
PHYSICAL REVIEW A 105, 053104 (2022)
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virtual photon dissociation, and formation of LiH and LiHe
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Dipole interaction between neighbor systems is of importance in the behavior of atoms and molecules as
it produces distortion in the electronic structure of the system. In this work, we study the dipole processes
in a HeH+ molecule induced by an initially excited lithium atom placed at an R0 distance from the center
of mass of the molecule. The electronic and nuclear degrees of freedom are treated by the electron-nuclear
dynamics approach as it allows a time-dependent description of the electronic and nuclear dynamics. The energy
transferred from the neighbor excited lithium atom to the HeH+ molecule is distributed into several channels
depending on the initial vibrational state of the HeH+ and initial R0 separation. We find that several processes
are induced by the dipole interaction. Among these, we find that the charge-transfer channel from the Li onto
the ionic molecule HeH+ is the dominant outcome. Also, we find that a virtual photon dissociation process takes
place via a dipole interaction that induces nuclear motion of the molecule through an electronic relaxation of
the initial lithium 2p electron to the 2s state or to the 1s state of the He or H atom of the neighbor system, as
well as vibrational intermolecular energy transfer. We report dissociation of the HeH+ molecule followed by
chemical rearrangement leading to the formation of LiH and LiHe molecules and their respective charged ions.
We find that deexcitation occurs on femtosecond while the molecular dissociation on picosecond time scales.
Consequently, the dipole interaction between neighbors induces a richer dynamics.
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I. INTRODUCTION

The dipole interaction of atoms with a neighbor system
is known to cause distortions in the atom or molecule elec-
tronic structure with effects in the broadening of spectral
lines as well as in the decay process. For example, the
dipole-dipole interaction is responsible for the dipole block-
ade and collective excitations observed in Rydberg atoms [1].
Also, the dipole interaction involves interatomic-molecular
energy-transfer processes between an atom or molecule and
its neighbors. If the energy transferred is electronic and be-
tween bound electronic states of the molecule and one of
its molecular neighbors, the process is referred to as Förster
resonance energy transfer (FRET) [2]. FRET is only possible
if nuclear motion takes place due to energy conservation and
this leads to a timescale of picoseconds or longer in the dy-
namics [3]. Another highly efficient dipole-induced electronic
energy-transfer mechanism is the interatomic Coulombic de-
cay (ICD) [4]. The ICD process becomes operative once the
excess energy suffices to ionize the neighbor and hence energy
conservation is fulfilled without the need for nuclear motion.
In the ICD process, the excited species as well as the neigh-
bors can be atoms or molecules and the timescale involved
is in the femtosecond regime. Applications of ICD appear in
extreme systems like the He dimer [5], ICD after Auger and
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resonant Auger processes [6–10], and ICD in quantum dots
and quantum wells [11–14].

Recently, it has been predicted that the dipole interaction
induces vibrational energy transfer from electronic degrees
of freedom [15] leading to molecular dissociation induced
by neighbor deexcitation via virtual photons. Traditionally
molecular dissociation is achieved through the absorption of
light, called photodissociation. The understanding of bond
breaking in the photodissociation process is of relevance in
chemistry, molecular science, and astrophysics, where it has
attracted a vast amount of research [16,17].

There exist several theoretical approaches to study dipole-
induced interaction processes. One approach consists in
calculating transition rates using ab initio calculation of in-
teratomic decay rates by a combination of the Fano ansatz,
Green’s-function methods, the Stieltjes imaging technique
[18], and extensions thereof like the Fano-Stieltjes method
applied to Lanczos pseudospectra [19]. Another approach re-
lies on the Hamiltonian continued into the complex energy
plane [20–24]. The decaying states become resonances with
complex energies, where the imaginary part is related to the
inverse lifetime. In the above methods, the transition rates are
calculated at fixed values of the interatomic distances and the
nuclear dynamics of the process is calculated afterwards using
the resulting complex potential-energy surfaces [25–27]. In
the case of of photodissociation, there is a wealth of literature
that can be traced back to the work of Shapiro [28] and Balint-
Kurti [29].
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In general, a molecule undergoing photodissociation is not
isolated and one may ask what the effect is of a neighbor.
Motivated by the former work of Ref. [30], we study the case
when the molecule and its neighbor are well separated and un-
bounded such that if the photon is absorbed by the molecule,
the photodissociation process is only little affected. We shall
show, however, that if the impinging photon is absorbed by the
neighbor atom, the molecule can still undergo dissociation.
This process is called virtual photon dissociation (VPD) [30].
Here, we propose to study the dipole-induced processes of the
HeH+ molecular ion in the neighborhood of an excited lithium
atom. There has been much experimental and theoretical inter-
est in HeH+, which is the simplest heteronuclear two-electron
system made of the two most abundant elements in the uni-
verse (see, for instance, Ref. [31] and references therein as
well as [32], particularly in the study of photodissociation).

