpreted as partial
width.

Alternatively, it is possible to determine Auger decay widths from a CBF-CCSD calcula-
tion on the core-ionized state.”® The total decay width is obtained from the imaginary part
of the CCSD energy corrected by the value obtained for the closed-shell ground state. This
procedure is referred to as ACCSD. To obtain partial widths in this approach, the imag-
inary CCSD energy is decomposed into contributions from the decay channels. These are
again represented by doubly excited determinants in which the core hole is filled. The partial
widths obtained from this approach are strictly additive unlike those obtained from the ACP
approach where other channels can react to the removal of a particular decay channel, which

can result in unphysical contamination.

Determination of Auger decay widths with the Feshbach-Fano method

In the Feshbach-Fano method, the wave function of a core-ionized state is partitioned into
a bound and a continuum part, and the decay width is obtained channel per channel from
the imaginary part of the complex-valued interaction energy between the two parts.57 2% A
recent implementation of this method® employs a CVS-EOMIP-CCSD wave function as
representation of the bound part and a product of an EOMDIP-CCSD wave function and a

plane wave or a Coulomb wave for the Auger electron for each continuum state.



Using plane waves is computationally simple, but assuming that the wave function of the
outgoing electron is not affected by the molecular field is a crude approximation. In contrast,
a Coulomb wave captures the attractive forces between the dicationic molecular core and
the Auger electron better. However, the origin of a Coulomb wave and the charge associated
with it make substantial impact on the partial widths although there are not always obvious
choices for these parameters when one deals with molecules.®*%¢ In this work, we use plane
waves even though an improvement may be achievable by placing a Coulomb wave at the
center of charges.

A drawback of the Feshbach-Fano approach is that there is no direct access to the total
decay width, which can be computed only as sum of partial widths. Because higher-lying
EOMDIP-CCSD states often cannot be converged due to mixing with higher-order exci-
tations, the total decay width obtained from Fano-EOM-CCSD calculations is sometimes
too small compared to results from CBF calculations, in which all decay channels are by

construction included. However, we recently showed that, even though the two approaches

describe Auger decay in different ways, CBF-CCSD and Fano-EOM-CCSD agree well with

each other about the Auger spectrum of benzene.™

Mapping between Auger electron energies and decay widths

Within the Fano-EOM-CCSD method, the Auger decay channels are defined in terms of
EOMDIP-CCSD wave functions, which comprise 2h and 3h1p configurations. Because partial
widths and Auger electron energies are determined from the same wave functions, there is
no problem to assign widths to energies.

In contrast, the CBF-EOMIP-CCSD and CBF-CCSD methods yield partial widths for
individual 2h configurations in the wave function of the core-ionized state. Additional steps
are necessary to map these partial widths onto the Auger electron energies, which are ob-
tained from separate EOMDIP-CCSD calculations.

The easiest approach is to assign each EOMDIP-CCSD state to a single 2h configuration



from the CBF-CCSD or CBF-EOMIP-CCSD calculation but this does not lead to convincing
results. ™ Instead, a weighting procedure is necessary where each EOMDIP-CCSD state is
assigned a combination of partial widths using the EOMDIP-CCSD amplitudes as weight-
ing coefficients. This gives good results as we recently showed for the Auger spectrum of
benzene. ™®

Here, we refine this approach by taking into account that the 2h character of the EOMDIP-
CCSD states varies. Specifically, these states can have substantial contributions from 3h1p
excitations that correspond to satellite states or do not represent Auger decay channels at
all. In this work, we map the decay widths only onto the 2h part of every EOMDIP-CCSD

state, whereas the 3h1p parts are assigned widths of zero. As documented in the Supporting

Information, this leads to improvements in the peak intensities as compared to our previous

approach.
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Figure 1: Flowcharts explaining different approaches for computing Auger spectra based on
EOM-CC wave functions. Upper panel: Complex basis function approach. Lower panel:
Feshbach-Fano approach.



