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ABSTRACT
Electron transfer mediated decay (ETMD) is a process responsible for double ionization of dopants in He droplets. It is initiated by producing
He+ in the droplet, which is neutralized by ETMD, and has been shown to strongly enhance the dopant’s double ionization cross section.
The efficiency of ETMD, the spectra of emitted secondary electrons, and the character of the ionic products depend on the nuclear dynamics
during the decay. To date, there has been no theoretical investigation of multimode dynamics which accompanies ETMD, which could help
to understand such dynamics in a He droplet. In this article, we consider the He–Li2 cluster where an ab initio examination of multimode
dynamics during the electronic decay is feasible. Moreover, this cluster can serve as a minimal model for Li2 adsorbed on the droplet’s
surface—a system where ETMD can be observed experimentally. In He droplets, Li2 can be formed in both the ground X1Σ+

g and the first
excited a3Σ+

u states. In this article, we present ab initio potential energy surfaces of the electronic states of the He–Li2 cluster involved in ETMD,
as well as the respective decay widths. We show that the structure of these surfaces and expected nuclear dynamics strongly depend on the
electronic state of Li2. Thus, the overall decay rate and the appearance of the observable electron spectra will be dictated by the electronic
structure of the dopant.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5082952

I. INTRODUCTION

Superfluid 4He droplets are a unique and versatile spectro-
scopic embedding medium used for isolation, cooling, and study
of atoms, molecules, and their aggregates.1,2 Since the droplets are
transparent to electromagnetic radiation below 21 eV, such photons
are directly absorbed by the dopants which leads to their vibrational
or electronic excitation.3–5 The photons of energies above 21 eV can
be absorbed by the droplets themselves, which leads to the excitation
or ionization of the He atoms. The photoabsorption cross section of
a droplet, whose average size varies between 103 and 1012 atoms,2 is
much larger than the dopant’s. Therefore, the energy is first absorbed
by the droplet and is afterward transferred in an interatomic pro-
cess to the dopant which usually leads to its ionization. Several pro-
cesses responsible for such indirect ionization of the dopant have
been identified to date. Thus, excited He atoms may ionize a dopant
in the excitation transfer ionization6–8 or Penning ionization pro-
cesses,2,9 whereby an excited He atom relaxes transferring the excess
energy to a dopant and ionizing it. The interaction between the

He+ cation and a dopant may lead to the electron transfer from the
latter to the former.10 The ionization via charge transfer usu-
ally results in electronically excited dopant cations due to the
energy conservation requirement.10–12 However, for rare gas (RG)
dopants,13 whose ionized excited states have high energies so that
the He+-RG and He-RG+∗ states cannot be brought into resonance,
radiative charge transfer14,15 and production of the dopant cation in
its ground state is the most probable mechanism.

If the double ionization potential of the dopant is below the
electron affinity of He+ (24.6 eV), another electron transfer process,
electron transfer mediated decay (ETMD),16 becomes possible. In it,
the excess energy released in the electron transfer from the dopant is
used to eject another dopant’s electron into the continuum. ETMD
is common in weakly bound chemical systems; it was observed in
rare gas clusters17–19 and salt solutions.20 In rare gas clusters, it
proceeds on a time scale of a few picoseconds,21 while in microsol-
vated clusters, it becomes as fast as a few tens of femtoseconds.22,23

Whenever energetically allowed, it is, therefore, the dominant charge
transfer mechanism in weakly bound chemical media. Ab initio
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calculations demonstrated that in He environment, the ionization
of a helium atom followed by ETMD becomes a potent mecha-
nism for doubly ionizing the dopant species already in the pres-
ence of a few He neighbors.24 Subsequent photoelectron-photoion
coincidence measurements showed that double ionization of Mg
clusters embedded in He droplets proceeded, within the experi-
mental uncertainty, solely by ETMD.25 ETMD can also account
for the previously reported double ionization by He+ ions of C60-
H2O complexes26,27 embedded in nanodroplets, although the mech-
anism could not be deduced unequivocally from the experimental
data.

ETMD is a purely electronic process and will occur even if the
nuclei are fixed. However, in rare gas clusters, characteristic vibra-
tional frequencies in the decaying state are larger than the ETMD
rate in the Franck-Condon region, and the decay is accompanied
by nuclear dynamics. They substantially increase the decay rate and
strongly affect the spectra of emitted electrons.21,28 Moreover, it
has been previously shown that in charge transfer reactions inside
the droplets, the He+ ion is steered toward an electron rich moi-
ety in the dopant, and this steering is responsible for the location
of the ionization site and the following chemical transformations
of the ionized dopant.11,12 Such steering might also be important
in the case of ETMD and impact its rate and the distribution of
the products. Despite their importance, the nuclear dynamics which
accompany ETMD were studied in detail only for a diatomic cluster
and involved only one nuclear coordinate.21 The dynamics during
ETMD in He droplets will actively involve several coordinates and
require a polyatomic model.

