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ABSTRACT: Two-dimensional spectral mapping is used to visualize how resonant
Auger−Meitner spectra are influenced by the site of the initial core−electron excitation
and the symmetry of the core-excited state in the trifluoroethyl acetate molecule
(ESCA). We observe a significant enhancement of electron yield for excitation of the
COO 1s → π* and CF3 1s → σ* resonances unlike excitation at resonances involving
the CH3 and CH2 sites. The CF3 1s → π* and CF3 1s → σ* resonance spectra are very
different from each other, with the latter populating most valence states equally. Two
complementary electronic structure calculations for the photoelectron cross section and
Auger−Meitner intensity are shown to effectively reproduce the site- and state-selective
nature of the resonant enhancement features. The site of the core−electron excitation
and the respective final state hole locality increase the sensistivity of the photoelectron
signal at specific functional group sites. This showcases resonant Auger−Meitner decay
as a potentially powerful tool for selectively probing structural changes at specific
functional group sites of polyatomic molecules.

The phenomenon commonly referred to as the “chemical
shift” originates from the binding energy of inner-shell

electrons’ sensitivity to the local chemical environment. It
implies that X-ray photoelectron spectroscopy (XPS) is a
unique tool for the quantitative exploration of conformational
changes,1 surface chemistry,2 and structure in nanoscale
materials.3 This effect has long been showcased by ethyl
trifluoroacetate,1 C4H5O2F3, commonly referred to as the
“electron spectroscopy for chemical analysis (ESCA) mole-
cule”, with four carbon atoms each located in distinct chemical
environments. This unique configuration makes it an ideal
system to exploit the chemical shift to explore how localized
electronic states influence the evolution of the system.
However, in the case of inner-shell photoionization, it was
shown that Auger−Meitner (AM) decay populates identical
dication states in the ESCA molecule irrespective of the site of
the core−hole4 and that fragmentation patterns are not
affected significantly by which carbon site is core-ionized,
making a clear case that all memory of the original core−hole
site is lost in the AM transition.5

The C 1s near-edge X-ray absorption fine structure
(NEXAFS) spectrum of the ESCA molecule was recently
analyzed, and spectral features associated with resonances at
each of the four carbon sites were identified, including three
intense resonant features originating at the CF3 site.

6 Several
studies have explored the site selectivity in the resonant AM
decay following core excitation, based on factors such as the
chemical environment, the energy of the excited state, or its
symmetry, benchmarked by the experiments outlined in refs

7−9. A recent study on HNCO by Holzmeier et al. found only
minor differences in resonant AM spectra for excitation at C,
N, or O sites, or for different intermediate states,10 while de
Moura et al. found that excitation at different nitrogen sites in
phthalocyanine leads to visible changes in the spectra.11 These
examples highlight the complexity of resonant photoemission
and that there are often subtle factors which determine the
probability for populating final valence states even when site
selectivity is possible. By recording the AM spectrum as a
function of incident photon energy over the range of the
NEXAFS spectrum, once again this work shows that the ESCA
molecule can showcase site-dependent transitions, and for a
single carbon site we can study how the symmetry of the
excited valence state affects both participator [also called one-
hole (1h)] and spectator [two-hole one-particle (2h-1p)]
decay processes.
In order to address these questions, our study adopts a

combined theoretical and experimental approach. We interpret
the experimental spectra by calculating transition rates for 1h
and 2h-1p electronic states for both direct valence and
resonant ionization. We find significant resonant enhancement
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at particular states when exciting the COO and CF3 carbon
inner-shell electrons, with a somewhat lesser effect observed
for the CH2 and CH3 sites. For excitation of the CF3 electron
we find both strong participator decay for the excitation to the
π* state and predominantly spectator decay after resonant
excitation to valence states of σ* character. Our findings show
that significant enhancement of features occurs when both the
core-excited and final-state hole orbitals are spatially local to
the absorbing atom site. This demonstrates a high sensitivity of
the resonant AM decay signal to specific structural regions of
polyatomic molecules. This could enable functional group
selectivity in future time-resolved resonant AM decay studies
of excited-state dynamics.12−14

The experiment was performed on the FlexPES beamline at
the MAX IV synchrotron radiation facility in Lund, Sweden.15

