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Abstract

We present ab initio calculations of the resonant Auger spectrum of benzene. In the

resonant process, Auger decay ensues following the excitation of a core-level electron to

a virtual orbital. Hence, resonant Auger decay manifests itself in the Auger spectrum by

features with higher Auger electron energy compared to non-resonant decay. We apply

equation-of-motion coupled-cluster (EOM-CC) methods to compute the spectrum in or-

der to explain the main features in the experimental spectrum and to assess the capability

and limitations of the available theoretical approaches. The results indicate that partici-

pator decay can be well described with the Feshbach–Fano approach based on EOM-CC

wavefunctions in the singles and doubles (SD) approximation, but spectator decay is more

difficult to describe. This is because the target states of spectator decay are doubly ex-

cited, resulting in the need to include triple excitations in the EOM-CC wave function.

Resonant Auger decay in benzene is thus a challenging test case for EOM-CC theory. We

examine the performance of different noniterative triple corrections to EOM-IP-CCSD and

our numerical results highlight the need to include triple excitations iteratively.

1 Introduction

Auger decay is a non-radiative process in which a core-vacancy state decays by filling the hole

and ejecting a second electron. It is a consequence of the metastable nature of highly energetic

core-vacancy states located well above the ionization onset. Depending on whether the initial

state is core-excited or core-ionized, one can distinguish between resonant and non-resonant
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Auger decay, as illustrated in Fig. 1. In the former, the final states are singly ionized and in

the latter doubly ionized.

Fig. 1 also shows that resonant Auger decay can be further classified as participator or

spectator decay depending on whether the initially excited electron takes part in the decay.

Regular Auger decay takes place when the excitation energy exceeds the core ionization en-

ergy whereas the resonant Auger process takes place when the excitation energy is below the

ionization threshold of the respective core.

Figure 1: Different types of Auger decay.

Auger processes accompany many, if not all, X-ray induced processes.1 Practical uses of

Auger electrons include analytical techniques for surfaces,2,3, 4 materials,5 nanostructures,6,7, 8

and molecules.9,10,11,12 In addition, Auger electrons are also used for precision cancer treat-

ments.13,14,15,16,17 As with other spectroscopies, theoretical modeling helps to interpret the

experimental spectra in terms of essential details of electronic structure. The positions of the

peaks in an Auger spectrum are the energies of the Auger electrons, given by the energy differ-

ences between the initial core-hole state and the final states. The intensities of the individual

peaks are proportional to the respective rates of decay, which are in turn proportional to the

partial widths of the core-hole state. As per Fig. 1, participator decay should result in faster

Auger electrons relative to non-resonant and spectator decay, while the spectator decay is

expected to contribute to the lower-energy part of the Auger spectrum.

Ab initio calculations of Auger spectra are challenging because of the difficulties with com-

puting core-vacancy states due to their metastable nature. Additional complications arise due

to the large number of decay channels and the open-shell character of the final states.

In early theoretical work on molecular Auger decay, the decay rates were assumed to be

identical for all target states of a given multiplicity.18,19 The results indicated that for polyatomic
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molecules, non-resonant Auger spectra could be reasonably well described by using the density

of final states, provided that the contributions of triplet decay channels are scaled down relative

to singlet channels.

Alternatively, decay rates can be computed explicitly. One possible technique is the Feshbach–

Fano method in which the Hilbert space is partitioned into bound and continuum configura-

tions.20,21,22 The core-valence separation is commonly used to define the bound part of the

Hilbert space.23,24,25,26,27 For the treatment of the continuum part, a great variety of methods

have been proposed. For example, Stieltjes imaging28,29 was employed on top of the algebraic

diagrammatic construction (ADC) approach30 to evaluate partial widths, which were then nor-

malized to sum up to the correct total width.31,32 Recently, Kolorenc and Averbukh introduced

the Fano-ADC(2,2) method,33 which provides an improved description of the initial and final

states, and is also useful for modeling double Auger decay.34

Whereas Stieltjes imaging treats the continuum wavefunctions implicitly, it is also possible

to construct them explicitly, for example using the one-center approximation35,36,37,38 or by

solving a one-electron radial Schrödinger equation with spherical continuum wave functions.39,40

Time-dependent studies of resonant Auger decay,41 including the investigation of core-excited

CO by Demekhin and Cederbaum,42 are also noteworthy.