A suitable model for studying the multidimensional dynamics
of ETMD in He droplets has been suggested by the droplets doped
with the dimers of alkali atoms (Ak2) which are adsorbed on the
droplet’s surface.29–31 In this work, we discuss the particular exam-
ple of Li2, the system which has been previously studied both as a
free molecule (see Ref. 32 and references therein) and as an adsor-
bate on the surface of He droplets.33,34 Like the hydrogen atom, the
Li atom has a single valence electron. However, unlike H2, where the
first excited state is dissociative, both the ground X1Σ+

g and the first
excited a3Σ+

u states of Li2 are bound.32 In the ground state, the two
valence electrons form a strong single bond so that it is appropriate
to think about Li2 in this state as a molecule. However, the binding
in the excited state is only due to the dispersive interaction and is so
weak that one is dealing with a van der Waals dimer. The 20-fold dis-
crepancy in the binding energies of the two states affects the relative
abundances of the triplet and singlet Li2 formed on the He droplet’s
surface. The formation of the Li dimer on the surface is accompa-
nied by its cooling via evaporating of He atoms. Since the binding
energies of Li2 to the He droplet are of order of a few millielectron
volts,35 and the energy dissipated in the cooling of the singlet Li2 is
much larger than in the case of the triplet, the former has higher
probability of desorbing from the surface. As a result, the spin triplet
Li2 adsorbates predominate.29,34 However, the exact ratio of the
high to low spin dimers is sensitive to the droplet’s size and can be
varied.36

The dimer in both electronic spin states can undergo ETMD
with He+. Since these states correspond to very different electronic
structures of Li2 and different orientations of the dimer relative to
the He droplet’s surface—perpendicular for the singlet, parallel for
the triplet37—we expect an observable difference in the impact of

nuclear dynamics in these two states on ETMD. One can obtain a
useful insight in the dynamics of ETMD by considering a minimal
He–Li2 system which is amenable to high level ab initio calculations.
Indeed, following the ionization of the droplet, ETMD takes place
between Li2 and He+ or He+

2 which is produced following the fast
self-trapping of the hole.10 The neutral He atoms in the droplet play
two roles during the decay. First, they form a steric constraint on
the dynamics of the Li2–He+

n subsystem. Second, they serve as a heat
sink dissipating the vibrational energy in the ETMD state concur-
rently with the electronic decay. The impact of these two effects can
be estimated, for example, by comparing the experimental ETMD
electron spectra with their benchmark counterparts. Apart from
being the model for a more complex system, the HeLi2 cluster is of
interest by itself, since it allows a detailed ab initio investigation of
the impact of multimode nuclear dynamics make on the electronic
decay.

In this article, we present the results of the ab initio calcula-
tions of the complex potential energy surfaces (PESs) of the ETMD
He+–Li2(

1Σ+
g , 3Σ+

u) states, as well as the PESs of the initial He–
Li2(

1Σ+
g , 3Σ+

u) and final He–Li+–Li+ states. We derive and discuss
qualitative estimates of ETMD dynamics, rate, and spectra from
these PECs. The results of full quantum dynamics calculations of
ETMD observables, which use the presented electronic data as the
input, will be reported in the follow-up publication.

II. COMPUTATIONAL DETAILS
A. Potential energy surfaces

To represent the three-dimensional potential energy surfaces
and the decay widths, we use Jacobi coordinates: the Li–Li dis-
tance, r (0 < r < ∞), the distance from He to Li2 center-of-mass,
R (0 < r <∞), and the angle between the Li2 molecular axis and the
line connecting its center-of-mass to He, θ (0 < θ < π/2) (see Fig. 1).

The computation of the three-dimensional potential energy
surfaces (PESs) of the ground (1Σ+

g ) and the first excited (3Σ+
u)

states of neutral HeLi2 is very challenging due to the exceed-
ingly weak helium-lithium interaction. Their accurate description

FIG. 1. Jacobi coordinates used to represent the geometry of the HeLi2 cluster.
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requires high level ab initio methods, as well as carefully chosen
basis sets. We computed the PES of the HeLi2(

1Σ+
g ) state using the

coupled cluster singles, doubles and perturbative triples [CCSD(T)]
method as implemented in the GAMESS-US software package38,39

and the restricted Hartree-Fock (RHF) reference state. To find an
appropriate basis set, we computed the energy along two one-
dimensional cuts of the total PES. The cuts were obtained by keeping
the Li atoms at the equilibrium distance of isolated Li2 and varying
the distance between He and the center of mass of Li2 in the linear
and T-shaped geometries of the trimer. The cc-pVXZ (X = D,T,Q,5)
and aug-cc-pVXZ (X = D,T,Q,5) Dunning basis sets were used on
both He and Li atoms. The convergence was achieved for both series
of the basis sets at the 5Z level; however, the energies and geome-
tries corresponding to the global potential minima were different
for the XZ and aXZ basis sets. The results obtained at the cc-pV5Z
level show good agreement with the previously reported theoretical
results by Varandas and Brandão40 and Fuchs and Toennies41 (see
Table I). Therefore, we chose the cc-pV5Z basis set to compute the
PES of the HeLi2(

1Σ+
g ) state.

The PES of the first excited state, HeLi2(
3Σ+

u), was computed by
the completely renormalized coupled-cluster method with singles,
doubles, and noniterative triples [CR-CC(2,3)] as implemented in
the GAMESS-US software package42 and using the restricted open-
shell Hartree Fock (ROHF) reference state. To choose the appropri-
ate basis set for the computation of the corresponding PES, we again
studied the basis set convergence using cc-pVXZ (X = D,T,Q,5)
series. From our study, we observed that cc-pVXZ (X = D,T,Q,5)
series converge at the 5Z level and the cc-pV5Z basis set was used on
He and Li atoms. To the best of our knowledge, the PES of this state
has not been reported in the literature.

The PESs of the highly excited, singly ionized He+Li2(
1Σ+

g ) and
He+Li2(

3Σ+
u) decaying states were computed using the full configu-

ration interaction (FCI) method as implemented in the GAMESS-
US package using the RHF ground state of HeLi2 as the reference.
The important advantage of the FCI method, as applied to weakly
bound systems, is that it is size consistent. The FCI calculations of
the complete three-dimensional PES of a resonance state lying in the
electronic continuum with all 7 electrons active are computation-
ally expensive. Therefore, in our calculations, we froze the core (1s)

TABLE I. Theoretical equilibrium geometries and binding energies of HeLi2(1Σ+
g )

and HeLi2(3Σ+
u) states. The binding energies are obtained relative to the energy

of the separated He atom and Li2 molecule at its corresponding equilibrium
geometry.

