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A B S T R A C T

Ab initio theoretical calculations for Auger electron kinetic energies are presented for twenty prominent
Auger peaks for the 3𝑑 transition metals (21 ≤ 𝑍 ≤ 30). These are the twenty Auger peaks listed for these
elemental solids in the National Institute of Standards and Technology (NIST) X-ray photoelectron spectroscopy
database. Adding to these values, over one hundred Auger electron kinetic eigenenergies are calculated for
titanium. Many of these transition lines are not established in current literature due to their relatively small
yields and overlapping widths. These data can be of importance for determination of previously unaccounted
Auger electron peaks with titanium and will be useful for X-ray fluorescence studies into the radiative Auger
effect. The consistency between our values and the empirical data is an improvement compared with previous
binding energy approaches and the methodology is convergent. The methods presented can be extended to
other elements for future investigations of Auger electron kinetic energies which is particularly useful where
current experimental values do not exist. Furthermore, these calculations provide evidence in the success of
multiconfigurational Dirac–Hartree–Fock approaches in complex quantum mechanics.
1. Introduction

Atomic decay processes resulting from an initial K-shell hole provide
valuable insight into many areas of modern physics. These decay pro-
cesses yield electronic and photonic spectra with energies characteristic
to the quantum system. Photon spectra from initial K-shell ionisations
give rise to characteristic X-ray spectra and are important for industry,
tests of complex atomic physics (Dean et al., 2019, 2020), relativistic
quantum mechanics (Nguyen et al., 2022; Dean et al., 2022), and
astrophysics (Chantler et al., 2013).

Here we focus on the Auger effect observed independently by Meit-
ner (1922) and Auger (1923, 1924) in 1922 and 1923, respectively, first
described and studied by Auger throughout the 1920s. Three electrons
are involved in the Auger process and the three shells involved are used
to designate the specific Auger electron. The naming convention for an
Auger electron uses IUPAC X-ray nomenclature, an XYZ Auger electron
is created from an initial X shell vacancy, where an electron in the Y
shell relaxes into it, and the Auger electron is ejected from the Z shell.

Auger electrons offer insight into complex atomic physics with its
main use in surface and materials science. Harris pioneered Auger
electron spectroscopy (AES) in the late 1960s with studies of sulphur in
nickel and various alloys of steel (Harris, 1968a,b). AES uses the sen-
sitivity of Auger electrons to the elemental composition to determine
surface properties of materials. The field has now expanded beyond
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focussing solely on surfaces. It is an important component of X-ray
photoelectron spectroscopy (XPS).

AES relies on accurate data for specific Auger electron kinetic
energies, often referred to as Auger transitions, peaks, or energies.
Much experimental work has characterised these to greater accuracies
and precisions for both elemental substances and compounds. Results
are used for industries such as metallurgy and microelectronics and
by materials scientists to characterise the surface of a wide range of
materials (Lu et al., 2021; Guseinov and Ilyin, 2021; Unger et al., 2020;
Kosugi et al., 2020; Horio et al., 2020).

There is a new interest in an increasing range of elements and
compounds shown by the industrial community for rare-earth-elements
in battery, semiconductor, and photovoltaic cell technologies. For AES
to be of use to studies involving elements and compounds, their re-
spective Auger peaks must be well-characterised. Despite this, even
common elements that have been studied many times are missing Auger
transition information and less-common elements have even less in-
formation. The most comprehensive database, the National Institute of
Standards and Technology (NIST) XPS database (Naumkin et al., 2012),
only has Auger kinetic energies for 58 of the 92 naturally occurring
elements. Hydrogen and helium have no Auger transitions in their
natural state, and elements with fewer electrons have fewer possible
transitions. For titanium, only three Auger transitions are listed out
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of over one-hundred allowed Auger transitions. Although a few Auger
electron energies are dominant in a material; and some transitions have
orders of magnitude lower yields than others, and may not be well-
resolved, the current resolution is enough to cause significant problems
with quantitative analysis.

As spectroscopic techniques improve, especially in different experi-
mental techniques, more peaks will become well-resolved and observ-
able. A lot of insight comes from recent technology and theory for
X-ray absorption spectroscopy (XAS) and X-ray emission spectroscopy
(XES), including new progress on plasmon observation and theory.
Since XPS and AES rely on a database of Auger electron energies, the
more available peaks to compare with experimental data will benefit
industry and scientific fields as more exotic materials are tested. A
database can be purely experimental. However, theoretical values are
also important, and essential when experimental values do not exist or
are unresolved. A comparison between the two reinforces the accuracy
of both.

Performing advanced theoretical calculations and comparing with
accurate experimental values is essential for testing the current stan-
dard. For this work, the multiconfigurational Dirac–Hartree–Fock
(MCDHF) method is used to obtain values for Auger electron kinetic
energies. Therefore, observing values consistent between these calcula-
tions and previous experiments (Naumkin et al., 2012) or predictions
will provide added confidence to these methods.

