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Abstract

Inter-particle Coulombic electron capture (ICEC) is an environment-enabled electron capture
process by means of which a free electron can be efficiently attached to a system (e.g. ion, atom,
molecule, or quantum dot). The excess electron attachment energy is simultaneously transferred
to a neighboring system which concomitantly undergoes ionization (or excitation). ICEC has been
theoretically predicted in van-der-Waals and in hydrogen-bonded systems as well as in quantum
dot arrays. The theoretical approaches employed in these works range from analytical models
to electronic structure and (quantum) dynamical calculations. In this article, we provide a com-
prehensive review of the main theoretical approaches that have been developed and employed to
investigate ICEC and summarize the main conclusions learned from these works. Since knowledge
on ICEC is still in its early stage, we conclude this review with our own views and proposals on

the future perspectives for the research in ICEC.



I. INTRODUCTION

Electron attachment is a fundamental process of great importance in many areas of basic
and applied science. It plays a central role in astrophysics [I} 2], plasma physics [3], and
accelerator physics [4]. Furthermore, it underlies the reduction and oxidation properties of
matter and thus it is also of relevance to electrochemistry [5, 6], photochemistry [7], high-
energy chemistry [§], biology [9] as well as to novel applications of solid state devices [10] [11].

Electron attachment to atoms, molecules and clusters has been investigated for decades
(see e.g. the Reviews [12] 13] and papers of this special issue). Gas-phase electron capture
processes are well understood from diverse experiments as well as from theoretical investiga-
tions (see [14] and references therein). However, in clusters and even more so in condensed
phase, the nature of these reactions is still an open field of research. We address in this
review one of the possible electron capture processes, namely the inter-particle Coulombic
electron capture (ICEC), which takes place only in systems embedded in a environment.

ICEC is a process in which a free electron can efficiently attach to an acceptor A (i.e.
ion, atom, molecule, quantum dot (QD), etc.). The excess attachment energy is transferred

to a neighboring system B which gets ionized (or excited),

e(e) + A+ B — A"+ Bt +e(e). (1)

The ICEC process exists in several variants. If the excess energy is used to ionize the neigh-
bour, which emits the so-called ICEC electron, then the process is called direct ICEC (see
Fig. . This naming is independent of whether the electron is captured into the lowest pos-
sible orbital (Fig. (a)) or into an energetically higher-lying orbital (Fig. (b)) In the latter
case, the system subsequently relaxes via photon emission or via another environmentally
assisted pathway.

It is also possible that the transferred excess energy is used to create a resonance state,
i.e. a bound state in the continuum. This process is therefore called resonant ICEC. The
resonance state can subsequently relax under emission of a photon, which is alternatively
also discussed in the research literature as two-center dielectronic recombination (2CDR)
[T6H19]. Hence the process is considered as an inverse process to a resonant inter-particle
Coulombic decay (ICD) [20], see Fig. |2 (a). We note, that the latter process has also been

considered for positron attachment [2I]. Another possibility is that the resonance state
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FIG. 1. Direct ICEC processes. Figure taken from [I5].

relaxes by transferring the excess energy to a third site, which is ionized [22]. Alternatively,
it can undergo a participator resonant ICD upon emission of an electron, if the electron was

initially captured into an electronically excited state (Fig. [2| (b)).
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FIG. 2. Resonant ICEC processes. Figure taken from [15].

In contrast to the delocalized nature of the resonance state in the resonant ICEC process,
it is also possible to create a resonance state localized on A, if the initial kinetic energy of
the captured electron matches an internal energy difference of this unit (see Fig. (3). This
resonance state can then decay via several pathways, e.g., a participator resonant ICD

illustrated in Fig. [3(a) or a spectator resonant ICD shown in Fig. [3(b). Due to its initiation



by a two-electron process on unit A this process is called dielectronic ICEC. The analog
process in photorecombination [23] at a single site was observed in the case of dielectronic
recombination of isolated cations induced by capture into a Rydberg state [24]. For every

single process in the above manifold, energy conservation is required.
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FIG. 3. Dielectronic resonance-enhanced ICEC processes. Figure taken from [15].

ICEC was discovered through analytical scattering theory [19, 25, 26]. Indeed, it was
shown that the ICEC process led to a strong enhancement of the electron attachment (or
capture) cross sections compared to isolated A. This was demonstrated in several systems
such as Ne™ surrounded with Xe atoms or benzene (Bz) molecules, He™ in the presence of
Ar and Bz, or the Mg™-Br~ system [20), 26].

As such, ICEC constitutes an efficient process for reducing a species while oxidizing one
of its neighbors. It should be noted that the two species involved in ICEC may have different
ionization potentials thus enabling the modulation of the energy of the ICEC electron. Such
electrons, typically of a few electron-Volts of kinetic energy, are known to be highly genotoxic,
because they can undergo dissociative electron attachment (DEA) of biomolecules [27-29].
Note that the cross section for DEA strongly depends on the kinetic energy of the free
electron. ICEC might thus be a general process underlying the damage of living cells under
ionizing radiation as well as a major actor in the electron-mediated chemistry which leads
to the formation of pre-biotic species in interstellar environments.

It is fair to say that the research field of ICEC is just at its infancy. Indeed, including the
initial works in which scattering theory was applied to describe the most fundamental ICEC
processes, all of the ICEC mechanisms described so far have been discovered from a purely

theoretical perspective. As a result of this, various theoretical methods and approximations



have been developed to account for the very different nature of the systems prone to exhibit
any (or several) of the ICEC pathways. The first aim of this review is to present a global
overview of the different ICEC processes together with an introduction to the different
classes of materials and systems for which ICEC was found to be relevant. This is followed
by a detailed summary of the main conclusions learned from these works. We conclude this

review with our own point of view on the perspectives for the largely unexplored research

field of ICEC.

II. ICEC BETWEEN TWO DISTANT PARTNERS

In order to be observable, the environment-assisted electron capture needs to fulfill energy
conservation and to be at least as efficient as the normal photo-recombination. This efficiency
is characterized by the cross section of the process, which gives the probability of an incoming
electron with wavevector k being captured and an electron with wavevector &’ being emitted.
For a general inelastic scattering event involving several channels, the cross section reads:

[30]

dQ k’ .
morolh) = = Y [ [ ator e o rout - n)P? )

Gin
in,out

Here, the scattering T-matrix describes the interaction between the two (appropriately nor-
malized) continuum states, the total cross section includes contributions from all incoming
and outgoing channels, the integration over the solid angles of the incoming and outgoing
electrons ) and €/, respectively, ensures that all possible spatial directions are taken into
account and the multiplicity of the initial state ¢, averages over all possible initial states
and thereby normalizes the cross section to the interaction with a single incoming electron.
This expression of the cross section can be simplified for systems with weakly interacting
units. In such cases, it is possible to estimate the cross section directly from the intrinsic
properties of the units as well as their geometry [26]. Furthermore, the long-range Coulomb
interaction between electrons on the different sites moderates the energy transfer through
space, which according to quantum field theory is the transfer of a virtual photon [31].
These estimates allow us to understand, how the cross section is influenced by the different

system parameters and can guide the choice of systems for both numerical simulations and



experiments. From a historical perspective, the asymptotic estimates were the first evidence
for the existence of ICEC.

In the following, we summarize the energy balance condition, the derivation of the cross
section estimate, i.e. the asymptotic approximation, what we can learn from it and how it

impacts the ICEC efficiency in different systems.

A. Asymptotic Approximation

Our aim here is to describe the ICEC process for two separate and weakly interacting
units (A and B). In this context, we speak of the asymptotic regime and the asymptotic
approzimation when sites A and B are sufficiently separated such that their interaction
causes an only marginal disturbance of the units’ wavefunctions and their individuality
can be asserted. In this case and based on the energies long before the incoming electron
interacts with our system AB and long after the emitted electron has left it, the energy
balance involves the kinetic energy of the captured and emitted electrons at infinite distance
e and ¢’ as well as the electron affinity EAM of A and the ionization potential 1P of B
as [25, 26]:

EAW 4o =1P®) 4 &' = hy, (3)

Here, hv represents the transferred energy.