R (Å) r (Å) θ (deg) De (meV)

HeLi2(
1Σ+

g )
a 6.91 2.69 0 0.22

HeLi2(
1Σ+

g )
b 6.75 2.69 0 0.26

HeLi2(
1Σ+

g )
c 6.88 2.69 0 0.22

HeLi2(
1Σ+

g )
d 6.85 2.69 0 0.20

HeLi2(
3Σ+

u)
a 5.42 4.18 90 0.41

aThis work—CCSD(T), cc-pV5Z basis set.
bThis work—CR-CC(2,3), aug-cc-pV5Z basis set.
cReference 40.
dReference 41.

orbitals of both lithium atoms which left only three active electrons
in the system.

To check the accuracy of this approximation, we computed the
binding energy in the He+Li2(

1Σ+
g ) state at the equilibrium geome-

try given in Table II. We observed that the energies obtained using
a frozen core approximation deviate by less than 1 meV from the
ones obtained in the full calculation. In addition, we computed the
binding energies using CI-SDT method with the Davidson correc-
tion and all seven electrons active, which should take account of the
polarization of Li 1s electrons. For the geometries where the decay
is prominent, the difference in binding energies amounted to a few
tens of millielectron volts. Such deviation would result in a negligible
error in the ETMD electron spectra which are characterized by broad
(≈1 eV) peaks. While it proved to be impossible to obtain similar
results for the He+Li2(

3Σ+
u) state, the results discussed above and the

calculations in the He+Li dimer indicate that the effect of unfreezing
of the 1s electrons on the electron spectra will be negligible.

The highly excited He+Li2 states are embedded into the contin-
uum and interact with it forming metastable electronic resonance
states. The PESs of such states are, in general, complex with the
complex part being equal to the half of the decay width.43 Since
the Gaussian atomic basis sets are used in the computations, the
continuum states are discretized, and calculating the real part of
the PES can be done straightforwardly as if the state were elec-
tronically bound. However, care should be taken in selecting the
basis set. Increasing the basis set on the lithium atoms improves
the description of interaction energy. However, it also increases the
density of pseudocontinuum in the energy range of interest. Inter-
action of many pseudocontinuum states with the decaying state
complicates the energy spectrum and makes the construction of the
real part of the PES a difficult task. Keeping this in mind, we used
the aug-cc-pVTZ basis set on the helium atom and the cc-pVTZ
basis set on the lithium atoms. Additional 2s, 2p, 2d Rydberg-like
Kaufmann-Baumeister-Jungen (KBJ)-type basis functions44 were
added to the basis sets on He and Li. These basis sets are accurate
enough as can be seen from sufficiently accurate equilibrium Li–
Li distances and binding energies in isolated Li2 in the electronic
states of interest. Moreover, they allow the efficient computation and
construction of the real parts of the three-dimensional resonance
He+Li2 PES.

The PES of the final state of the ETMD process,
Li+(2s−1)HeLi+(2s−1), was again computed using the FCI method
with the 1s orbitals of the Li atoms frozen. We used the aug-cc-pVTZ
basis set on the helium atom and cc-pVTZ basis set on the lithium
atoms. Additional 2s, 2p, 2d Rydberg-like KBJ-type basis functions
were added to the helium and lithium atoms.

TABLE II. Equilibrium geometries of the He+Li2(1Σ+
g ) and He+Li2(3Σ+

u) decay-
ing states computed by FCI. The binding energies are obtained relative to the
energy of the separated He+ ion and Li2 molecule at the corresponding equilibrium
geometry.

R (Å) r (Å) θ (deg) De (eV)

He+Li2(
1Σ+

g ) 3.0 2.90 90 1.33
He+Li2(

3Σ+
u) 0 7.20 . . . 1.27
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B. Electronic decay widths
The ETMD widths were computed using the Fano-Stieltjes

method45 which we briefly review below. In the theory of resonances
developed by Fano and Feshbach,46–48 the resonance wavefunction is
represented as a superposition of the bound (Φ) and the continuum
(χβ ,�) components. The total decay width Γ is calculated using the
coupling term between the bound and continuum parts,

Γ = 2π∑
β
∣⟨�∣H∣χβ,�⟩∣

2, (1)

where H denotes the full electronic Hamiltonian and β enumerates
open decay channels. The asymptotic kinetic energy of the ETMD
electron, �, can be estimated from the expression � ≈ Er − Eβ, where
Er is the real part of the resonance energy and Eβ is the energy of the
final state β.