While important to industry, condensed-matter science, and testing
advanced quantum mechanics, the Auger peak is also important for
state-of-the-art X-ray optics and atomic physics research. High-quality
calibration of characteristic energies is pivotal for understanding key
atomic physics phenomena. Understanding the radiative Auger emis-
sion (RAE) is becoming a new area of interest. RAE occurs when a
photon is emitted along with the Auger electron. The total energy is
shared between the Auger electron and photon, therefore, the edge
photon energy occurs when the Auger electron has zero kinetic energy.
From conservation of energy, this end-point energy will be the energy
of the non-radiative Auger electron. Some of these are now seen in
characteristic X-ray spectra, with an atomic and/or solid state band
theory basis. Therefore, theoretical calculations are essential to achieve
greater accuracies with future RAE satellites within characteristic X-ray
spectra.

The previous theoretical standard for identifying Auger peaks uses
binding energies of relevant energy levels. This method is improved
upon by using a multi-configuration approach with a Dirac–Hartree–
Fock potential by up to 5 eV. We demonstrate this in this work.

2. Background and theory

For an XYZ Auger electron, by conservation of energy, the kinetic
energy of the Auger electron is:

𝐸𝑋𝑌𝑍 = 𝐸𝑋 − 𝐸𝑌 − 𝐸𝑍 (1)

where 𝐸𝑋𝑌𝑍 is the kinetic energy of the XYZ Auger electron and 𝐸𝑖
is the binding energy of the 𝑖th orbital. There are two main approaches
to defining the zero or reference energy for these energies. The conven-
tional solid state, condensed matter, materials perspective is to refer all
to the relevant Fermi energy. The conventional atomic or fundamental
parameters approach is to refer them to the vacuum level as for an
isolated atom. The difference between these is the work function of the
material, which is specific to the quantum system, crystallinity, surface
plane and surface contamination and even temperature for example.
Tabulations of Fermi energies relative to the vacuum level, that is
to say the work function, are found in the literature (Tanuma et al.,
1991; Shinotsuka et al., 2015; Chantler and Bourke, 2022). Kahn (2016)
discusses differences and definitions of Fermi level, work function,
vacuum level, ionisation energy, and electron affinity.

The NIST XPS database defines Auger electron kinetic energies with
2

respect to the Fermi level. Our theoretical model uses free atoms and a
Table 1
Work functions for elemental solids used in this work (Michaelson, 1977).

Element Sc Ti V Cr Mn Fe Co Ni Cu Zn

Work function (eV) 3.5 4.33 4.3 4.5 4.1 4.5 5.0 5.15 4.65 4.33

references the vacuum energy level which is therefore independent of
crystal structure. For comparison, we subtract the work function, listed
for the particular crystal structure that we are comparing with, from our
atomic calculation value. Sometimes the particular crystal structure is
not given, or is polycrystalline, in this instances we compare with the
polycrystalline work function for a particular elemental solid.

Table 1 presents the full list of work functions we use herein.
For example, our atomic calculation obtains a titanium L3 M3N1

Auger electron energy of 425.1 eV, subtracting the work function for
titanium, 4.33 eV (Michaelson, 1977), from this yields the value in
Table 2 of 420.8 eV relative to the Fermi level. Following e.g. Michael-
son (1977), work functions for Fe (metal) can vary from 4.62 eV to
4.81 eV for different planes, and the polycrystalline value appears less
than these by 0.12 to 0.31 eV. Whilst part of this is crystal-plane
dependent, part of this may well be an estimated uncertainty of data
consistency. These values are largely enshrined in the literature as work
functions stemming from work prior to 1977, and little has changed
to these values or their uncertainties since then. Similarly, Ni (metal)
planes vary from 5.04 eV to 5.35 eV so from −0.11 eV to +0.20 eV
elative to the polycrystalline reported value; and Cu (metal) planes
ary by 0.5 eV, from 4.53 eV to 4.98 eV. Theoretical computations of
he work functions using band predictions have been made (Skriver and
osengaard, 1992) and can also vary by 0.5 eV from the experimental

abulations. Greiner et al. (2012) provides a discussion of the challenges
f defining a unique work function or Fermi level especially noting the
urface or oxide contributions. Some uncertainties for materials such
s polycrystalline Cu (metal) have been given as 4.66 ± 0.05 eV under

specific conditions.

3. Theoretical methods

Eq. (1) is incomplete since the transition itself alters the binding
energies. Therefore, the most common theoretical approach to this is
done by taking the mean of the binding energies of the shell of the atom
in question and the shell of the 𝑍+1 atom, leading to a detailed binding
energy method catalog of Auger transitions, primarily following an
atomic-type model (Coghlan and Clausing, 1973):

𝐸𝑥𝑦𝑧 = 𝐸𝑥 − 𝐸𝑦′ − 𝐸𝑧′ (2)

where 𝐸𝑦′ is:

𝐸𝑦′ =
1
2
(𝐸𝑦(𝑍) + 𝐸𝑦(𝑍+1)) (3)

nd is the mean binding energy for the relaxing electron for the atom
nd the 𝑍 + 1 atom, similarly for 𝐸𝑧′ . Since most work in AES is
eferenced to the Fermi energy, we must subtract the work function
ccordingly (Kahn, 2016; Coghlan and Clausing, 1973).