When considering ICEC in this spirit, as a virtual photon mechanism, the entire process
can be rationalized in terms of cross sections for the intermediate steps, as it is the case
for the ICD asymptotic equation [32H34]. Due to the weak interaction between the units, it
is possible to use first order perturbation theory in Eq. . In this way, the wavefunction
can be expressed as the product of the wavefunction for the incident electron adhering to
incoming boundary conditions (4) plus unit A and the wavefunction of unit B, including
the electron emitted during the process adhering to outgoing boundary conditions (—) for

the initial and final state:

|k; CI)AB+> = |k; CI)A+> |CI)B> (4)
|k/§ CDA—B+—> = @A—> ‘k/§ CI)B+_> . (5)



Consequently, the smaller the overlap of the partners’ wavefunctions are, i.e. the further
the partners are apart, the better this approximation becomes. It is therefore called the
asymptotic approximation. The overlap is strictly depending on and characteristic of the
different systems.

Using this product wavefunction, the Coulomb interaction between charges located on A
with charges on B functions as a perturbation operator. Performing a multipole expansion
on this Coulomb interaction, truncation after the dominant term, and application of the
principle of detailed balance [35] yields

3(he)t o (¢!
O_ICEC,i(E) = <47T> Rg(lhg/))z;ffg?{)(@» (6)

as cross section for a single direct ICEC channel 7 of a single AB pair. This expression can
be attributed to the interaction between dipoles located at the two involved partners. Here,
Ul()%) (¢) is the photo-recombination cross section of A, 01(3]?) (¢') is the photoionization cross
section of B, and R is the distance between A and B.

As can directly be seen from Eq. @, ICEC dominates over photo-recombination for a

specific channel, whenever the prefactor to the photo-recombination cross section exceeds

unity. In decreasing priority, this is the case when:

1. the partners are in proximity. Hence, a small interparticle distance R increases the
probability for an ICEC process. However, for a system-dependent small interparticle
distance, the asymptotic cross section in Eq. @ becomes a lower bound and more

accurate methods become necessary for an accurate description of ICEC.

2. the transferred energy hv is low. Both a slow incoming electron and a weak
potential capturing the electron related to the electron affinity are favourable for the

observation of ICEC.

3. the ionization cross section of B is high.

Since cross sections are additive, the total ICEC cross section is then given by the sum over

all individual ICEC channel contributions oicpc = Y oicrci. Not only does the energetic
i

accessibility of several ICEC channels increase the total ICEC cross section, but it also

increases the probability to have one channel with a particularly high ICEC cross section



where only a comparatively small amount of energy is transferred between the partners as
illustrated in Fig. [[(b).

An ICEC channel is characterized by the capturing and emitting states as well as by
the electron emitting partner. Hence, within the asymptotic approximation and under the
assumption of distinguishable partners, the total ICEC cross section scales linearly with the
number of equivalent and equidistant partners N.

In the case of the dielectronic resonance-enhanced ICEC processes depicted in Fig.

with the localized electron capture process, an asymptotic expression can straightforwardly

be deduced [20]:

7 ga  Lprlicp 1)
k2 gin (e —ep)? +12/4°
Here, g; and g;,, are the weights of the decaying and the initial state, respectively, k is the

OdICEC =

absolute wave vector of the incident electron, and g is the energy of the decaying state.
The successive electron capture and electronic decay via resonant ICD (RICD) processes
of a single ICEC pathway imprints the characteristic Lorentzian line shape of an electronic
decay process on Eq. @ Its width is hereby given by the total decay width I', which
constitutes the sum over the decay width of all possible decay mechanisms including ICD,
photo-recombination and autoionization [36]. The signal is scaled by the RICD decay width
I'ep as well as the photo-recombination decay width I'pgr. Most notably, the ICD width is
usually several orders of magnitude larger than the photo-recombination width. If no other
pathways are energetically accessible, the total width can be approximated to the ICD width
(I' = I'iep). In this scenario and when the kinetic energy of the incident electron € matches
the resonance energy egr, the cross section is significantly enhanced by this dielectronic
pathway, as can be seen from Eq. @
If an autoionization process is energetically allowed, its decay width is usually of the same
order of magnitude than an ICD width. Since it enters Eq. via the total decay width in
the denominator, the larger the autoionization width, the smaller is the ICEC cross section.
Furthermore, a dielectronic resonance-enhanced ICEC process is most probable, when the
multiplicity of the capturing state (gy) is higher than the one of the initial state (g;,), and
when the incident electron energy fits well with a resonance of unit A. Moreover, deduced
from the asymptotic approximation of the ICD decay width, the ICEC cross section is high,

when both the transition dipole moment on unit A as well as the ionization cross section of



unit B are high. Additionally, and as for the direct ICEC case, a v~*-dependence benefits
small virtual photon energies whereas the R~% dependence favours close partners.

In order to assess nano-sized components performing ICEC, the so-called ICEC radius
Ricgc was recently defined as the distance at which ICEC and photo-recombination are
equally efficient [37]. Its working expressions were deduced from the asymptotic ICEC cross
section in Eq. @ utilizing the fact that the cross section in this approximation does not

carry any information about the system size. For a single pair and channel 7, this distance

o)t ol (el G
Riceci = (3(;;) (P;yf)i)) : (8)

is given by [37]

Ricrc,; is a quantity more easily comparable across experiments and theoretical systems

by taking the free variable parameter of intermolecular distance R out of the equation as

6 (A p6
o1cEC,i B = opr RICEc,ia 9)

which has successfully been applied to different systems and degrees of theory since (cf.
discussion in section ITI C]) [38]. With its definition, the ICEC radius is on equal footing to the
closely related field of Forster resonance energy transfer (FRET). Its respective parameter,
the Forster radius, provides an evaluation of the reach of the long-range energy transfer for
a specific system and incident energy.

Analog to the FRET quantum yield, which indicates the probability of FRET to occur
after excitation by one photon, the ICEC efficiency can be defined as [37]

TCcEC = h- (10)
RS + Ricpe

Considering the possibility of multiple ICEC and photo-recombination channels, the in-
dividual contributions should be combined in a weighted sum to yield the total ICEC radius

[37]

3(hc)* ooy (1)
Ricre(e) = i Wie (Z; o (11)

Here, multiple channels, each of which becomes energetically available at different incident
electron energies, have been included.
The ICEC radius is expected to be of significance to evaluate theoretical and experimental

systems since it directly relates to the product of the amplification factor (o1cgc/opr), and

10



the respective interatomic distance R to the sixth power which can be shown — for each
individual capture channel, i, at the same time as for the collective sum of contributions

from all available capture channels to the overall ICEC — to be:

1. limited in magnitude from above by quantity R.. for all incident energies as

OPR e 47 € et

o 3(he)t O'(B) €
EE RS = Ricpo, < R = () max[ p(6)] (12)

which can be estimated exclusively from the accessible photoionization cross section

of the assisting partner; and

2. predictable in its large-energy behaviour (where ¢ > EAX in Eq. ) converging to

the captor-independent distance R, as function of incident energy e:

OICEC 156 6 e—hy 6
R =R . — R = , 13
OPR ICEC,i (6) A (6)4 ( )

which is thereby independent of the particular species capturing the free electron

species and even the capturing channel <.

The overall characteristic distance of the ICEC process exhibits a maximum, defining an
optimal starting energy for the experimental observation of ICEC in any system. Moreover,
it has been shown to be bound by the same quantities Ry.y in magnitude and R..(¢) in its
large-energy convergent behaviour as each individual channel ¢ described in Egs. and
(13). These quantities are solely dependent on the assisting partner molecule and provide
an easily accessible first estimate for feasibility of ICEC in any potential future experimental
setup. Hence, the ICEC radius depends on the intrinsic properties of the individual units

and provides a new and intuitive design tool.