In the Fano-Feshbach formalism, the division of the resonance
state into bound and continuum parts is done by partitioning of the
Hilbert space into the subspace P of the final continuum states, and
the subspace Q of the closed channels which contains the bound
part of the resonance. The subspaces P and Q satisfy the following
conditions:

P + Q = 1,PQ = 0. (2)

The bound part of the resonance can be obtained through diago-
nalization of the electronic Hamiltonian projected onto the Q space

QHQ∣Φ⟩ = Eb∣�⟩, (3)

where the energy Eb is approximately equal to Er for narrow reso-
nances. The diagonalization of the electronic Hamiltonian projected
onto the P subspace produces the continuum states which enter the
width calculations

PHP∣χβ,�⟩ = Eβ∣χβ,�⟩. (4)

Since the L2 basis set is used in representing H, Eq. (4) produces not
a true continuum but discrete pseudocontinuum states which have
wrong normalization and asymptotic behavior. To obtain the accu-
rate numerical value and correct dimensionality of the decay width
Γ, we employed the Stieltjes imaging technique.45,49

To construct the matrix representation of H and its projections
onto the P and Q subspaces, we used the extended second order alge-
braic diagrammatic construction [ADC(2)x] scheme for the Green’s
function [defined within the space spanned by the one-hole (1h) and
two-hole one particle (2h1p) configurations].50,51 In this approach,
the coupling between the 1h configurations is treated to second
order of perturbation theory, while the coupling between the 1h and
2h1p configurations and between the 2h1p configurations is treated
to first order of perturbation theory. To construct the P subspace, we
considered the two-hole-one-particle (2h1p) configurations which
represent the final doubly ionized state with an outgoing free elec-
tron. The hole orbitals used in the construction of the P subspace
are the 2σg and 2σu valence orbitals of Li2. Therefore, the P subspace
contains all possible 2σ−1

i 2σ−1
j b1 configurations, where b refers to a

virtual orbital. The hole orbitals used in the construction of the Q
subspace are the 1s orbital of the He atom and the 2σg ,u orbitals
of Li2 such that the Q subspace comprises 1s−1

He , 1s−1
He2σ−1

g,ub1, and

1s−2
Heb1 configurations. The Q subspace also contains the bound parts

of resonance states of the He∗–Li+
2 character. The lowest of them,

He∗(1s2s3S)–Li+
2 , interacts with the He+Li2(

3Σ+
u) state as discussed

below.
The calculation of the decay widths was carried out by first

using the MOLCAS quantum chemistry package52 for computing
the restricted Hartree-Fock (RHF) reference state and two-electron
integrals. Later on, our in-house ADC(2)x code for the Green’s func-
tion was used to compute the ETMD width. The decay width calcu-
lations were performed using the cc-pVTZ basis set on the helium
and lithium atoms. For an improved description of the pseudocon-
tinuum, additional 4s, 4p, 4d continuumlike Kaufmann-Baumeister-
Jungen basis functions were added to the helium and lithium atoms.
We checked the convergence of the width with respect to the basis
set by further augmenting the latter with the KBJ functions. This led
to the variation of the width within 5% from the value obtained using
the original basis set.

III. RESULTS AND DISCUSSION
The ETMD process which leads to the double ionization of Li2

in the presence of He is summarized in the following equation:

hν + HeLi2 → He+Li2 + ephoto → HeLi+Li+ + ephoto + eETMD. (5)

In Eq. (5), we assumed that He+ was produced in photoionization,
although the same ETMD process can be also initiated by electron
impact ionization. Initially, the cluster can be either in its ground
electronic state HeLi2(

1Σ+
g ) or in the first excited electronic state

HeLi2(
3Σ+

u). Ionization of He promotes the ground state system to
the He+Li2(

1Σ+
g ) (S = 1/2) state, while the excited state is promoted

to either He+Li2(
3Σ+

u) (S = 1/2) or He+Li2(
3Σ+

u) (S = 3/2) state.
ETMD is energetically allowed for all three states; however, spin con-
servation rules allow ETMD only in the two spin-doublet decaying
states, while it is forbidden within a nonrelativistic approach for the
spin-quartet state. Since the spin-orbit coupling is small for the light
atoms comprising the cluster, only the first two states will be dis-
cussed below. Their decay proceeds to the single final HeLi+Li+ state
which subsequently undergoes Coulomb explosion into either the
HeLi+/Li+ or He/Li+/Li+ channel.

The kinetic energies of the ETMD electrons and the ionic frag-
ments are the experimental observables. Their accurate computation
requires taking into account the nuclear dynamics during the decay.
The essential input to such calculations are the potential energy sur-
faces (PESs) of the initial, decaying, and final states, as well as the
decay widths. In the following, we present the results of ab initio
calculations of these electronic properties and draw qualitative con-
clusions as to the appearance of the expected electron and ion
spectra.

A. PESs of the initial states
Binding of He to neutral atoms and molecules is extremely

weak. The HeLi2 cluster is no exception, and to understand its struc-
ture, it is advantageous to consider first the isolated Li2 molecule.
In its ground state 1Σ+

g , this molecule is bound and the experimen-
tal bond length and the binding energy are 2.673 Å and 1.056 eV,
respectively.32 The two Li atoms are covalently bound in the 1Σ+

g
state with both valence electrons occupying the binding 2σg orbital.
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In the first excited 3Σ+
u state, one electron occupies the bonding 2σg ,

while the other the antibonding 2σu orbital. Despite the absence of a
covalent bond, the Li2 molecule remains bound due to the dispersive
forces between the two Li atoms. This van der Waals bond is much
weaker than the covalent one in the ground state which is reflected in
the increased bond length and the diminished binding energy found
experimentally to be 4.169 Å and 41.41 meV.32 Summing up, one
may consider Li2 as a strongly bound molecule in its ground state
and as a weakly bound van der Waals cluster in the first excited
state.

Adding the He atom perturbs the Li2 molecule only weakly in
both states of interest. Indeed, for the range of geometries for which
the bound cluster exists, the deviation of the binding energies and
bond lengths of Li2 from the equilibrium values in the isolated sys-
tem is negligible. Therefore, to visualize the potential energy surface

of the cluster in the two lowest electronic states, one may keep the
Jacobi coordinate r constant and equal to the equilibrium Li–Li dis-
tance in the corresponding state of the isolated molecule and plot the
PES as the function of R and θ alone.

