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Experimental quantification of site-specific
efficiency of Interatomic Coulombic Decay
after inner shell ionization

Catmarna Kiistner-Wetekam® "™, Lutz Marder® !, Dana BloB', Carolin Honisch!, Nils Kiefer,
Clemens Richter?3, Simon Rubik!, Rebecca Schaf!, Christina Zindel® !, Marko Férstel® 4, Kirill Gokhberg?>,
André Knie® !, Uwe Hergenhahn 23 Arno Ehresmann® ', Ptremysl| Kolorenc 6™ & Andreas Hans® '

Interatomic Coulombic Decay (ICD) and related interatomic and intermolecular autoioniza-
tion mechanisms are ubiquitous decay processes of excited atoms and molecules in an
environment. It is commonly accepted that the efficiency of ICD of an ionized atom in a
cluster increases with an increasing number of nearest neighbors. Here, we present a method
for experimental validation of this assumption by a site-specific and quantitative comparison
of ICD and its main competitor, Auger decay, in core-level ionized Kr clusters. Our results are
in quantitative agreement with scaled theoretical calculations on Kr,.
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are nowadays known to be ubiquitous mechanisms for the

relaxation of electronically excited states in dense media.
The theoretical prediction of Interatomic Coulombic Decay
(ICD) in 1997 re-opened a rapidly growing field of experimental
and theoretical research>~. In ICD, the energy stored in an
electronic vacancy of an atom is transferred to a remote neigh-
boring atom or molecule, thereby ionizing it. If local auto-
ionization is energetically forbidden, ICD may be the only
accessible nonradiative relaxation mechanism. ICD has now been
studied extensively and proven to occur in van der Waals-bonded
(e.g., rare gas or molecular clusters) and hydrogen-bonded sys-
tems (e.g, water clusters, liquids, and microsolvated
biomolecules)*. While early experimental work®~10 focused on
ICD of electronic inner-valence vacancies, the initial states may
be prepared in various scenarios, including inner-shell
photoionization! 12, (resonant) Auger decay cascades!3-17,
electron'®1? or jon impact?®. Also, other energy or charge
transfer processes have been identified; for more details, see
reviews in refs. 24, From early?! and more recent?? theoretical
works, it has been commonly accepted that the efficiency of ICD
increases linearly with the number of nearest neighbors available
as decay partners. Although efficiency is a crucial parameter to
estimate the importance of all nonlocal processes and their
inclusion into models of real-life scenarios, experimental valida-
tions of this important and strong assumption using different
systems and methods are rare. Only evidence from two experi-
ments has been reported so far: in large Ne clusters, a wider
Lorentzian decay width of the 2s photoline (indicating faster
decays) was found for the bulk component compared to the
surface component8. If assumed that the radiative decay width is
negligible, which was proven some years later?3, the larger width
for the bulk photoelectron peak provides evidence that, indeed,
the ICD efficiency is higher for atoms with more neighbors. In
water clusters, the ICD efficiency was determined quantitatively
as a function of mean cluster size>* and was shown to increase
from small to larger clusters. However, in these systems, several
factors (nature of the hydrogen bond network, competition
between ICD and nuclear dynamics*4) complicate an inter-
pretation with respect to the number of nearest neighbors. Also,
results for each size were averaged over all sites in the respective
clusters. With the purpose of establishing a universal method to
quantify the ICD efficiency, we investigate a specific variant of
ICD, namely core-level ICD, which was just recently observed in
van der Waals clusters'2. In contrast to ICD after inner-valence
ionization, core-level ICD is a decay channel of inner-shell
vacancies and therefore a competitor of the local Auger decay.
Since the Auger decay rate is independent of neighboring atoms,
experimental determination of the branching ratio between these
competing processes in a single measurement enables us to
evaluate the relative efficiency of the ICD process with respect to
the Auger decay.

N onlocal interatomic and intermolecular decay processes

Results

We study the specific case of decay after Kr 3d photoionization.
Since radiative decay of such shallow core-levels is typically
negligible, the dominant relaxation pathway of the 3d core
vacancy is Auger decay, leading to the well-known MNN-Auger
spectrum?>26 and leaving one atom of the n-atom Kr cluster in a
one-site dicationic state with two 4p vacancies:

Kr+(3d_l)Krn—l - Kr2+(4p_2)Krn—l + eguger (1)

The competing core-level ICD process is sketched in Fig. 1: the
transition energy is transferred to a neighboring atom leading to a

Fig. 1 Schematic representation of core-level ICD in Kr clusters. The black
dots represent the electrons occupying the 3d, 4s, and 4p shells in Kr,
where fine structure splitting of the orbitals has been neglected for
simplicity. The 3d core vacancy (depicted as a white dot) is filled by a
valence (4p, orange dot) electron from the same atom, and the released
energy is transferred to the neighboring atom, which is thereby ionized. The
ICD electron is shown as an orange dot (4p electron), leaving the second
Kr atom.