B. Systems

Real systems exhibit at least a subset of the above-mentioned processes. Hence, the
cross sections can never be accounted for by a single effect. In the following, we introduce
the systems investigated within the asymptotic approximation and highlight the effects of
channel openings, distance dependence, energy of the incident electron, and ionization cross

sections of unit B.

11



1. Br + CI” and Cl + Br~

One of the first ICEC processes to be investigated was the electron capture on a halogen
atom accompanied by the electron emission from a different halide [20,26]. When considering

the net reaction only, that is ignoring the electron on both sides of the chemical equation,
e+X+Y =X +Y+¢€, (14)

one may assume that an electron is transferred from the halide to the halogen atom. While
this charge exchange process can occur at very small interatomic distances, where the com-
ponents’ wavefunction significantly overlap, at larger distances an ICEC process is a much
more plausible explanation. As a consequence, the electron can here be seen as a catalyst
for the net electron transfer reaction.

In this halogen-halide example the importance of channel openings based on the energy
balance can be illustrated in a disentangled way. For reasonably slow incident electrons,
only a capture to the ion’s ground state is energetically accessible. While the ICEC process
is available for any electron energy in the Cl 4+ Br~ — Cl™ + Br case (see lower panel in
Fig. , the reverse process requires a minimum kinetic energy of the incident electron of at
least 0.288 eV [26]. This becomes noticeable by a later onset of the ICEC cross section in
the upper panel of Fig. [

In addition to this, Figure 4 shows that the ICEC process (coloured lines) is more efficient
than the corresponding photo-recombination process (solid black line) for as much as 3 nm.
This can be attributed to both the low transferred energy between the units as well as the

high photo-ionization cross section of the bromide and chloride anions.

2. Net with Xe or benzene

When the electron is captured by the neon cation and ICEC proceeds with either a
xenon atom or a benzene molecule in the vicinity a plethora of different processes is possible.
Consequently, this constitutes an ideal showcase scenario despite the low absolute ICEC cross
sections caused by the rather high energy transferred between the two units, particularly in
the case of a capture into the ground state.

With a ground state electron affinity of 21.565 eV and ionization potentials of SIP(Xe) =
12.13 eV and SIP(Bz) = 9.45 ¢V, the direct ICEC channel is open for all kinetic energies of

12
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FIG. 4. ICEC cross sections for a capture into the ground states for upper panel: Br + Cl~ and
lower panel: Cl + Br~ at different interatomic distances. The solid black line shows the photo-
recombination cross section of the electron capturing unit, while the coloured lines account for
different internuclear distance, where blue corresponds to 3 nm, green to 2 nm and red to 1 nm,

respectively. Adapted from [26].

the incident electron. This can be seen in Fig. |5| as solid black line. The ICEC cross section
decreases for higher incident electron energies, because the transferred energy increases and
lowers the cross section according to Eq. @ The detailed behaviour of the ICEC cross
sections is caused by the energy dependence of the neighbours photo-ionization cross section.

Alternatively, the neon cation can also capture the electron into the excited 3p-Rydberg
state with an electron affinity of 2.943 eV. The direct ICEC channel for a capture into an
excited state is therefore closed for slow incident electrons. However, it opens at higher
kinetic energies of the incident electron and is shown as solid red lines in Fig. [f| Because
the single ionization potential of benzene is lower than of xenon, the ICEC channel for a

capture into the excited state opens at lower incident electron energies.

13
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FIG. 5. ICEC cross sections for an electron capture of different kinetic energies € by a neon-cation
with either a xenon atom or a benzene molecule as partner. The ICEC cross sections are given
as solid lines with an ICEC process for an electron capture into the ground state is shown in
black and an ICEC process initiated by an electron capture into an excited state is shown in red.
The respective photo-recombination cross sections are given as dashed lines as comparison. The

simulations were carried out for an interparticle distance of 1 nm. Figure taken from [20].

The corresponding photo-recombination cross sections of the neon cation are also dis-
played in Fig. [5| as dashed lines. Please note that the photo-recombination cross sections
significantly decrease upon capture of the incident electron into an excited state. Therefore,
the corresponding cross sections are usually neglected. For the ICEC process, on the other
hand, an electron capture into an excited state reduces the energy being transferred between
the two units. Therefore, according to Egs. @ and , the corresponding cross section
for an electron capture into an excited state is larger than for an electron capture into the
ground state.

As already mentioned, the neon cation in combination with a xenon atom or a ben-

14
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FIG. 6. The ICEC radius for water-assisted capture as function of energy, (left) across different
capture channels for the established theory test case of [e~+Mg?*] near H,O, and (right) across
different biorelevant alkaline and alkaline-earth cations in water assistance in terms of the charac-

teristic length of their respective hydration shell radii r;. Figures taken from [37]

zene molecule can undergo different types of ICEC. As shown in Ref. [20], a dielectronic
resonance-enhanced ICEC process is initiated by an electron capture into one of the Rydberg
p-orbitals under excitation of another electron from the 2s orbital to the 2p-orbital. Here,
the ICEC cross section was shown to be governed by the efficiency of the RICD process

following the electron capture into the resonance state.

3. Alkali or Alkaline Earth Metal ion with a water molecule

A yet rare example of a testbench system for different levels of theoretical approaches
toward ICEC is the bio-relevant magnesium dication Mg?* in proximity of an assisting water
molecule which has been originally proposed for ICEC [26] and discussed for its potential
cascades of related intermolecular energy transfer processes [39, [40], before it has been
reinterpreted and expanded across the other alkaline and alkaline-earth cations in terms
of their respective ICEC radius [37]. It is thus an interesting system to test alternative
numerical approaches beyond the asymptotic approximation (cf. for a discussion
on R-matrix investigations of a microhydrated proton as technical precursor system, and
for a discussion on its perspectives towards microhydrated alkaline and alkaline-
earth metal cations) [37].

Within the original communication of ICEC, assisted electron capture into the ground

state 3s orbital was suggested for Mg?* in proximity of a water molecule at selected fixed

15



distances [26, 41]. Despite ignoring any capture channels beyond the ground state, it demon-
strates that ICEC is efficient and dominant over environment-independent photorecombi-
nation of Mg?* for fixed examples of intermolecular distance between Mg?™ and assisting
water molecule [26], 41]. This provided the initial postulate for ICEC as an efficient capture
process in general, however it was not yet addressed at that time how to compare different
systems and different interatomic distances consistently, nor how to relate Mg?** with water
to typical distances like first or second hydration shell radius (71, ), or how to evaluate the
intermolecular reach of ICEC, as well as the role of excited orbitals as capture channels.

Motivated by its biological relevance as hydrated mineral, and by the question on sec-
ondary slow-electron processes in biological systems in consequence of initial radiation dam-
age [29], Mg®T with water has been reinvestigated since then on its potential for non-local en-
ergy transfer cascades through ICD and Electron Transfer Mediated Decay (ETMD) [39] [42].
It remained unclear then what the net effect of multistate capture would contribute through
ICEC: The capturing state for electron capture cannot be controlled externally; instead all
electronic states that meet the energy threshold arising from Eq. are contributing to the
overall ICEC cross section which provides a stark contrast to the conceptual investigation of
a selected distinct two-site excited state decaying through ICD and related decay processes
[37].

With the very recent interpretation of an intermolecular-distance-independent scaled am-
plification factor in form of the ICEC radius (cf. Eq. (9)) [37], it was thus possible to inves-
tigate the contribution of all open capture channels to the dominant range of ICEC in water
assistance with respect to the environment-independent photorecombination of Mg?* with
a free electron. (left panel) shows the respective contributions of leading individual
capture channels to the overall ICEC radius as function of incident electron energy. It has
thereby been shown that the primary contribution to ICEC can not intuitively be attributed
to a ground state capture.