The possible final channels induced by the dipole interac-
tion at hand are

Li(2p) + HeH+ →

Li + He + H+
Li+ + He + H

}
VPD

Li + HeH+

Li+ + HeH
LiHe + H+
LiHe+ + H
LiH + He+

LiH+ + He

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

VPP
(1)

each of them with a probability and kinetic energy (KE). The
first two channels leading to dissociation are of the VPD type
and all the other processes are also the result of a virtual
photon and are called virtual photon processes (VPP).

In order to study the dipole-induced process from first
principles, we propose to use a theoretical approach based
on an ab initio time-dependent solution of the Schrödinger
equation that incorporates electronic and nuclear coupling to
account for the molecular dissociation, rearrangement, and
electron transfer processes. Our approach is called electron-
nuclear dynamics (END) [33]. The current version of END is
limited to a single determinant. This results in the appearance
of partial Mulliken charges and associated Coulomb forces,
and these can have an effect on the fragmentation dynamics
of the HeH+ molecule under consideration besides induced-
dipole interactions. Nonetheless, the END approach provides
a well-defined and improvable ab initio model for electron-
nuclear dynamics. We benchmark it on a dipole-induced
process, e.g., VPD, a challenging mechanism dominated by
electron-nuclear correlations, while presenting the advan-
tages and limitations of this approach in this low-energy
regime. END has been applied to atomic and molecular pro-
cesses, such as collisions [34–36], electron charge exchange
[36–38], molecular fragmentation [39,40], energy-loss (stop-
ping power) process [35,41,42], and interatomic Coulomb
decay [43], with excellent results.

The layout of our work is the following. In Sec. II A, we
present the dipole-induced VPD physical assumptions, while
in Sec. II B a summary of the electron-nuclear dynamics
approach, as implemented for the study of the VPD, is pro-
vided. In Sec. II C, we give the computational details for the
Li + HeH+ dynamics, as within the END description. Our
results and discussion are presented in Sec. III starting with

(a)

(b)

(c)

(d)

FIG. 1. Sketch of the virtual-photon dissociation process occur-
ring for a diatomic molecule and an excited atom as a neighbor.
The systems A and B are initially separated by a distance R0 with
the molecule B being the HeH+ molecule and A being the excited
lithium atom (neighbor). As time passes by (vertical arrow, upper
part), the dipole interaction causes them to attract and the VPD
occurs at a critical distance RVPD. The possible processes are (a) dis-
sociation, (b) Coulomb repulsion with a final kinetic energy (KE)
with or without charge exchange, (c) chemical rearrangement into
LiHe+ or LiHe with a final KE, and (d) chemical rearrangement into
LiH+ or LiH with a final KE. See text for discussion.

the dipole-induced process by means of the study of the trajec-
tories and final electron charge distribution, the dissociation,
the chemical rearrangement, and the vibrational internuclear
energy transfer. We conclude this section with a study of the
kinetic energy of the fragments and the effect of the vibra-
tional temperature on the VPD. Finally, our conclusions are
given in Sec. IV.

II. THEORY

A. Virtual photon dissociation

As the details of dipole-induced VPD have been reported
previously in Ref. [30], here we provide a summary of the
main physical assumptions.

Let us consider two atomic or molecular systems denoted
as A and B, separated by a distance R0, as depicted in Fig. 1.
The rate of the VPD relaxation process is determined by
Fermi’s golden rule by means of a dipole interaction between
system A and its neighbor B

� = 4π

3R6
0

∑
f

∣∣DA
i, f

∣∣2∣∣DB
i, f

∣∣2
. (2)