two-site delocalized dicationic state of the cluster:
Kr™(3d")Kr,_, — Kt (4p HKr"(dp HKr,_, + ey (2)

The number of nearest neighbors of the initially 3d-ionized
atom and, as we will show, the efficiency of the ICD process
depends on the position of the atom in either the bulk or the
surface of the cluster. In this experiment, we achieve site sensi-
tivity by coincident detection of the Auger or ICD electron with
the respective 3d photoelectron. The 3d photoelectron shows a
spectroscopically measurable difference in binding energies for
atoms at different cluster sites, e.g., for atoms on the surface or in
the bulk of a cluster, due to differences in screening?’.

Experimental results. The high-energy part of the Auger spec-
trum, attributed to Kr III 4p~2 final state configurations, and the
corresponding core-level ICD features, detected in coincidence
with the 3ds,, fine structure photoelectron component, are shown
in Fig. 2a. The 3ds;, photoelectron spectrum of Kr, which is
presented in Fig. 2b, is well separated into atomic and cluster
signal, with the latter being further distinguished into signals
originating from surface or bulk atoms, respectively?”. The blue
and green shaded areas in Fig. 2b indicate ranges of binding
energies in which photoemission preferentially occurs from only
one of the two types of sites; filtering for electron pairs with a
photoelectron falling into one of these intervals is therefore well-
suited to establish conditions under which the site-selective Auger
and ICD spectra can be observed, presented in Fig. 2a (surface:
green solid trace, bulk: blue dashed trace).

Each spectrum in Fig. 2a is normalized to the intensity of the
M;sN, 5N, 5 Auger electron spectrum with the final configuration
of 4p=2 (on the right-hand side of the dashed line), and it is
already obvious that the core-level ICD signal originating from
bulk atoms has a higher intensity relative to that of the surface
atoms. The ICD to Auger decay ratio as a measure of the relative
ICD efficiency is obtained by integrating and comparing the
signal for both competing processes after background subtraction.
To evaluate the ICD efficiency as a function of the average
number of neighboring atoms, we determined the branching ratio
for electrons in coincidence with photoelectrons with binding
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Fig. 2 Coincidental 3ds,, photoelectron, Auger and ICD electron spectra.
a High-energy Auger and core-level ICD electrons detected in coincidence
with 3ds,, photoelectrons from bulk (blue dashed) and surface (green
solid) of Kr clusters each normalized to equal area of the MsN, 3N 3 Auger
spectrum between 52.1 and 59.2 eV kinetic energy. b Spectrum of the Kr
3ds,, photoelectron measured in coincidence with Auger or core-level ICD
electrons for atoms and clusters in a partially condensed cluster jet. The
cluster signal is additionally split into surface and bulk signals. The blue and
green shaded areas indicate the electron kinetic energy ranges used to
identify the coincident events shown in a.

energies varying in 0.1 eV steps across the photoelectron cluster
peaks. The resulting ratios are shown in Fig. 3.

We observe a significant increase in the core-level ICD
efficiency during the transition from atoms located at the surface
to those located in the bulk. This is directly correlated to the
number of nearest neighbors, which increases from 6 (corner) to
12 (bulk) atoms. Note that due to the intrinsic width of the
states?”, we cannot resolve different surface states corresponding
to corner, edge, and face atoms. We observe, however, an
increasing ICD branching ratio for surface atoms with lower
binding energies, which is a strong indication that indeed
different surface sites contribute to the signal in this range.

Theoretical calculations. For a better quantitative evaluation of
the experimental ICD branching ratios, we performed theoretical
calculations of the expected value in Kr, dimers. As in ref. 22, we
have employed the non-relativistic Fano-ADC(2)x-Stieltjes
method?® to compute total and partial decay rates of the 3d
vacancy in Kr, dimers. The partial rates were determined through
operators Pg, projecting on individual decay channels within the
final states configuration space as described in refs. 2%30. The
calculations were performed using the cc-pwCV5Z-PP basis set,
in which the scalar relativistic effects are taken into account via a
10-electron effective core potential (ECP). To better represent the
continuum, the basis was further augmented by 5s, 5p, 5d, and 5f
continuum-like Gaussian functions®!. For further details, see the
supplementary material in ref. 22, At the equilibrium interatomic
distance Req = 4.0 A of the Kr, dimer, the total calculated ICD
probability is (0.09 + 0.01)%. However, if only the 4p~2 one-site
Auger decay channels are taken into account, as in the present
experiment, the ICD probability increases to (0.13 +0.01)% per
neighboring atom. Based on the icosahedral structure of the
cluster?’, this results in an ICD to Auger decay branching ratio of
(0.78 £ 0.06)% for corner atoms to (1.56 +0.12)% for bulk atoms.
The calculations reproduce the experimental values of
(0.63£0.12)% to (2.07+0.20)% reasonably, except for an
underestimation for bulk atoms. We expect this discrepancy to
originate mainly from two contributions which are not con-
sidered in the theoretical model. First, ICD with next-nearest
neighbors may contribute stronger for bulk than for surface