Electronic structure of the studied molecules

The canonical molecular orbitals (MOs) of the investigated molecules are shown in Figure 2
and the corresponding orbital energies are available from Table 1. While methane only has
one core orbital, ethane, ethylene, and acetylene have two core orbitals, one gerade and one

ungerade, which are composed of the 1s orbitals of the two carbon atoms.
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Figure 2: MO diagrams of methane, acetylene, ethylene, and ethane (from top left to bottom
right). The black labels are the irreducible representations in the Abelian subgroup in which
the calculation is carried out, the red labels are the irreducible representations in the full
point group. Core orbitals, inner-valence orbitals, and outer-valence orbitals are separated
by black and blue dashed lines.

To better compare the Auger decay channels between the molecules, we group the valence
MOs in three ways: first, by inversion symmetry as gerade and ungerade; second, as C-C
bonding or antibonding depending on whether there is a nodal plane between the carbon
atoms; and finally, as inner valence or outer valence. Note, however, that the orbitals referred
to as C-C-antibonding have C-H bonding character. The distinction between inner-valence

and outer-valence orbitals is motivated by the fact that inner-valence holes decay through



Table 1: Energies in Hartree of the MOs of methane, acetylene, ethylene, and
ethane. The bonding or antibonding character of the MOs with respect to the
C-C bond and the designation as core, inner valence, or outer valence is given
as well.

Acetylene
lo, bonding core —11.245
Methane lo, antib. core —11.241
la; core ~11.208 20, bonding inner val.  -1.029
22, inner val.  ~0.940 20, antib. inner val.  —0.766
2ty outer val.  ~0.544 30, Dbonding outer val. —0.680
1m, bonding outer val. -0.410
Ethylene
la,  bonding core -11.233 - Ethane
. laj, bonding core -11.213
1bs, antib. core —11.231 .
. . lag, antib. core -11.213
2a, bonding inner val.  -1.032 ) )
9 antib ‘et val 0,792 2a;, bonding inner val. -1.014
Su ' ' ' 2a9, antib. inner val.  —0.840

1bg, bonding outer val. —0.641
3a, bonding outer val.  -0.589
1b;, antib. outer val. —0.506
1by, bonding outer val. —-0.377

le, bonding outer val. -0.594
3a;, bonding outer val.  —0.509
le,  antib. outer val.  —0.486

different pathways than outer-valence holes. Specifically, interatomic Coulombic decay®75®

and excess-energy controlled fragmentation?’ have been observed only for inner-valence holes.
We label all MOs that are mainly composed of carbon 2s orbitals as inner valence and all
higher-lying orbitals as outer valence. However, as illustrated by Table 1, there is no clear

energetic separation between inner-valence and outer-valence MOs.

Computational details

All molecules were studied at their equilibrium structures as determined with B3LYP/6-
3114+ G(3df). The molecular point groups are T, for methane, Do, for acetylene, Doy, for
ethylene, and D, for ethane (staggered conformation). Calculations were carried out in the
largest Abelian subgroups, which are Dy for methane, D, for acetylene and ethylene, and

Cop, for ethane. Cartesian coordinates are available from the Supporting Information.
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CBF-CCSD and CBF-EOMIP-CCSD calculations were performed using the complex-
variable codes®° implemented in Q-Chem 5.9! We used modified standard basis sets with
s- and p-shells taken from the cc-pCV5Z basis set and d- and f-shells from the cc-pCVTZ
basis set. Results obtained with the unmodified cc-pCVTZ basis are available from the
Supporting Information. While the final Auger spectra obtained with the two basis sets are
very similar, total and partial decay widths differ substantially. With cc-pCVTZ some total
and partial widths are inferior, which confirms our earlier findings. %"

To describe the outgoing Auger electron, three complex-scaled s-, p- and d-shells were
added to the carbon atoms for the evaluation of partial widths. The exponents of these shells
are taken from our earlier work™ and can be found in the Supporting Information. In the
EOMDIP-CCSD calculations, no complex-scaled shells were added to the basis.

In all CBF calculations, the optimal complex-scaling angle 6, was determined by min-
imizing the derivative |d£/df| where E is the difference between the energy of the ground
state and that of the core-ionized state.*”7692 This was done by recomputing the energy for
f-values between 0° and 45° in steps of 1°. Partial widths were then computed at the 0,
values. For CBF-CCSD, this was done through decomposition of the imaginary energy, ™
and for CBF-EOMIP-CCSD using the ACP approach.™

For Fano-EOM-CCSD calculations we used the same basis sets but without complex

scaling the additional shells. Plane waves were used to represent the Auger electron®

except
for methane where we also show results from Ref. 66 that were obtained using a Coulomb
wave. The same number of EOMDIP-CCSD states were included in the Fano-EOM-CCSD
and CBF-(EOMIP)-CCSD calculations so that the resulting Auger spectra have the same
level of completeness. CVS was invoked for Fano-EOM-CCSD calculations but not for CBF-
EOM-CCSD and CBF-CCSD calculations.