This method is referred to as the binding energy (BE) method and is
sed frequently as an easy way to calculate the Auger electron kinetic
nergy. It is particularly useful when empirical data is lacking, common
or low yield peaks. However, greater accuracy is needed in many
ases such as with overlapping peaks (von Busch et al., 1999), high
ntensity synchrotron experiments (Wallis et al., 2014), testing complex
tomic physics with Auger cascades (Jonauskas et al., 2008), and for
haracterising 4d metals (39 ≤ 𝑍 ≤ 48) (Kleiman, 2002).

With the need for greater accuracy and precision calculations of
uger energies comes a need for a fully relativistic quantum approach,
s opposed to the BE approximation of Eq. (3). This treatment must
onsider the atomic state functions (ASFs) of the initial, intermediate,
nd final states, and their interactions. These ASFs and interactions
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Table 2
Auger electron Kinetic Energies (eV) referenced to the Fermi level (E𝐹 ) for the theoretical results of this work compared with the NIST XPS database (Experiment, Naumkin et al.
(2012)) and the BE method. Differences are defined as: 𝛥 = 𝐸𝑡ℎ𝑒𝑜𝑟𝑦 −𝐸𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 and 𝛥𝐵𝐸 = 𝐸𝐵𝐸 −𝐸𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡. We compare the magnitude of differences between our theoretical values
and the BE Method values to the experimental values in |

𝛥𝐵𝐸

𝛥
|. The greater this value, the better our theoretical approach models the experimental values compared with the BE

ethod. If greater than 1, the new approach is a better representation of the solid state spectra. We also give a statement of significance in dividing 𝛥 by our theoretical method
uncertainty in |

𝛥
𝜎
|. Particular anomalies invite further experimental and theoretical investigation. The citing sources from the NIST XPS database (Naumkin et al., 2012) are given.

he different nomenclature between atomic and solid state physics is shown. Numbers in brackets represent one standard deviation uncertainty from the variance.
Nomenclature Auger Electron Kinetic Energies Referenced to E𝐹 (eV)

Solid State Atomic Experiment,
Naumkin et al.
(2012)

Ref. MCDHF
Theory

𝛥 BE
Method

𝛥𝐵𝐸 |

𝛥𝐵𝐸

𝛥
| |

𝛥
𝜎
|

Sc L2M2M3 L2M2M3 337.1(1.0) Powell (2012) 337.3(4) 0.2 341.3 4.2 21 0.5

Ti KL23L23 KL3L3 4002 Wittberg and Wang
(1983)

4001.0(3) −1.0 4004.3 2.3 2.3 3.3

L23M23V L3M3N1 418.9(4) Powell (2012) 420.8(4) 1.9 425.3 6.4 3.4 4.8

V L23M23V L3M3N1 471.8(4) Powell (2012) 472.4(5) 0.6 472.3 0.5 0.8 1.2
L23VV L3M2N1 510.2 Sawatzky and Post

(1979)
510.7(6) 0.5 515.3 5.1 10.2 0.8

Cr L23M23V L3M3N1 527.3(4) Powell (2012) 528.0(3) 0.7 529.6 2.3 3.3 2.3

Mn L23M23V L2M3N1 586.2(4) Powell (2012) 587.5(4) 1.3 588.6 2.4 1.8 3.3
L23M23M23 L3M3M3 544.3 Vayrynen (1981) 544.0(5) −0.3 542.9 −1.4 4.7 0.6
L23VV L2M5N1 636.6 Vayrynen (1981) 634.8(7) −1.8 634.2 −2.4 1.3 2.6

Fe L23VV L3N1N1 702.7(4) Powell (2012) 701.9(6) −0.8 701.8 −0.9 1.1 1.3
M23VV M3M4N1 48.6(3) Kaurila et al. (1994) 48.2(3) −0.4 47.4 −0.9 2.3 1.3

Co L23VV L3M5N1 773.4(4) Powell (2012) 774.4(4) 1.0 772.9 −0.5 0.5 2.5
M23VV M2M4N1 53.6(7) Powell (2012) 53.2(2) −0.4 53.7 0.1 0.3 2.0

Ni L23VV L3M5N1 846.1 Powell et al. (1981) 845.2(3) −0.9 848.0 1.9 2.1 3.0
M23VV M2M4N1 59.7(7) Powell (2012) 60.2(3) 0.5 63.3 3.6 7.2 1.7