Electron spectra were measured using a VG R4000 Scienta
electron analyzer with the spectrometer lens mounted at 54.7°
with respect to the plane of polarization.16 Valence photo-
electron spectra were measured with a total resolution of 45
meV. The electron spectra were recorded with 130 meV
resolution. The kinetic energy was calibrated by recording the
Ar L-MM AM and 2p photoelectron spectra at a 290 eV
photon energy. The Ar L-MM energies were taken from
Pulkkinen et al.17 The photon energy was calibrated as
described in ref 6. The electron maps were corrected for the
photon flux measured by using an AXUV 100 photodiode from
IRD. No second-order features were visible. Valence electron
spectra in Figure 2 are corrected for relative photon flux.
Two complementary levels of theory are used to capture the

separate valence photoelectron and AM electron contributions
to the spectrum. Here, we briefly summarize these calculations;
more detailed descriptions are found in the Supporting
Information.
The valence photoelectron calculations extend previous

work using equation-of-motion coupled-cluster singles and
doubles (EOM-CCSD)18 to model the NEXAFS of the ESCA
molecule.6 EOM-CCSD Dyson orbitals are computed in the
CFOUR program19 and used with the ezDyson software20,21 to
compute the cross section using radial Coulomb waves.22,23

This approach goes beyond approximating the cross section
with Dyson orbital norms,24,25 which neglects the interaction
of the outgoing electron with molecular frame [sudden
approximation (SA)] and is known to describe the cross
sections of low kinetic energy poorly. However, the single
point charge approximation is less rigorous than accurate
multicentered B-spline techniques providing a detailed
description of the molecular frame effects by defining a new
multicentered basis for the outgoing electron wave function.26

AM decay is challenging for accurate theoretical methods; it
is a two-electron process involving the ejection of an electron
into the continuum. Recently, methods using the Open-
Molcas27 implementation of the multireference restricted
active space self-consistent field (RASSCF) method28,29 with
second-order perturbation theory (RASPT2) to include
dynamic correlation corrections to the energies30 have been
developed. This includes the spherical continuum for
ionization (SCI) approach developed by Grell et al. which
describes the continuum using a spherically averaged potential
of the bound state cation.31,32 Tenorio et al. also implemented
the one-center approximation using atomic integrals for the
continuum with RASSCF/PT2 calculations, yielding compa-
rable results to the SCI method at a reduced cost.33 Methods
neglecting the continuum by an electron population analysis

add no additional cost to the electronic structure calculation
and are attractive for larger systems and for probing ultrafast
dynamics with time-resolved AM decay.12 Recently, de Moura
et al. successfully interpreted the large trans-H2-phthalocyanine
molecule decay using a population analysis approach.11 Here
we use the method developed by Mittani et al.,34 where the
AM intensity is approximated by the electronic populations of
the molecular orbitals on the core−hole atom in the core-
excited state wave function and is described in detail
elsewhere.34−36 This approach is similar to the one employed
by de Moura et al.; however, it in neglects the lifetime
interference contributions which were found to have a minor
influence on the results.11

In order to correctly account for the competing core-
excitation and direct valence ionization processes produced by
complementary levels of theory, the separate theoretical
contributions were normalized to 1. Then the resonant AM
spectra were scaled by a factor derived from the ratio of the
total valence ezDyson photoelectron cross section and the
EOM-CCSD core-excitation cross section from a previous
calculation.6 The scaling factor is constant for final states for a
given core excitation; the formula and values used are given in
the Supporting Information.
In Figure 1b, we show the 2D electron emission map

measured as we scan the photon energy through the resonance

region near the C 1s thresholds for the four carbon atoms in
the ESCA molecule. In the map the linear dispersion of the
one-hole final states is clearly visible as the direct valence
ionization appears as diagonal lines starting at 285 eV photon
energy. The intensity of the direct photoionization is