Recently, two new approaches for computing decay rates of core-hole states were introduced,

one based on the Feshbach–Fano formalism43 and another based on the complex basis func-

tion (CBF) method.44,45,46,47 Both techniques were implemented using the equation-of-motion

coupled-cluster (EOM-CC) ansatz48 for describing initial core-hole and final valence-ionized

states and tested on atoms and small molecules for which highly reliable partial decay widths

and well-resolved Auger spectra are available.49,46,47,50,51,52,53

These two CC/EOM-CC based techniques were also applied to compute the non-resonant

Auger spectrum of benzene,54 resulting in a remarkable agreement between the two fundamen-

tally different approaches for treating the continuum. The comparison with the experiment

was less straightforward because three experimental studies55,56,57 reported Auger spectra of

benzene that did not align even after applying a global shift. However, the computations cap-

tured the general shape of the spectrum well, with differences of the same magnitude as the

discrepancies between the experimental spectra.

In this contribution, we extend our study of Auger decay in benzene to the resonant process.

Both resonant and non-resonant Auger spectra of benzene were reported by Rennie et al., who

measured absolute photoabsorption cross sections of benzene using synchrotron radiation.56

Resonant and regular Auger spectra were measured at the main features of the photoabsorption
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spectrum of benzene, including the 1sC → π∗ resonance. Fig. 2 shows these experimental Auger

spectra. As expected, the resonant spectrum features several higher-energy peaks relative to

the non-resonant spectrum. We will discuss the experimental spectra in more detail below,

after reviewing the electronic structure and the x-ray absorption spectrum (XAS) of benzene.

Figure 2: The Auger spectra of benzene measured at two different X-ray energies.56 Left panel:

285 eV. Right panel: 390 eV (sudden limit).

The structure of the paper is as follows. Section 2 describes the computational methods.

The numerical results and a comparison with the experiment are presented in Section 3. Our

concluding remarks are given in Section 4.

2 Computational details

Figure 3: The initial and final states in resonant Auger decay can be computed with CVS-

EOM-EE-CCSD and EOM-IP-CCSD, respectively.

The calculations were carried out at the equilibrium structure of benzene optimized with

RI-MP2/cc-pVTZ; Cartesian coordinates are given in the SI. We computed the Auger spectrum

using the Feshbach–Fano approach combined with EOM-CC wave functions in the singles and

doubles approximation (EOM-CCSD) as devised by Skomorowski and Krylov.43,49 The initial
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states of the resonant Auger decay process, in which one core electron is excited to a virtual

orbital, were computed using CVS-EOM-EE-CCSD using the frozen-core CVS (fc-CVS) frame-

work.25,26,27 The final states, i.e., the decay channels, were computed using EOM-IP-CCSD;

the core electrons in the carbon K-shells were frozen in these calculations.

As shown in Fig. 3, in the case of participator and spectator decay the decay channels corre-

spond to 1-hole (1h) and 2-hole-1-particle (2h1p) EOM-IP-CC states, respectively. This means

that the spectator decay channels are not described well within the EOM-CCSD approxima-

tion. To account for triple excitations, we carried out EOM-IP-CCSD(fT)58,59 and EOM-IP-

CCSD(T)(a)* calculations.60,61 In the former method, a correction to the EOM-CCSD energy

is computed, whereas the latter method corrects the EOM-CC similarity-transformed Hamil-

tonian. In all EOM-CC calculations, the closed-shell ground state of benzene was used as the

reference state.

The fully uncontracted 6-311(2+,+)G** basis set, denoted as u6-311(2+,+)G**, was used

in all EOM-CCSD calculations.62,63 We used the same basis set for EOM-IP-CCSD(fT) and

EOM-IP-CCSD(T)(a)* calculations. However, due to convergence issues in the EOM-IP-

CCSD(T)(a)* calculations, we were unable to compute a sufficient number of 2h1p states.

Thus, we carried out additional EOM-IP-CCSD(T)(a)* calculations for the missing states us-

ing the 6-311(+)G* basis.

The continuum orbital was treated as a plane wave in the calculations of the decay widths.

