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Efficiency of core-level interatomic Coulombic decay in rare-gas dimers
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In this work we investigated the competition between the local Auger decay and core-level interatomic
Coulombic decay (ICD) processes in core ionized rare-gas dimers. We computed the respective partial decay
widths for the 4d vacancy in Xe2, XeKr, and XeAr, as well as for the 3d vacancy in Kr2. We found that the
efficiency of ICD is strongly increased with decreasing interatomic distance and decreasing energy transfer
in the decay step. The ICD-to-Auger ratio in the Franck-Condon region, where the decay occurs, is at most
0.26%. However, it reaches a few percentage points in larger clusters and becomes amenable for experimental
observation. The small value of the branching ratio is due to large interatomic distances in the dimers (4–4.4 Å).
Our results also indicate, in accordance with previous measurements, that in hydrogen-bonded and microsolvated
clusters, where the distances between the monomers are 2–3 Å, core-level ICD should become an important
pathway for charge redistribution following the absorption of hard x-rays.
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I. INTRODUCTION

Studying the response of small organic molecules which
contain a covalently bound high-Z atom to the action of hard-
x-ray radiation is the first step in understanding the avalanche
of processes initiated by x-rays in biomolecular samples [1].
Hard x-rays are predominantly absorbed by the heavy atom
so that a deeply lying electronic core vacancy is formed. A
short time later the molecule becomes multiply ionized and
is destroyed in a Coulomb explosion. While the ultimate fate
of the molecule is clear, the pathways by which the energy
and charge are redistributed throughout and the characteristic
rates of electron and nuclear dynamics are much less so. The
details of energy and charge redistribution has been sought
in a number of experiments which involve iodinated organic
molecules interacting with a short XFEL pulse of up to few
tens of femtosecond duration [2–6]. Thus, it was found that,
within 10 fs following the creation of a vacancy in the L-shell
of iodine in five-iodouracil [4], the total molecular charge
can be as large as 14. By this time the molecule loses all
its hydrogen atoms, while the C–C, C–N, and C–O bonds
grow by a few percentage points and become fully dissociated
after 30 fs. This spectacular rate of charge accumulation
and redistribution is attributed to the absorption of multiple
photons in the XFEL pulse, and to the ultrafast nature of
the Auger decay cascades initiated by the creation of the L
vacancy in the iodine. In particular, while the initial stages of
the cascade involve tightly bound iodine electrons and lead
to the accumulation of positive charge on the I atom, the
later stages involve electrons from the delocalized molecular
orbitals of the organic fragment. Therefore, the accumulation
of positive charge and its spreading over the molecule proceed
simultaneously as part of a fast Auger decay cascade.

This prompt charge redistribution initiates nuclear
dynamics which result in the destruction of the molecule

within a short time of only a few tens of femtoseconds.
However, biomolecules are normally surrounded by a
solvating layer of water molecules. It was proposed that such
a solvating layer might hinder the breakup of the irradiated
molecule by taking up some of the generated positive charge
[7,8]. The charge redistribution mechanism between the
molecule and protective layer will certainly depend on the
molecular sample and the frequency and intensity of the
laser. Thus, it was argued that, in XeAr clusters, which
can serve as a suitable model for more complex solvated
systems, irradiated by intense extreme-ultraviolet (XUV)
light it occurs as the result of electron dynamics and spatially
nonuniform electron-ion recombination in a nanoplasma
[9,10]. Alternatively, charge-transfer processes between the
multiply ionized sample and the atoms or molecules in the
solvating layer might also drive the charge redistribution.
These processes include electron transfer [2] and electron-
transfer-mediated decay (ETMD) [11–13]—all of which start
following the termination of the Auger decay cascade.

Electron transfer over the distance of a few angstroms
characteristic for the solvated systems takes a short time
of only a few tens of femtoseconds [11]. Although fast, it
is still slower than the charge redistribution in covalently
bound molecules which proceeds within a few femtoseconds,
apace with the Auger decay. However, a little consideration
shows that, in weakly bound systems, the Auger decay runs
concurrently with a process whereby the relaxation of a core
vacancy on one atom or molecule leads to the emission of
an electron from a neighbor. Such a process was originally
put forward to explain the broadening of core photoemission
lines in the x-ray photoelectron spectra of metal oxides and
halides [14,15]. It is an energy-transfer process between an
electronically excited atom or molecule and its weakly bound
neighbor, which results in the ionization of the latter, and
as such it is related to interatomic Coulombic decay (ICD)
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[16]. Originally, the ICD process was formulated for the
systems where Auger decay or local autoionization were
energetically forbidden. However, later research showed that
local autoionizing states may also decay via energy transfer to
and ionization of the neighbor, and indeed that this process
can dominate the local decay [17–22]. Due to the close
mechanistic relation to ICD, it is usual to refer to such decay
pathways of autoionizing states as ICD. For the relaxation of
a core vacancy, such process is usually called core-level ICD
[22]. Importantly, in a solvated molecule this process would
produce the positive charge directly in the solvation shell and
prevent its accumulation on the molecule.