For acetylene, ethylene, and ethane, both core-ionized states were computed, while only

one exists in methane. The number of EOMDIP-CCSD target states taken into account is

16 for methane, 25 for acetylene, 36 for ethylene, and 49 for ethane. This equates for each
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molecule to the number of possible combinations of two valence spin orbitals. We note that
the ACP variant of the CBF approach requires some additional calculations to determine
partial widths for molecules with non-Abelian point groups.””

For the construction of the Auger spectra of acetylene, ethylene, and ethane, we averaged
the widths computed for the gerade and the ungerade core holes. In addition to spectra
based on CBF-EOMIP-CCSD and Fano-EOM-CCSD partial widths, we also constructed
Auger spectra where we replaced partial widths by the density of EOMDIP-CCSD states.
This equates to the assumption that every decay channel has the same width, which was
previously used to compute Auger spectra with the ADC(2) method.?22393

All Auger spectra were normalized such that the intensity of the strongest peak became
identical. To the resulting stick spectra, we applied a Gaussian broadening function with a
full width at half maximum equal to 1.5 eV. Furthermore, for each molecule the theoretical
spectra were shifted to lower Auger electron energies to align the position of the highest-
energy peak with the respective experimental spectrum. The applied energy shifts amount
to 0.1 eV, 2.0 eV, 2.0 eV, and 0.2 eV for the Fano-EOM-CCSD spectra of methane, acety-
lene, ethylene, and ethane, respectively, and to 1.2 ¢V, 3.0 eV, 3.1 eV, and 1.7 eV for the
CBF-EOMIP-CCSD spectra of methane, acetylene, ethylene, and ethane, respectively. We
note that the difference between the shifts for Fano-EOM-CCSD and CBF-EOMIP-CCSD

is almost exclusively due to the use of CVS in the former calculations.

Results and discussion

Total decay widths

Our results for total decay widths are given in Table 2. Evidently, the width of the carbon 1s
hole does not differ much between the molecules. This is in contrast to the strong dependence
on the nuclear charge and the energy of the core-hole.»""%4%% The decay widths of the

gerade and wungerade core holes in ethane and ethylene are pairwise identical up to 1-2
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meV, while the decay width of methane appears to be a little larger, which is in agreement
with experimental results.?>?” We note good agreement between CBF-based calculations
and Fano-EOM-CCSD in Table 2. This is surprising given that Fano-EOM-CCSD only
yielded ca. 55% of the CBF-CCSD total width in our recent study of the Auger spectrum
of benzene. ™ We consider the good agreement as an indication that our calculations include
all relevant EOMDIP-CCSD states.

Table 2: Total decay half-widths in meV of core-ionized methane, ethane, ethy-
lene, and acetylene.

Method Core-hole CQHG CQH4 CQHQ CH4

CBF-EOMIP-CCSD  gerade 39.0 36.6 39.0 40.1
ungerade 37.5  38.6  40.1

CBF-ACCSD gerade 38.0 344 43.0 43.4
ungerade 36.4  37.6  43.2

Fano-EOM-CCSD gerade 40.7  38.6 41.6 46.9
ungerade 41.6 414  46.6

expt. 45 £5%° 48 £12%7

Partial decay widths of methane

Partial decay widths computed for methane are given in Table 3. Methane only has 8 valence
electrons and, as a consequence, there are only 7 dicationic states of 2h character. The Auger
spectrum is dominated by double ionization of the HOMO (1ty); the resulting 'E and T,
states contribute roughly half of the total decay width. This dominance can be explained
by the threefold degeneracy of the 1ty orbital: Out of the 16 possible combinations of the
valence orbitals of methane, 9 involve only the 1t; orbital so that one would expect a share
of 56% assuming equal decay widths for every channel. Other channels, however, show clear
deviations from this naive expectation: The 3T; ground state of the methane dication is
not produced at all and the 3T, state also has a reduced partial width. On the contrary,
double ionization of the 2a; inner-valence orbital is enhanced. Assuming equal widths for

every channel, one would expect a contribution of 6% while our calculations deliver values of
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12%. We note that the suppression of triplet channels and the enhancement of inner-valence

channels are both in agreement with earlier observations. 677789

Table 3: Partial decay half-widths in meV of core-ionized methane. Dissociation
pathways of the dicationic target states are given as well.