10
N
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0 ']' + + : it 8
o 15 theory bulk ) + } g
2 $ 4 6 o
_§ 1.0 + + 4 N

theory corner
S 05 tt )
92.6 9.8 93.0 93.2
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Fig. 3 Cluster-site dependent ICD branching ratio. The left y-axis shows
the ICD branching ratio in percent (black squares), i.e., the ICD electron
intensity normalized to the total intensity of ICD and Auger electron signals
as a function of the photoelectron binding energy, and the right y-axis
shows the corresponding absolute scale given by the product of the
absolute photoionization cross section ¢ and the ICD branching ratio ficp.
The error bar shows the statistical error for the branching ratio; the error for
the absolute scale is not shown due to unknown uncertainties from used
literature values. The two black dotted lines indicate the theoretically
calculated values for the ICD branching ratio of bulk and corner atoms. The
corresponding photoelectron spectrum is shown in the background (gray
shaded area).

atoms, as the contribution is non-negligible32. Second, the aver-
age interatomic distance is somewhat smaller for bulk atoms,
resulting in a higher ICD decay rate.

To support this conjecture, we have evaluated the 4p=2 ICD to
Auger decay branching ratio as a function of the interatomic
distance in the dimer, see Fig. 4. In the region around 4.0 A, the
experimental value for the bulk atoms can be reproduced by
assuming the internuclear distance in the bulk to be shortened to
about 3.93 A, which seems entirely plausible.

Finally, we mention that relativistic effects might play a role.
Indeed, according to the full four-component description of the
Auger decay in a Kr atom, they might account for as much as
20% of the decay rate33. However, recent more accurate Fano-
ADC(2,2) calculations®* suggest that the non-relativistic theory
with scalar relativistic effects accounted for through ECP can fully
reproduce the experimental Auger rates if double Auger decay
channels are included. Since these channels are filtered out in the
present coincidence experiment, the Fano-ADC(2)x method
combined with ECP is the appropriate method for its
interpretation.

ICD probability on an absolute scale. Using atomic reference
data, we can determine the ICD probability on an absolute scale.
The absolute photoionization cross section of Kr 3d of 3.35 Mb at
137.5 eV photon energy3” and the intensity ratio of 3ds/, to 3ds,
of 1.4520 yields the absolute Kr 3ds,, photoionization cross sec-
tion of 0=1.98 Mb. The atomic branching ratios of the Auger
decay following 3ds/, photoionization2® were then used to obtain
the branching ratio of Auger decays into 4p~2 final states as
Bauger = 21.5%. Multiplication of this value with the ICD
branching ratio (black dots shown in Fig. 3) yields the site-specific
ICD branching ratio ficp, with respect to the initial photo-
ionization. Finally, the core-level ICD probability can be put on
an absolute scale by multiplication of the absolute photoioniza-
tion cross section ¢ and the branching ratio ficp, the result of
which is depicted in Fig. 3 (right y-axis). The calculated ICD
probability o - Bicp must be multiplied by the total uncertainty of
the used literature values, namely the 3d photoionization cross
section, the 3ds/, to 3ds, ratio, and the Auger decay branching

COMMUNICATIONS PHYSICS| (2023)6:50 | https://doi.org/10.1038/s42005-023-01166-4 | www.nature.com/commsphys 3


www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01166-4

35
o
B 257
2
c e,
(8] '-.
S 1.5
0 "._.-
=)
©
05553 39 40 41 42
RKerr(A)

Fig. 4 Computed ICD branching ratio. ICD branching ratio as a function of
the internuclear distance R of Kr atoms in a dimer scaled linearly with the
number of nearest neighbors (12 atoms) for bulk atoms in an icosahedral
arrangement, calculated using the Fano-ADC(2)x (extended second-order
algebraic diagrammatic construction) method.

ratio into 4p~2 final states and the statistical error shown in Fig. 3.
But the uncertainties of the literature values are unavailable.
Additionally, we assume that the atomic quantities are valid for
clusters.