The corresponding surfaces are shown in Fig. 2; we list the
respective equilibrium geometries in Table I. In the electronic
ground HeLi2(

1Σ+
g ) state, the equilibrium geometry is linear with

θ equal to 0, and R = 6.91 Å. The well depth relative to the
He/Li2(

1Σ+
g )eq dissociation limit is De = 0.22 meV. These results can

be compared to the equilibrium geometries of the HeLi2 electronic
ground state obtained by other authors. Thus, the CEPA geome-
tries reported in Ref. 41 give R0 = 6.87 Å and De = 0.2 meV. The
double many-body expansion method, where the two- and three-
body interaction terms are further subdivided into the Hartree-
Fock and correlation contributions, produced R0 = 6.91 Å and

FIG. 2. Two-dimensional poten-
tial energy surfaces of the ground
HeLi2(1Σ+

g ) and first excited
HeLi2(3Σ+

u) states of the HeLi2
cluster. (a) The PES of the ground state
was obtained by keeping r at 2.69 Å
(Li2 equilibrium distance in the 1Σ+

g
ground state). The zero of energy was
set to coincide with the energy at the
He/(Li2(1Σ+

g ))eq dissociation limit. (b)
The PES of the first excited state was
obtained by keeping r = 4.18 Å (Li2
equilibrium distance in the first excited
3Σ+

u state). The zero of energy was
set to coincide with the energy at the
He/(Li2(3Σ+

u))eq dissociation limit. The
black dot marks the position of the
cluster’s equilibrium geometry in the
respective electronic state.
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De = 0.22 meV.40 Our results are in good agreement with these
calculations.

The equilibrium geometry in the first excited HeLi2(
3Σ+

u) state
is T-shaped with θ = π/2 and R = 5.42 Å, while the well depth is
De = 0.41 meV. Both the change in the symmetry of the equilibrium
geometry from C∞v in the ground state to C2v in the excited state
and change in the location and depth of the potential minima are
dictated by the distribution of the valence electron density in the cor-
responding electronic states of the Li2 molecule. As we mentioned
above, the configuration of the valence electrons, which are respon-
sible for bonding, in the HeLi2(

1Σ+
g ) state is 2σ2

g , while in the excited
HeLi2(

3Σ+
u) state, it is 2σ1

g2σ1
u. The bonding σg orbital is mostly

located between the Li atoms, while the antibonding σu orbital has a
node there. Therefore, compared to the total electron density of the
two noninteracting Li atoms, the Li2 molecule in the ground state has
excess electron density between the atoms. In the first excited state,
the excess density is located just outside the atoms along the molecu-
lar axis. The electron-He interaction is strongly repulsive; therefore,
the binding of He is stronger along the direction where the electron
density on the partner is low.53

The system is usually taken from the initial to the decaying state
in a sudden photoionization step, which vertically transfers a vibra-
tional wavepacket from one PES to another. Therefore, different
equilibrium geometries of the two electronic states of HeLi2 mean
different initial vibrational distributions in the nuclear dynamics
which accompany the ETMD process.

B. PESs of the decaying states and the final state
of ETMD

Unlike neutral He, the He+ ion binds strongly to the Li2
molecule. One, therefore, expects shorter He–Li equilibrium dis-
tances in the ionized state. Moreover, the ion strongly perturbs the
Li2 molecule. In general, it polarizes Li2 and weakens the Li–Li bond,

which leads to the increase in the Li–Li equilibrium distance. The
exact effect of the positive charge of He+ on the equilibrium geome-
try strongly depends on the electronic structure of the Li2 fragment
in the respective decaying state. Thus, the global minimum of the
He+Li2(

1Σ+
g ) PES was found at R = 3.0 Å, r = 2.90 Å, and θ = π/2.

Comparing this equilibrium geometry with the one in the ground
state, we notice, first, that the symmetry shifts from the linear to
the T-shaped. The C2v symmetry is explained by the fact that the
interaction between He+ and the valence electron density, which is
concentrated between the two Li atoms, is attractive, and not repul-
sive as in the case of neutral He. Second, the distance between the
He+ and the center-of-mass of Li2 becomes half of what it was in
the initial state. Finally, the polarization of Li2 and the partial charg-
ing of the Li atoms lead to the increase in the Li2 bond length from
2.69 Å to 2.90 Å. The binding energy relative to the He+/(Li2(

1Σ+
g ))eq

limit is 1.33 eV and is much larger than 0.22 meV binding energy in
the ground state. One notes, however, that despite the shift in the
position of the global minimum and stronger perturbation of the Li2
molecule in this decaying state, one may still consider this cluster
as a He species attached to the Li2 molecule. The characteristic two-
dimensional PES cut with the coordinate r kept constant at 2.90 Å is
shown in Fig. 3.

The picture differs in the case of the He+Li2(
3Σ+

u) state. Simi-
lar considerations of maximizing the attractive interaction between
He+ and the valence electrons of Li2 predict a linear equilibrium
geometry of the cluster. Indeed, the potential energy surface has
three minima, and all three correspond to a linear geometry. In
the global minimum, He+ is located at the center of mass of the
Li2 molecule such that R = 0 Å and r = 7.20 Å. The fact that the
most stable cluster configuration in this state is with He+ located
between the Li atoms can be understood by comparing the binding
energy of Li2(

3Σ+
u) (41.41 meV) with the much larger binding energy

of He+Li (650 meV). Therefore, in this electronic state, the system
consists of two Li atoms bound to a common center—the He+ ion.

