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Fano interferences in environment-enabled electron capture
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Interatomic Coulombic electron capture (ICEC) is an environment-assisted process in which a free electron
can efficiently attach to a quantum system by transferring the excess energy of the electron capture to a neighbor
ionizing it. Using the ab initio R-matrix method, we show that Fano profiles, resulting from interferences between
the ICEC final states and resonant states, appear in the ICEC cross sections even at extremely large system-
neighbor separations. We identify several types of resonant states depending on their decay pathways which
may involve long-range electron and energy transfer. ICEC is a fundamental process and the interferences lead
to substantial enhancement or decrease of the cross sections. The present investigation is therefore of general
relevance in many contexts wherever electron capture in an environment takes place.
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I. INTRODUCTION

Fano profiles [1] are universal line shapes which are
observed in many contexts in physics, such as photoioniza-
tion [2,3] and photoabsorption [4,5] spectroscopies, electron-
molecule (see, e.g., [6,7]), microwave [8], and Raman [9,10]
scattering, scanning microscopy tunneling [11–13], transport
in single-electron transistors [14], interferometers [15–17],
and carbon nanotubes [18,19], as well as in plasmonic nanos-
tructures and metamaterials [20]. Generally speaking, these
profiles are signatures of interference between a quasibound
(resonant) state and a continuum. Fano [1] was the first to de-
rive the underlying theory for the study of the autoionization
of the helium atom after inelastic electron scattering.

Interatomic Coulombic electron capture (ICEC) is a unique
inelastic electron scattering process, which can only take place
in an environment, i.e., when the system capturing the elec-
tron possesses at least one neighbor [21,22]. In the ICEC
mechanism, a free electron can efficiently attach to an atomic,
molecular, or quantum dot system (see [23–25] and references
therein for studies of ICEC in quantum nanomaterials) by
transferring the excess energy to a neighbor, which is then
ionized (see Fig. 1). A strong enhancement of the electron
attachment (or capture) cross sections in several systems due
to the ICEC process has been demonstrated using an analytical
formula which is valid at large distances between the system
and neighboring species [21,22]. Using the ab initio R-matrix
method, it was recently shown that the ICEC cross sections
may even be several orders of magnitude higher than predicted
by the analytical formula and dominate, by far, other compet-
ing processes [26].

In this work, we demonstrate that Fano profiles ap-
pear in the ICEC cross sections, even at extremely large
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system-neighbor separations. These profiles result from the
interferences between the ICEC final states and resonant states
in which the incoming free electron temporarily binds to the
system or to the neighboring species. The proton-water setup
is used here as a model to illustrate this phenomenon and its
richness. Several types of resonant states are identified and
their mechanism to release an electron and contribute to the
overall ICEC cross section is discussed and found to bear
some surprises. From the investigation and analysis, it is clear
that the presence of Fano profiles in the ICEC cross sections is
general. The sheer presence of the interferences involving the
environment and causing substantial enhancement or decrease
of the cross sections, even at large distances between the sys-
tem and its environment, is of basic interest and of relevance
in many contexts wherever electron capture plays a role.

II. METHODS AND COMPUTATIONAL DETAILS

The cross sections of ICEC in the proton-water setup were
computed with the R-matrix method as implemented in the
UKRmol+ package. A review of the R-matrix method can
be found in [27] and details of the UKRmol+ package are
presented in [28]. In the following, we summarize the method
and the implementation used in this work. In the R-matrix
approach, the configuration space is partitioned into an inner
and an outer region defined by a sphere of radius a around the
center of mass of the full system. The inner region contains
the multielectron description of the full system composed of
N + 1 electrons (i.e., 11 electrons in this work). In the outer
region only, a single free electron is treated and its interaction
with the N remaining electrons (i.e., 10 electrons) is described
in terms of a multipole expansion. The R matrix links the
two regions. The ICEC cross sections are obtained after the
analysis of the wave function in the outer region.

In our calculations, we assumed a symmetric planar ge-
ometry where the oxygen atom points to the proton and the
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FIG. 1. ICEC scheme: A free electron attaches to the species on
the left. The attachment energy is transferred to the one on the right,
which is then ionized.

water is in its isolated ground-state equilibrium geometry. The
calculations are performed in the C2v point group and within
the fixed-nuclei approximation. We used state-averaged com-
plete active space self-consistent field (CASSCF) orbitals
optimized for the three lowest singlet A1 states: H+ - H2O(X̃ ),
H+ - H2O(B̃), and H(1s) − H2O+(3a−1

1 ). The active space
includes the following orbitals: 1sO, 2sO, 1sH , 3a1, 4a1, 1b1,
1b2, and 2b2. In the close-coupling expansion, 18 target states
(3 singlet and 3 triplet in each A1, B1, and B2 symmetry),
obtained from a full configuration interaction (CI) in the CAS
active space, were included. They correspond to the 11 lowest
states of H+ - H2O and 7 lowest states of H(1s) − H2O+. The
latter are the final states of the ICEC processes. The computed
energies of the target states are given in Table I for a distance
R between the proton and the oxygen atom of 8 Å.