Moreover, the representation of ICEC in terms of its [CEC radius provided a clear indica-
tion for consistent step over from ICEC to ETMD at the energetic conceptual limit of 0 eV
as incident free energy threshold. ICEC is exothermic for Mg?* near H,O, that means the
ICEC pathway is already open at the 0 eV free energy edge. Conceptually this extends down
to 2.32 eV below the electronic continuum threshold [37, 43| 44]. The ICEC radius and the
energetic difference according to Eq. therefore indicate that Mg?™ would be able to steal

16



an energetically highly bound electron by assistance of the water molecule as conceptual
extension of ICEC from low energetic free electrons to bound Rydberg electrons through
ETMD. On the other hand, it was found that the large energy behaviour of each capture
channel’s contribution to the ICEC radius becomes independent of the particular channel.
Instead, it shows a clear signature of the assisting water molecule and can be therefore easily
predictable theoretically and recognisable by potential future experiments.

In the picture of the ICEC radius, it was thus possible to compare the interatomic range
of ICEC to a typical distance for the system of Mg?" with an assisting water molecule:
the first hydration shell radius, 71, that indicates a natural equilibrium distance between
the cation and the next neighbour water molecule in a solution. It was found here that
even with the restriction of a pure dimer interaction, still neglecting the multiple available
contributing partner molecules in a condensed matter environment, ICEC dominates over
photorecombination to up to 6.5 multiples of r; [37].

Furthermore, the biological importance of Mg?* in interaction with water imposes the
question on ICEC efficiency with respect of other alkaline and alkaline-earth cations that
act as essential nutrient minerals and often show a complex antagonistic relationship with
respect to biological absorption in the presence of each other in solution [45]. In this con-
text, it appears more relevant to accommodate for the differences in typical equilibrium
distances of the respective mineral in water. It was thus compared across the board for al-
kaline monocations and alkaline-earth dications from Li* to KT, and from Be?* to Ca?" in
terms of their respective hydration shell radius 7, as presented in (right panel). It
has thereby been shown that ICEC is endothermic for the alkaline monocations and for the
calcium dication but has a significant dominance over photorecombination at typical inter-
molecular distances from its energetic threshold onward. At its respective optimal incident
energy every individual investigated cation reaches dominance over photorecombination, as
indicated by its respective ICEC radius, for intermolecular distances between 5.5 multiples
of its respective typical r1 (in case of K*) and 7.35 multiples of r; (in the case of Be*T) [31].
Moreover, its been made apparent that across the board, the higher energy behaviour of
the ICEC radius is consistently independent on the particular electron captor species, and

instead purely determined by the assisting water molecule according to Eq. .
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III. ICEC IN ATOMIC AND MOLECULAR DIMERS

So far, for large donor-acceptor distances within the virtual photon approximation, we
have neglected the orbital overlap between the donor and acceptor species. However, in
nature, it is likely that the two subsystems approach one another enough so that the absence
of orbital overlap is not a valid approximation anymore. Hence, to go beyond the asymptotic

limit, one has to employ a method that explicitly includes the possibility of orbital overlap.

A. The R-matrix approach

The R-matrix technique allows to go beyond the asymptotic derivation very efficiently.
In particular, in this approach the electron correlation, which is the driving force of ICEC,
can be properly accounted for. The R-matrix method has been widely and successfully
employed to describe scattering between molecules, atoms and electrons as well as reactions
in nuclear, atomic, and molecular physics. It has been only recently that its usefulness in
the context of ICEC has been established [38, 146, [47].

The R-matrix theory divides a physical problem into an inner and an outer region sepa-
rated by a sphere of radius a centered at the center of mass of the system. The inner region
contains the multi-particle description of the full system composed of N +1 electrons. In the
outer one only a free particle (here the incoming or the outgoing ICEC electron) is treated
and its interaction with the N remaining particles (electrons) is described in terms of a
multipole expansion of the N-electronic density.

The wave function ansatz of the inner-region wavefunction is in terms of a configuration

interaction (CI) expansion:

U(x1, Xz, ..., XN41) = 4 Z Qji(Xa, Xa, -, XN)Usj (XN+1)
ij

+ Zﬁisz‘(Xl,Xz,---,XNH) . (15)

¢; is the many-particle CI wavefunction of the so-called target state ¢, w;; are orbitals
introduced to represent the scattered electrons, both the incoming and the ICEC electron.
The operator A ensures the antisymmetry of the wavefunction. In the second term, y; are the
so-called L? configurations that allow correlation and polarization effects. The R-matrix at

the boundary a between the inner and outer regions can be obtained from the solutions of the
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time-independent Schrodinger equation using the above ansatz (i.e. from the diagonalization
of the Hamiltonian Cl-matrix). The R-matrix is then numerically propagated from r = a to
oo, where the scattering amplitudes (fp;(€2)) are extracted, from which cross sections and
resonance widths can then be obtained. A detailed description of the R-matrix method can
be found in these reviews [48], [49].

The R-matrix method has been employed to study ICEC in the mixed rare-gas clus-
ters NeT@He,, as well as to investigate the ICEC electron attachment to a proton in the
neighborhood of a water molecule [38, 46, 47]. We summarize in what follows the main

findings.

B. ICEC in mixed rare-gas clusters

The first application of the R-matrix approach in ICEC was published in 2018 and dealt
with the NeT-He dimers as well as larger clusters, i.e. NeT@Heyy. The aim of this work
was threefold: 1) to investigate the effect of the orbital overlaps on the ICEC cross sections,
2) to determine the validity of the virtual photon approximation and 3) to study ICEC in
large-sized clusters that can be probed experimentally.

The main findings are that when the donor and the acceptor species are close enough,
the ICEC process can be up to two orders of magnitude larger than predicted by the virtual
photon approximation formula and up to four to five orders of magnitude larger than ra-
diative recombination cross sections. To illustrate this, in Fig. [7| we display the ICEC cross
sections for two incoming electron energies as a function of the NeHe™ distance. It is clearly
shown that the virtual photon approximation underestimates the cross sections for distances
below 3.5A whereas for larger distances it becomes valid. In Ref. [46], it was also shown
that an additive pairwise approximation (i.e. the ICEC cross sections in the presence of
several acceptor neighbors are the sum of the cross sections for each donor-acceptor pair) is
valid in these mixed rare-gas clusters. To demonstrate the validity of this additive pairwise
approximation the authors compared, for the same Ne-He distances the ICEC cross sections,
computed with the R-matrix method, for Net-He with that of Net-He, where the ion is cen-
tered between the two helium atoms. They found that the ratio between the corresponding
cross sections (0ye,/0n.) is approximately two.

Using the additive pairwise approximation, the ICEC cross sections in larger systems can

19



e e=5eV

_ =
S o
(]

[E—
p—
S <,
°
o
I
-
o
<

ICEC cross sections (Mb)

T | T | T | T
2 3 4 5 6
R (Ang.)

FIG. 7. ICEC cross sections as a function of the NeHe distance for two incoming electron energies:
5 eV (top panel) and 10 eV (bottom panel). The lines report the cross sections from the virtual
photon approximation. The dots show the ICEC cross sections obtained from the R-matrix calcu-

lations (see [40] for details). Figure adapted from [40].

easily be calculated. The energy loss (or ICEC) spectra for Ne™ embedded in Hegy clusters
for two incoming electron energies are shown in Fig. It should be highlighted that the
wavefunction for Net@Hey, employed to model ICEC was taken from a variational quan-
tum Monte Carlo calculation (see [46] for more details). Energy loss spectra are generally
employed in electron-molecule collision experiments. The energy loss peak corresponding to
ICEC is sufficiently high to be measured: they are equal to about 7 and 3 Mb for e = 5 and
10 eV, respectively. In both cases, they are higher by nearly two orders of magnitude than
predicted by the asymptotic formula, and four to five orders of magnitude higher than the
radiative recombination cross sections. It should also be noted that the ICEC cross sections
are only two orders of magnitude smaller than the elastic ones, illustrating quantitatively the

ICEC efficiency. These results should pave the way to the first experimental observations of
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ICEC (see section |V)).
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FIG. 8. Energy loss (or ICEC) spectra (in Mb) for Net embedded in Hegg clusters for two incoming
electron energies: 5 eV (top panel) and 10 eV (bottom panel). Full black bars report the ab initio
R-matrix calculations. Red dashed bars show results obtained employing the asymptotic formula

(see [46] for details). Figure adapted from [46].