State Electronic CBF-EOMIP- CBF-CCSD Dissociation
configuration CCSD/ACP  /decomp. channel

A, 2a; > 6.0 6.7 excess-energy-determined 2
Ty 2a;'1ty! 10.4 15.1 C*T+H*+3H?! /multiple®
STy 2a'1ty" 2.8 4.7 multiple?

A, 16572 0.9 1.6 CHT+H*+Hy?!

Ty 1572 11.6 15.4 CHJ +H]

E 1t > 7.3 11.2 CH+H*™#

ST, 1ty2 0.0 0.0 -2

Table 3 shows relatively large deviations between CBF-EOMIP-CCSD and CBF-CCSD
partial widths. This is most pronounced for the 'E and 'T, channels where CBF-CCSD
values are larger by up to 50%, while the agreement is much better for the 'A; channels.
While the sum of the partial widths (39.0 meV) matches the total width (40.1 meV) well
for CBF-EOMIP-CCSD, this is not the case for CBF-CCSD (54.7 meV as compared to
43.4 meV). A decision which method delivers superior results is difficult but we note that
we previously observed a similar pattern for neon and for this system CBF-CCSD results
agreed better with experimental partial widths. 67"

The fate of the doubly-ionized states of methane has been explored before. All states
undergo rapid nuclear relaxation and fragmentation via one of several different pathways is
most likely,'® although a non-dissociative pathway resulting in the 3T; state and a planar
molecular structure is also possible. The assignment of fragmentation pathways to different
electronic states of the dication?' has been corroborated by calculations of the dicationic
potential energy surfaces.® An investigation of fragmentation probabilities in coincidence
with Auger electron energies revealed that the fate of states with inner-valence holes is

mostly determined by the excess energy of the molecule,? whereas the states resulting from

double ionization of the HOMO correspond to specific fragmentation pathways. Our partial

14



widths in Table 3 suggest that the most likely fragments are CH5 and C*, while production
of CH™ is less likely. We note, however, that the channel associated with the C* fragment has
a larger width in our calculations as compared to the experimentally determined intensity?*

as can be seen from Figure 4.

Partial decay widths of acetylene, ethylene and ethane

Partial widths for the most intense decay channels of acetylene, ethylene, and ethane are
given in Table 4. Given the large number of decay channels (33 for ethane, 36 for ethylene,
and 18 for acetylene) a discussion of all partial widths is not useful. Instead, we will highlight
the most significant features of each molecule and draw comparisons between them. Partial
widths for all decay channels are available from the Supporting Information. Notably, CBF-
EOMIP-CCSD and CBF-CCSD results are more similar than for methane. The absolute
values rarely differ by more than 1 meV and the trends between the channels are the same
with both methods.

Some tendencies are visible in all three molecules: For example, partial widths for most
channels barely differ between gerade and wungerade core holes even though there are some
exceptions like the 20‘;2 channel in acetylene or the 2a;13a;1 channel in ethylene. Also,
similar to methane, most channels where both electrons stem from inner-valence orbitals
have enhanced decay widths. However, this enhancement is not present for the ungerade
inner-valence orbitals (20, in acetylene, 2bs, in ethylene, and 2ay, in ethane), which are
closer to the outer-valence orbitals in terms of energy (see Table 1). Decay channels involving
these orbitals have rather low widths.

Another common feature of acetylene and ethane is that the decay channels producing
the triplet ground electronic states of the dications, *A,, (1e,?) for ethane and *%; (17r,?)
for acetylene, have zero partial widths, whereas the lowest singlet states involving the same
orbitals, 'E, (1e,?) for ethane and 'A, (17,?) for acetylene have relatively large partial

widths. In contrast, the ethylene dication has a A, singlet ground state (1by,?) with a
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Table 4: Largest partial decay half-widths in meV of core-ionized acetylene,
ethylene, and ethane. Dissociation pathways of the dicationic target states are
also shown where known.