Both core-level ICD and the Auger decay contribute to
the relaxation of core vacancies in a weakly bound chemi-
cal environment. The total decay rate of a core vacancy is,
therefore, larger than the Auger rate of the corresponding
states in the gas phase. This implies that, if it takes place,
charge redistribution via ICD following the absorption of an
x-ray photon is very fast. Its efficiency, however, depends on
the magnitude of the ICD-to-Auger branching ratio. Earlier
works in ionic solids argued that this ratio is low and the
broadening of photoemission peaks can be explained by the
coupling to phonons [23,24]. Later accurate calculations of
Auger spectra in XeFn, which arise from the decay of a 4d
vacancy in Xe, showed that ICD becomes dominant for the
number of neighbors n > 4 [25]. The presence of core-level
ICD in water clusters and liquid water was suggested by the
appearance of a high-energy shoulder on the O(1s) peak in the
Auger-electron spectra, which indicated that two-hole states
delocalized over two water molecules were populated [26].
Careful theoretical analysis of the spectra found that the ICD-
to-Auger ratio in liquid water can be as high as 2 : 3 [27,28]. A
clear experimental signature of core-level ICD was observed
following core ionization of metal cations in KCl and CaCl2

solutions [21,22]. The experimentally determined ICD-to-
Auger branching ratios for K+ and Ca2+ were 1.9% and 9.5%.

The efficiency of ICD depends strongly on three parame-
ters: the amount of energy transferred from the excited species
to its neighbor (virtual photon energy [29]), the distance
between the participating monomers, and the number of ion-
izable nearest neighbors [30,31]. Indeed, the increase in the
efficiency of the core-level ICD in the series of hydrated
K+ and Ca2+ cations was attributed to the shortening of the
respective ion-oxygen distances [22]. However, the effect of
shorter interatomic distances might be offset by the increase
in the virtual photon energy. Thus, the ion-oxygen distance
in Mg2+(H2O)6 is 0.4 Å shorter than in Ca2+(H2O)6 [32].
However, the theoretical ICD to KLL-Auger branching ratio
in Mg2+(H2O)6 is only 3% [11] as compared with 9.5% found
for Caaq

2+. The discrepancy can be explained by the fact
that core-level ICD in Mgaq

2+ involves virtual photon energy
(≈1200 eV) which is three times larger than in Caaq

2+.
Since the rare-gas clusters are composed of weakly in-

teracting atoms, they are particularly suitable systems for
elucidating the details of electronic processes in condensed
media [33,34]. Of particular importance for the study of the
core-level ICD process is the recent development of a new
electron-photon coincidence technique which allows us to
isolate weak core-level ICD signals in electron spectra of
such clusters [35]. Indeed, recent application of this technique

allowed accurate determination of core ICD signal in Ar
clusters [36]. The availability of suitable experimental meth-
ods together with theoretical calculations should lead to a bet-
ter understanding of this important charge-redistribution pro-
cess. To investigate in detail the effect of virtual photon energy
and interatomic distances on the efficiency of the core-level
ICD we computed ab initio and present below the Auger and
ICD rates of Xe+(4d−1) state in Xe2, XeKr, and XeAr dimers,
as well as the respective rates for the 3d vacancy in Kr2.

II. COMPUTATIONAL METHODS

To compute the electronic decay width of an unstable elec-
tronically excited state one needs, in addition to computing
the decaying state itself, to know which final states are ener-
getically allowed and which are forbidden. Since Xe+(4d−1)-
R (R = Xe, Kr, Ar) vacancy decays both in the Auger and
ICD processes, the decay channels can be both of RXe2+

and of R+Xe+ character. To find the decaying states and the
open and closed one-site and two-site channels, we computed
the respective single-ionization energies of the Xe+(4d−1)-R
states together with the double-ionization energies at differ-
ent interatomic distances. The results are presented as the
potential-energy curves (PECs) of the corresponding states,
which are obtained by adding a ground-state PEC to the
ionization energies. All computed PECs were adjusted so that
the values at infinite separation correspond to the experimental
NIST values [37] or to the experimental binding energy of
the Xe+(4d−1) state. Since the PECs were computed by
nonrelativistic methods, we used the weighted averages over
the spin-orbit split multiplets to determine the energies of the
atomic terms.