C. ICEC in the proton-water dimer

The second study on ICEC using the R-matrix approach focused on the electron recom-
bination with a proton in the presence of a water molecule. This represents a simple model
for microhydrated cations which are relevant in radiation biological damage [38, 47]. The
authors focused on proton-water distances between 3 and 8 A. These values correspond to
the second and third hydration shells in condensed phases, respectively. While this range
is relevant to biological and biochemical systems, it should be noted that as protons are
extremely reactive they would also strongly interact with the first shell of water molecules.
This, of course, may influence the ICEC process between the proton and a second water

molecule in a higher shell. The R-matrix results reported in [38] 47] are therefore only a
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very first step in modelling and understanding ICEC in biological and biochemical systems.

Unexpectedly, the ab initio ICEC cross sections for a proton-water systems exhibit some
structures. These features were shown to be Fano profiles coming from interference between
two pathways leading to the same final states, the direct ICEC pathway and the one via
a series of metastable electronic states where the incoming electron is temporarily bound
to the donor-acceptor system. Several of those metastable states, contributing to the Fano
interferences, were identified: H(1s)-HoO(®Ay, 1by — 2by), H(1s)-HyO(* Ay, 165 — Rydberg)
but also H"-H,O~ and H*-H,O™.

Fig. |§| shows the ICEC cross sections (for e + Ht-H,O(X) — H(1s)-H,Ot®) + ¢’ ) as a
function of the energy of the incoming electron, the cross sections were multiplied by R® in
order to compare the different distances on the same scale. The R-matrix ICEC cross sections
exhibit these Fano profiles that are superimposed to the smooth cross sections computed
within the virtual photon approximation (see [38, 47] for further details). Due to these Fano
interferences, the ICEC cross sections can be substantially enhanced or suppressed. This
opens the way to control of electron recombination processes.

To gain further insights into the interferences between the quantum paths, the authors
analyzed the Fano profiles by fitting them with the following equation (see [50])

(E + q)?

g X = .
14+ E2

(16)
In the above equation, ¢ is the asymmetry parameter and E is called the reduced energy

where F; and I'; are the position and width of the resonance state, respectively. In Fano
theory, the asymmetry parameter ¢ is defined as a ratio of the transition probabilities to the
resonance state and to the continuum. When |g| is of the order of 1, the transitions through
the continuum and resonance state are of the same strength, resulting in the asymmetric
Fano profile. In the limit where |g| is very large, the transition to the continuum is very
weak and the transition through the resonance state largely dominates. Conversely, in the
case where g=0 the cross section is described by a symmetrical dip around the position of
the resonance state. In [38, [47], the authors found ¢=0.03 for the lowest profile and between
0.6 and 1.0 for the higher ones, showing that around the incoming electron energy of 1.3

eV the ICEC process is mostly a direct process. It should be noted, however, that although
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there is nearly no transition through the resonance state, the presence of the latter leads to
a substantial decrease of the ICEC cross sections in the respective electron energy range. At
higher electron energies the paths through the resonance states play an equally important

role as the direct one.
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FIG. 9. Total ICEC cross sections multiplied by RS (for e + H*-HoO(X) — H(1s)-H,OT™) +
€¢') as a function of the energy of the incoming electron. The results computed with the R-matrix
approach for different distances between the proton and the oxygen atom of the water molecule are
represented by lines . These results are compared with those of the virtual photon approximation
(green dots). The cross sections obtained from the virtual photon approximation were multiplied

by 2 for visualization (see [38| [47] for details). Figure adapted from [38, [47].

In [47], which is a follow-up paper of [38], the authors investigated the partial ICEC
cross sections in the proton-water system. This study showed that the Fano interferences
favor ionization of the water molecule in the (3a;*, 2A;) state compared to direct photoion-
ization. lonization of water is an important process for radiation damage studies. The

results reported in [47] demonstrated that the environment around water can significantly
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change the ionization of these molecules and should therefore be taken into account in future
investigations.

The works summarized above have demonstrated that the R-matrix method is a powerful
tool to investigate ICEC in atomic and molecular clusters. It is also clear that much more
has to be learned in ICEC. These works represent therefore only the very first step in the
ab initio study of ICEC.

IV. ICEC IN QUANTUM DOTS

As seen, the concept of ICEC is rather simple. It requires nothing beyond two spatially
separated subsystems with one (or few) bound electronic levels fulfilling the ICEC energy
condition. Therefore, building on the existing examples of atoms and molecules, the next
logical step is to use ‘artificial atoms’ or quantum dots (QDs). These are nanostructures
that share optical and/or other properties with naturally occurring atoms [51}, 52]. A similar
generalization as we show here for ICEC was possible for the related ICD process [53, [54].

In this section we explain the standard models used to compute electronic properties in
few-electron QDs (Sec. . Given the small number of active electrons, the QD models
allow an execution of explicit electron-dynamics calculations of ICEC. This has in the past
been done with the multiconfiguration time-dependent Hartree method (MCTDH, cf. Sec.
. Investigations so far targeted ICEC involving only two electrons, one in each QD,
where direct ICEC has been observed (Sec. [[V (). Moreover, a novel resonance-enhanced
pathway has been discovered and analyzed in connection with the inter-particle Coulombic

decay (Secs. IV D|and [IV E))).

A. Modeling paired semiconductor quantum dots

QDs are semiconducting, solid-state materials shrunk to nanometer size that were first
experimentally obtained by Chang, Esaki and Tsu [55] and by Reed et al. [56]. Numerous
nanoscale materials have been developed since then [10, [57]. The very common GaAs semi-
conductors (doped with Al or In) are our focus here. Other common III-V semiconductor
QDs are made of InP [58] [59]. Significant examples of I1I-VI semiconductors are CdS [11],

Zn0O, or ZnS [59] and even silicon-based materials [60] have been designed and created re-
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lying on the advanced silicon manufacturing technology. Finally, it should be highlighted
that carbon-based structures are promising candidates that aim to provide ecologically re-
sponsible and sustainable technological applications [61], 62].

The electronic structure is determined by the material. Given its effective mass m*

and the dielectric constant €, of a typical semiconductor (e, =~ 10gy and m* ~ 0.05m,),

Er Me

M of an artificial hydrogen atom, i.e. a single-electron
om

the effective Bohr radius a* ~ aq
spherical QD, is about 10 nm (see chapter 5 of [63] for an introduction to effective-mass
theory).

Effectively, QDs are structures whose conduction band states are occupied only by a few
active electrons. Occupation with conduction band electrons results from optical excitation,
charging via electromagnetic fields [58, [64], or doping [65]. The QDs can thus be described
by a simple model potential that confines electrons in a potential (e.g. square well, Gaussian,
etc.).

The simplicity of these systems readily enables QD design via geometry and size. Another
means of control and design these nanostructures is by employing more than one QD [58] [66/-
68]. In this case, the simplest system of interacting QDs is a pair, which can be categorized
in two groups as a function of interaction strength. Coupled, or double, QDs (DQD) are
molecule-like constructions, where the orbitals resemble molecular orbitals. Conversely,
paired QDs (PQDs) are more distant and, as a consequence, they exhibit atom-like, separate
orbitals in each QD; electron exchange can be excluded here. Since ICEC is clearly identified
for well-separated sites, this section focuses on PQDs.