State Electronic CBF-EOMIP- CBF-CCSD Dissociation channel
configuration ~ CCSD/ACP /decomp.

q U q U

Acetylene
L,  20,' 1m,” 6.2 6.7 6.2 6.8
A, 1m? 6.1 6.2 58 6.1
L, 30, lm,? 6.2 4.9 57 4.5 CoHT + HT3!
'S 20,1 20" 3.8 4.1 45 4.5
', 20, 1m;? 3.3 3.6 34 3.8 2 CH*3!
'S 20,2 3.9 24 3.9 24
'S 20, 30," 1.8 2.3 2.2 3.1
'Sy 30,2 1.7 22 1.5 1.8
'Sy 20, 30," 1.1 1.9 1.2 1.7
I,  20,'lm,! 1.3 1.6 1.3 1.7

Ethylene
By, 2a,' 2bg 3.3 3.4 3.3 39
'Bi,  3a,' 1by, 2.9 25 2.7 23 2 CHf
'Bi,  2a,' 1by, 2.5 2.5 2.5 24
A, 2a? 2.3 2.6 2.5 2.8
'Ay,  2a,' 3a? 1.6 3.1 1.8 3.1
1A, 1b;? 2.1 2.3 2.0 2.2 nondissociative
A, 3a? 2.6 1.0 24 1.0 CoHy + Hy
"By, 1b,, 3a,! 1.9 1.5 1.8 1.4 C,Hy + Hy
1B, 1by) 1by) 1.6 1.7 1.7 1.8 2 CHy
1By,  2b3) 1by) 1.7 1.6 1.7 1.7 C,Hy + Hy
'By,  2bg, 3a,’ 1.6 1.8 14 1.9
'Bi,  3a,' by 14 17 - 13 1.7

thane

'E,  le;! le,? 3.6 3.6 3.9 3.9
'E,  le,' 3ay, 3.0 3.4 2.9 3.2
'E;  3ay, le,! 34 29 32 29
'Agy  2ay,) 2ay, 31 28 34 3.1
Ay 3ay, 26 1.6 23 1.4
'E,  2a;, le,! 1.9 2.0 2.2 23
'E,  2ay, le;! 2.0 1.9 22 22
Ay, 2a, 3a;, 19 19 18 18
'E, le;? 1.9 1.8 1.9 1.9
Ay, 2ap] 1.6 2.0 1.7 2.2
'E,  le,? 1.8 1.8 1.9 20
'Ayy  2ay, 3a;, 2.1 1.2 1.9 1.3
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non-zero width, while the lowest triplet state 3A, (1b1_gllb1_u1) has zero width.

In ethane, the decay channels involving the le, and le, orbitals display an interesting
pattern. These orbitals are ca. 0.1 a.u. apart in energy, mainly describe the C-H bonds, and
differ by a nodal plane perpendicular to the C-C bond. The partial widths of the respective
channels are, however, almost equal meaning that an interchange of the le, and le, orbitals
would not affect the Auger spectrum.

Previous calculations and coincidence measurements for ethylene and acetylene showed
that some higher-energy decay channels lead to fragmentation pathways that produce two
cations. 30313797 On the contrary, only double ionization of the HOMO does not result in
dissociation. For ethylene, our calculations predict that a share of 5-6 % of molecules under-
going Auger decay do not to dissociate, which is consistent with the experimental result of
5%.37 One can thus assume that all other decay channels lead to some sort of fragmentation.

Other results of our calculations on ethylene disagree with experimental fragmentation
statistics. Only a few channels with low partial widths have been assigned to pathways
involving deprotonation, while four channels are related to the production of Hj according to
measurements.3” Our calculations assign substantial partial widths to these channels whereas
only 2 % of the ethylene molecules follow this pathway according to experimental findings.
There are several possible explanations for these inconsistencies as the one-to-one assignment
of decay channels to fragmentation pathways is a simplification. For example, non-Born-
Oppenheimer dynamics might need to be taken into account to model some fragmentation
pathways correctly. Furthermore, other cations could fragment to form H™, there could be
unidentified fragmentation pathways of other dicationic states or excess-energy-determined

fragmentation could result in deprotonation similar to methane.