The single- and double-ionization energies were computed
within the framework of the nonrelativistic algebraic
diagrammatic construction (ADC) method as formulated
for the Green’s functions [38] and for the two-particle
propagator [39]. The extended second-order ADC(2)x
scheme [40] was used for the single-ionization potential,
while the strict second-order ADC(2) scheme was used for
the double-ionization potential. The aug-cc-pwCV5Z basis
set was used on argon [41], and the cc-pwCV5Z-PP basis
set on xenon [42] and krypton [42] atoms. A 28 electron
effective core potential (ECP) [43] and a 10 electron ECP
[43] were used for xenon and krypton atoms, respectively, in
order to take the scalar relativistic effects into account. The
Hamiltonian matrices were diagonalized by using the iterative
block-Lanczos procedure [44] which allows fast convergence
to the ionization main states.

As discussed below, the decay of the core vacancies oc-
curs in the Franck-Condon region around the equilibrium
geometries of the electronic ground states. The equilibrium
geometry corresponds to the minimum of the respective PEC,
while the Franck-Condon region can be defined as the width
of the ground-state vibrational distribution. The PEC of the
Xe2 ground state was computed by using the semiempirical
HFD-B formula [45] which combines the multipole expansion
for the long-range behavior of the potential curve with the
exponential repulsive wall. The empirical parameters were
taken from Ref. [46]. The XeAr and XeKr ground-state PECs
were computed by using the coupled cluster singles, doubles,
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and perturbative triples [CCSD(T)] method using the MOLPRO

package [47]. The same basis sets and effective core potentials
as in the calculation of ionization energies were used. To
obtain the ground-state vibrational wave function in the PEC
of interest we used the relaxation method [48].

The partial ICD and Auger decay widths as well as the total
decay width of the Xe+(4d−1)-R states were computed by
using the Fano-ADC-Stieltjes method [49]. This method relies
on the Fano-Feshbach theory [50,51], according to which
a resonance state is composed of a bound |�〉 and contin-
uum |χβ,εβ

〉 components, where the continuum component
describes the motion of the free electron of energy εβ in
the open channel β. The partial decay width into a specific
channel is given by

�β = 2π |〈�|Ĥ − Er |χβ,εβ
〉|2, (1)

where Er ≈ 〈�|Ĥ |�〉 is the real part of the resonance energy.
The total width is obtained from Eq. (1) by summing over all
open channels.

To construct the bound-like and continuum components of
the resonance wave function we used the ADC(2)x method for
the Green’s function. The intermediate-state representation
formulation of ADC [52] allows us to separate the electronic
configuration space of the problem into the decaying state
subspace Q and the subspaces Pβ corresponding to the final
states of different processes. To this end, we employ the gen-
eralized localization procedure as described in Refs. [12,53].
To determine Pβ , the two-hole-one-particle (2h1p) sub-blocks
of the ADC(2)x Hamiltonian, defined by the particle orbital
p, are successively diagonalized. Resulting symmetrized 2h1p
configurations approximately describe scattering states which
correspond either to open or closed two-hole decay channels.
By comparing the obtained eigenvalues to the accurate ener-
gies of the final states, the symmetrized 2h1p configurations
can be assigned to individual channels β and used to construct
the projectors Pβ . The subspace of the closed channels is
then defined as Q = 1 − ∑

β Pβ . The diagonalization of the
projected electronic Hamiltonians HQQ and HPβ Pβ

provide |�〉
and |χβ,εβ

〉. Since square-integrable Gaussian-type functions
were used as the basis set in the calculations, we employed the
Stieltjes imaging technique [54–56] for proper normalization
of the continuum component.

Restricted Hartree-Fock reference state and the
two-electron matrix elements necessary for the width
calculations were obtained using MOLCAS quantum chemistry
package [57]. The cc-pwCV5Z-PP basis set was utilized
on xenon and krypton, while the aug-cc-pwCV5Z basis set
was used on argon. To better describe the pseudocontinuum
of electronic states the basis sets on Ar, Kr, and Xe were
augmented by 5 s-type, 5 p-type, 5 d-type, and 5 f -type
Kaufmann-Baumeister-Jungen continuum-like functions
[58] (see Supplementary Material [59]). High energies of
Auger and core-level ICD electrons require large numbers
of additional functions in the basis sets to better describe
faster oscillations of the scattering wave functions. The scalar
relativistic effects were taken into account by including ECP
in the basis sets of xenon and krypton.

To understand the effect of larger virtual photon energy on
the efficiency of core-level ICD we computed the partial decay
widths of the 3d vacancies in Kr2. The same ADC schemes

as for the XeRG dimers were used to compute the decaying
and final states. The PEC of the Kr2 ground state was also
computed by using the semiempirical HFD-B formula [45]
with the empirical parameters taken from Ref. [46]. The same
basis set as given above was used on Kr in the calculation of
the PECs and decay widths.

