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a  b  s  t  r  a  c  t

In order  to  simulate  Auger  electron  spectra  (AES),  we propose  the use of the  two-electron  Dyson  prop-
agator  with the  shifted  denominator  approximation  (SD2).  The  double  ionization  potentials  (DIPs)  of
molecules  calculated  using  the  SD2 method  have  shown  good  agreement  with  experimental  data.  This
method  can  be used  to  calculate  each  DIP  separately,  and  reducing  the  matrix  dimensionality  into  that
of only  a two-hole  configurations.  We  carried  out  AES  simulations  of  water  (H2O),  ethylene  (C2H4),  and
formaldehyde  (H2CO)  molecules  and  compared  with  the  observed  spectra.  Furthermore  Auger line  shapes
of glycine  and  hydrated  glycine  molecules  were  simulated,  it found  out that  the peaks  of  nitrogen  K-LL
Auger  were  broadened  due  to hydration.  From  these  results,  we  conclude  that the  SD2  method  is very
useful  for  the  calculation  of DIPs  to  investigate  the  properties  of a double  ionized  molecule.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The double ionization potential (DIP) is defined as the energy
required for the detachment of two electrons from a neutral
molecule, and these have been studied extensively using a variety
of both experimental and theoretical techniques [1,2]. In particular,
Auger electron spectra (AES) are widely used in materials science
to investigate the properties of neutral and doubly-ionized states
of a molecule [3–8]. In early AES studies, the electronic energy dif-
ference method based on configuration interaction (�CI) [9–11]
was used. More recently, coupled cluster (CC) [11] or complete
active space (CAS) [12,13] methods have been used in theoreti-
cal investigations. However, using the �CI,  CC, and CAS methods
to calculate doubly-ionized states is difficult for most systems of
chemical interest because a number of unnecessary excited states
must be included in the calculation.

On the other hand, the particle–particle second-order algebraic
diagrammatic construction (ADC(2)) [14–19] has been widely used
to theoretically study the double ionization process in molecules.
The ADC(2) method is based on analysis of the Feynman diagrams,
which describe the second-order perturbation expansion of the
electron propagator with respect to the Hartree–Fock determina-
tion reference. One advantage of the ADC(2) method is that the
advanced and retarded Green’s functions are treated separately.
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The explicit configuration space of ADC(2) comprises main space
(two-hole configuration; 2h) and subspace (three-hole one-particle
configuration; 3hp), and a large matrix representing the entire
space must be diagonalized. For example, in the case of a formalde-
hyde molecule, the number of configurations of 2h and 3hp space
are 36 and 10,080 dimensions, respectively, in a DIPs calculation
using the Aug-cc-pVDZ basis set.

In our previous work, in contrast to ADC(2), the second-order
two-electron Dyson propagator for the 2h configuration renor-
malizing the other spaces was derived from superoperator theory
and applied to the shifted denominator approximation (SD2) [20].
Although the two-particle propagator can be used to simulate
Auger spectra, as reported by Ortiz [21] and Liegener [22,23], our
new propagator includes higher order electron correlation terms
than the other propagators. The DIPs of small molecules calculated
by the SD2 method have shown good agreement with experimental
data [20]. However the SD2 method includes both the advanced and
retarded functions, namely the causal Green’s function or the Dyson
propagator, each DIP is calculated separately so that the matrix
dimensionality is reduced into only 2h configurations. Because
these features are advantageous for many-core computing, it is
important to investigate the accuracy of AES simulations using
the SD2 methods. In this study, we focus on AES simulations of
water (H2O), ethylene (C2H4), and formaldehyde (H2CO) molecules
and introduce two-hole population analysis into the SD2 method
to evaluate the AES peak intensity. From comparing these simu-
lated spectra with the observed ones, we confirm the validity of
our method.
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Recently, some relaxation process from the core-hole state, such
as intermolecular coulombic decay, have been reported [24,25].
Auger electron spectroscopy is also a sensitive tool for system con-
cerned with proton-transfer [26]. Unger and co-workers revealed
that the proton-transfer-mediated processes were an important
role of chemical reactivity in solution by high-accuracy Auger elec-
tron spectroscopy measurement for hydrated ammonia and glycine
molecules [27]. They, however, didn’t directly illustrate the rela-
tionship between the measurement and the molecular structure
through the AES simulation. Especially, it is a basic subject of inter-
est how AES for the glycine molecule changes in solution. Therefore,
in order to clarify that our method can be applied for systems of
chemical interest, we simulate Auger spectra of the glycine and the
hydrated glycine molecules.