The k-vector integration in these calculations was carried out using Lebedev quadrature. We

note that calculations with the default grid of order 5 yield partial widths that break symmetry-

imposed constraints.54 Hence, we computed the resonant Auger spectrum of benzene with a

tighter integration grid of order 17; the difference between the spectra obtained with the two

grids is shown in the SI. The Auger spectra were generated from the computed energies and

decay widths convoluted with a Gaussian function with a fixed full width at half maximum equal

to 1.15 eV. All electronic structure calculations were carried out using the Q-Chem package.64,65

3 Results and discussions

3.1 Molecular orbitals of benzene

The molecular orbital (MO) diagram of benzene is shown in Fig. 4. Benzene belongs to the

non-Abelian point group D6h. Since most quantum chemistry packages, including Q-Chem,

use Abelian subgroups, we use in the discussion below the irreducible representations of the
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Figure 4: Molecular orbital diagram of benzene. Irreducible representations are given for the full

point group D6h (in red) using Mulliken’s convention66 and for the largest Abelian subgroup

D2h (in black) using Q-Chem’s convention.67 The π∗-like 1e2u orbitals represent the lowest

unoccupied molecular orbital (LUMO) and are unoccupied in the ground state of benzene.

Abelian subgroup D2h for the electronic states and MOs. The electronic configuration of the

core electrons is

(1ag)
2(1b3u)

2(1b2u)
2(2ag)

2(1b1g)
2(2b3u)

2, (1)

corresponding to the six 1sC orbitals. The 1b3u and 1b2u orbitals as well as the 2ag and 1b1g

orbitals are degenerate and form the 1e1u and 1e2g shells, respectively, in the full point group.

3.2 X-ray absorption spectrum of benzene

To understand the resonant Auger spectrum of benzene, we begin by reviewing its XAS spec-

trum. XAS probes core-excited states, which are the initial states of resonant Auger decay.
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Figure 5: The XAS spectrum of benzene computed with CVS-EOM-EE-CCSD in the 6-

311(2+,+)G** basis set with uncontracted carbon core. Reproduced with permission from

Ref. 68.

Fig. 5 shows the XAS spectrum of benzene computed by Nanda et al.68,69 The positions and

relative intensities of the main peaks agree with the experimental spectrum after applying a

redshift of 0.8 eV.

Fig. 5 also shows the leading natural transition orbitals (NTOs)70,71 According to the

NTOs, the peak A in the XAS spectrum originates from 1sC → π∗ transitions and the doubly

degenerate peak B originates from 1sC → Ry(B2u/B3u) transitions. The NTO analysis further

reveals that the excitations that give rise to peak A create a hole in the 1ag and 1b1g core

orbitals, whereas the excitations that correspond to peak B create holes in the 1b2u/1b3u and

in 1ag orbitals

In the SI (Fig. S1 and Table S1) we show the XAS transitions that cover the relevant

energy range as well as excitation energies and oscillator strengths computed with the fully

uncontracted 6-311(2+,+)G** basis set. The results are similar to those computed in the

partially uncontracted 6-311(2+,+)G** basis set used in Ref. 68).

As discussed in the introduction, we compare our results to the experimental spectra by

Rennie et al.56 (see Fig. 2). They reported the XAS of benzene in the range from 285 eV to

beyond the 1sC threshold at 290.42 eV. In agreement with other reported XAS of benzene,72,73

the by far most prominent feature is the 1sC → π∗ excitation at around 285 eV, which is termed

peak A in Ref. 68.

Fig. 2 shows the Auger spectrum measured at 285 eV, where the 1sC → π∗ resonance

is located, as well as in sudden limit conditions at 390 eV, i.e., way above the ionization

threshold.56 The Auger spectrum measured at 390 eV corresponds to regular Auger decay,
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which we discussed in Ref. 54. Here, we focus on the spectrum measured at 285 eV, which

corresponds to resonant Auger decay following excitation to the 1sC → π∗ state. This state,

which we model as 1B1u state in the D2h subgroup, is the initial state in our calculations

of resonant Auger decay. For comparison, we also computed Auger spectra for decay of the
1B2u/1B3u state, which corresponds to peak B in the XAS. However, Rennie et al.56 did not

report experimental Auger spectra with excitation energy corresponding to peak B.