III. RESULTS AND DISCUSSION

The potential-energy curves of the Xe2, Xe+(4d−1)Xe and
Xe2+

2 states are shown in Fig. 1. The uppermost panel of Fig. 1
shows the PECs of the decaying states Xe+(4d−1)Xe. There
are 10 molecular terms— 2�g,u, 2	g,u, and 2
g,u—of the
dimer correlating with the Xe+(4d−1 2D) + Xe atomic states
at infinite interatomic distance R. These states are degenerate
as R → ∞ and lie at 68.34 eV [60] relative to the ground state
of Xe2. They are weakly bound with binding energies lying
between 120 and 170 meV. Their minima lie around 3.9 Å,
i.e., at shorter distances as compared with the ground-state
equilibrium distance Req = 4.4 Å of Xe2.

All doubly ionized Xe2+
2 states with energies lower than

the energy of the Xe+(4d−1)Xe states are possible final states
of the electronic decay. In the present work we only consider
main (2h-like) doubly ionized states. Decay into the shake-
up (3h1p-like) satellite states cannot be described within the
ADC(2)x scheme, since it does not explicitly include the
necessary 3h2p configurations. There are 64 2h-like open
channels which appear as nine energetically distinguishable
groups, as shown in the middle panel of Fig. 1. They can be
divided into two classes: one-site states of Xe2+Xe character
and two-site Xe+Xe+ states. At asymptotically large inter-
atomic distances the electron orbitals of the dimer are the
atomic orbitals of the isolated Xe atom. Therefore, at such
distances the two types of final states represent ideal localized
and delocalized dicationic states. Since the Auger decay oc-
curs locally on the atom which bears the initial core vacancy, it
populates the one-site final states. Another process which pro-
duces the one-site states in Xe2 is electron-transfer-mediated
decay (ETMD) [61]. However, as computations show, its
rate for deeply lying vacancies in van der Waals dimers is
negligible compared with the Auger rate [62]. The theoretical
results are further confirmed by the fact that to date ETMD
was observed experimentally only for the states for which the
ICD channel is either closed or very slow [63–65]. Therefore,
the partial width computed by using the one-site final states
is due to the Auger decay. The PECs of the final Auger states
are bound. However, since the resulting electronic states are
excited, they decay over time into the repulsive Xe2+Xe+ or
Xe+Xe+ states. The Xe2+(5s−2)Xe state undergoes collective
ICD [66] into the Xe2+Xe+ manifold, while Xe2+(5p−2)Xe
and Xe2+(5p−15s−1)Xe will undergo radiative charge transfer
[67,68] into the Xe+Xe+ states.

The latter two-site states can be also reached directly
in the core-level ICD process. The leading ICD channel is
Xe+(5p−1)Xe+(5p−1), which at Req lies approximately 5 eV
below the dominant Auger Xe2+(5p−2)Xe channel. As the
result, the signatures of the two processes are distinguishable
in electron spectra where an ICD peak would appear at the
high-energy side of the dominant Auger peak. The weaker
ICD peaks due to the decay in the Xe+(5p−1)Xe+(5s−1) and
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LIU, KOLORENČ, AND GOKHBERG PHYSICAL REVIEW A 101, 033402 (2020)

68.2

68.4

68.6

30

40

50

60

E 
(e

V
)

3 4 5 6 7 8 9 10

R (Å)

0

0.1

Req = 4.4 Å

Xe+(5p-1)Xe+(5p-1)

Xe2+(5p-2)Xe

Xe+(5p-1)Xe+(5s-1)

Xe2+(5s-15p-1)Xe

Xe+(5s-1)Xe+(5s-1)

Xe2+(5s-2)Xe

FIG. 1. Potential-energy curves (PECs) of the Xe2,
Xe+(4d−1)Xe and (Xe2)2+ states. (bottom) The ground state
of the xenon dimer. (top) The PECs of the decaying singly ionized
Xe+(4d−1)Xe states: 2�g (black solid line), 2�u (red solid line),
2
g (green dashed line), 2
u (blue dashed line), 2	g (brown
dotted line), 2	u (violet dotted line). The PEC of the 2�u term
lies above the PEC of the 2�g term. The PECs of the gerade and
ungerade terms of the 	 and 
 symmetry are very close and can
be barely distinguished. (middle panel) (Xe2)2+ final states which
appear as six distinct groups, of which three comprise the two-site
ICD final states (solid lines) and three the one-site Auger final
states (dashed lines). The ICD states in order of increasing energy
correspond respectively to the configurations Xe+(5p−1)Xe+(5p−1),
Xe+(5p−1)Xe+(5s−1), and Xe+(5s−1)Xe+(5s−1). The Auger
states in order of increasing energy correspond respectively
to the configurations Xe2+(5p−2)Xe, Xe2+(5p−15s−1)Xe, and
Xe2+(5s−2)Xe. The ground-state equilibrium distance Req = 4.4 Å
of neutral Xe2 is shown as a vertical dashed line.