2. Theoretical background

In order to simulate AES using the two-electron propagator,
there are two  steps: (1) Calculation of the vertical double ionization
potentials (DIPs) and (2) peak intensity calculation. In the experi-
mental AES, the DIPs were obtained from the following equation,

Ek = ECEBE − EDIP (1)

where Ek, ECEBE, and EDIP are the peak position in the Auger
spectrum, the core electron binding energy, and the double ion-
ization energy, respectively. In the AES simulations, by assuming
a value of the core electron binding energy, the peak position
of the AES spectra can be directly compared with the calculated
double ionization energy. Several DIP and peak intensity calcu-
lation methods that can be used to simulate AES are described
below.

2.1. Vertical double ionization potentials (DIPs)

In this study, we used the SD2 method to calculate DIPs and
simulate AES. A more detailed description of the SD2 method is
given in Ref. [20], so we  introduce the only critical points here.

The zeroth-order propagator restricts operator averages in the
ground state to the Hartree–Fock configuration, and therefore cor-
responds to the double Koopmans energy. Electron correlation and
relaxation effects are considered in the first- and second-order
energy-independent and dependent self-energy terms. From the
correlation and relaxation terms, we obtained the following explicit
expression of the self-energy element of the second-order two-
electron Dyson propagator (2nd):
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where the indices i, j and a, b represent occupied and unoccupied
spin orbitals, respectively. And Pij is a permutation operator and
exchanges indices i and j in the following term. tim,ab and ij||kl
correspond to the MP2  amplitude and anti-symmetrized Coulomb
repulsion. A shifted denominator approximation (SD2) of the

self-energy term for the 3hp configuration was then obtained from
substitution of the following terms,
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The first order diagonal element from the 3hp configuration
gives a particular ladder diagram up to infinite order for the second
order self-energy. In a practical DIP calculation, we  can construct
the self-energy matrix by calculating all elements of the 2h space,
obtaining the diagonal self-energy
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Using a pole search method based on the Dyson equation, a ver-
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(
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with two-hole orbitals i and j is obtained at the

point of convergence using the following equation:
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where εi + εj is the double Koopmans energy. In the pole search,
the pole strength is also obtained. The pole strength indicates the
contribution of the two-hole state, which is the main configuration,
to the DIP.

2.2. Peak intensity: Two-hole population analysis

For the Auger transition intensities, we  employed the two-hole
population analysis reported by Tarantelli, Sgamellotti, and Ceder-
baum [19]. This method is a simple implementation of Mulliken
population analysis. We  restricted the formulation to the 2h com-
ponents of the eigenvectors in the atomic orbital (AO) basis,∣∣ij(s,t) =

∑
p,q

U(s,t)
pq,ij

∣∣pq(s,t) (4)

where the superscripts s and t denote singlet and triplet spin mul-
tiplicity, respectively, and ij and pq are MO  and AO hole indices,
respectively. The matrix elements U(s) and U(t) can be worked out
in terms of the HF eigenvector matrix of LCAO coefficients C,

U(s,t)
pq,ij

= CpiCqj ± CqiCpj, (5)

where plus and minus signs are corresponding to singlet and triplet
states, respectively. The overlap matrices over the AO 2h functions
are expressed as

O(s,t)
pq,rs = SprSqs ± SpsSqr (6)

where S is the basis set overlap matrix. It is straightforward to
express the 2h part of the propagator’s eigenvector Xn for the n-
th two-hole state in terms of the AO 2h function. We  obtain a new
vector Yn as follows,

Yn = UXn (7)

Therefore, the contribution of the AO 2h function to the total
weight of the n-th state is

Qpq,n = PnYpq,n

∑
rs

Yrs,nOpq,rs (8)

where Pn is the pole strength of the n-th two-hole state. For inten-
sities of the triplet final states, the values have been multiplied by
factor of 1/3. The sum of terms Qpq,n, where both p and q refer to
basis functions on a given atom A, is the one-site localization hole
on A for the n-th state. Similarly, we  obtain the two-site character
of a state for each pair of atoms A and B. We  will discuss the validity
of one- and two-site characters to the Auger transition intensities.
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