3.3 EOM-IP-CCSD calculations of the decay channels

Table 1 lists the ionization energies (IEs) of the lowest ionized states of benzene computed with

EOM-IP-CCSD. The EOM-IP amplitudes clearly identify the decay channels as describing

participator or spectator decay (see Fig. 3). The 1h states, characterized by the large square

norm of R1, correspond to participator decay and the 2h1p states, characterized by the large

square norm of R2, correspond to spectator decay.

According to Table 1, the 1h states give rise to the lower IE part of the Auger spectrum, i.e.,

the part with higher Auger electron energy. The 2h1p spectator decay channels, derived by the

removal of a valence electron and an accompanying excitation to the LUMO, give rise to lower-

energy Auger electrons. Table 1 shows several spectator decay channels in which two electrons

are removed from higher-lying occupied orbitals and one is placed in a low-lying virtual orbital.

The analysis of the wavefunction reveals the multiconfigurational character of the 2h1p states.

3.4 Resonant Auger decay widths

Table 2 and Table 3 show the Auger electron energies and partial widths of the major decay

channels of the 1B1u and 1B2u/1B3u states of benzene computed with EOM-CCSD. The 1B1u

state gives rise to larger decay widths relative to the 1B2u/1B3u states. Almost all participator

decay channels (1h channels) of the 1B1u state have substantial partial width above 1 meV,

leading to faster decay and, consequently, a higher probability of decay of the metastable core-

excited state into these channels. The partial decay widths of the spectator decay channels

(2h1p channels) are smaller. This may be attributed to the stronger Coulomb interaction of

the valence electrons with the core; for example, for autoionizing Rydberg states, it is well

established that weaker interaction with the molecular core results in lower decay width.74,75,76

However, our results might also be affected by an insufficient description of the 2h1p states.

Notably, our calculations identified a large number of spectator decay channels, such that their

combined width is substantial.
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Table 1: IEs and wavefunction composition in terms of the leading amplitudes of the lowest

ionized states of benzene computed with EOM-IP-CCSD/u6-311(2+,+)G**. The square norms

of R2
1 and R2

2 distinguish 1h and 2h1p states.

State Energy (eV) Composition R2
1 R2

2

2B2g
a 9.23 1b−1

2g (0.97) 0.94 0.06
2Ag

a 12.12 6a−1
g (0.96) 0.93 0.07

2B1u 12.55 1b−1
1u (0.94) 0.90 0.10

2B2u
a 14.41 4b−1

2u (0.96) 0.92 0.08
2B2u 14.82 3b−1

2u (0.96) 0.91 0.09
2B3u 15.83 4b−1

3u (0.96) 0.90 0.10
2Ag 17.38 5a−1

g (0.94) 0.89 0.11
2Ag

a 19.62 4a−1
g (0.92) 0.86 0.14

2Au
a 17.56 1b−1

2g 1b
−1
3g 4b

1
1u (0.50), 1b−1

2g 1b
−1
3g 6b

1
1u (0.23) 0.00 1.00

2Au
a 18.10 1b−2

3g 2a
1
u (0.66), 1b−1

2g 1b
−1
3g 4b

1
1u (0.41) 0.00 1.00

2Au
a 20.27 1b−2

2g 2a
1
u (0.60), 1b−1

2g 1b
−1
3g 4b

1
1u (0.43) 0.00 1.00

2B3g 19.88 1b−1
3g 1b

−1
2g 6b

1
2g (0.31), 1b−1

3g 1b
−1
1u 4b

1
1u (0.29), 1b−1

2g 1b
−1
1u 2a

1
u (0.29) 0.00 1.00

2B2g 20.00 1b−1
3g 1b

−1
1u 2a

1
u (0.36), 1b−1

2g 1b
−1
1u 4b

1
1u (0.36) 0.00 1.00

a These states are twofold degenerate. The irreducible representations of the second states are

B3g, B1g, B3u, and B1u for the B3g, Ag, B2u, and Au states, respectively.

Previous investigations showed that the branching ratio between spectator and participator

decay can vary significantly and is sensitive to the molecular electronic structure; for example,

in CH4 and CF4 participator decay contributes no more than 6% to the total decay width,77,78

whereas that number amounts to 21% for the C-edge of CO.79 We thus cannot say with certainty

whether the dominance of the participator channels in benzene found by our calculations is real

or an artifact due to an insufficient description of the electronic structure.