Xe+(5s−1)Xe+(5s−1) states overlap with the Auger-electron
spectra, but can still be distinguished at sufficient experimen-
tal resolution.

When the two Xe atoms are brought closer to each other,
the valence orbitals of the two atoms start to overlap. This
orbital overlap is not significant for the interatomic distances
considered in this paper. However, the emerging molecular

R (Å)

FIG. 2. (bottom) Auger (horizontal lines at 125 meV) and ICD
partial decay widths of the decaying singly ionized Xe+(4d−1)Xe
states. The Auger widths lie within a 6 meV band and appear as one
line in the plot. The ICD widths of the Xe+(4d−1)Xe states— 2�g

(black solid line), 2�u (red solid line), 2
g (green dashed line),
2
u (blue dashed line), 2	g (brown dotted line), 2	u (violet dotted
line)—show the characteristic R−6 behavior of the energy-transfer
processes at large distances, while they deviate from it due to the
effect of orbital overlap starting at 7 Å. The widths of the gerade and
ungerade terms of the same linear symmetry are very close and can
be barely distinguished. The plot of the R−6 function (dashed-dotted
line) is included to accentuate the behavior of ICD widths at large R.
(top) ICD-to-Auger branching ratios. The ground-state equilibrium
distance, Req, of the neutral Xe2 is shown as a vertical dashed line.
The Franck-Condon region is marked by the dashed-dotted vertical
lines.

orbitals are not strictly localized on a specific atom, so that
the one-site final states acquire some nonlocal and the two-
site states some local character. The most visible effect of
the orbital overlap and the resulting one-site and two-site
channels mixing is the enhancement of the ICD width relative
to the asymptotic energy-transfer value, as we discuss in detail
below. This mixing also occurs at larger interatomic separa-
tions whenever a one-site state and a two-site state cross, as
illustrated by the crossing of the Xe+(5p−1)Xe+(5s−1) and
Xe2+(5p−2)Xe PECs at 9 Å. However, in the Xe dimer, due to
a very short lifetime of the core-hole, the decay occurs in the
Franck-Condon region around Req where the ICD and Auger
channels are clearly separated.

The partial Auger and core-level ICD decay widths are
shown in the lower panel of Fig. 2. The Auger widths lie
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within a narrow band of 6 meV varying randomly about
the average asymptotic value due to the numerical errors of
the Stieltjes-Fano technique. The average asymptotic value
found in our computation was 125 meV. To estimate the
accuracy of our nonrelativistic result we note that the rela-
tivistic corrections lead to the splitting of the 4d−1 atomic
state into the 4d5/2 and 4d3/2 states. To the lowest order the
nonrelativistic width is the weighted average of the widths
of the relativistic states [69]. The experimental Auger widths
of the 4d5/2 and 4d3/2 states of the Xe atom were previously
found to be 105—115 meV and 112—130 meV, respectively
[70]. Full relativistic calculations for the corresponding states
at the Dirac-Fock and ADC(2)x levels produced 160 meV
(143 meV) [71], and 162 meV (132 meV) [72], respectively,
for the 4d5/2 (4d3/2) states. The value of our nonrelativistic
calculation lies between the experimental values for the two
4d multiplets, which shows that it accurately represents the
decay in Xe. Within the numerical error the computed Auger
widths of all molecular Xe+(4d−1)Xe terms stay constant
with the interatomic distance R. Also, the Auger widths are
the same for the terms of different symmetry. This indicates
that Auger decay in the weakly bound Xe dimer remains
essentially a local atomic process.

In contrast to the behavior of the Auger widths, the core-
level ICD widths vary strongly with the interatomic distance.
They behave as 1/R6 from the asymptotic distances up to 7 Å
reflecting the dipole-dipole nature of ICD at large interatomic
distances [30,73]. At shorter distances the widths grow faster
than 1/R6 due to the effect of orbital overlap [30]. Moreover,
the ICD widths of different molecular terms are different,
even at asymptotic distances. This is due to the fact that the
coupling of two � transition dipoles leads to energy transfer
which is four times more efficient than that due to the coupling
of two 	 transition dipoles [31,74]. The ratios between the
ICD widths corresponding to different terms lie below four
due to the fact that transitions proceed from a given decaying
state into several final states, so that there are no cases of
pure �-� or 	-	 couplings. However, the �ICD

� /�ICD
	 ratio

reaches 3.3 and comes close to the highest possible value of
four.