In Fig(a) the ICEC process in general Gaussian binding potentials is visualized as
it applies to PQDs. An electron impinging from the left is captured by the left potential
into its Ly level while the right potential, originally binding an electron on the Ry level, is

ionized. The energy conservation
ET = ERO +ée= ELO + 8,, (18)

applies [25] (see also Eq. (@) -

In Eq. the energies of the incoming (7) and the outgoing (f) electrons are defined
through their associated momenta p; ; according to e = p?/2 and ¢’ = pfc /2 with the mass
being unity in our effective atomic units. AE = Egry — Ero is here the transferred excess

energy. Depending on the relative energy of the two levels involved, Ly and Ry, the emitted
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FIG. 10. Schematic representation of two-electron ICEC processes in QDs. (a) In direct ICEC, the

left QD captures a free electron (blue left) with kinetic energy ¢ into the level Ly. Simultaneously,
the excess energy is transmitted and the electron from the Ry level of the neighbouring QD is
emitted with energy &’. (b) In the resonance-enhanced ICEC process the capture of the electron
e(e) from the left occurs into the resonance state Li Ry, which is delocalized over both QDs and

decays via ICD, releasing likewise an electron of energy ¢’.

electron can have a higher (AE > 0) or lower (AE < 0) momentum than the initial one,
e =e+ AE.

Many experimental devices used in transport studies embed the quantum dot in a
nanowire, a nanostructure with quasi-dimensional geometry [58, [69-72]. Hence we propose
to study the two-electron effective-mass model for a PQD in a nanowire. The Hamiltonian

is explicitly given by

A . A 1
H =h h _ 19
(r1,12) (r1) + A(r2) + PR (19)
where ¢, in the Coulomb interaction term is the relative dielectric permittivity and
N 1 9
h(r;) = — Vi + Ve(wi, yi) + Vi(zi), (20)
2m*
is a one-electron Hamiltonian in which
1 * 2 2
Ve(zi, i) = ;M (zi + )" and (21)
Vi(z) = —Vipe wEHE2? _ ypembr(=i—R/2? (22)

are the transversal confined and the longitudinal open potentials, respectively. R is the
distance between the centers of the QDs, by r are parameters quantifying the sizes of the

left (L) and right (R) QDs, and Vg represent their energetic depths.
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Since our main goal is to provide a simple model in which ICEC is clearly spotted, we
proposed to solve the above general nanowire model in the strong lateral confinement regime.
This allows to derive a set of effective one-dimensional working equations. In fact, if V;, and

Vg are both much smaller than Aw, one can prove that the wave function ansatz,

W(ry,r2) = V(21, 22)P0(T1, Y1) Po(T2, Y2), (23)

reproduces very well the 3D model results [73], provided that ¢y is the 2D harmonic oscillator
ground state. Using , a two-particle one-dimensional Hamiltonian can be found for
(21, 22) (an example of what is called envelope function [74]), where the Coulomb term is

replaced by the effective interaction,

Vags(ew) = [ 3765 (1 - erf(€), 24

which depends on ¢ = |z; — 2|/v/2l and the electron-electron distance scaled by the con-
finement size | = /(o) x2¢o. This term has no divergence at ( = 0 (for finite [) and scales
1

Er—— for long electron distances.

as
21—

B. MCTDH for electron dynamics

The numerical demonstration of the inter-QD Coulombic electron capture could, in prin-
ciple, be done by means of electronic-structure theory through consideration of the initial
and final states only, which can be many if continuum is concerned. However, an explicit
electron dynamics description, achieved through the explicit solution of the time-dependent
Schrodinger equation, can be numerically advantageous regarding the description of the elec-
tronic continuum, despite the potentially higher computational cost arising from the time
propagation. Furthermore, they provide complementary physical insight into the process.

Several explicit electron dynamics methods exist [75], but, whatever the choice to describe
ICEC, the method has to be flexible to properly describe different kinds of electronic states.
Indeed, the ICEC process involves free electrons (captured and emitted) as well as bound
electrons in the initially and finally occupied QD orbitals. In our case, MCTDH is the
method of choice owing to its versatility in describing such quickly changing character of
the electrons; for more details we refer the reader to the first works on the method and the

book [T6H78]. One of the main reasons behind this is the use of a time-dependent basis (with
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an underlying time-independent discrete-variable representation, DVR) in combination with
compact (low-rank) sum-of-products ansdtze for the representation of all quantities involved
in the MCTDH dynamics such as operators or, in particular, the wavefunction. It should
be highlighted that the latter can be readily antisymmetrized.

In the specific example of a QD in a wire with quasi one-dimensional confinement, the

initially scattering electron is defined as a one-dimensional Gaussian wavepacket,

1
Az (2

with an initial spatial width Az approaching on the z axis from 2y with the initial momentum

fwp,(2) = 671/4(27/20/&)2ez’m(Ho)’ (25)

p;. Note that the Gaussian is spatially broad when compared to the bound Ry function. So
in order to avoid the overlap of both single-electron initial functions, the Gaussian has to be
placed relatively far from the QD pair, i.e. the absolute value of zy needs to be large, leading
likewise to a significantly larger grid as known from the previous ICD MCTDH investigations
[53]. Tt should be emphasized that such large one-dimensional grids lead to computational
and numerical issues when dealing with high-dimensional calculations. Hence, the utilization
of tensor decomposition methods is imperative [79], whether in a grid-based [80] or grid-
free [81] form.

With respect to the electronic wavefunction, the two single-electron wavefunctions, the

Gaussian and the Ry eigenfunction, combine antisymmetrically into the triplet state
\Ij(za Z/’t = 0) = 1/\/§ (fWP¢(2)¢Ro(Z/) - ¢R0<Z)fWP¢(Z,)) . (26>

The propagation can most illustratively be followed through the visualization of the time
evolution of the electronic density p(z,t) = [ |¥(z, 2/, ¢)|*dz’, from which momenta of the ini-
tial and final wavepackets can be qualitatively deduced. Furthermore, this quantity directly
provides the relative importance of the different channels as well as the relative timings.

A quantitative analysis is available through the measurement of the electron flux into com-
plex absorbing potentials (CAPs) [82]. The CAPs themselves, Wy = —in(z £ 2¢p)"0(2 +
Zeap), Prevent electrons from artificial reflection at both ends of the grid. ©(z) is the Heavi-
side function and the intensive strength parameter 7 is chosen as to minimize both reflection
and transmission through the CAP, as this maximizes the absorption of density. To mea-

sure the ICEC electron only (not any non-reactive incoming electron), we use the projected
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flux [83],
gio(7) = 2 / (W) PO PO (¢ + 7). (27)

This quantity records only the absorption of one electron in positive z direction (W),

while the other is bound to the Ly state. One can normalize the projected flux in relation

to the energy spread, |AFEywp, (E7)|?, of the initial wavepacket giving with that a reaction

probability (RP)of [83],

2Re [ gr,(T)e FrT dr

RP =100 x
T|AEwp, (Er)[?

(28)

It should highlighted that this quantity is wavepacket independent.

C. Direct ICEC

The first case in which ICEC was observed with MCTDH was the scenario shown in Fig.
10[(a) [73, B4]. As an illustrative example, we consider two GaAs QDs of size ~ 10 nm
separated by a distance of R ~ 100 nm and with AE = 1.55 meV. The size of impinging
wavepacket is Azy p, & 100 nm and it has an energy of ey p, = 1.542 meV (See [85] for more
details).

The visualization of the electron density as function of z and time (see Fig clearly
shows how the incoming wavepacket approaches the Rp-bound electron represented by a
thin density around z = R/2, the latter remains qualitatively unchanged over time. The
scattering electron impinges from beyond z = —980 nm with a much broader spatial width
distribution. Within 15 — 18 ps in time the ever widening wavepacket reaches the bound
electron and Coulomb repulsion causes it to be scattered back to a large extent. However, a
small fraction of the electron density leaves the PQD system to the right with a momentum
of py = 0.0485 meV - ps/nm, at the instant of the interaction. This change in momentum
perfectly matches the expectation for ICEC in a case where AE > 0; note that under dif-
ferent energy settings a decelerating ICEC process is likewise possible [86]. This constitutes
the first manifestation of ICEC in an electron dynamics calculation [73], [84].