Cu L2VV L2M5N1 938.3 Mansour (1994) 939.9(6) 1.6 948.0 9.7 6.1 2.7
L3VV L3M5N1 914.1 Mansour (1994) 915.2(7) 1.1 928.4 14.3 13 1.6
M23VV M2M5N1 62.4 Seah (1998) 63.4(3) 1.0 70.8 8.4 8.4 3.3

Zn L2M45M45 L2M4M5 1010.7(2) Strohmeier (1994) 1008.3(7) −2.4 1020.3 9.6 4.0 3.4
L3M45M45 L3M5M5 992.4(4) Powell (2012) 992.9(5) 0.5 997.2 4.8 9.6 1.0
a
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are obtained and modelled using a MCDHF approach. This uses the
Dirac–Coulomb–Breit Hamiltonian which includes electron–electron in-
teractions and Breit interactions, which, in natural units (𝑐 = ℏ = 1),
is:

𝐻𝐷𝐶 =
∑

𝑖
(𝛼𝑖 ⋅ 𝑝𝑖 + (𝛽𝑖 − 1) + 𝑉𝑖) +

∑

𝑖>𝑗
( 1
𝑟𝑖𝑗

+ 𝑏𝑖𝑗 ) (4)

where the first term (Dirac) represents the individual electron contri-
bution due to its kinetic energy with 𝑝𝑖 being the momentum of the 𝑖th
lectron, 𝛼 and 𝛽 are the 4 × 4 Dirac matrices, and 𝑉 𝑁

𝑖 is the monopole
electron–nucleus Coulomb interaction. The second term (Coulomb) rep-
resents the two-body electron–electron Coulomb interactions including
a Breit interaction term, 𝑏𝑖𝑗 :

𝑖𝑗 = −(𝛼𝑖 ⋅ 𝛼𝑗 )
cos(𝜔𝑟𝑖𝑗 )

𝑟𝑖𝑗
+ (𝛼𝑖 ⋅ ∇𝑖)(𝛼𝑗 ⋅ ∇𝑗 )

cos(𝜔𝑟𝑖𝑗 − 1)

𝜔2𝑟𝑖𝑗
(5)

where 𝜔 = 𝜖𝑖 − 𝜖𝑗 is the difference in electron energies. For these
quations, we use the zero-frequency approximation where 𝜔 → 0. This
eglects all contributions of order 𝛼4𝑍3 and above.

Diagonalising the Dirac–Coulomb Hamiltonian provides coefficients,
𝑟, that are used with configuration state functions (CSFs), 𝛷(𝛾𝑟𝛱𝐽𝑀),
o give us the full ASFs, 𝛹 (𝛱𝐽𝑀):

(𝛱𝐽𝑀) =
∑

𝑟
𝑐𝑟𝛷(𝛾𝑟𝛱𝐽𝑀) (6)

These CSFs are Slater determinant solutions to the central field
roblem where parity, 𝛱 , angular momenta, 𝐽𝑀 , and electron con-
iguration quantum numbers in 𝛾 are well defined and unique. These
SFs are obtained employing the GRASP2K interactive software which
erforms relativistic atomic structure calculations with the MCDHF
ethod (Grant, 2007; Dyall et al., 1989; Parpia et al., 2006; Jönsson

t al., 2007), modified to incorporate QED (quantum electrodynamics)
ontributions (Lowe et al., 2013) and Breit interactions (Chantler et al.,
014).
3

i

Once the ASFs are obtained for the initial, intermediate, and final
tomic/ionic states transition amplitudes and energy eigenvalues are
alculated. This is done using Fermi’s Golden rule:

𝛹 (𝛼)|𝑇𝐷𝐶 |𝛹 (𝛽)⟩ =
∑

𝑖𝑗
𝑐∗𝑖 (𝛼)𝑇𝑖𝑗𝑐𝑗 (𝛽) (7)

where 𝑇 is the transition operator. Solving for the transition op-
rator is the last step in these calculations and is done using the
igner–Eckart theorem. This step is done using the interactive RATIP

oftware package (Fritzsche, 2001, 2012)
Within this framework, we make use of the sudden limit assumption

uring the ejection and relaxation processes. This states that the ASFs
o not change over the time of electron ejection or electron relax-
tion (Thomas, 1984, 1986). This assumption is not a limiting factor to
ur calculations as it has proven to hold true to < 0.1𝑒𝑉 accuracy (Lowe
t al., 2013; Chantler et al., 2014, 2010).

The calculations are complex, especially for the 3𝑑 metals due
o their open shells. Depending on the species and the level of ac-
uracy calculating for some ASFs require upwards of 100,000 CSFs.
alculations can be performed considering only the shells that contain
lectrons in the supposed ground state or, preferably, the ASF can be
xtended to allow contributions from higher energy shells, providing
econd- and third-order CSFs. The first-order CSFs are those which
nly contain electrons in the canonical ground state, second-order CSFs
llow one electron to be excited above this level and third-order allow
or two. Higher-order CSFs account for deficiencies in the radial wave-
unction, electron–electron correlations and incomplete basis sets. The
ncreased accuracy and convergence naturally increases computational
ime. For example, there are four first-order, 1,114 second-order (one
xcitation), and 144,925 third-order (two excitations) CSFs for the
round state scandium ion with a K-shell hole.