The ICD widths at Req lie between 0.1 and 0.25 meV
and are more than two orders of magnitude smaller than the
Auger decay rates. The shortest distance at which two bound
Xe atoms can be found in the decaying state is R = 3.4 Å.
It approximately corresponds to the position of the inner
classical turning point in the decaying-state PECs which is
obtained at the dissociation energy of the respective PECs.
The ICD widths at the inner turning point lie between 2 and
4 meV. Therefore, the largest ICD-to-Auger branching ratio
in Xe2 shown in the upper panel of Fig. 2 varies between
0.2% and 3.2% for the interatomic distances at which the
electronic decay is possible in a bound Xe dimer. Due to the
very short overall lifetime of the core-hole state no nuclear
motion will take place in the decaying state and the decay will
occur in the Franck-Condon region. Therefore, the value of
0.2% is the one which will be observed in a Xe dimer. In larger
clusters the ICD width would grow linearly with the number
of nearest neighbors of the Xe+(4d−1) ion. If we assume
that the Xe cluster has the face-centered cubic lattice, a bulk
atom would have 12 neighbors. Therefore, in large clusters the
ICD-to-Auger ratio can reach 2.4%.

R (Å)
FIG. 3. Potential-energy curves (PECs) of XeKr, Xe+(4d−1)Kr

and (XeKr)2+ states. (bottom) The ground state of XeKr. (top)
The PECs of the decaying singly ionized Xe+(4d−1)Kr states: 2�

(black solid line), 2
 (red dashed line), 2	 (green dotted line).
(middle panel) The Auger Xe2+Kr (dashed lines), ICD Xe+Kr+

(solid lines), and ETMD XeKr2+ (dotted lines) final states. The
Auger states in order of increasing energy correspond respectively
to the Xe2+(5p−2)Kr, Xe2+(5p−15s−1)Kr, and Xe2+(5s−2)Kr con-
figurations. The ICD states in order of increasing energy correspond,
respectively, to the Xe+(5p−1)Kr+(4p−1), Xe+(5s−1)Kr+(4p−1),
Xe+(5p−1)Kr+(4s−1), and Xe+(5s−1)Kr+(4s−1) configurations. The
ETMD states in order of increasing energy correspond respectively to
the XeKr2+(4p−2), XeKr2+(4p−14s−1) configurations. The ground-
state equilibrium distance Req = 4.3 Å of neutral XeKr is shown as
a vertical dashed line.

To achieve higher ratios one should decrease the equilib-
rium interatomic distance in the neutral ground state. One
way to do that in rare-gas dimers is to replace the neighbor
with an atom which has smaller van der Waals radius. To see
whether a larger ICD efficiency can be obtained we investi-
gated the electronic decay of the Xe+(4d−1) state in XeKr
and XeAr. The ground-state equilibrium distance of XeKr,
4.3 Å, and XeAr, 4.2 Å, is smaller than in Xe2. There are five
decaying states as shown in Figs. 3 and 4. They are bound by
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R (Å)
FIG. 4. Potential-energy curves (PECs) of XeAr, Xe+(4d−1)Ar

and (XeAr)2+ states. (bottom) The ground state of XeAr. (top)
The PECs of the decaying singly ionized Xe+(4d−1)Ar states: 2�

(black solid line), 2
 (red dashed line), 2	 (green dotted line).
(middle panel) The Auger Xe2+Ar (dashed lines), ICD Xe+Ar+

(solid lines), and ETMD XeAr2+ (dotted lines) final states. The
Auger states in order of increasing energy correspond respectively
to the Xe2+(5p−2)Ar, Xe2+(5p−15s−1)Ar, and Xe2+(5s−2)Ar con-
figurations. The ICD states in order of increasing energy correspond
respectively to the Xe+(5p−1)Ar+(3p−1), Xe+(5s−1)Ar+(3p−1),
Xe+(5p−1)Ar+(3s−1), and Xe+(5s−1)Ar+(3s−1) configurations. The
ETMD states in order of increasing energy correspond respectively to
the XeAr2+(3p−2), XeAr2+(3p−13s−1) configurations. The ground-
state equilibrium distance Req = 4.2 Å of neutral XeAr is shown as
a vertical dashed line.

100—200 meV, similarly to the case of the respective PECs
in Xe2. The major differences between the homonuclear and
heteronuclear dimers show up in the structure of the final
states. First, due to the higher ionization potentials of Kr
and Ar the principal ICD final states, Xe+(5p−1)Ar+(3p−1)
and Xe+(5p−1)Kr+(4p−1), lie closer to the principal Auger
final states, Xe2+(5p−2)Ar and Xe2+(5p−2)Kr. Therefore, the
principal Auger and ICD peaks will appear closer in the
electron spectra of the heteronuclear clusters. Second, ETMD

R (Å)