FIG. 3. Two-dimensional potential
energy surfaces of the He+Li2(1Σ+

g )
state. The shown PES of the
He+Li2(1Σ+

g ) corresponds to r kept

constant at 2.9 Å (Li2 distance at the
global minimum of the respective PES).
The zero of energy was set to coincide
with the energy at the He/(Li2(1Σ+

g ))eq
dissociation limit. The black dot marks
the position of the cluster’s equilibrium
geometry in the respective electronic
state.
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The characteristic PES cut with θ held constant at π/2 is shown in
Fig. 4.

There are also a local minimum at R = 5.38 Å, r = 3.16 Å, and
θ equals to 0 so that He+ is located just outside the Li2 molecule on
the molecular axis. The binding energy at the local minimum rela-
tive to the He+/(Li2(

3Σ+
u))eq dissociation limit is 1.26 eV, while this

binding energy for the global minimum is 1.27 eV. Interestingly, the
Li–Li interatomic distance at the local minimum of the He+Li2(

3Σ+
u)

PES is smaller than in the isolated Li2(
3Σ+

u) molecule. This can be
ascribed to the decrease in the electron density in the antibonding
2σu orbital due to the polarization of Li2 by the He+ ion. This dis-
tance lies closer to the bond length of the Li+

2(
2Σ+

g )molecular cation
(r = 3.09–3.12 Å54) than to the one of the isolated Li2(

3Σ+
u)molecule

(r = 4.18 Å).
The final HeLi+Li+ state of ETMD is dominated by the repul-

sion between the two Li+ ions. One might assume from the shape of
the PES that the Coulomb explosion in the final state of the ETMD
process could lead to the HeLi+/Li+ channel only when the three
atoms are collinear; other configurations should predominantly lead
to the three-body He/Li+/Li+ break-up channel.

C. ETMD widths
The decay width is given by a three-dimensional function of the

coordinates. The interplay between its magnitude and the character-
istic vibrational frequencies in the decaying state determines at what
nuclear configurations the decay will mostly take place. This, in turn,
decides the shape of the electron spectra and the overall decay rate.
The decay widths in the He+Li2(

1Σ+
g ) and He+Li2(

3Σ+
u) states at the

nuclear configurations corresponding to the equilibrium geometries
of the respective initial states are 0.0052 meV and 0.0030 meV. The
corresponding lifetimes are 130 ps and 220 ps, respectively, and it
follows that the ionization and vertical transition of the vibrational

wavepacket to the decaying state PES initiates nuclear dynamics
which will accompany the decay.

To facilitate the discussion of the computed ETMD widths of
the He+Li2(

1Σ+
g ) and He+Li2(

3Σ+
u) states, we present them as cuts

along a specific Jacobi coordinate with two other coordinates held
constant at the equilibrium values in the corresponding initial state
(see Fig. 5). Since the equilibrium geometry of the HeLi2(

1Σ+
g ) state

is linear and that of the HeLi2(
3Σ+

u) is T-shaped, the direct compar-
ison of the widths is of little use; it is their overall behavior which
interests us here.

During the decay, the electron is transferred from Li2 to He+

along the coordinate R. Therefore, the width should fall off fast
(eventually exponentially fast) with increasing R. This is indeed the
behavior seen in Figs. 5(a) and 5(a′). The observed variations in
Γ with the Li2 to He distance can be nine orders of magnitude,
with largest widths being a few millielectron volts corresponding to
the lifetime of a few hundred femtoseconds. The binding along the
coordinate R in a decaying state is much stronger than in the cor-
responding initial state. Therefore, nuclear dynamics which set in
after the ionization step will lead to the shortening of the coordinate
R accelerating the decay.

The behavior of the widths along the coordinate r in Figs. 5(b)
and 5(b′) is dictated by the geometry of the cut. In the linear geom-
etry of the He+Li2(

1Σ+
g ) state, increasing the Li2 distance brings

one of the Li atoms closer to the He+, facilitating the charge trans-
fer and increasing the decay width. In the T-shape geometry of
the He+Li2(

3Σ+
u) state, increasing r leads to the increase in the Li–

He+ distances and to the corresponding decrease in the ETMD
width.

More interesting is the dependence of the widths on the angle
θ shown in Figs. 5(c) and 5(c′). The decay width should be inde-
pendent of the angle if the distance between He+ and the center of

FIG. 4. Two-dimensional potential
energy surfaces of the He+Li2(3Σ+

u)
state. The shown PES of the
He+Li2(3Σ+

u) corresponds to the
angle θ kept constant at π/2. The
zero of energy was set to coincide
with the energy at the He/(Li2(3Σ+

u))eq
dissociation limit. The black dot marks
the position of the cluster’s equilibrium
geometry in the respective electronic
state.
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FIG. 5. ETMD widths of the He+Li2(1Σ+
g ) (left panels) and He+Li2(3Σ+

u) (right panels) states along different cuts of the respective PES. The cuts go through the point
corresponding to the equilibrium geometry of the respective initial state (see Table II) and are obtained by keeping two Jacobi coordinates constant, while varying the
third. [(a) and (a′)] R is varied, [(b) and (b′)] r is varied, and [(c) and (c′)] θ is varied. The green dots denote the location of the equilibrium geometries on the respective
cut.

mass of Li2 is very large (R ≫ r). However, the values of R used in
constructing the cuts are not large enough and the width depends
on θ. This dependence is defined predominantly by the distance
between He+ and the valence electron density of Li2. The width of
the He+Li2(

1Σ+
g ) state decreases monotonically by a factor of 7 when

the angle is increased from 0 to π/2, i.e., when He+ is moved from the
linear to the T-shaped geometry. It can be explained by the increas-
ing distance between the He+ ion and the valence electron density
of Li2, which is located on the molecular axis between the two Li
atoms.