This process is more time consuming than simple binding energy
pproaches. However, our results, below, show that the added effort is

mportant and significant.
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4. Prominent Auger peaks of 𝟑𝒅 transition metals results (breadth)

Numerous databases list experimental Auger electron kinetic ener-
gies (Seah, 1989; Powell, 1995a,b; Seah, 1998, 2003; Powell, 2010,
2012). However, no substantial work has been done on comparison
between these and calculations derived from a full relativistic quantum
mechanical treatment of the Auger process. Whilst this present work is
not comprehensive, it sheds light on the full treatment of the problem
and encourages those who require Auger energies for transitions not
found in the literature to use these methods over the BE method. Of
course, an isolated atomic computation is not obviously a mimic of
a specific band structure problem. The latter may have large widths
of e.g. 6 eV and may be dominated by the method or averaging over
orientation, even ignoring surface or contamination effects. Hence the
current results are most accurate in reference to the vacuum level, for
which the work function estimates given earlier would be subtracted.

The NIST XPS database gives twenty separate empirically derived
Auger electron kinetic energies for the 3𝑑 transition metals (Naumkin
et al., 2012). Within each transition there are many different values
given from different experiments and different compounds. We cite,
where possible, the pure metal form(s) and results reported by the
NIST XPS database as ‘good’ quality data, and include the sources
in Table 2 for each. Unfortunately, many of the values listed do not
give the specific crystal structure of the solid and therefore we are
unable to account for varying work functions. For these, we use the
polycrystalline reference.

Another issue when comparing between experimental values from
solids and theoretical values as calculated for free atoms is the outer-
most electron shells couple with the valence band and are sometimes
poorly defined. This is seen when looking through databases of Auger
kinetic energies that list a particular transition with a ‘V’, for ‘valence’,
in place of IUPAC atomic orbitals. Since we calculate for isolated atoms
using atomic orbitals, we use IUPAC X-ray naming conventions. While
this is a limitation to predict bound systems e.g. oxides, it is striking
that we obtain values closer to the experimental tables for materials
than the current binding energy methods.

Due to the closeness of certain orbital energies, experimental meth-
ods often cannot resolve different eigenenergies and there can be band
structure and level crossing perturbations. For example, the titanium
L3 M3N1 Auger electron energy we calculate has no exactly, directly
corresponding experimental value in the NIST XPS database. Rather,
there is an entry for L23 M23V. This Auger electron spectral line would
consist of at lease four energy eigenvalues when parsing L23 into L2 and

3 and similarly for the M shell. There is also further separation of the
alence shells between the M4, M5, and N1 shells.

Due to the orbital mixing of outermost orbitals into less well-defined
alence orbitals and the closeness of these orbitals with widths resulting
n overlapping energies many experimental values give a dominant
r average peak energy rather than separate transitions. Sometimes,
he separate peaks are well-resolved, as is the case for the NIST XPS
atabase entries for Cu L3VV and Cu L2VV list five and two values
espectively all from the same experiment. These values come from
lots 191-4, 191-9, and 191-14 in Mansour (1994) (Mansour, 1994).
espite the experiment resolving separate peaks well, all are labelled
ith the same Valence label. The BE Method is not accurate enough to
etermine the origins of the separate peaks; but a full MCDHF treatment
f the problem as presented here is able to give each transition peak
ts atomic orbital origin. Plot 191-4 from the Mansour work show five
iscernible peaks for the Cu L3VV which we believe are attributable to
he atomic orbitals M4, M5, and N1. These three orbitals would result
n six separated peaks but due to different yields and widths one has
een hidden. Ultimately, this explains the critical importance of atomic
heory with solid state experiments. Even with orbital mixing of valence
hells, and potential level crossing, the atomic theory that leads to
eparate peaks being observed remains true. In particular, the NIST XPS
4

abel L23 is clearly incorrect, this is (purely) L3 and the L2 Auger spectra a
are well-defined in the experimental data in a separate energy — indeed
where they should be from ab initio theory. This is assisted in context
by the experimental resolution being of order 1 eV (the authors claim
energy resolution down to 0.13 eV, perhaps with experimental and
spectral broadening towards 1 eV, where these multiplets are clearly
separated.