Conclusion

In conclusion, we experimentally quantified the dependency of
ICD rates on the number of nearest neighbors by measuring the
ratio of ICD events to the competing Auger decay using
electron—electron coincidence spectroscopy. The obtained ICD
efficiency of up to (2.07 +£0.20)% is in good agreement with our
theoretical calculations. Due to overlapping states of different
surface sites, a linear dependence cannot be confirmed unam-
biguously. Good agreement between theory and experiment
suggests, however, that except for a slight underestimation of bulk
values, state-of-the-art theory explains the reality satisfactorily.
Additionally, we estimated absolute ICD cross sections using
atomic reference data. We emphasize that the experimental
method we present is universal as long as local and nonlocal
decay can be spectroscopically separated. This makes it poten-
tially applicable to more complex systems, e.g., molecular clusters
or liquids, in which quantification of ICD efficiencies is still
lacking.

Methods

Experimental technique. The experiment was performed at the Helmholtz-
Zentrum Berlin (BESSY II) using synchrotron radiation at the UE56-2 PGM-2
beamline’®. The experimental set-up for electron-electron coincidence spectro-
scopy consists of a magnetic bottle type time-of-flight electron spectrometer3” and
a cryogenic cluster source cooled by a liquid N, cryostat. The cluster jet was
produced by the supersonic expansion of gaseous Kr through an 80 um conical
copper nozzle (30° full opening angle) cooled to T'=130 K and with a back
pressure of p =540 mbar. It passed a 1-mm skimmer before crossing the mono-
chromatic synchrotron radiation. Note that under these experimental conditions,
the target jet will contain both clusters and uncondensed atoms. Using empirical
scaling laws38, the mean size of the clusters is estimated to be (N) = 177 atoms. At
137.5 eV exciting-photon energy, a —39 V retardation potential was applied to the
electron drift tube to resolve individual channels of the Auger electron spectrum.

Data acquisition and evaluation. The presented data has been recorded over
102 min and contains 1.1 million events of electron-electron coincidences. These
events were measured in time intervals of two consecutive synchrotron pulses
(circulation time between two pulses: 800 ns) to estimate the number of accidental
coincidences and eliminate these from the measured data.

In Fig. 2b, the obtained photoelectron spectrum is shown in the form of a
histogram of all measured events within the given kinetic energy interval. The
time-of-flight data is calibrated to kinetic energies using the well-known atomic
M;N, 3N, 5 Auger electron features?®. The spectra of true coincidental events in
energy ranges assigned to photoelectrons from cluster surface or bulk sites, as
indicated by the shaded areas in Fig. 2b, are depicted in Fig. 2a and show the
corresponding Kr MsN; 3N, 3 Auger and core-level ICD spectra.

To obtain the ICD branching ratios (see Fig. 3), we used a sequence of 0.1 eV-
wide filters across the cluster photoelectron spectrum and determined the
coincidentally measured Auger and ICD electron spectra for each slice. After
background subtraction, we integrated the Auger (Iuger) and ICD (Iicp) signals,

respectively, and thus calculated the ICD branching ratio B, =

ICD.
TpugerHicp

Computational method. The partial ICD and Auger decay widths were computed
using the Fano-ADC-Stieltjes method?®34. This method relies on the
Fano-Feshbach theory3?, according to which a resonance state is composed of a
bound |®) and continuum | Xﬂ-,é‘,;> components, where the continuum component

describes the motion of the free electron of energy ¢ in the open channel . The
partial decay width associated with a specific channel is given as

Xp.cs > ’2 @)

where E, ~ (®|H|®) is the real part of the resonance energy. The total width is
obtained from Eq. (3) by summing over all open channels.

To represent the required multielectron wave functions, we employed the
ADC(2)x method for the Green’s function in the intermediate state
representation®0. It allows to separate the electronic configuration space into the
subspace Q, containing the bound components, and the subspace P of the final
continuum states. The channel projectors Py were constructed using the
generalized localization procedure as described in ref. 2. The subspace of the
closed channels is then defined as Q=1 — Z,;Pﬁ. The Diagonalization of the
projected electronic Hamiltonians, QHQ and PHP, provides |®) and |X[3‘5/;)' Since

Ty = 27|(®IF

square-integrable Gaussian type functions were used as the basis set in the
calculations, we employed the Stieltjes imaging technique*!42 for proper
normalization of the continuum component.

The calculations were performed using the cc-pwCV5Z-PP basis set, accounting
for the scalar relativistic effect via a 10-electron effective core potential. For an
improved representation of the continuum electronic states, the basis was augmented
by 5s-type, 5p-type, 5d-type, and 5f-type Kaufmann-Baumeister-Jungen continuum-
like functions3! (for further details, see the supplementary material of ref. 22).
Restricted Hartree-Fock reference state and the two-electron integrals required by the
ADC methodology were obtained using MOLCAS quantum chemistry package?3.

Data availability
Data shown in this study are available from the corresponding authors (A.H., CK.,, and
P.K.) upon reasonable request.

Code availability
The code used in this study is available from the corresponding authors (A.H., CK,, and
P.K.) upon reasonable request.
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