Analysis of partial widths in terms of orbital characters

In order to compare acetylene, ethylene, and ethane, we classified the decay channels in four

different ways and analyzed the distribution of partial widths among these categories: 1)
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singlet and triplet channels; 2) channels involving two gerade orbitals, two ungerade orbitals,
or one each; 3) channels involving two outer-valence orbitals, two inner-valence orbitals, or
one each; 4) channels involving two C-C-bonding orbitals, two C-C-antibonding orbitals, or
one each.

All results are given in Figure 3; values for the gerade and the ungerade core hole are
averaged. For each category, we show the computed CBF-EOMIP-CCSD/ACP values as
well as results obtained under the assumption that every decay channel has the same partial
width. Fano-EOM-CCSD results are only given for singlet and triplet decay channels as well
as for decay channels made up of one gerade and one ungerade orbital. The other categories
are not applicable to Fano-EOM-CCSD, because here the decay channels are not defined in
terms of orbital pairs but in terms of EOMDIP-CCSD states, where different orbitals can
mix.

In agreement with our previous work” and with results for methane (see Table 3), we
observe an enhancement of decay channels involving two inner-valence orbitals for all three
molecules in Figure 3 (upper left panel) with respect to the assumption that all channels
have the same width. Interestingly, the contribution of these decay channels does not vary
much among acetylene, ethylene, and ethane and is thus almost unaffected by the number
of outer-valence orbitals present.

As concerns gerade and ungerade orbitals (upper right panel of Figure 3), we only find
small deviations from the results obtained under the assumption of equal decay widths for
each channel. Decay channels made up of two gerade orbitals are somewhat enhanced while
those involving two ungerade orbitals are somewhat suppressed.

The comparison of C-C bonding and antibonding orbitals (lower left panel of Figure 3)
shows that decay channels involving two bonding orbitals are slightly enhanced with respect
to the assumption of equal widths, whereas decay channels involving one bonding and one
antibonding orbital are slightly suppressed. This effect is more pronounced for acetylene

and ethylene than for ethane and should be viewed in relation to fragmentation induced
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Figure 3: Relative intensities of Auger decay channels involving different orbital categories.
¢ denotes CBF-EOMIP-CCSD/ACP results, e denotes Fano-EOM-CCSD results, and x
denotes results assuming equal partial widths for every channel.

19



by Auger decay. Although most dicationic states will undergo Coulomb explosion, one may
assume that the C-C bond is especially prone to cleavage when electrons are taken from C-C
bonding orbitals.

The lower right panel of Figure 3 illustrates that triplet channels have substantially
smaller widths than singlet channels. CBF-EOMIP-CCSD yields a share of 91-94% for
singlet channels, while only 6-9% of intensity are assigned to triplet channels. This is a well-
known property of Auger decay, which has previously been analyzed in detail.6-62:78:96,98
However, the Fano-EOM-CCSD method fails to describe the suppression of triplet channels
and yields results as if all channels had the same partial widths. Similar shortcomings
were observed before and are likely due to the description of the Auger electron by a plane

wave. 66,78

Auger spectra

Intensity / arbitrary units

225

Auger electron energy / eV

Figure 4: Auger spectrum of methane, computed with CBF-EOMIP-CCSD/ACP (black line
and stick spectrum), Fano-EOM-CCSD with a plane wave (green solid line) and a Coulomb
wave (green dashed line) for the outgoing electron, and assuming equal partial widths for all
decay channels (red line). The experimental Auger spectrum measured by Kivimiki et al.?*
(x) is shown as well.
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The Auger spectrum of methane is shown in Figure 4. This spectrum has been measured
twice; 1024 the experimental spectra overall are in good agreement with each other but the
first experiment identified four peaks, while the second experiment found only three peaks.
Our calculations reveal that the highest-energy peak at around 247-253 eV comprises con-
tributions from three dicationic states ('E, Ty, 'A;) that all result from double ionization
of the HOMO, whereas the other peaks correspond to one decay channel each. The 3T,
state, which represents the only active triplet decay channel, is only visible in one of the
experimental spectra. Our theoretical spectra differ substantially from each other and none
of them agrees with the experimental spectra about all peaks. When assuming equal partial
widths, the intensities of the peaks at 243 eV (°Ty, 2a='1t; ") and 237 eV (1Ty, 2a~'1t; ")
are significantly overestimated. With Fano-EOM-CCSD, the intensity of the T, channel at
243 €V is overestimated when using plane waves, whereas with Coulomb waves the peaks
at 237 eV and 230 eV are too intense compared to experiment. CBF-EOMIP-CCSD also
assigns more intensity to the peak at 237 €V than it has in the experimental spectrum but
captures the overall distribution of intensity relatively well.