The behavior of the width of the He+Li2(
3Σ+

u) state with θ is
markedly different. It decreases up to θ = 40○ before starting to
increase, peaking at θ = 80○ and sharply falling off at θ = 90○.
The overall change in Γ between 0○ and 90○ is factor 10 and is
comparable to the drop in the width in the previous case. Its non-
monotonic behavior can be understood if we remember that the
He+Li2(

3Σ+
u) PES intersects the PES of the He∗Li+

2(
3Σ+

u) resonance
state. The latter resonance decays into the same final state via an
excitation transfer ionization mechanism and has a larger decay
width. The two surfaces remain close to each other and interact
when R and r are kept at the equilibrium values of the initial state

and while θ is between 40○ and 80○. This causes the observed
behavior of the width of the He+Li2(

3Σ+
u) state. Computing the

ETMD width along a similar cut at larger R away from the cross-
ing showed a monotonically decreasing width similar to the one in
Fig. 5(c).

Although it is coupled to the ETMD state, we can neglect the
He∗Li+

2(
3Σ+

u) state in calculating the nuclear dynamics and ETMD
spectra. The crossing points fall on the repulsive wall of the respec-
tive PES, and the decay width is low at the corresponding geometries.
Therefore, even if this state is populated in the photoionization step,
or in the following nuclear dynamics, it will dissociate prior to the
decay. Moreover, the coupling term involves electron transfer inte-
grals and should be small at the values of R involved so that no sig-
nificant population of this state can be expected. The situation might
become quite different for heavier alkali dimers, where the crossing
should occur at a shorter distance R due to their lower ionization
potentials.

The conclusion we may draw is that the largest impact on the
ETMD rate will be produced by the motion along the coordinate R.
However, the variation of the rate with r and θ is also non-negligible
and can reach an order of magnitude.
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D. Qualitative estimates of ETMD electron spectra
To obtain accurate ETMD spectra, one needs to propagate

vibrational wavepackets on the decaying state PES.21 However, a
qualitative estimate of the electron spectra can be obtained by con-
sidering the PES and the decay widths alone. The procedure is easily
visualized in one dimension. There the initial wavepacket is pro-
duced by vertically transferring the vibrational wavefunction of the
initial weakly bound electronic state to the potential energy curve of
the decaying state. Since ETMD is initiated by the ionization of one
constituent, the potential minimum in the decaying state is deeper
and is located at a shorter interatomic distance than in the initial
state. Moreover, in the van der Waals clusters, ETMD is slow at the
geometries in the Franck-Condon region. Therefore, the wavepacket
propagates toward shorter interatomic distances during the decay. If
no ETMD channels are closed at the interatomic distances where
dynamics take place, then the decay rate reaches its maximum at
the inner turning point of the potential. Since the classical veloc-
ity is zero at this point, the system spends a long time there, and
the majority of the decay events take place in its vicinity.21 Conse-
quently, the electron spectrum can be estimated as the energy dif-
ference between the decaying and final PECs taken at the turning
point’s coordinate.

We can use similar reasoning to estimate ETMD electron spec-
tra in a multidimensional potential. For the HeLi2(

1Σ+
g ) state, we

note that the Li2 bond does not break during the dynamics so that
to simplify matters we keep the coordinate r constant at its equilib-
rium value in the decaying state (2.9 Å). The point on the decaying
state PES reached vertically from the respective equilibrium geome-
try of the initial state gives us the initial vibrational energy E0. For
each value of θ, we find a classical inner turning point R(θ) cor-
responding to E0. The plot of R(θ) and the corresponding ETMD
widths are shown in Figs. 6(a) and 6(b). The turning points cor-
respond to the geometries at which the He+ ion collides with the
Li2 molecule and is reflected back. It follows from the plots that the
He+ ion can approach Li2, the nearest at the T-shaped geometry. At
this turning point, it is closest to the valence electron density of Li2
which leads to a strong increase in Γ. Indeed, the latter changes from
2.5 meV for the turning point at θ = 0 to 20 meV for the one at
θ = π/2. The ETMD lifetimes at these points lie between 270 fs and
35 fs and are 3 to 4 orders of magnitude shorter than the lifetimes in
the Franck-Condon region. The electron spectrum obtained as the
energy difference between the decaying and final states at the turn-
ing points is shown in Fig. 6(c). It lies in the region between 6.8 eV
and 7.8 eV.

FIG. 6. (a) The locus of classical turning points on the He+Li2(1Σ+
g ) PES obtained by keeping the coordinate r at its equilibrium value in the decaying state (2.9 Å). (b) ETMD

widths corresponding to the turning points in (a). (c) ETMD electron spectra obtained under an assumption that the decay occurs only at the turning points in (a).
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In the He+Li2(
3Σ+

u) state, the weak Li2 bond breaks during the
dynamics which accompanies the decay so that the global minimum
is the linear Li–He+–Li configuration. Since both the center of the
initial wavepacket and the global minimum of the decaying state
lie at θ = π/2, to estimate the ETMD electron spectrum, we keep θ
constant at this value. Defining the initial vibrational energy in the
similar way as in the case above, we find the positions of the turning
points [Fig. 7(a)] and the corresponding ETMD width [Fig. 7(b)].
The turning points again correspond to the geometries at which the
He+ ion collides with Li2. They show in this case a bigger variation in
the value of R as is the case of the He+Li2(