Results we obtain show the relevance and accuracy of atomic theory
to solid state experiment for Auger structure and spectra. These results
surpass the binding energy methods still used to obtain Auger energies
for unknown transitions. The differences between these values obtained
via state-of-the-art MCDHF atomic theory calculations and the current
experiments offer avenues for future research into theoretical solid
state physics. There is ambiguity when comparing with experimental
tabulations which merge or cannot resolve orbitals using, as example,
‘V’ or M23. As mentioned for Cu L3VV this notation arises from valence
orbital mixing and the closeness in energies of orbitals resulting in
overlapping peaks. For example, only one value is given in the NIST
XPS database for Ti L3M23V where there may be up to six, M23 ∈ {M2,

3}, V ∈ {M4, M5, N1}. Notice that for copper as discussed, M23 should
e experimentally separable into {M2, M3}, whereas the small energy
eparations of e.g. {M4, M5, N1} may be merged, unresolved, or subject
o larger perturbations from band structure mixing and level crossing.
his can be seen in works that present figures of the full spectra rather
han tables of peak energies. Wagner (1972) (Wagner, 1972) presents
ata which shows one asymmetric peak for Ti L3M23V which implies it
s composed of several transitions. Hence in Table 2, we choose the
tomic states corresponding to the experimental energies, hopefully
epresenting the dominant single process, where there is any ambiguity.
e present our theoretical values with the work function subtracted

rom the MCDHF value which enables us to directly compare with the
tandard way for reporting experimental values referenced to the Fermi
nergy. Furthermore, we also do this for the BE method.

The BE method uses Eqs. (2) and (3) with the binding energies
ollowing (Bearden and Burr, 1967; Cardona and Ley, 1978; Fuggle
nd Mårtensson, 1980). There may be more accurate data for binding
nergies – e.g. a 1995 work by Cedric Powell has a greater accuracies
or the 2𝑝3∕2 binding energies for the 3𝑑 transition metals (Powell,
995a) – however, we use these references as does the Lawrence
erkeley National Laboratory X-ray data booklet (Thompson et al.,
009) due to their completeness across all shells of each element.

Table 2 compares 3𝑑 transition metals with two metrics for deter-
ining the increased accuracy of the MCDHF approach. We define the
ifference between the prediction of the BE method and the reported
alues in the NIST XPS database as 𝛥𝐵𝐸 = 𝐸𝐵𝐸 − 𝐸𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡, and
he difference between our result and the NIST XPS database as 𝛥 =
𝑡ℎ𝑒𝑜𝑟𝑦 − 𝐸𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡. We present the ratio 𝛥𝐵𝐸∕𝛥 where the greater the
alue the better the MCDHF method calculated in this work models
he experimental data than the BE method. Most results show this to be
reater than unity — that is, the new results are a closer representation
f the material experimental data than the BE method.

The second metric is the difference between our result and the NIST
PS database (Naumkin et al., 2012), 𝛥, divided by the uncertainty, 𝜎,

n our work. The error we report comes from the square of the variance
f the set of energy eigenvalues obtained for each transition. Each
ingle transition has a set of energy eigenvalues due to the nature of
lectron–electron spin coupling for a given atomic state and the spread
f these lead to an uncertainty. In most cases 𝛥 is less than 1 eV or
erhaps two 𝜎𝐸 of the experimental variation; and in most cases 𝛥∕𝜎 is
ess than 3 — that is less than three estimated standard deviations.

These results show remarkable agreement between the MCDHF
pproach and the best available experimental data especially compared
ith BE approaches. This is not the only benefit in using this approach.
here are many more Auger transitions than exist in the NIST XPS
atabase. For example, titanium has two entries whereas there are
ver one-hundred (atomic or solid state) transitions. Theoretical models

llow predictions for these processes especially if experimental values
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Table 3
Ab initio MCDHF calculations for Titanium Auger electron Energies (eV) for initial K-
shell vacancies compared with the BE method. The binding energies are taken from
Fuggle and Mårtensson (1980). The difference between our theoretical values and the
values obtained from the BE method are given as: 𝛥𝐵𝐸−𝑡ℎ = 𝐸𝐵𝐸 − 𝐸𝑡ℎ𝑒𝑜𝑟𝑦. Estimated
significance is given by 𝛥𝐵𝐸−𝑡ℎ

𝜎
. Apparently, no sources give the M45 binding energies

of titanium. * ‘Same as above’ since the source gives the same M2 and M3 energies.
Energy levels Auger Electron Kinetic Energies (eV)

Spectral Line MCDHF Theory BE Method 𝛥𝐵𝐸−𝑡ℎ
𝛥𝐵𝐸−𝑡ℎ

𝜎

KLL KL1L1 3779.9(3) 3782.7 2.8 9.3
KL1L2 3883.5(4) 3886.5 3.0 7.5

Ti KL1L3 3891.2(3) 3893.6 2.4 8.0
Z=22 KL2L2 3989.3(4) 3990.3 1.0 2.5

KL2L3 3995.6(3) 3997.4 1.8 6.0
KL3L3 4001.0(3) 4004.4 3.4 11.3

KLM KL1M1 4311.2(4) 4314.0 2.8 7.0
KL1M2 4338.5(5) 4341.6 3.1 6.3
KL1M3 4339.0(4) * 2.4 8.0
KL1M4 4351.3(4) – – –
KL1M5 4351.6(5) – – –
KL2M1 4415.2(4) 4417.8 2.6 6.5
KL2M2 4442.2(4) 4445.4 3.2 8.0
KL2M3 4442.7(4) * 2.7 6.8
KL2M4 4454.2(3) – – –
KL2M5 4455.3(4) – – –
KL3M1 4422.0(6) 4424.9 2.9 4.8
KL3M2 4449.3(4) 4452.5 3.2 8.0
KL3M3 4449.9(7) * 2.6 3.4
KL3M4 4461.2(5) – – –
KL3M5 4461.6(4) – – –