The cc-pVDZ basis set was used and the CASSCF orbitals
were optimized using the MOLPRO package [29,30]. We em-

TABLE I. Computed relative energies (in eV) of the target
states included in the R-matrix calculations for R = 8 Å. The ab-
solute ground-state energy is −76.1274 a.u. The initial ICEC state
[H+-H2O(X )] is underlined, the final ICEC states [H(1s) − H2O+]
are in black, and the lowest excited electronic states involving neutral
water (H+-H2O∗) are in bold.

Spin Sym. E (eV) State

Singlet B1 0.0 H(1s)-H2O+(1b−1
1 )

Triplet B1 0.0 H(1s)-H2O+(1b−1
1 )

Singlet A1 2.29 H(1s)-H2O+(3a−1
1 )

Triplet A1 2.29 H(1s)-H2O+(3a−1
1 )

Singlet A1 2.50 H+-H2O(X̃ )
Singlet B2 6.66 H(1s)-H2O+(1b−1

2 )
Triplet B2 6.66 H(1s)-H2O+(1b−1

2 )
Triplet B1 9.29 H+-H2O∗(3B1)
Singlet B1 9.95 H+-H2O∗(1B1)
Triplet A1 11.93 H+-H2O∗(3A1)
Singlet A1 12.85 H+-H2O∗(1A1)
Triplet B1 14.70 H(1s)-H2O+(4B1)
Triplet B2 15.49 H+-H2O∗(3B2)
Triplet B1 15.74 H+-H2O∗(3B1)
Singlet B1 15.74 H+-H2O∗(1B1)
Singlet A1 15.87 H+-H2O∗(1A1)
Triplet A1 15.87 H+-H2O∗(3A1)
Singlet B2 16.69 H+-H2O∗(1B2)

ployed “continuum” orbitals with angular momentum up to
� = 6, which are described with 25 B-spline-type orbitals of
order 6 in each �. The R-matrix radius a was fixed at 25 a.u.
and the maximum values in the Legendre expansion of the
mixed nuclear attraction and two-electron integrals (see [28]
for further details on the implementation and parameters)
were fixed at 35 and 45, respectively. Convergence with re-
spect to the numerical parameters was checked by performing
additional calculations with (i) the R-matrix radius fixed at
30 and 35 a.u. and (ii) the maximum values in the Legendre
expansion of the mixed nuclear attraction and two-electron
integrals fixed at 40 and 50, respectively. For the outer-region
calculations, the R matrix is propagated from a to 80 a.u.
The maximum multipole retained in the expansion of the
long-range potential was set to 2.

III. RESULTS AND DISCUSSION

In Table I, the initial ICEC state [H+-H2O(X̃ )] is under-
lined, the final ICEC states [H(1s) − H2O+] are in black, and
the lowest excited electronic states of water in the presence of
the proton (H+-H2O∗) are in bold. In our calculations, ICEC
leading to the lowest B1 and A1 states of the water cation is
allowed for any incoming electron energies, while the ICEC
channels to the lowest B2 states open at electron energy above
4.16 eV. Note that the computed relative energies, reported
in Table I, are in good agreement with the energy difference
between the states of the water cation [31] and the excitation
thresholds of water [32]. The presence of the proton at the
large distance of R = 8 Å is expected to only marginally affect
these quantities.

In the limit of large R, the ICEC cross sections can be
obtained from the photoionization cross sections of atomic
hydrogen and isolated water (σ (H )

PI and σ
(H2O)
PI ) according

to [21,22] (so-called virtual photon approximation)

σICEC(ε) = 3h̄4c2

8πme

gH

gH+

σ
(H )
PI (ε)σ (H2O)

PI (ε′)
εR6E2

vph

, (1)

where ε and ε′ are the energies of the incoming and out-
going electrons, respectively, i.e., of the electron impinging
on H+ and of the electron emitted from H2O (see Fig. 1).
The statistical weights of the quantum states are gH = 2
and gH+ = 1. The energy transferred between the species
is Evph = IPH + ε, where IPH = 13.61 eV is the ionization
potential of atomic hydrogen. In the following, we consider
only ICEC processes for which the electron is captured in the
ground state of hydrogen. The photoionization cross sections
were taken from [33–35].