FIG. 5. (bottom) Auger (horizontal lines at 125 meV) and ICD
partial decay widths of the decaying singly ionized Xe+(4d−1)Kr
states. The ICD widths of the Xe+(4d−1)Kr states— 2� (black solid
line), 2
 (red dashed line), 2	g (green dotted line)—show the
characteristic R−6 behavior of the energy-transfer processes at large
distances, while they deviate from it due to the effect of orbital
overlap starting at 6 Å. The plot of the R−6 function (dashed-dotted
line) is included to accentuate the behavior of ICD widths at large R.
(top) ICD-to-Auger branching ratios. The ground-state equilibrium
distance Req of the neutral XeKr is shown as a vertical dashed line.
The Franck-Condon region is marked by the dashed-dotted vertical
lines.

final states, XeAr2+ and XeKr2+, are distinguishable from
the Auger ones. The probability of populating these states
in the electronic decay is, like before, negligible. Indeed, we
estimated the ETMD efficiency in XeAr to be less than 5%
of the ICD efficiency. However, some of them might be popu-
lated in the final state’s nuclear dynamics. Thus, ICD into the
Xe+(5s−1)Kr+(4p−1) and Xe+(5p−1)Kr+(4s−1) final states
will lead to the dissociative dynamics along the respective
PECs and to populating of the XeKr2+(4p−2) ETMD final
states through the avoided crossings at R = 6 Å. Similar
crossings between the dissociative ICD and bound ETMD
final states exist also in XeAr.

The ICD and Auger partial decay widths of the
Xe+(4d−1)Kr and Xe+(4d−1)Ar states and their ratios are
shown in Figs. 5 and 6, respectively. Like in Xe2 the Auger
width remains virtually constant at all interatomic distances
of interest and it does not vary among the different molecular
terms. The ICD width increases to 11.5 meV as R approaches
the inner turning point of the decaying state’s PEC at 3.1 Å.
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R (Å)

FIG. 6. (bottom) Auger (horizontal lines at 125 meV) and ICD
partial decay widths of the decaying singly ionized Xe+(4d−1)Ar
states. The ICD widths of the Xe+(4d−1)Ar states— 2� (black solid
line), 2
 (red dashed line), 2	g (green dotted line)—show the
characteristic R−6 behavior of the energy-transfer processes at large
distances, while they deviate from it due to the effect of orbital
overlap starting at 6 Å. The plot of the R−6 function (dashed-dotted
line) is included to accentuate the behavior of ICD widths at large R.
(top) ICD-to-Auger branching ratios. The ground-state equilibrium
distance Req of the neutral XeAr is shown as a vertical dashed line.
The Franck-Condon region is marked by the dashed-dotted vertical
lines.

At this point it constitutes 9% of the Auger width. This
high value of the ICD width reflects a strong mixing of the
Xe2+(5p−2)Ar Auger and Xe+(5p−1)Ar+(3p−1) ICD final
states, which are less energetically separated than the anal-
ogous states in the two other dimers. The overall behavior
of the ICD widths is similar to the one in Xe2. They behave
as 1/R6 at larger interatomic distances, and they become en-
hanced at shorter distances where the orbital overlap becomes
noticeable. The effect of the symmetry of the decaying state
on the ICD width is more pronounced in the heteronuclear
dimers. For example, the ICD of the 
 term can proceed only
via 	-	 coupling between the transition moments on Xe and
its neighbor, while no such restriction exists for the � and 	

terms. As a result, the ICD width of the 
 state is four (three)
times lower than the width of the � state in XeKr (XeAr).

The ICD partial widths at Req lie between 0.06 and
0.15 meV for XeKr, and 0.15 and 0.32 meV for XeAr.
The largest ICD-to-Auger branching ratio in the Franck-
Condon region is, therefore, 0.12% and 0.26% for XeKr

TABLE I. Equilibrium distances, ICD widths, and maximum
ICD-to-Auger ratios in different rare-gas dimers.

Req �ICD (meV) �ICD/�Auger

Xe2 4.4 0.1–0.25 0.2 %
XeKr 4.3 0.06–0.15 0.12 %
XeAr 4.2 0.15–0.32 0.26 %
Kr2 4.0 0.06 0.09 %

and XeAr, respectively. We see that the efficiency in XeAr
is, as expected, larger than in Xe2. What is surprising is
that shorter equilibrium interatomic distance in XeKr does
not translate into increased ICD-to-Auger ratio. This can be
explained by the fact that the ICD efficiency depends not
only on the interatomic distance, but also on how easy it
is to ionize the neighbor when a certain amount of energy
is transferred to it. In the case of the 5p → 4d transition in
Xe, approximately 57 eV of energy is released as a “virtual
photon.” We might take the photoionization cross section as
a measure of ionization efficiency. It amounts to 1.23 Mb for
Xe, 0.78 Mb for Kr, and 1.01 Mb for Ar at 57 eV photon
energy [75]. Therefore, any gain in ICD efficiency in XeKr
due to smaller Req is negated by the smaller probability of
ionizing Kr compared with Xe. We can also estimate the ICD
efficiency in larger mixed clusters. Such clusters have a shell
structure [76] with Xe forming a core and the lighter element
the outer shell, so that ICD between Xe and Ar (or Kr) occurs
at the core-shell interface. We assume for simplicity that a Xe
atom at the interface has six Ar (Kr) neighbors and six Xe
neighbors. The largest ICD-to-Auger ratio is 2.7% in a large
XeAr cluster, of which 1.5% are due to ICD with the Ar layer.
The corresponding number in XeKr is 1.9%, of which 0.7% is
the ratio for ICD between Xe and Kr.