Figure 1. Electron yield spectrum (a) and 2D AM map (b) obtained
by measuring electron spectra at photon energy intervals of 100 meV
across the resonance range. The spectrum in the top panel contains
the integrated electron intensity at each photon energy (left axis).
Calculated oscillator strengths (right axis) for transitions from the
four carbon sites are shown with bars in (a).6 In the 2D map, the
electron spectra are presented as the photon energy is scanned
through the resonance region. The electron spectrum placed on the
left-hand edge of the 2D plot highlights the direct valence
contributions (seen as diagonal features in the plot). The color bar
on the right indicates the electron intensity.
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essentially constant over this photon energy range. The map
also clearly highlights the resonant contributions to final states
at the photon energies corresponding to resonances. In Figure
1a the integrated electron intensity at each photon energy is
plotted, indicating the intensity of resonances for excitation of
C 1s electrons from the different color-coded sites in the ESCA
molecule.6 Valence states are populated via direct photo-
ionization and decay of the core-excited states. For example,
the outermost valence state appearing at 274 eV kinetic energy
exhibits only weak enhancement at the resonances visible in
Figure 1a while the states at slightly lower kinetic energy are
significantly enhanced at the most intense resonance energies.
We will analyze the direct valence photoelectron and

resonant participator AM contributions to the spectra
separately in Figure 1b, while the resonant spectator
contributions are presented in the SM. The valence electronic
states are identified in the 120 eV photoelectron spectrum;
then, theoretical calculations analyze the resonance features to
unravel how the changes in spectral line shapes relate to the
original core−electron excitation site and the molecular hole
orbitals in the final states.
Figure 2 shows a comparison between theory and experi-

ment for the valence photoelectron spectra measured at

photon energies of 120 and 265 eV; no previous measurements
of this spectrum have been reported in the literature. The
binding energies of the ionized molecular orbitals have been
calculated at the EOM-CCSD/cc-pVTZ level using the
CFOUR code19 (see Table 1), and the cross sections are
obtained with the ezDyson code.21,23 We find excellent

agreement between the experimental and the calculated
spectra. This enables us to identify the participating molecular
orbitals, which are labeled A−J in Figure 2a. These labels are
also used to classify the individual transitions in Table 1. If
multiple states lie under the same peak, they are labeled A1,
A2, etc. The Dyson orbitals for each transition are given in the
left column of the orbital tables in the Supporting Information.
We note that for the two highest binding energy peaks I and J,
there is a small overestimation in the EOM-CCSD binding
energies, which is expected for high-energy valence cation
states in larger systems where the molecular orbital picture is
less valid.37 However, our results show that EOM-CCSD
sufficiently describes the electron-correlation effects in photo-
ionization processes for all the cation states in the molecule.
This is not guaranteed by density functional theory based
methods that optimize the cation wave functions with an
overlap criterion.11

Figure 2a shows that the theory correctly identifies peaks E,
D, and C as the major contributions and correctly describes
the relative shape across the spectrum. This result suggests that
the ezDyson method is a promising approach for the
challenging simulation of mid-sized (>10 atoms) polyatomic
molecular photoelectron spectra, with few examples in the
literature.37−40 The ezDyson calculation considers the
potential of the molecular frame only as a point charge of +1
centered at the centroid of the contributing Dyson orbital. The
strength of this approximation is further demonstrated by
Figure 2b, which compares valence photoelectron spectra
between 120 and 265 eV. The calculation captures the
reduction in the experimental cross section with excellent
agreement. This indicates that electrons with kinetic energies

Figure 2. Comparison between experiment and theory for the direct
valence photoionization spectrum of the ESCA molecule. (a)
compares the CSSD calculated spectra with ezDyson cross
sections21,23 to the experiment at 120 eV. Peaks have been labeled
A−J, and the calculated ionization energies, Dyson orbital norms, and
cross sections are given in Table 1. (b) Comparison of the change in
cross section between 120 and 265 eV between the experiment and
ezDyson spectrum. The experimental spectra are scaled according to
the photon flux.