The Auger spectrum of acetylene is displayed in Figure 5. Consistent with the lower
double-ionization threshold of acetylene as compared to methane, the onset of the Auger

spectrum is at higher Auger electron energies. The experimental spectrum ¢

comprises one
very broad peak and two narrower ones. Our calculations indicate that each peak is made
up of multiple decay channels. The highest-energy peak at around 256 eV corresponds to
decay into the 'A, and 12; states, both of which arise from double ionization of the HOMO
(17,). The second peak at around 250 eV mainly comprises contributions from two states,
I, and 'TI,, that arise from ionization of HOMO and HOMO-1 as well as HOMO and
HOMO-2, respectively. The broad peak between 246 and 232 €V is made up of six singlet
and four triplet channels. According to our calculations, there should be one more peak at

around 224 eV corresponding to double ionization of the innermost valence orbital (20,) but

this peak is absent from the experimental spectrum.

21



o _u

4

Intensity / arbitrary units

4 \ I

220 225 230 235 240 245 250 255 260
Auger electron energy / eV

i

Figure 5: Auger spectrum of acetylene, computed with CBF-EOMIP-CCSD/ACP (black line
and stick spectrum), Fano-EOM-CCSD with a plane wave for the outgoing electron (green
line), and assuming equal partial widths for all decay channels (red line). The experimental
Auger spectrum 6 is shown as black dotted line.

In agreement with experiment, the peak at 256 €V is more intense than the one at 250 eV
in the CBF-EOMIP-CCSD spectrum, whereas Fano-EOM-CCSD predicts equal intensities
and the assumption of equal widths for each channel even leads to an inverted pattern
with the lower-energy peak being more intense. On the contrary, earlier theoretical results
based on a Green’s function method? arrived at a too low relative intensity of the peak
at 250 eV as shown in the Supporting information. Below 246 eV, the agreement among
the spectra is considerably less good, a likely reason being broadening due to vibrational
interference,32%%109 which is not included in our theoretical modeling. The best agreement
with experiment is observed for CBF-EOMIP-CCSD, where we obtain one dominant peak
at 239 eV and weaker signals at 224 eV, 233 eV, 243 eV, and 245 eV. Similar signals are also
present in the earlier theoretical spectrum,? but have a much lower intensity than in our
CBF-EOMIP-CCSD spectrum. In contrast, Fano-EOM-CCSD overestimates the intensity
of the ®II, and °II, states, resulting in a prominent peak at 243 eV, which is absent from the

experimental spectrum.
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Finally, we note that the experimental spectrum has a shoulder at the high-energy end at
around 260 eV that is not present in any theoretical spectrum. This may possibly be caused
by nuclear motion.

The Auger spectrum of ethylene is displayed in Figure 6. The experimental spectrum !¢
has six peaks and, by and large, is in good agreement with our results. All theoretical
approaches yield eight peaks but their positions agree well with experiment and it looks as
if two peaks are simply not resolved in the experimental spectrum, which may be due to
dissociation. Notably, the decay channels with the lowest energy at around 232 eV are present
in the experimental spectrum of ethylene as opposed to that of acetylene. We note that earlier
theoretical results?® shown in the Supporting Information suggested a continuation of the

spectrum down to an Auger electron energy of only 224 eV, which is neither observed in

experiments nor in our computations.

Intensity / arbitrary units

230 235 240 245 250 255 260
Auger electron energy / eV

Figure 6: Auger spectrum of ethylene, computed with CBF-EOMIP-CCSD/ACP (black line
and stick spectrum), Fano-EOM-CCSD with a plane wave for the outgoing electron (green
line), and assuming equal partial widths for all decay channels (red line). The experimental
Auger spectrum!® is shown as black dotted line.