As a second analysis, the RP for ICEC was calculated according to Eq.. It is a

function of the energy of the incoming electron with a near-Gaussian shape that peaks at

(peak

one certain ¢; ). With a 0.5 % value, the maximal RP is very low but nonetheless proof

that an intricate process such as ICEC in QDs is possible. The RP distribution as a function
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FIG. 11. Time-dependent electronic density for an ICEC process in a PQD and its corresponding
reaction probability. Note that the incoming electronic density from the left has a different slope
than the emitted ICEC electron to the right, indicating the inelastic momentum transfer derived
from Eq. . The reaction probability shows a Gaussian shaped energy dependence with a peak
value of ~ 0.5%. Adapted from [73].

of € implies two things. First, incoming electrons of different velocities can undergo ICEC,
each at its own probability. Second, there is an energy selectivity for ICEC. A comparison

of system parameters reveals that 55” “k) Jocates at 551’ k) ~ B o — 2ER, = 1.37 meV which
in turn maps back to the total energy during ICEC, E%’ «ak) — _AE.

Another analysis to confirm the inelastic scattering quality of the direct ICEC process is
via the Gaussian shape of the energy-resolved projected flux representation [87]. Fig. (a)
shows predominantly the setting (b, parameter different from the default introduced above)
of a direct ICEC process. Here the expected Gaussian peak ‘G’ appears at the total energy,

ie., at Bp = —2.2meV.

D. Resonance-enhanced ICEC in quantum dots

With the notion of ICEC enhancement in mind (cf. Sec. [LI]) [20, 26], which is presumably
caused by additional resonance channels, we also sought such resonance-enhanced pathways
in QDs with the tool of reaction probability as well as the projected energy-resolved flux.

From previous research, we know that an L, Ry state can decay via ICD into a final state

with an electron in the L level and the other in the ionization continuum, as depicted in

30



- 25-0 T T T T 1 1

‘ : b =2.4x103nm™>
20.0 RP =0.026%
15.0 T

10.0

Flux F [10®°/meV
(@)
o

<
o

_25.0

20.0 | (b') 1 b =27x10%m?
' 5 | RP =0277%

150 35 SRS S .
10.0 | L ..... i

(104 /meV

o o
o o

—

V| Flux F

20.0
15.0 }

102 /me

G

-2.75 -2.5 -2.25 -2 -1.75 -1.5
Total Energy Ep [meV]

Flux F
o o
o o

FIG. 12. All panels show the flux as function of the total energy Er for different by, giving different
RP’s. ‘G’ and ‘L’ denote a Gaussian and Lorentzian flux and refer to the direct ICEC and the

resonance-enhanced ICEC process, respectively.

panel (b) of Fig. [L0| [53]. L; is the upper of two states in the left QD, for which the explicit
energies Er, = —5.22 meV and Er, = —0.57 meV were used. They locate below and above,
respectively, the sole level Ry of the right QD. They satisfy both the ICD energy condition
Ep1—Ero > |Ero|l = 2.92 meV and the ICEC energy condition Ep = Eg,+¢ = Er,+¢’ with

AFE > 0. To keep the investigation simple, a direct capture into the L; level is energetically
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forbidden by design.

By simple inspection of the density evolution in Fig. [I3]we can observe how the impinging
electron approaches the PQD and is progressively captured into the final Ly level. This
process includes the instantaneous backscattering along a persistent slope as well as direct
ICEC with a reduced slope according to the velocity of the ICEC electron. In addition, over
a time interval about 2.5 times as long as the completed backscattering, electron density is
leaving the paired QD system predominantly to the left side. It fades exponentially and is a
clear indication that the ICD resonance has temporarily been populated. A second indication
for this is that at the position —R/2 where the left dot is located, a double-peaked density,

signature of the excited L; level, appears at the moment of scattering.
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FIG. 13. Time dependent electronic density for a resonance-enhanced ICEC process in a PQD and its
corresponding reaction probability. Note that the reaction probability shows a Lorentzian shaped energy
dependence in this case and has peak value of 20%, this is 40 times larger than direct ICEC. The time-energy
uncertainty allows to obtain a resonance decay time of Tfé’EAé = 14.26 ps, which is ten times slower as direct
ICEC. Hence, an interesting trade off between a slower, selective and highly probable process (resonance
enhanced) and a faster (direct) process is present. Note that the range in this figure is the same as in Fig.
(1 meV). The green solid line indicates the Ep, g, resonance energy at ; = 0.61 meV. Adapted from [73]

The reaction probability energy distribution in this example is much more narrow and
(peak)

peaks at a lower ¢, = 0.59 meV, to which it is difficult to assign a shape. This means
that the energy selectivity is significantly enhanced for ICEC. But in that case it happens

at a significantly higher probability of 22 %. Comparison with the energy parameters of the
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system shows that such strong enhancement is obtained when Er ~ E g, = 0.61 meV+Eg,
(solid green line in Fig. . Again the time-energy uncertainty allows one to obtain a
resonance decay time of 74948 = 14.26 ps, which is ten times slower than direct ICEC.
Hence, the resonance enhanced ICEC process is highly probable and more selective in energy
than direct ICEC. However, it is slower than direct ICEC.

The RP alone and likewise the energy-dependent projected flux of the given case are
not fully clear on the interplay among the direct and the resonance-enhanced ICEC channel.
Comparison among different settings (here different by ) returns figures of still rather low RP,
with two distinct peaks (Fig. [12| (a) and (b)). One is the Gaussian peak of direct ICEC at
constant energy position, the second one indicated with ‘L’. From panel (a) to (c) the energy
|Ep,| decreases and the 'L’ peak energy follows this change from Ep = —2.798 meV over
—2.549 meV to —2.324 meV while the peak intensity more and more dominates over that of
the Gaussian and enhances at the same time the overall flux. The peak is rationalized to be
a Lorentzian, the standard distribution after the decay of a resonance state [88]. Including

the ICD rate I';op it reads

F2
Fres(E) o ICD ) 29
L' (E) A(E = Eriry)* + Tiep (29)

Despite the maximized energy-resolved flux at the overlay of the Gaussian and the
Lorentzian, in our investigations this was not necessarily the case with the largest ICEC
probability. And indeed there is a second effect determining the wavepacket-independent
quantity RP: it is the definition of the initial wavepacket. It enters the RP (Eq. (28))
through the denominator that incorporates division by |AEwp, (Er)|?, the energy widths.
This means that all the contributions of the flux that are exactly in the range of initial
wave packet give a reduced RP even when the two ICEC peaks perfectly overlay [87]. This
signifies that ICEC from a wavepacket is not only sensitive to confinement sizes, but likewise
to the incoming wavepacket. In contrast, if the large Lorentzian contribution is located at
the tail of AEy p,, the RP experiences an enhancement even though the electronic structure
is unfortunate in the sense that the direct and the resonance-enhanced ICEC channels do

not overlay inside the width of the wavepacket.
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E. Interplay of direct and resonance-enhanced ICEC

If different QD energy levels are to be compared, then it is advisable to use an energetically
wide wave packet. This was done in a study where the quantum-size effect [57, 89 Q0]
was explored to determine the overall largest possible RP in a PQD. To this end a scan
over about 8000 QD geometries (by, V7, R) was undertaken, which resulted in an empirical
understanding of the interdependence of the ICEC probability on single-electron level energy
relations useful for the a prior: decision on whether a certain atomic, molecular, or nano-
sized system is capable of ICEC or not [73].

Several conditions were set up and probed in the given parameter space. Of the trivial
ones, one is the boundary conditions £y, = 0, which determines whether there is a second
energy level L; in the left dot that could be available to resonance-enhanced ICEC or not.
Following directly on that is the condition that L; Ry is a resonance (and no bound) state
given through E r, = Eg,. The existence of the resonance gives rise to another three
conditions that determine the position of the largest RP, each at least on a distinct area
of the total (b, Vy) parameter plane. One of these conditions is Ep g, = Er, — Er,,
which reflects the coincidence of the direct (accelerating) and the resonance-enhanced ICEC
channel. As in this scan, the direct (slowing) ICEC via occupation of the L; level is not
excluded, also the coincidence of that channel and resonance-enhanced ICEC leads to high
rates following the energy condition Er,pr, = Egr, — Er,. Last, but not least, also the
two direct channels can occur simultaneously even without the resonance pathway involved.
Then Ep, — Eg, = Er, — Er, must hold.