KMM KM1M1 4841.9(6) 4845.3 3.4 5.7
KM1M2 4869.7(5) 4872.9 3.2 6.4
KM1M3 4870.3(5) * 2.6 5.2
KM1M4 4882.4(4) – – –
KM1M5 4882.7(3) – – –
KM2M2 4897.7(6) 4900.5 2.8 4.7
KM2M3 4898.6(5) * 1.9 3.8
KM2M4 4909.6(5) – – –
KM2M5 4909.7(5) – – –
KM3M3 4898.3(5) 4900.5 2.2 4.4
KM3M4 4909.9(3) – – –
KM3M5 4910.2(2) – – –
KM4M4 4918.1(4) – – –
KM4M5 4918.8(2) – – –
KM5M5 4920.0(2) – – –

are limited by broadening or limited substructure. Due to the broad-
ening and overlapping of spectra, it becomes even more important to
characterise the peak energies with greater accuracy, which we achieve
with the MCDHF approach over the BE approach.

5. Titanium Auger electron kinetic energies (depth)

Here we provide and illustrate the depth of calculations possible for
a particular element, titanium. Most of these eigenvalues do not exist
in experimentally compiled tabulations. Most of these values cannot
be derived from binding energy approaches: because binding energies
are not given for the M4 (3𝑑3∕2), M5 (3𝑑5∕2), or N1 (4𝑠1∕2) shells; or
e.g. Fuggle and Mårtensson (1980) does not differentiate between the
M2 (3𝑝1∕2)and M3 (3𝑝3∕2) electron energies for titanium; and especially
because electron coupling produces separated levels. Yet our MCDHF
approach is able to predict this complexity. Hence ab initio calculations
of Auger peaks are particularly important, since these peaks may be
unnoticed or unaccounted for in high accuracy AES experiments. While
the lack of empirical or BE method values demonstrates the importance
of this work, it means comparisons are generally future work.

We split the results into three tables, one for initial vacancy in the
K shell, Table 3, and two for the initial vacancy in the L shell, Tables 4
and 5. We compare our results with the BE approach where possible.
Results can be achieved through high accuracy MCDHF modelling of
Auger transitions, and will be valuable to the AES community and the
5

X-ray physics community for characterising RAE satellites.
Table 4
Results for Titanium Auger peaks for an initial L-shell hole. Labels as per Table 3.

Energy levels Auger Electron Kinetic Energies (eV)

Spectral Line MCDHF Theory BE Method 𝛥𝐵𝐸−𝑡ℎ
𝛥𝐵𝐸−𝑡ℎ

𝜎

LLM L1L2M1 10.3(4) 12.7 2.4 8.0
L1L2M2 38.8(5) 40.3 2.5 5.0

Titanium L1L2M3 39.1(4) * 2.2 5.5
Z=22 L1L2M4 49.9(6) – – –

L1L2M5 50.0(5) – – –
L1L3M1 16.8(6) 19.8 3.0 5.0
L1L3M2 44.5(4) 47.4 2.9 7.3
L1L3M3 45.1(3) * 2.3 7.7
L1L3M4 56.4(6) – – –
L1L3M5 57.0(7) – – –

L1MM L1M1M1 436.9(5) 440.2 3.3 6.6
L1M1M2 465.2(5) 467.8 2.6 5.2
L1M1M3 465.5(4) * 2.3 5.8
L1M1M4 477.2(4) – – –
L1M1M5 478.3(2) – – –
L1M2M2 491.8(6) 495.4 3.6 6.0
L1M2M3 492.0(3) * 3.4 11.3
L1M2M4 504.7(6) – – –
L1M2M5 505.0(4) – – –
L1M3M3 492.1(8) 495.4 3.3 4.1
L1M3M4 505.1(5) – – –
L1M3M5 505.5(5) – – –
L1M4M4 506.2(6) – – –
L1M4M5 506.6(5) – – –
L1M5M5 506.7(7) – – –

L2MM L2M1M1 336.3(5) 339.5 3.2 6.4
L2M1M2 362.9(8) 367.1 4.2 5.3
L2M1M3 361.3(4) * 3.8 9.5
L2M1M4 376.3(3) – – –
L2M1M5 376.5(5) – – –
L2M2M2 390.1(6) 394.7 4.6 7.8
L2M2M3 390.5(4) * 4.2 10.5
L2M2M4 403.4(7) – – –
L2M2M5 403.5(6) – – –
L2M3M3 391.4(7) – – –
L2M3M4 404.2(5) – – –
L2M3M5 404.4(6) – – –
L2M4M4 404.8(5) – – –
L2M4M5 405.1(6) – – –
L2M5M5 405.2(5) – – –