Here DA
i, f = 〈φA

i |DA|φA
f 〉 is the transition dipole moment of

system A and with a similar expression for system B from
the initial state i to a final state j, where φk

i is the atomic or
molecular wave function of system k ∈ {A, B}. Equation (2)
implies that systems with large allowed transition dipole mo-
ments have a large VPD rate.
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The VPD process can be interpreted as follows. The neigh-
bor system A achieves an excess energy through excitation
by the absorption of a photon or by collisions with another
particle. This excess energy may be in the form of an elec-
tronic excitation that can either be carried away from the A
subsystem by emission of a photon or transferred via Coulomb
forces to the B subsystem in which a dissociation or chemical
rearrangement is induced afterwards. When possible energet-
ically, the latter nonradiative mechanism of deexcitation is
extremely efficient in comparison to the competing photon
emission [15]. Of particular importance is the case when one
of the systems is a molecular target. The molecule undergoes
dissociation by a virtual photon emitted from the neighbor,
but this process induces a much richer dynamics, e.g., charge
exchange or chemical rearrangement might occur. In this con-
text, charge transfer is a deexcitation into any of the atomic
orbitals that form the system induced by a virtual photon.
The process depicted here assumes two static systems A and
B separated initially by a distance R0. In order to have a
detailed time evolution of the dissociation or chemical re-
arrangement process induced by the interaction, we need to
solve the time-dependent Schrödinger equation with coupled
electron-nuclear dynamics to gain an insight of the dynamics.

B. Electron-nuclear dynamics approach

The simplest and current level of the END theory em-
ploys a coupled wave function |ψ〉 = |z, R, P〉|R, P〉, where
|R, P〉 is the nuclear wave function with Rk and Pk denot-
ing the average position and momentum of the kth nucleus,
respectively. Here |z, R, P〉 is a complex, spin unrestricted,
electronic single determinantal wave function, which is built
from dynamical molecular spin orbitals

χi = φi +
K∑

j=N+1

φ jz ji, (3)

with i = 1, 2, . . . , N . Here, N is the number of electrons and
K is the number of states generated by the electronic basis set.
These molecular spin orbitals, φ j , are expressed as a linear
combination of atomic (LCAO) spin orbitals formed from
Gaussian functions centered on the average nuclear position,
Rk , of the dynamically moving nuclei with momentum Pk

through electron-translation factors [33]. The zi j coefficients
describe the probability amplitude for electronic excitations of
the system into the K − N unoccupied (excited) states. Form-
ing the quantum-mechanical Lagrangian, in the limit of zero
width nuclear wave functions (classical trajectories) and using
the TDVP, produces a set of dynamical equations that govern
the time evolution of the dynamical variables {z, R, P}. The
simplest END approximation can be labeled time-dependent
Hartree-Fock (TDHF) for electrons and narrow wave-packet
nuclei. This approximation has been implemented in the EN-
Dyne code [44], version 2.8, used in this work.

Once the wave function is determined at the end of the time
evolution, the electron-excitation probability, as a function of
time t and initial atom separation R0, is obtained by perform-
ing a projection of the atomic nth state as

Pn(t, R0) = |〈�n|�(t, R0)〉|2, (4)

where �n is the final excited state of the Li atom and � is the
final evolved total wave function.

For the purpose of discussing charge exchange during the
dipole interaction, we introduce the Mulliken charge popula-
tion approach [45–48]. This procedure allows one to partition
the electron density in a multinuclear system and associate
a probability of the electron population with each center to
estimate partial atomic charges. The charge of the fragment
is then the difference between the nuclear charge associated
with the fragment and its computed probabilistic electron pop-
ulation. In the Mulliken scheme [45–47] for partitioning the
system charge among the participating nuclei, each electron
in the system is described by a spin orbital given by Eq. (3),
such that the total electron charge density becomes

ρ =
∑
spin

∑
κ,λ

N∑
i=1

zκiz
∗
λiφκφ

∗
λ. (5)

Integration of the charge density over all space yields the
number of electrons

N =
∑

A

nA, (6)

where the electron population on atom A is defined as

nA =
∑

κ,λ∈A

N∑
i=1

zκiz
∗
λiSλκ , (7)

with the overlap integrals Sλκ = 〈φλ|φκ〉 defined in terms of
φκ , i.e., a LCAO that constitute the molecular orbital. This is
a good measure of the electronic atomic charge (probability)
when the atoms are far apart, but less meaningful when they
strongly interact as this definition divides the overlap contri-
butions equally between the two atoms involved.