While most peaks are made up of many decay channels, the highest-energy peak at around

257 eV only comprises contributions from two decay channels, 1b;,? (HOMO/HOMO) and
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1b1_u11b1_g1 (HOMO/HOMO-1). Its intensity relative to experiment is underestimated by all
of our methods alike, which is remarkable given that the intensity of most other peaks is
reproduced better. The reasons for this mismatch remain unclear but we note that the earlier
Green’s function-based study?® is well in line with experiment about the intensity of this
peak. A prominent discrepancy between the methods occurs for the peak at 244 eV, which
is too intense in the Fano-EOM-CCSD spectrum due to the overestimation of triplet decay
widths (2a,'1b}, and 2bg, by, channels).

The Auger spectrum of ethane is shown in Figure 7. The experimental spectrum of this
molecule is less well resolved than the ones discussed before, possibly due to vibrational
interference, and one only can discern four to five peaks. Overall, CBF-EOMIP-CCSD
shows the best agreement with the measured intensity distribution, whereas Fano-EOM-
CCSD produces a prominent peak at 243 eV that is absent from the experimental spectrum
and the assumption of equal widths assigns to much intensity to the high-energy end of
the spectrum. The shallow peak at 237 eV, which is relatively well separated from the
rest of the spectrum, comprises contributions from five singlet channels and one triplet
channel according to our calculations, whereas the broad feature between 243 eV and 257 eV
represents all other 27 decay channels. A similar result regarding the relative intensity of
the two main structures was obtained by an earlier theoretical study based on Hartree-Fock

theory,!” which is compared to our results in the Supporting Information.

Conclusions

We presented partial Auger decay widths for core-ionized methane, acetylene, ethylene, and
ethane computed with the method of complex basis functions and the Feshbach-Fano ap-
proach, both combined with EOM-CCSD. From these results, we constructed theoretical
Auger spectra for the four molecules and compared them to experimental spectra and pre-

vious theoretical results.
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Figure 7: Auger spectrum of ethane, computed with CBF-EOMIP-CCSD/ACP (black line
and stick spectrum), Fano-EOM-CCSD with a plane wave for the outgoing electron (green
line), and assuming equal partial widths for all decay channels (red line). The experimental

Auger spectrum! is shown as black dotted line.

We analyzed the intensity distribution among the Auger decay channels in four different
ways: 1) singlet vs. triplet channels, 2) inner-valence vs. outer-valence orbitals, 3) gerade
vs. ungerade orbitals, and 4) C-C bonding vs. C-C antibonding orbitals. In agreement
with previous investigations, we found that K-shell Auger spectra are dominated by singlet
channels, while triplet channels are suppressed. Also, decay channels involving inner-valence
orbitals are enhanced. In contrast, inversion symmetry and the bonding or antibonding
character of an orbital do not make a significant impact on Auger intensities.

Our results show that some features of Auger spectra can already be explained by assum-
ing equal intensities for all decay channels. This approach may, however, lead to substantial
misassessment of intensities, most obviously due to overestimating the contribution of triplet
channels. The explicit calculation of partial decay widths clearly yields improved Auger spec-
tra even though we observed substantial discrepancies with the experimental spectra for most
molecules. This may be caused by effects that are neglected in our computations such as

resonant Auger decay, shake-up processes and vibrational interferences.
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The two theoretical approaches that we used for the computation of partial decay widths
feature different strengths and weaknesses: On the one hand, Fano-EOM-CCSD is computa-
tionally less expensive because there is no need for complex algebra in the electronic-structure
calculations. Also, no special procedure is required to assign widths to energies because both
quantities are computed in the same calculations. A major problem is, however, the use of
plane waves in Fano-EOM-CCSD calculations, which can lead to significant artifacts, espe-
cially too high intensities for triplet decay channels. On the other hand, CBF-EOMIP-CCSD
and CBF-CCSD offer direct access to total decay widths, which are not easily accessibly in a
Fano-EOM-CCSD treatment. Moreover, CBF methods do not require any assumption about
the wave function of the Auger electron yielding a more realistic distribution of intensity be-

tween singlet and triplet decay channels.
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