3.5 Resonant Auger spectrum of benzene

Fig. 6 shows the contributions of 1h states and 2h1p states to the Auger spectrum based on

the data in Table 2. This helps to anticipate the different character of the channels in different

energy regimes. The higher Auger electron regime has contributions mostly from participator

decay channels formed by the ionization of outer valence orbitals. As we move towards lower

Auger electron energy, peaks that mostly stem from spectator decay appear. The spectator

decay channels (2h1p channels) are not well described by EOM-IP-CCSD. Hence, we anticipate
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Table 2: Auger electron energies (in eV) and partial decay widths (in meV) for the main channels

in resonant Auger decay of the core-excited 1B1u state of benzene.a

Decay channel Energy Width

2B2g(1b
−1
2g )

b 276.60 1.34 Participator
2Ag(6a

−1
g ) b 273.71 1.07 Participator

2B2u(3b
−1
2u ) 271.01 1.33 Participator

2B3u(4b
−1
3u ) 270.00 1.18 Participator

2Ag(4a
−1
g ) b 266.21 1.76 Participator

2B2u(1b
−1
2u , 1b

−1
2g 6a

−1
g 2a1u, 1b

−1
2g 3b

−1
1g 4b

1
1u)

b 265.50 1.12 Spectator
2B1u(1b

−1
3g 1b

−1
2g 2a

1
u, 1b

−2
2g 4b

1
1u, 1b

−2
3g 4b

1
1u) 264.21 0.75 Spectator

2B2g(1b
−1
2g 1b

−1
1u 4b

1
1u, 1b

−1
3g 1b

−1
1u 2a

1
u) 263.21 0.58 Spectator

a The partial decay widths were computed using a fine integration grid of order 17. b These

states are twofold degenerate. The irreducible representations of the second states are B3g, B1g,

and B3u for the B2g, Ag, and B2u states, respectively.

that this part of the spectrum is not well described and that some account of triple excitations

is needed for these states.

Figure 6: Contributions from participator and spectator decay channels to the resonant Auger

spectrum of the core-excited 1B1u state of benzene at 285.83 eV.

Fig. 7 shows the theoretical Auger spectrum of the 1B1u core-excited state at 285.83 eV

compared with the experimental spectrum56 taken around the 1sC → π∗ resonance at 285 eV.

The peaks in the theoretical spectrum above 270 eV appear exclusively due to participator

decay, and their positions agree well with the experimental spectrum. The peaks between 270

and 265 eV have contributions from both participator and spectator decay channels, whereas
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Table 3: Auger electron energies (in eV) and partial decay widths (in meV) for the main channels

in resonant Auger decay of the core-excited 1B2u and 1B3u states of benzene.a

Decay channel Energy Width

2B2g(1b
−1
2g )

b 278.43 0.64 Participator
2Ag(6a

−1
g )b 275.54 0.47 Participatorc

2B3u(4b
−1
3u )

b 273.25 0.70 Participator
2B2u(3b

−1
2u )

b 272.85 0.59 Participator
2B2u(3b

−1
2u )

b 272.85 0.59 Participator
2Ag(1b

−2
2g 13a

1
g, 1b

−2
3g 13a

1
g, 1b

−2
2g 9a

1
g, 1b

−2
3g 9a

1
g)