Table 1. Direct Valence Photoionization Energies (eV),
Dyson Orbital Norms (Sudden Approximation Cross
Section), and the 120 and 265 eV ezDyson Cross Sections
(a.u.) of the ESCA Molecule Calculated by EOM-CCSD

statea
binding energy

(eV)
Dyson
norm σ 120 eV (a.u) σ 265 eV (a.u)

A1 11.46 0.943 0.129 0.033
A2 11.95 0.958 0.123 0.017
B1 13.34 0.943 0.085 0.019
B2 13.74 0.965 0.066 0.009
B3 14.18 0.945 0.201 0.037
B4 14.80 0.950 0.060 0.013
C1 15.27 0.957 0.224 0.023
C2 15.39 0.954 0.258 0.077
D1 15.98 0.944 0.230 0.069
D2 16.15 0.939 0.260 0.056
D3 16.15 0.958 0.291 0.055
E1 17.04 0.935 0.328 0.059
E2 17.06 0.958 0.286 0.053
E3 17.21 0.931 0.348 0.057
E4 17.64 0.953 0.125 0.019
F1 19.39 0.936 0.112 0.025
G1 20.63 0.945 0.201 0.063
G2 20.70 0.955 0.180 0.055
G3 21.10 0.938 0.150 0.017
H1 22.45 0.995 0.107 0.017
I1 24.77 0.919 0.220 0.047
J1 26.03 0.875 0.082 0.019

aStates have been assigned with respect to the peak assignments given
in Figure 2.
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around 100 eV have little interaction with the molecular frame
of the ESCA molecule. This is further supported by the good
experimental agreement of the SA spectra shown in the SM
(Dyson orbital norms are given in Table 1). Approximations
for the cross section with EOM-CCSD Dyson orbitals or
Coulomb waves vastly reduce the computational effort and
complexity of more sophisticated methods.26 This suggests
that they are suitable approaches for simulating time-resolved
photoelectron spectroscopy experiments that probe ultrafast
dynamics,41 which requires spectral computation across
numerous conformers.25

The 2D electron emission map in Figure 1 illustrates
differences in the intensities of the 1h final states. To
investigate these differences further, we focused our analysis
on specific electron spectra corresponding to intense and
relatively isolated resonance features, indicated by color-coded
bars in Figure 1a. Specifically, we examined the COO 1s → π*
resonance at 288.3 eV, the CF3 1s → π* resonance at 293.3
eV, and the CF3 1s → σ* resonance at 295.6 eV, as reported by
Sorensen et al.6 These spectra are shown in Figure 3 on a

binding energy scale together with the nonresonant spectrum.
A comparison with the off-resonance spectrum reveals that all
features observed in the direct valence spectrum are enhanced
during resonance. However, different excitation energies
exhibit noticeably distinct enhancements. The most striking
features occur in the 11−16 eV binding energy range for the
COO 1s → π* excitation (288.3 eV) and around 21 eV for the
CF3 1s → σ* resonance (295.6 eV). We denote these regions
as resonant features X and Y, respectively. Interestingly, for the
COO excitation at 288.3 eV, the 2h-1p states above 21 eV are
also significantly enhanced. However, the spectral line shape
for the CF3 1s → π* resonance exhibits minimal changes
compared to the off-resonant signal, as illustrated in Figure 3.
In Figure 4a, the experimental 2D spectrum is compared to

the calculated 1h spectrum, which includes valence photo-
electron and participator AM final states. Features X and Y are
highlighted in the comparison. In Figure 4b, the experimental
spectra measured at the COO 1s → π* and CF3 1s → σ*
resonances are presented alongside the calculated direct and
resonant final 1h state spectra. The green and orange sticks
show the respective participator AM and valence photo-
electron contributions to the theoretical spectra, calculated by
the RASSCF/PT2 and EOM-CCSD levels of theory,

respectively (see the Supporting Information for details). We
note that although the 1h final states appearing in the direct
and resonant spectra represent the same set of ground-state
orbitals, their descriptions and binding energies differ slightly
between the different levels of theory used (inducing a minor
artificial broadening to the theoretical line shape in Figure 4).
As accurate and scalable calculations simulating both
phenomena under a common theoretical description are
scarcely available, we show that two different levels of theory
for the separate direct ionization and resonant AM
contributions provide a complementary analysis of the
experiment. In the SM we provide a 1-to-1 mapping between
the orbital shapes from the different calculations, where the
RASSCF 1h natural orbitals from the separate COO 1s → π*
and CF3 1s → σ* calculations are shown in the tables
containing the EOM-CCSD Dyson orbitals. These natural
orbitals result from the diagonalization of the first-order
density matrix and represent linear combinations of 1h Slater
determinants optimized during the RASSCF calculation.
Despite that the AM decay calculations exclude the