6. Discussion

AES is widely used for materials characterisation as it provides
high resolution compositional information about the layers near the
surface of a material. Auger electrons have low energies and are readily
scattered, or absorbed, by their surrounding material, so only the Auger
electrons produced by the top few atomic monolayers (0.5 nm–5 nm)
can escape the sample (Ecke et al., 2007; Grainger and Castner, 2011).
This makes AES an excellent technique for analysing the composition
of nanoparticles and surfaces. XPS and AES are preferred techniques
for analysing conductive materials. Heavier elements can have numer-
ous overlapping Auger electron peaks, the peak widths increase with
energy, and the peaks can have very small intensities compared with
the background continuum. These effects can lead to difficulties in
identifying the characteristic peaks of different elements (Raja and
Barron, 2022; Bishop, 2014; Marie and Torbjörn, 2007).

Spectra are further complicated by chemical state effects that can
cause energy shifts or variations in the line-shape (Davis et al., 1976;
Unger et al., 2020). Positively, these measurable changes to the spectra
can differentiate between compounds of the same elements (Marie
and Torbjörn, 2007; Unger et al., 2020). As the nanoscience and thin
film industries continue to grow, better approaches will be needed
to characterise new materials, provide quality control, and facilitate
monitoring of potential environmental contaminants (Rades et al.,
2014). Major features in AES, XPS, XAS and XES can be explained
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Table 5
Results for Titanium Auger peaks for an initial L-shell hole. Labels as per Table 3.

Energy levels Auger Electron Kinetic Energies (eV)

Spectral Line MCDHF Theory BE Method 𝛥𝐵𝐸−𝑡ℎ
𝛥𝐵𝐸−𝑡ℎ

𝜎

L3MM L3M1M1 329.6(5) 333.1 3.5 7.0
L3M1M2 357.9(4) 360.7 2.8 7.0

Titanium L3M1M3 358.4(6) * 2.3 3.8
Z=22 L3M1M4 369.9(3) – – –

L3M1M5 367.2(5) – – –
L3M2M2 384.0(4) 388.3 4.3 10.8
L3M2M3 384.6(4) * 3.7 9.3
L3M2M4 397.5(5) – – –
L3M2M5 397.8(5) – – –
L3M3M3 386.2(6) 388.3 2.1 3.5
L3M3M4 398.6(5) – – –
L3M3M5 399.0(3) – – –
L3M4M4 410.7(7) – – –
L3M4M5 411.0(5) – – –
L3M5M5 411.2(5) – – –

LMN L1M1N1 494.1(5) – – –
L1M2N1 521.7(6) – – –
L1M3N1 521.9(7) – – –
L1M4N1 535.2(4) – – –
L1M5N1 535.2(5) – – –
L2M1N1 393.2(7) – – –
L2M2N1 421.0(6) – – –
L2M3N1 421.5(8) – – –
L2M4N1 434.5(7) – – –
L2M5N1 434.9(5) – – –
L3M1N1 387.0(5) – – –
L3M2N1 416.6(6) – – –
L3M3N1 420.8(4) – – –
L3M4N1 428.1(5) – – –
L3M5N1 428.4(7) – – –

with the help of atomic theory. In particular, Larkins (1982) empha-
sised angular momentum coupling of states as a perturbation of shell
eigenvalues; and authors such as Lund et al. (1997) have recognised
that key components of the spectrum can be viewed, as we present, as
atomic or quasi-atomic. Indeed, the complexity of the density of states
(DOS) while composed of atomic and quasiatomic resonances, also
can include band distribution. It remains compelling to recognise and
address these in order of dominance in the appropriate perturbation
theory in relativistic quantum mechanics.

All of these research areas require a comprehensive database of
Auger peak energies. When the literature lacks a particular peak energy
it is typical to use the BE method. We have shown that this can lead to
incorrect energies of up to 4 eV which are improved upon by using ab
initio MCDHF calculations.

7. Conclusion

Ab initio MCDHF calculations for Auger electron energies have been
performed and show that atomic calculations are typically accurate
to within the 1 eV level. This is in spite of the range of solid state
phenomena that impact upon the measured Auger transition energy.
The atomic calculation is referenced to the vacuum level, and by
subtracting the work function the separation of e.g. eigenvalues is often
dominant and present in solid state spectra. These calculations are an
improvement to the BE method in obtaining Auger transition energies
that are still used where experimental data is lacking. This work is
important for: X-ray optics in obtaining radiative Auger peak energies,
future works on the interplay between solid state and atomic physics,
and materials science and industry for nominating Auger peaks in data
that may not have a current database entry.
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