b 264.69 0.32 Spectator
2B1g(1b

−1
3g 1b

−1
2g 13a

1
g, 1b

−1
3g 1b

−1
2g 9a

1
g) 264.50 0.52 Spectator

2B2u(2b
−1
2u , 1b

−1
2g 6a

−1
g 2a1u, 1b

−1
2g 3b

−1
1g 4b

1
1u) 264.34 0.35 Spectator

2B2u(1b
−2
3g 8b

1
2u, 1b

−2
3g 5b

1
2u, 1b

−2
3g 7b

1
2u, 1b

−2
3g 10b

1
2u) 263.55 0.52 Spectator

2Au(3b
−1
1g 1b

−1
3g 8b

1
2u, 3b

−1
1g 1b

−1
3g 10b

1
2u) 261.65 0.34 Spectator

2Ag(1b
−2
2g 13a

1
g, 1b

−2
3g 13a

1
g, 1b

−2
2g 9a

1
g, 1b

−2
3g 9a

1
g) 264.50 0.52 Spectator

2B3u(3b
−1
3u , 1b

−1
3g 3b

−1
1g 4b

1
1u, 1b

−1
3g 6a

−1
g 2a1u) 264.34 0.34 Spectator

2B2g(1b
−1
2g 6a

−1
g 1a1g, 1b

−1
3g 3b

−1
1g 11a

1
g) 262.16 0.30 Spectator

2B1u(6a
−1
g 1b−1

2g 9b
1
3u, 6a

−1
g 1b−1

2g 11b
1
3u) 261.65 0.34 Spectator

a The partial decay widths were computed using a fine integration grid of order 17.
b The decay channels are two-fold degenerate. Similarly, core-excited states 1B2u and 1B3u, are

also degenerate.
cThe 2Ag(6a

−1
g ) and 2B1g(3b

−1
1g ) decay channels are degenerate. However, the calculation yields

different partial widths, either due to numeric issues or artefacts using Abelian subgroups. We

report the averaged decay widths for these channels.

the remaining peaks with Auger electron energies below 265 eV arise exclusively from spectator

decay. The agreement between theory and experiment in terms of the position and intensity of

the peaks is rather poor in this energy range. This can be attributed to the poor description

of 2h1p states by EOM-IP CCSD.

Fig. 7 also shows a spectrum in which an empirical redshift of +6.00 eV is applied to the

Auger electron energy of all spectator decay channels to maximize the alignment. We note that

6 eV is a rather substantial redshift of the IEs. In the SI (Fig. S2), we show spectra with other

redshifts; these do not align better.

After applying the global 6 eV shift, the theoretical spectrum aligns better with the exper-

iment, both in terms of the number of peaks and their positions, but substantial disagreement
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Figure 7: The computed resonant Auger spectrum for the core-excited 1B1u state at 285.83 eV

along with the experimental spectrum by Rennie et al.56 A spectrum in which the energies of

all 2h1p channels are shifted by 6.00 eV to higher energy is also shown.

persists. Inclusion of triple excitations, which shifts each peak by a different energy, is clearly

needed to improve the description of 2h1p states and their signatures in the Auger spectrum.

To better understand the effect of the initially excited state, we also computed the resonant

Auger spectrum of the B2u/B3u core-excited state. Fig. 8 compares the spectra of the B1u and

B2u/B3u states; the experimental spectrum is also shown. We observe that the B1u and B2u/B3u

spectra are noticeably different. As anticipated, the B1u spectrum matches the experimental

spectrum much better. However, it is not clear whether the experimental spectrum also contains

contributions from the B2u/B3u state due to insufficient spectral resolution. If this is the case,

these additional contributions could explain the observed discrepancies between theory and

experiment, for example, the peak at around 273 eV in the experimental spectrum.

3.6 Improving the description of the decay channels by including

triples corrections

Table 4 presents the IEs of the decay channels computed using two different noniterative meth-

ods for the approximate treatment of triple excitations on top of EOM-CCSD, namely EOM-

IP-CCSD(T)(a)* and EOM-IP-CCSD(fT). In the case of 1h states, the effect of the triples

correction is less than 0.5 eV. Fig. 9 shows the participator decay spectrum of the core-excited

B1u and B2u/B3u states obtained from EOM-IP-CCSD and EOM-CCSD(T)(a)* calculations.
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Figure 8: Theoretical Auger spectrum of the core-excited B1u and B2u/B3u states compared

with the spectrum measured by Rennie et al.56 at 285 eV.

It is evident that the participator decay channels are well described at the EOM-IP-CCSD level

of theory.

Figure 9: The participator decay Auger spectrum computed using EOM-IP-CCSD and EOM-

IP-CCSD(T)(a)* for the decay channels. (a) 1B1u state, (b) 1B2u/ 1B3u state.