continuum electron wave function, Figure 4a shows that they
effectively capture both features X and Y and the absence of
orbital-specific enhancement at the 293.30 eV resonance very
well. Here, we aim to explain the presence of features X and Y
by discussing two factors related to the site and state selectivity
of resonant AM decay: (i) the strength of the core excitation
and (ii) the overlap of the ground-state occupied orbitals with
respect to the core−hole site.
Substantial resonance intensity is a prerequisite for detecting

a significant change in the spectrum and is evident in the
experimental map in Figure 1 where strong resonant features
translate into higher intensity in the 2D map. However, if this
was the sole factor behind resonant enhancement of features X
and Y, then similar features would be expected to occur at all
significant resonances in Figure 1, such as the CH2 and CF3 1s
→ π* resonances at 290 and 293 eV, which is not the case.
Therefore, features X and Y can not only be rationalized by the
intensity alone but require a closer study of the orbitals.
State-selective enhancement is most clearly observed for

feature Y, and Figure 4b(i) shows that there are three final 1h
states under this peak as identified in Figure 2 and Table 1.
The natural orbital of the state at 20.55 eV is shown in Figure
4c(i). Visual inspection of this and the other two natural hole
orbitals (Supporting Information) reveals a significant spatial
overlap with the CF3 core−hole site. This is experimentally
verified in Figure 5, which shows the experimental intensities
of the valence states B, D, F, and G (Figure 2 and Table 1)
plotted as a function of photon energy. Figure 5 exhibits a peak
in the yield for the states associated with peak G at a 295.6 eV
photon energy.
Feature X at the 288.3 eV resonance is seen over a broader

EB range (13−18 eV) than Y and is therefore more complex to
interpret as it involves a larger number of contributing final 1h
states. This resonance is dominated by the COO 1s → π*
excitation; the Supporting Information orbital tables show that,
generally, the natural orbitals in this EB range are not all
spatially confined to the COO site. However, Figure 4 c(ii)
shows that the natural hole orbital at the enhancement
maximum binding energy (15.06 eV) does strongly overlap
with the COO core−hole site. However, though feature X is
less spatially selective than Y, its increased strength can be
attributed to the involvement of a larger number of
contributing final states. This is reflected by the experiment

Figure 3. Resonant AM spectra measured at 288.3, 293.3, and 295.6
eV are presented on a binding energy scale together with the direct
valence spectrum measured at 265 eV. Each spectrum was summed
over a width of ±0.2 eV.
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in Figure 5 which principally shows peaks for 1h final states B
and F, with smaller contributions from states D and G at 288.3
eV.
Figure 5 reiterates the importance of the core-excitation

strength in determining the degree of AM decay. The
intensities of the four 1h states are shown as a function of
photon energy. Excitation of a C 1s electron at the CH2/CH3
site (287 eV) results in the enhancement of state B. At the
288.3 eV peak (COO 1s → π*) the same state is strongly
enhanced in addition to state F, while states D and G increase
only slightly. For CF3-based excited states that we observe at

the CF3 1s → π* state at 293.3 eV, all four states exhibit
enhancement. At 295 eV (the CF3 1s → σ* state), states F and
G experience a significant increase in intensity, while state B
shows a moderate increase. At 297 eV (CF3 1s → 3p), the state
labeled G in Table 1 is strongly enhanced; both states B and F
also show increased intensity. These trends highlight that apart
from the excitation site, the molecular orbitals of the final
states significantly influence the results.
A significant contribution of the electron yield originates

from spectator (2h-1p) final states. Figure 1b shows that at
each resonance the enhancements are observed at kinetic
energies below 265 eV, which mostly correspond to the 2h-1p
final states. While this signal still depends on the core-
excitation strength it will be more reliant on the overlap of the
occupied valence orbitals to core−hole site. This is clearly
observed between the COO 1s → π* and CF3 1s → σ* spectra
shown in Figures 1 and 5; the former overlaps with more
occupied valence orbitals (discussed in Figure 4) and has a
stronger and broader signal in this region. At kinetic energies
below 265 eV, the observed increase in the photoelectron
signal with increasing photon energy is possibly due to
additional contributions from nonresonant AM decay, which
would increase as the photon energy passes more C 1s
ionization potentials (Figure 1a). The kinetic energies for the
nonresonant AM decay electrons begin at 260 eV and
therefore overlap with the 2h-1p decay channel.4 In the SM
we include the 2h-1p final states in the theoretical resonant
spectra shown in Figure 4. At a photon energy of 288.3 eV, the
inclusion of the 2h-1p final states improves the overall
agreement with experimental data, particularly for binding
energies above 18 eV. At the 295.6 eV resonance the