1Σ+
g ) state. Consequently,

it produces a larger variation in the values of Γ which reaches three
orders of magnitude (3.2 meV–0.0015 meV). Moreover, we see that
although the decay will be accelerated due to nuclear dynamics, the
expected effect will be weaker than in the case of the He+Li2(

1Σ+
g )

state. The corresponding electron spectrum shown in Fig. 7(c) lies
between 8 eV and 10.5 eV. It is shifted to higher energies and
broadened compared to the spectrum of the He+Li2(

1Σ+
g ) state. The

shift is mostly due to the higher energy of the Li2(
3Σ+

u) fragment

relative to the Li2(
1Σ+

g ) ground state, which is close to 1 eV in
the isolated molecule. The broadening is mostly due to the large
variation in the Li–Li distance among the turning points. Indeed,
this is the coordinate along which the energy in the final HeLi+Li+

varies the strongest.
For comparison, we also computed the minimum energy path

on the PES of the HeLi2(
3Σ+

u) state when θ = π/2 [see Fig. 7(a′)].
Along this path, the movement of He+ toward Li2 does not at first
perturb the latter. At shorter values of R, the Li–Li distance increases
until He+ reaches the global minimum between the Li atoms. The
decay width grows exponentially at first and then starting from
R = 2 Å, it reaches a plateau at 1.3 meV [see Fig. 7(b′)]. The electron
spectrum is computed as the energy difference between the decay-
ing and the final PES for all geometries corresponding to the path. It
appears as a narrow band between 9.5 eV and 11 eV [see Fig. 7(c′)].
The shift to higher energies compared with the spectrum obtained
at inner turning points is due to the larger Li–Li distance and con-
sequently lower energy in the final state. The system will follow the
minimum energy path, for example, if the vibrational energy is fast

FIG. 7. (a) The locus of classical turning points on the He+Li2(3Σ+
u) PES obtained by keeping the coordinate θ = π/2. (b) ETMD widths corresponding at the turning points

in (a). (c) ETMD electron spectra obtained under an assumption that the decay occurs only at the turning points in (a). (a′) Minimum energy path on the He+Li2(3Σ+
u) PES

obtained by keeping the coordinate θ = π/2. (b′) ETMD widths at the coordinates on the minimum energy path. (c′) Obtained under an assumption that the decay occurs
only on the minimum energy path.

J. Chem. Phys. 150, 164309 (2019); doi: 10.1063/1.5082952 150, 164309-10

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

dissipated. This scenario can be realized in the He droplet where the
energy is transferred to the neutral He atoms and used to evaporate
them.

IV. CONCLUSIONS
In this article, we carried out a preliminary investigation of

the ETMD process in the HeLi2 cluster which is induced by ion-
izing the He atom. We computed the potential energy surfaces of
the initial HeLi2(

1Σ+
g ) and HeLi2(

3Σ+
u) states, decaying He+Li2(

1Σ+
g )

and He+Li2(
3Σ+

u) states, and the final HeLi+Li+ state. Moreover, we
computed the ETMD widths for both decaying states. We analyzed
the potential energy surfaces and the decay widths and estimated
ETMD electron spectra. The computed PES and widths will be used
in a forthcoming publication where quantum dynamics methods are
applied to study the impact of multimode nuclear dynamics on the
ETMD process and observable spectra.

However, some conclusions can be already drawn by consid-
ering the electronic data alone. First, the potential energy surfaces
of the initial and decaying states are determined by the interaction
between the He moiety and the valence electrons of Li2. Since He
is repulsed by electrons and He+ is strongly attracted by them, the
PESs corresponding to the initial and decaying states have widely
different structures. The decaying states are stronger bound and
have different symmetries of their equilibrium geometries. This
together with the observation that the ETMD lifetimes at the ini-
tial states’ equilibrium geometries are as long as 200 ps means that
excitation to the decaying state will be followed by nuclear dynam-
ics. Moreover, since the valence electron density and the bond
strength in the Li2(

3Σ+
u) and Li2(

3Σ+
u) fragments differ, the dynam-

ics and the decay in the two decaying states will be profoundly
different.

The Li–Li bond is strong in the HeLi2(
1Σ+

g ) state; therefore,
the dynamics are of the He+ ion interacting with the Li2 molecule.
We found the points at which the classical velocity was zero and
the ETMD lifetimes were many orders of magnitude shorter than in
the Franck-Condon region (35–270 fs). Previous experience showed
that the majority of the decay events occur at such classical turning
points and the electron spectrum can be well estimated by taking the
difference between the energies of the decaying and final states. The
spectrum which corresponds to the decay in the He+Li2(

1Σ+
g ) state

appears as a band between 6.8 eV and 7.8 eV. The van der Waals
Li–Li bond in the He+Li2(

3Σ+
u) state is very weak and is expected

to break during the nuclear dynamics. The electron spectrum esti-
mated from the classical turning points lies between 8 eV and
10.5 eV.

The above two spectra differ, reflecting the difference in the
electronic structure of the two decaying states and different vibra-
tional modes which are mostly active in the dynamics accompany-
ing the decay. Full quantum dynamics calculations in HeLi2, which
use the electronic properties presented in this paper as the input,
will be published later. They should allow detailed understanding
of the electronic decay and electron spectra in a multidimensional
vibrating system. Moreover, since ETMD in the HeLi2 cluster can be
viewed as a model for ETMD in Li2 doped He droplets, we hope
that the current and forthcoming results will be useful in iden-
tifying the signature of this process in the electron spectroscopy
experiments.

SUPPLEMENTARY MATERIAL

See supplementary material for the potential energy surfaces
and electronic decay widths. Details of the file structure and content
are provided in the accompanying readme file.
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