As expected, the magnitude of the triples correction is much larger for the spectator decay

channels, that is, the 2h1p states, ranging between 3 and 6 eV. We were not able to compute

all required 2h1p states with EOM-CCSD(T)(a)*, but we were able to compute the correction

for all spectator decay channels with EOM-CCSD(fT). Fig. 10 shows the total resonant Auger

spectrum of the 1B1u state computed with and without the (fT) correction. The improvement

in the relative position of the peaks due to the (fT) correction is clearly visible, but there is

a stark disparity between experiment and theory in the intensity of the peak around 275 eV.

As we expect participator decay to be more important than spectator decay in this energy
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Table 4: Ionization energies of the lowest ionized states of benzene computed with different

EOM-IP-CC methods. Absolute ionization energies are given for EOM-IP-CCSD and correc-

tions relative to EOM-IP-CCSD for EOM-IP-CCSD(T)(a)* and EOM-IP-CCSD(fT).

State EOM-CCSD (T)(a)* a (T)(a)* b (fT)

2B2g/2B3g 9.23 -0.06 -0.02 -0.23
2Ag/2B1g 12.12 -0.12 -0.10 -0.19
2B1u 12.55 -0.38 -0.24 -0.34
2B2u/2B3u 14.41 -0.14 -0.13 -0.20
2B2u 14.82 -0.22 -0.21 -0.30
2B3u 15.83 -0.18 -0.17 -0.21
2Ag 17.38 -0.25 -0.24 -0.27
2Ag/2B1g 19.62 -0.36 -0.36 -0.38
2Au/2B1u 17.56 -3.36 -3.04 -3.60
2Au/2B1u 18.10 -5.01 -3.42 -3.43
2Au/2B1u 20.27 -5.42 -5.09 -4.94
2B3g 19.88 -5.37 - -3.10
2B2g 20.00 -5.14 - -3.37
2B2u/2B3u 20.55 -4.26 - -3.94
2B1u 21.61 -4.61 - -5.65

a Computed in the 6-311(+)G* basis.
b Computed in the u6-311(2+,+)G** basis.

EOM-IP-CCSD and EOM-IP-CCSD(fT) calculations were carried out in the

u6-311(2+,+)G** basis.

range, the discrepancy might be due to contributions of other core-excited states such as the
1B2u/1B3u state.

Table 4 compares the IEs computed with EOM-CCSD and EOM-CCSD(T)(a)* in the

smaller 6-311(+)G* basis set. With this smaller basis set, we could calculate a larger num-

ber of spectator decay channels. Similar to the calculations in the larger basis set, the triples

correction for spectator decay channels ranges between 3-6 eV.

Fig. S9 in the SI compares the spectra computed with EOM-CCSD and with inclu-

sion of triples correction. Here, we shifted the EOM-IP-CCSD energies calculated in the

u6-311(2+,+)G** basis using the EOM-IP-CCSD(T)(a)* triples correction calculated in the

smaller 6-311(+)G* basis. We note that the (fT) and (T)(a)* corrections computed with a
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Figure 10: The resonant Auger spectrum of the core-excited 1B1u state computed using EOM-

IP-CCSD and EOM-CCSD(fT) for the decay channels.

smaller basis are similar in magnitude.

From this analysis, it is clear that the effect of triple excitations on the 2h1p states can

indeed reach a magnitude of 6 eV. With such a large correction, the accuracy of a perturbative

treatment becomes questionable. Hence, for the reliable modeling of resonant Auger spectra,

inclusion of triple excitations in an iterative fashion might be necessary.

3.7 Describing the spectator decay channels with EOM-DIP-CCSD

Anticipating the poor description of the 2h1p states by EOM-IP-CCSD, we also carried out

EOM-DIP-CCSD calculations. The energies of the 2h states, shifted by the lowest ππ∗ singlet

excitation energy, which amounts to 5.21 eV computed with EOM-EE-CCSD (1B2u), can pro-

vide estimates for the IEs of the 2h1p states, assuming that the excited spectator electron is

relatively far away and interacts only weakly with the molecular core.80 We expect that such

estimate provides an upped bound to the 2h1p EOM-IP states.

The comparison between the 2h EOM-DIP-CCSD states and the 2h1p EOM-IP-CCSD

states is shown in Table 5. As one can see, the DIP states follow the same ordering as IP

states, with their shifted energies being ∼2 eV higher. Hence, one can use DIP calculations to

represent 2h1p IP states, but an additional empirical shift is needed to match the energies.