Following Mulliken interpretation, each fragment carries
a probability charge, with a probabilistic interpretation of
fractional charges in accord with quantum mechanics [45–49].
Thus, in an experimental measure, the fractional charge of an
atom would mean that, in average, it will come out neutral
with that probability and the remaining probability as an ion.
In order to have a good physical meaning of the Mulliken
charge population, the basis set used in each atom must be
“balanced.” Basis sets are considered balanced when they
include both polarization and diffuse functions in every atom
center with the same proportion [50].

In the END approach, the equations of motion [33] for the
nuclei are given by

i
(
CR

†ż − CT
Rż∗) + CRRṘ + (CRP − I)Ṗ = ∇RE ,

i
(
CP

†ż − CT
Pż∗) + (I + CRP )Ṙ + CPPṖ = ∇PE ,

−iCż − iC∗
RṘ + iCPṖ = ∇zE , (8)

where ∇yE = ∂E/∂y is the gradient (force) by the variable y,
ż = dz/dt determines the nonadiabatic electronic transitions
rate, and E = ∑

l P2
l /2Ml + 〈z, R, P|Hel |z, R, P〉 is the total

energy of the system, with Ml the nuclear mass and Hel the
electronic Hamiltonian which includes the nuclear-nuclear
repulsion term. The nonadiabatic coupling matrix terms
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between electrons and nuclei are expressed as

Cph;qg = ∂2 ln S

∂z∗
ph∂zqg

∣∣∣∣
R′=R,P′=P

,

(CXik )ph = ∂2 ln S

∂z∗
ph∂Xik

∣∣∣∣
R′=R,P′=P

,

(CXY )i j;kl = −2 Im
∂2 ln S

∂Xi j∂Ykl

∣∣∣∣
R′=R,P′=P

,

which are defined in terms of the overlap S =
〈z, R, P|z, R′, P′〉 of the determinantal states of two different
nuclear configurations. Consequently, there are average
forces that act on each nuclei produced by the excitations, the
coupling between the electrons and the nuclei position, and
the momentum; all these produce a nonadiabatic dynamics.
Thus the dynamic is not only induced by Newton’s forces
from the Coulombic interactions but rather from a richer
quantum description from the coupling of electrons and
nuclei. In particular, from Eq. (8), one notices that the final
nuclei momentum is affected by the coupling of the electrons
and nuclei. As the atom has a probability to be in either
neutral or a charged state, the final kinetic energy is the
average among these charge states in a single determinant
description. From the final momentum of the atoms, we
calculate its final kinetic energy (KE).

C. Computational details

For the study of the dipole-induced process of a HeH+
molecular ion in the neighborhood of an excited Li(2p) atom,
we require the specification of initial conditions of the system
under consideration. Initially, a Li(1s22p) atom (system A) is
placed on the z axis at an initial distance R0 from system B,
which consists of a HeH+(1σ 2

g ) molecular ion whose center of
mass is placed at the origin. The strongest dipole interaction
occurs when the HeH+ molecule bond is aligned along the
direction of the Li atom. The atoms’ centers are placed on
the z axis, with both of them having zero initial momentum
(initially at rest). In Fig. 1, we show a sketch of the initial
configuration of the system and how the VPD process takes
place, depicting the different possible final channels. Notice
that the 2s electron from atom A has been excited into the 2p
to become the excited neighbor.

The electronic basis set used to describe the H, He, and Li
atoms is the aug-cc-pVDZ basis set from Dunning [50]. For
the case of the Li atom, the basis set includes two diffuse s
and p even-tempered orbitals [51,52] to better describe the 2p
excited state. This basis set provides a good compromise be-
tween computational time and a proper description of the sys-
tem dynamics. The initial separation, R0, ranges from 8 to 24
a.u. in steps of 0.4 a.u. from 8 till 10, in steps of 1 a.u. from 11
till 20 a.u., and finally 24.0, which corresponds to a range from
4.5 to 13 Å. As we have a heteronuclear diatomic molecule,
we place the lithium atom along the molecule axis on both
sides of the molecule, i.e., facing the He atom or facing the H
atom; thus the number of initial R0 separations duplicates.