Another parameter, apart from the equilibrium interatomic
distance or the nature of the neighbor, which can impact the
ICD-to-Auger ratio is the energy of the initial core vacancy.
To see its effect we carried out the width calculations of the
partial decay widths of the 3d vacancy in Kr2. The maximum
ICD width at the respective Req = 4.0 Å was found to be
0.058 meV, while the Auger width was 68 meV, in good
agreement with the values given in the literature [72]. The
maximum ICD-to-Auger ratio in Kr2 is only 0.085%, consid-
erably less than in the XeRG dimers, even though the decay
occurs at much shorter interatomic distances. Its smallness
compared with the results in pure and mixed Xe dimers can
be explained by inefficient ionization of a neighbor at high
values of transferred energy.

Since the lifetimes of the core vacancies are of order of a
few femtoseconds, the electronic decay occurs in the Franck-
Condon region of the respective dimer. Therefore, to be able
to compare the efficiency of the different decay mechanisms
in different dimers more easily, we collated the ICD-to-Auger
ratios at the respective ground-state equilibrium distances Req

in Table I.

IV. CONCLUSIONS

In this work, we studied electronic decay of core-hole
vacancies in rare-gas dimers. Our goal was to determine the
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efficiency of the nonlocal core-level ICD process as com-
pared with the local Auger decay. We computed the ICD and
Auger partial decay widths and their ratios for Xe+(4d−1)-R
(R = Xe, Kr, Ar) and Kr+(3d−1)Kr states. In all the dimers
the Auger decay remains a local process, which populates
two-hole states at the core-vacancy site and whose width is
independent of the distances between the excited atom and
its neighbor. The ICD width grows strongly with decreasing
distance, decreases with the increasing energy of the initial
core-hole state, and varies within a factor of two for different
neighbors.

If one considers the absolute value of the ICD-to-Auger
ratio in these dimers one notes that ICD contribution to the
electronic decay is small. The largest value obtained in XeAr
is 0.26%. It is improbable that this ratio may be increased by
the decay occurring at shorter interatomic distances, since no
nuclear dynamics can take place in the decaying state during
its very short lifetime. The role of ICD will be greater in larger
clusters, since ICD width grows with the number of neighbors
around the core-hole site. We found that the ratio in larger Xe
cluster can reach 2.4%, while in mixed XeAr clusters this ratio
reaches 2.7%. Recent experiments in larger Ar clusters found
the core ICD-to-Auger branching ratio of 0.8%, which is in
line with the results obtained in this work [36]. Therefore, the
rare-gas clusters can be used to study core-level ICD and its
competition with Auger decay. However, the impact of this
process on charge redistribution in such clusters under normal
conditions, while not completely negligible, is moderate at
best.

In what systems and under what circumstances will core-
level ICD be important? Our results indicate that the distance
between the monomers is the most important parameter which
defines ICD efficiency. Could one bring Xe+(4d−1) and Ar
atoms in the respective dimer to the inner classical turning

point of the decaying PEC (3.1 Å), one would reach an ICD-
to-Auger branching ratio up to 9%. In bigger clusters with
multiple neighbors, that would result in comparable rates of
ICD and Auger decay. Since the decay will invariably take
place in the Franck-Condon region, one should select systems
with shorter distances between the monomers in the ground
state. One possibility will be to subject rare gases to high
pressure; the Xe -Xe distance becomes as short as 3.3 Å at
100 GPa [77]. The hydrogen-bonded or microsolvated clus-
ters, e.g., those which comprise a metal cation (such as Li+

or Mg2+) and molecular ligands [11,78], offer an alternative
class of weakly bound systems for studying the core-level ICD
process. The characteristic equilibrium distances between the
monomers in such systems are between 2 and 3 Å, and
ICD-to-Auger ratios up to 10% can be observed [22]. Also,
since ICD is efficient for smaller values of transferred energy,
its share in the total decay width will be large either in the
case of shallow core vacancies or Coster-Kronig transitions.
Thus, while of limited importance in rare-gas atoms, core-
level ICD might efficiently drive charge redistribution during
Auger cascades in microsolvated clusters, liquid solutions, or
at metal-containing active sites of biomolecules.
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