To compare, on the same scale, the ICEC cross sections
computed at different R, we multiplied them by R6. The results
are reported in Fig. 2, where the cross sections from Eq. (1)
are compared to those from the R-matrix calculations. To
illustrate the Fano profiles in the ICEC cross sections, we
consider in this work only large R for which the virtual photon
approximation is valid (R � 6 Å). However, we have also
computed the ab initio ICEC cross sections for shorter R: these
cross sections (not shown) are much larger than predicted by
Eq. (1), as observed in our previous work [26]. Such enhance-
ment comes from the contributions of the orbital overlaps
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FIG. 2. Total ICEC cross sections [for e + H+-H2O(X̃ ) →
H(1s)-H2O+(∗) + e′] as functions of the energy of the incoming
electron averaged over all scattering symmetries and multiplied by
R6. The results computed with the R-matrix approach are compared
with those of the virtual photon approximation. The electron energy
is given with respect to the initial ICEC state (see Table I). The
cross sections obtained from the virtual photon approximation were
multiplied by 2. This factor is explained by the different levels
of theory employed to compute the photoionization cross sections
(see [33–35]) entering in Eq. (1), compared to the electronic structure
calculations used in the R-matrix approach. The ab initio ICEC cross
section for the proton-neon dimer, shifted by −6.8 eV, is also shown
for comparison. This cross section does not exhibit Fano profiles
because the respective resonances lie much higher in energy (see
main text).

between H and H2O, which are neglected in the asymptotic
derivation (see [21,22] and [26]).

As shown in Fig. 2, the ab initio ICEC cross sections
exhibit some structures that are superimposed to the smooth
cross sections computed within the virtual photon approxima-
tion. As discussed below, these structures are Fano profiles
coming from the interference between two pathways leading
to the same final states: the direct ICEC pathway and that via
metastable electronic states of the (N + 1)-electron system.
For comparison, we computed the ICEC cross sections for the
proton-neon dimer for an internuclear distance of 8 Å, which
is isoelectronic to the proton-water one. We employed the cc-
pVDZ basis set, and the CASSCF orbitals optimized for the
two lowest singlet A1 states were used. This model provides a
similar description as the one used for the proton-water setup.
The total cross sections are also shown in Fig. 2. Owing to the
higher ionization potential of neon compared to water, ICEC
opens only at electron energy above 6.8 eV in our calculations.
To be graphically comparable with the results of the proton-
water setup in Fig. 2, we have shifted the electron energy by
−6.8 eV for this system. No Fano profiles are observed for the
proton-neon dimer: the lowest H-Ne states lie higher in energy
than those reachable for the incoming electron energies shown
and, therefore, no interference is possible. This contrasts with
the appearance of the Fano profiles observed in the ab initio
ICEC cross sections of the proton-water setup.
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FIG. 3. ICEC cross sections for the A1 scattering symmetry as
functions of the incoming electron energy. The cross sections were
obtained with the R-matrix method for different R (same color code
as in Fig. 2). In the inset, the cross sections for R = 10 Å were mul-
tiplied by 10 such that the profiles can be clearly seen. Additional CI
calculations allowed us to assign the (N + 1)-electron states that in-
terfere with the ICEC final states: the full black, red dashed, and blue
dotted arrows indicate the interferences with H(1s)-H2O(3A1, 1b2 →
2b2), H(1s)-H2O(1A1, 1b2 → b2), and ion pair states, respectively
(see main text). The electron energy is given with respect to the initial
ICEC state (see Table I).

The ICEC cross sections obtained with the R-matrix ap-
proach the scattering symmetry A1 are shown in Fig. 3. As
in the total cross sections, Fano profiles are clearly seen. We
have performed additional CI calculations using MOLPRO and
the same basis set and active space as those used for the target
states in the R-matrix calculations. These additional calcula-
tions allow us to assign the character of the resonant states
that interfere with the ICEC final states. The computations
show that the Fano profile located at about 1.3 eV arises
due to the interference with the state H(1s)-H2O(3A1, 1b2 →
2b2). The next one in energy stems from the corresponding
singlet excitation of water, i.e., from the interference with
the H(1s)-H2O(1A1, 1b2 → 2b2) resonant state. In Fig. 3,
the higher Fano profiles up to about 4.2 eV [i.e., the
H(1s)-H2O+(2B2) ionization threshold] are related to the
H(1s)-H2O(1A1, 1b2 → Rydberg) resonant states. It should
be noted that the lowest Fano profile corresponds to a triplet
excited state of water. The transition from the ground elec-
tronic state of water to such an excited state is spin forbidden,
leading to a different shape of the Fano profile from that of the
higher ones (see below).