3.8 Natural Auger orbitals

To better understand the contributions of resonant decay to the Auger spectrum of benzene, we

computed natural Auger orbitals (NAOs)81 for different core-excited states and decay channels.
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Table 5: Comparison between EOM-IP-CCSD energies of 2h1p states and EOM-DIP-CCSD

energies of 2h states. The u6-311(2+,+)G** basis was used in all calculations. States are

matched by their 2h configurations. All values in eV.

State EOM-IP-CCSD EOM-DIP-CCSD EOM-DIP-CCSD, shifteda

2Au/2B1u 17.56 24.85 19.64
2Au/2B1u 18.10 25.48 20.27
2Au/2B1u 20.27 25.92 20.71
2B3g 19.88 25.48 20.27
2B2g 20.00 27.90 22.69

a EOM-DIP-CCSD energy minus lowest ππ∗ singlet excitation energy of benzene computed

with EOM-EE-CCSD/u6-311(2+,+)G**.

Fig. 11 shows the participator decay NAOs for the B1u, and B2u core-excited states.

NAOs provide information about the initial core-excited state and the final decay channels,

which are the 1h states in the case of participator decay. Thus, NAOs are useful for examining

the orbital picture associated with each decay channel. For instance, from Fig. 11, it is evident

that the decay of the B1u core-excited state creates a hole in the 2ag and 1b1g core orbitals

of carbon. The initially excited electron populates the one of the LUMOs (1b2g or 1b3g) ,

which, in turn, takes part in resonant Auger decay, thereby ejecting the Auger electron from

the corresponding HOMOs of benzene (1b2g and 1b3g). The degenerate 1B2u/1B3u core-excited

states generate holes in the 1b2u/1b3u orbitals and in 1ag/2ag orbitals. Fig. 11 indeed shows

that the B2u core excitation corresponds to a 1sc to Rydberg orbitals transition and the removal

of the Auger electron from the 6ag orbital (HOMO-1).

Figure 11: Natural Auger orbitals for participator Auger decay in benzene. Left: Decay of the

core-excited 1B1u state into the 2B1g state. Right: Decay of the core-excited 1B2u state into the
2Ag state.
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4 Conclusions

We presented calculations of the resonant Auger decay spectrum of benzene using the Feshbach–

Fano approach combined with EOM-CCSD wavefunctions and a description of the Auger elec-

tron in terms of plane waves. The calculations reproduce well the higher-energy part of the

experimental Auger spectrum, which is dominated by participator decay. The lower-energy part

of the spectrum, which includes contributions from spectator decay, shows large discrepancies

with experiment.

This shortcoming is anticipated because the spectator decay channels are dominated by

2h1p configurations that are not well described by EOM-IP-CCSD. To improve the description

of this part of the spectrum, we investigated several approaches: an empirical redshift of all

2h1p states by 6 eV, two types of noniterative triples corrections on top of EOM-IP-CCSD, as

well as using EOM-DIP-CCSD energies shifted by the lowest ππ∗ excitation energy of benzene.

The so-corrected spectra agree better with experiment, but discrepancies still persist. The two

triples corrections are in good agreement with each other; however, given the large magnitude

of the correction of up to 6 eV, one may expect that a perturbative noniterative treatment is

not sufficient and that an iterative inclusion of triple excitations is needed instead.

Furthermore, the triples corrections only affect the peak positions, whereas the decay widths

are still computed based on EOM-IP-CCSD and EOM-DIP-CCSD wavefunctions. One may

anticipate non-trivial effects of triple excitations on the decay width, which can affect the spec-

trum. It is also not clear whether the available experiment can reliably isolate the spectra arising

from resonant Auger decay of different core-excited states. The X-ray absorption spectrum of

benzene is dominated by a 1sC → π∗ transition at 285 eV, but there are further core-excited

states just a few electron-volts higher. Our results show that the Auger spectra resulting from

excitations to the two lowest-lying peaks in the X-ray absorption spectrum are different, mean-

ing that one may anticipate considerable changes in the resonant Auger spectrum if the two

peaks are not spectrally resolved. Finally, given the large discrepancies between different ex-

perimental non-resonant Auger spectra of benzene,54 one cannot rule out the possibility that

the experimental resonant spectrum might be affected by some artifacts.
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