The efficiency can be explored by scanning the maximum RP (color bar in Fig. for
each configuration on the (br, V) planes for different R’s. The above conditions can be
confirmed from areas of zero RP and a branching line of maximal RP (close to a Y shape).
The largest RP exceeds 50 % for R = 88.14nm as shown in Fig[l4 It occurs when the
conjunction of three conditions is synergistic and enables the stronger increase of the ICEC
probability. The three conditions for the largest RP can be evaluated a priori from single-
electron energies alone [73]. This prediction is applicable to all possible systems beyond

models and can apply to atom and molecule pairs as well.

34



R=88.14 [nm]

100
11
10
10
> 9
o
E
£ 8
-
>
7 1
6
° 0

210°  3x10°  4x10°  5x10°  6x107°
b, in [nm'?‘]
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L;). Adapted from [86].
F. Conclusion and outlook on QD ICEC research

Likewise to atomic and molecular systems, electron capture itself is an emerging topic
in QD research. And much like what is found for atoms/molecules, capture happens by
redistribution of the excess energy onto other degrees of freedom. While the energy transfer
to the phonons of the system is most prominent [9TH96], energy transfer to the electrons
can lead to different follow-up settings: Excited states that store multiple excitons [97] or
induce Auger relaxations [98], as well as the ICEC process.

The studies on ICEC in QDs were, however, not only driven by the fundamental curiosity
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on the generality of the process, on its enhancement factors, and on a fundamental under-
standing of its drivers [53, 73], [84] [86], 87]. One significant aspect is its anticipated application
in modern miniature electronic devices. With miniaturization such devices are beyond the
regime of classical physics and governed by quantum-mechanical effects [99]. Among the
four basic elements of all nano-electronic devices [100] - resistor, capacitor, (light-emitting)
diode and transistor - ICEC may be instrumentalized in a transisting one. Certain electrons
are blocked while others can enter the device via capture depending on their velocity. If
successfully captured, the electronic structure of the device determines if the ICEC electron
proceeding through the circuit at the other side is faster or slower than the captured ones. Its
speed can be tuned by setting the relative energies in the QD pair, e.g., electrostatically. In
the context of miniaturization, the QDs in nanowires [58, [69-72] analyzed in the presented
works are optimal candidate structures to achieve the recent goal of further miniaturiza-
tion in nano-electronics, where systems on chips operating different logic functionalities are

expected to be as small as 2 nm in 2025 [101].

V. PERSPECTIVES
A. Experimental demonstration of ICEC

As a first remark, it should be emphasized that there is no experimental observation yet
of ICEC processes. Measuring ICEC is hence an obvious and crucial need. At the time
of writing this review, several international groups are working on the development of the
techniques necessary for such measurements. One of the simplest systems to demonstrate
ICEC might be Net@He,, (see section . Indeed, such systems are simple enough to be
prepared and, as shown above, ICEC would provide a clear signature in the electron energy
loss spectrum. We hope that this topical review will help them in their efforts and will

encourage more groups to tackle such difficult but essential tasks.

B. ICEC in ultracold atoms

Beyond rare-gas clusters Ne™@He,, (see section [[IIB|) as a possibility of future experi-
mental observation of ICEC, it appears of interest to investigate electron dynamics of ICEC

in the domain of ultracold-atom physics. This domain has seen a considerable growth but
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has not been addressed in the context of non-local continuum energy transfer processes.
Of particular interest could be the investigation of a heteronuclear ultracold atom-ion pair
[102], where an analogous experiment appears within reach [T03HI06].

A frozen-core description is therefore proposed as initial venture into atomic assisted
electron-capture dynamics in which an ionic Ba?* core could be modeled with an incident
electron e of kinetic energy ¢ in a local subsystem, that is in interaction with an assisting
distant subsystem of an ionic Rb* core with a reactive outer valence electron initially bound
in the rubidium 5s level to form a ground state rubidium atom, Rb [102]. The assisting
rubidium subsystem can then mitigate electron capture on the barium site through ICEC

by emitting its modeled outer valence electron with kinetic energy &’
[e(e) + Ba®"| + Rb — Ba* + [RbT +e(e')] . (30)

Promising indications of electron capture stemming from interatomic energy transfer are al-
ready seen in this quantum-dynamical exploratory work at experimentally relevant macro-
scopic interatomic distances [107]. This present research project ventures into the first
highly-correlated electron dynamics of two free electrons in a three-dimensional continuum.
It aims at exploring a complementary research direction within current initiatives in the
scientific community of electron dynamics in the context of inter-Coulombic processes. As
such, it is expected to yield results that will shed light on findings from other research

endeavours.

C. ICEC in microhydrated cations

Radiation from the Sun, radioactive substances, or X-rays can cause damage in living
organisms. Indeed, it has been recently found that the damage due to radiation can spread
exponentially through the human body by a cascade of decay processes of chemical com-
pounds which release numerous slow electrons [39, 40]. Decay processes related to radiation
damage include Auger decay, interatomic Coulombic decay, superexchange ICD, and elec-
tron transfer mediated decay (ETMD), which have attracted considerable attention over the
last decade [108].

Free electrons are genotoxic agents since they can break up chemical bonds by attaching

themselves to neighboring atoms. This is called dissociative electron attachment [27-29].
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As shown above, ICEC leads to a strong enhancement of electron attachment. ICEC might
thus be a general process that controls damage of living cells under ionizing irradiation. It
is therefore highly relevant to investigate ICEC in biological model systems and thus reveal
its potential impact on radiation damage.

Overall, up to 60% of the adult human body consists of water and even the bones contain
31% water [109]. Furthermore, metals [110] are comprised by about 2% in total. In their ionic
form they regulate fluid flow into and out of body cells, blood pressure, muscle contractions
and nerve signals and heart activity. More importantly, they are the key ingredient to
complex chemical structures called coordination compounds, in which a central metal atom
is surrounded by groups of non-metal molecular structures, called ligands. An important
example for such complexes is haemoglobin, which contains a central iron atom. It gives
blood its red colour and carries the vital oxygen through our body to the organs.

Metal cations are biologically abundant and they are expected to be strongly ICEC-active
owing to their large electron affinity. As discussed in[section ITB 3 it was indeed shown using
the virtual photon approximation that ICEC is very efficient in micro-hydrated cations [37].
To gain more insights, one can/should however go beyond the virtual photon approximation
and investigate ab initio systems containing a metal cation and few water molecules. The
R-matrix method, as discussed above in [section IT1} is the primary choice for these studies

and has proven successful in initial proof-of-concept explorations for microhydrated proton

(see in particular [section 111 C|) [38], [47].

D. Impact of the nuclear dynamics on ICEC

As shown above, the theoretical approaches employed to describe ICEC range from an-
alytical models to ab-initio electronic structure and dynamical calculations. A common
assumption in these approaches is that nuclei remain fixed during ICEC. However, based
on observations on the related ICD process [I11, 112], nuclear dynamics should play an
important role changing the efficiency and/or influencing the final state of the system. In-
vestigating the impact of the nuclear dynamics on ICEC is therefore crucial. However, this
requires a significant methodological and numerical development. At time of writing this
review, the authors are implementing such project which is supported by a German and

French collaboration through an ANR-DFG program.
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Two kinds of nuclear degrees of freedom should be investigated: in the first, one can focus
on the impact of the nuclear motion along the axis between the ICEC donor and acceptor
species. As shown above, the ICEC cross sections vary substantially along this distance
and a large effect of the nuclear dynamics is therefore expected. A second kind of nuclear
motion that can impact ICEC is the intramolecular vibrational motion of the donor and/or

acceptor species. For these modes, it is difficult to anticipate the effects on ICEC processes.
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