The profiles below 4.2 eV correspond to resonant states
where both species are neutral. The energy position of these
states thus does not change significantly with R. In contrast,
we see above the energy of 4.2 eV, in Fig. 3 and its inset,
profiles whose position varies in inverse proportion to the
proton-water distance, unambiguously indicating interference
with ion pair resonant states (i.e., H+-H2O− and H−∗-H2O+).
The CI calculations show that there are several ion pair reso-
nant states of both kinds in the respective energy range, but a
detailed assignment of the peaks to specific states is beyond
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the present ability of the code. The H+-H2O− resonances can
be populated by the incoming electron attaching to the water.
Compared to isolated water, these resonances are stabilized
by the presence of the proton. In contrast, the resonances of
the type H−∗-H2O+ cannot be populated directly by attaching
the electron to the proton: their population requires a long-
range electron transfer from the water to the proton. On the
other hand, for the resonances to contribute to the ICEC cross
section, the latter type can directly emit an electron, while the
decay of the former type of resonance is more intricate. Here,
the resonance decays via a well-studied mechanism called
electron transfer mediated decay (ETMD) [36–39]. In ETMD,
the neighbor donates an electron and the excess energy is
utilized to emit another electron from the neighbor. In our
case, the water anion transfers an electron to the proton, thus
neutralizing it, and the energy gained is utilized to turn the
water into a water cation, giving rise to H+-H2O− → H(1s)
- H2O+ + e′ which is a final state of ICEC. It is remarkable
that the signature of such long-range multielectron processes
can be seen in the ICEC cross section, even at extremely large
interspecies distances.

In order to gain further insights into the interferences
between the quantum paths, we analyze the profiles below
4.2 eV seen in Fig. 3. In the vicinity of each profile, the cross
sections should follow the general Fano form (see [1]),

σ ∝ (Ẽ + q)2

1 + Ẽ2
. (2)

In the above equation, q is the asymmetry parameter and Ẽ is
called the reduced energy,

Ẽ = 2(ε − Ei )/�i, (3)

where Ei and �i are, respectively, the position and width of the
resonant state. In Fano theory, the asymmetry parameter q is
a central quantity which is defined as a ratio of the transition
probabilities to the resonant state and to the continuum. When
the asymmetry parameter |q| is of the order of 1, the transi-
tions through the continuum and resonant state are of the same
strength, resulting in the asymmetric Fano profile. In the limit
where |q| is very large, the transition to the continuum is
very weak and the transition through the resonant state largely
dominates. Conversely, in the case where q = 0, the cross
section is described by a symmetrical dip around the position
of the resonant state.

It is evident from the line shape around the profiles that
the lowest one is characterized by an asymmetry parameter

|q| close to zero, while that for the higher ones is near unity.
We have fitted the cross sections using Eq. (2) around these
profiles and, indeed, found q = 0.03 for the lowest profile
and between 0.6 and 1.0 for the higher ones. This shows that
around the incoming electron energy of 1.3 eV, the ICEC
process is mostly a direct process. It should be noted, how-
ever, that although there is almost no transition through the
resonant 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 resonant states play an equally important role as the direct
one.

IV. CONCLUSIONS

In this work, we have theoretically investigated the inter-
atomic Coulombic electron capture process with the ab initio
R-matrix method. ICEC is an efficient long-range energy
transfer process relevant in various contexts where electron
scattering drives the physics and chemistry of a system in an
environment. In the example of a proton in the neighborhood
of a water molecule, we have shown that the ICEC cross
sections exhibit clear Fano profiles. The latter stem from
the interferences between the ICEC final states and resonant
states in which the incoming electron temporarily binds to the
proton-water setup. Due to these interferences, the ICEC cross
sections can be substantially enhanced or suppressed. Such
phenomena are expected to be a common feature of ICEC
and should thus be important in research fields where elec-
tron scattering in an environment takes place. Furthermore,
collisions between electrons and molecules, especially water,
have attracted considerable attention in the most recent decade
owing to their crucial role in a great variety of processes.
Our work demonstrates that the presence of a cation near the
molecules substantially changes the scattering processes and
their cross sections, opening new research directions.
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