The dynamics is carried out in the following way. At a
given initial separation R0 of the system, the initial molecular
wave function is constructed as a LCAO of the resulting SCF

procedure to generate the wave function for the HeH+(1σ 2
g ) in

a n-vibrational state (see below) and the Li(2p). The nuclear
motion starts at rest (Pi = 0) such that the dipole interaction
induces the dynamics. The set of Eqs. (8) is solved numer-
ically through the ENDyne suit code to find the new set of
z, R, and P variables at any time. Equations (4) and (7)
are used to obtain the probabilities for electronic transitions
(excitation and deexcitation). Equations (8) determine the
time-dependent trajectories (position and momentum of the
nuclei). The results of these equations are shown in all the
figures. The evolution is carried out until a final time of 10
ps (≈400000 a.u.) with an adaptive time step of 1 × 10−6 a.u.
as the largest in order to maintain numerical accuracy. Each
trajectory takes around 1 week in a 3 GHz computer.

In the case of system B, (HeH+), we perform initially a
vibrational sampling for initial conditions of the nuclei in
phase space. As our intent is to study the effect of the ini-
tial vibrational state, we restrict our sampling to starting the
dynamics at the classical turning points of the ground-state
potential-energy curve (PEC), where the nuclei are initially at
rest. In Fig. 2, the blue symbols are the results obtained for the
HeH+ ground-state energy at the HF level of theory within the
END approach. As HeH+ is well described by a Hartree-Fock
approach, the PEC is well represented by a Morse potential
which provides the vibrational levels for the molecule in the
ground state. The Morse potential and the lowest vibrational
levels are shown in Fig. 2(a). The solid purple line is the
Morse function

V (r) = De(1 − e−(r−r0 )/a)2. (9)

Here De is the dissociation energy of the molecule and a is
related to the vibrational frequency through

ν0 = a

2π

√
2De

μ
, (10)

with μ the reduced mass of the diatomic molecule. The vibra-
tional energy is given by

En = hν0

(
n + 1

2

)
−

[(
n + 1

2

)
hν0

]2

4De
. (11)

In our case, we consider initial vibrational conditions from
n = 0 to n = 9 including the zero point energy. We consider
the two classical turning points where initially the atoms are at
rest, as stated previously. This gives us a total of 21 initial vi-
brational positions for each separation of the system A and B.
With this, we have a total of 533 trajectories for the numerical
analysis.

As shown in the sketch of Fig. 1, there is a probability
to have a chemical rearrangement process after the VPD. In
order to verify that our basis set describes properly the final
fragments, in Figs. 2(b) and 2(c), we show the PEC and some
low vibrational levels obtained with the same basis set as
well as the Morse potential curves for the cases of LiH and
LiHe molecules. The binding energy of the LiHe molecule is
very small, but still large compared to its experimental value
[53]. Furthermore, we find that the bond length of the LiHe
is around 4.3 Å, which is smaller than the experimental data
[53]. This is a consequence of the lack of a good description
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FIG. 2. Potential-energy curves (PECs) and vibrational energy
levels of the three involved diatomic molecules. The blue crosses
are the results of HF calculations and the purple solid lines are the
respective Morse potentials, Eq. (9). The horizontal lines represent
vibrational energy levels with the respective classical turning points.
(a) HeH+, (b) LiH, and (c) LiHe. See text for discussion.

of electronic correlation for this weak molecular bond. In
Table I, we provide the values for the PEC, as required by
Eq. (9), obtained at the HF level with the END approach for
reference purposes.

III. RESULTS

A. Dipole-induced processes

1. Trajectories and charge distribution

In Fig. 3(a), we show the time evolution of the atomic
positions for the excited Li atom and the HeH+ ion in its

TABLE I. Values for De, a, and re, in a.u. as obtained at the HF
level of theory within the END approach.

LiH+ LiH LiHe

De 0.068 20 0.106 52 0.000 14
a 1.503 73 0.549 54 0.688 87
r0 1.475 48 3.157 70 7.998 00

M
ul

lik
en

FIG. 3. Dipole-induced dissociation by an excited Li(2p) atom
near a HeH+ molecule. Frame (a) shows the position, z(t ), of the
H, He, and Li atoms as a function of time, corresponding to an
initial separation of R0 = 4.2 Å in the initial vibrational state n = 1
of the HeH+ molecule as obtained from Eq. (8). The black dotted
line corresponds to Li, the purple solid line to He, and the blue
long-dashed line is for the hydrogen atom. In frame (b), we show
the Mulliken population, according to Eq. (7), for each atom with the
same line colors as in frame (a). In frame (c), we show the atoms’
positions as a function of time for the case of an initial separation of
R0 = 4.9 Å and in the n = 1 vibrational state of the HeH+ molecule.
In frame (d) we show the corresponding Mulliken population. See
text for discussion.