Figure 4. Theoretical analysis of the resonant enhancement features due to participator AM decay channels observed in the experimental spectrum.
(a) (i, ii) Experimental and theoretical 2D AM maps. The theory map contains calculated resonant photoelectron spectra at 288.3, 293.3, and 295.6
eV. The theoretical off-resonant lines were calculated at 288.3 eV by EOM-CCSD. (b) (i, ii) Experimental (black dotted) and theoretical (black
solid) 1D spectra at photon energies 288.3 and 295.6 eV. The theoretical resonant spectra (black dashed) are a combination of the RASSCF/PT2
calculated AM participator (Auger 1h) channels (green dashed) and the EOM-CCSD ezDyson calculated direct photoionization (PES 1h)
channels (orange dashed). (c) (i, ii) RASSCF natural orbitals involved in the resonant enhancement regions X and Y. The calculated Auger 1h
spectra were shifted so the lowest energy binding peak was aligned to the calculated PES 1h spectra by 0.05 eV at 288.3 eV, 0.06 eV for 293.3 eV,
and 0.8 eV for 295.6 eV.

Figure 5. Intensity of valence states B, D, F, and G plotted as a
function of photon energy. The labels in the legend correspond to
those in Table 1. The partial yields are scaled for equal intensity at
285 eV. The total yield from integration of all measured electrons is
shown in the plot with the same scaling.
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calculation shows there is little spectator contribution to the
intensity in the shown binding energy region of the spectrum,
and the experimental line shape is well represented by the final
1h states alone.
In conclusion, we have analyzed the evolution of selectively

excited states near the C 1s thresholds in the ESCA molecule
by interpreting measured AM spectra via calculations of the
core, intermediate, and valence molecular orbitals and
transition rates for all final states. The core-excited states
show a high degree of selectivity, and the ESCA molecule
showcases this in both the site- and state-selective population
of AM states. The calculation, utilizing EOM-CCSD to obtain
Dyson orbitals and Coulomb waves to describe outgoing
photoelectrons, shows very good agreement with the
experimental valence electron spectrum, supporting the
continued use of this method for photoelectron spectroscopy.
We find that several transitions exhibit preferential enhance-
ment upon excitation of certain inner-shell electrons and
motivate the investigation of two features for excitation at the
COO and CF3 sites by RASSCF/PT2 and approximate
population analysis of AM intensities. We show that a low-
level theory for the intensity, which adds no additional cost to
the electronic structure calculation by neglecting the
continuum wave function, sufficiently captures enhancement
features in resonant AM decay. Therefore, this approach is well
suited to simulating AM decay spectra across multiple
structures from dynamics simulations. The results reveal a
high sensitivity of the resonant AM decay signal when both the
core-excited and the final state hole orbitals are spatially local
to the absorbing atom site. This enables the possibility for
resonant AM decay to be a functional group selective probe in
future time-resolved dynamics studies of polyatomic molecules.
Recently, time-resolved AM spectroscopy was proposed to
settle a debate on the mechanism of ultrafast internal
conversion in the ethylene cation to provide a more
structurally sensitive probe than previous XAS studies.13,42

Future theoretical studies may verify our findings by employing
the one-center approximation, which evaluates absolute decay
rates with atomic integrals and can produce results in good
agreement with experiment.33 Furthermore, the inclusion of
dynamic correlation via PT2 is a major computational
bottleneck and prevents a full-spectrum decay calculation.
Multiconfigurational pair-density functional theory43 adds
dynamic correlation to RASSCF wave functions with minimal
additional computational overhead. Future studies using these
methods will enable a more comprehensive analysis of larger
systems and excited-state dynamics experiments.12
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