n = 1 vibrational level for the case of an initial separation of
R0 = 4.2 Å, as a first example of a dipole-induced process for
a low-vibrational state. The blue long-dashed line corresponds
to the H atom position, the purple solid line to He, and the
black dotted line to Li. These trajectories are obtained by solv-
ing the coupled Eqs. (8), as discussed previously. Note that,
initially, there is a repulsion induced by the dipole interaction
and then, around 3 ps, the HeH+ molecule dissociates, as
observed in Fig. 3(a). In Fig. 3(b), we show the corresponding
Mulliken charge population for each atom as a function of
time as determined from Eqs. (7) and (8). Initially, we find that
the 2p electron in the Li atom decays very fast (fs), partially
to the 2s state but mostly a large fraction of it is deexcited
(transferred) to the HeH+ molecule, with a 40% probability
for the electron to remain in the Li atom, as obtained from
Eq. (4). After dissociation, a neutral helium atom comes out,
with 40% probability of having a neutral Li atom and 60%
probability of having a neutral H atom. Let us recall that in
the single determinant and the narrow wave packet of the
nuclei, the other VPP have a null contribution for this initial
condition. Thus a relaxation (deexcitation) of the 2p electron
in the Li atom can occur into the neighbor molecule and
induce dissociation.

Another example of a dipole-induced process is shown
in Fig. 3(c), where the time dependence of the atoms
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FIG. 4. Same as in Fig. 3, but for the initial separation of R0 =
4.2 Å in (a) and R0 = 7.4 Å in (c) for the initial vibrational state of
n = 2 in both cases. In (a) the lithium atom is placed on the He side
of the molecule, while in (b) it is placed on the H side. See text for
discussion.

position, similar to Fig. 3(a), is presented, but for the case
of an initial separation of R0 = 4.9 Å with the HeH+ initial
vibrational level n = 1. The Mulliken population analysis,
shown in Fig. 3(d), indicates that the HeH+ molecule is neu-
tralized with an 80% probability while the Li+ ions leave the
system via Coulomb repulsion. In both cases, one observes
how the Mulliken charge population gets stabilized once the
atoms are well separated. Notice that, in both Figs. 3(a) and
3(c), the Li atom is initially placed on the side of the hydrogen
atom.

Similarly, in Fig. 4(a), we show the position of each of
the atoms as a function of time, but now for an initial vi-
brational level n = 2 and at an initial distance between the
Li atom and the center of mass of the HeH+ molecule of
R0 = 4.2 Å when the Li atom is placed on the He side of the
molecule. We observe that, after 1.8 ps in time, the HeH+
system begins to dissociate via high vibrational excitations
with the dissociation occurring around 4 ps. In Fig. 4(b),
the Mulliken charge population analysis indicates that the
electron in the 2p state partially decays into the 2s state of
the lithium atom and a larger fraction is carried away by the
H atom, with 70% probability, with the remaining 30% prob-
ability remaining in the Li ion. The He atom is released fully
neutralized.

At a larger initial separation R0 = 7.4 Å and n = 2, one ob-
serves an initial dipole attraction followed by dissociation of
the molecule induced by the presence of the Li atom as shown
in Fig. 4(c). However, the time for dissociation is shorter, 0.3
ps, and the velocity of the fragments is smaller. The initial 2p
electron is transferred, during the dipole-induced process, to
the H atom, as shown by the Mulliken charge population in
Fig. 4(d), with a 45% probability.

(a) (c)

(b)
(d)

M
ul

lik
en

FIG. 5. Same as in Fig. 3, but for the initial separation of R0 =
6.9 Å for the initial vibrational state n = 5 in both (a) and (c). In (a),
the lithium atom faces the H atom of the HeH+ molecule, while in
(c) it faces the He atom. See text for discussion.

In Fig. 5, we show the dipole-induced process when the
molecule is in a higher initial vibrational excited state, n = 5,
and the system has an initial separation of R0 = 6.9 Å. We
observe charge transfer that neutralizes the HeH+ molecule,
followed by an increase in the vibrational excitation that oc-
curs from 2 to 6 ps into a highly vibrational state, followed
by dissociation. The hydrogen atom remains with a 75% elec-
tron probability of being neutral, as observed in Fig. 5(b). In
Fig. 5(c), we show the VPD case for the same conditions as
in Fig. 5(a), but when the Li atom is placed on the He side.
In this case, we observe an initial vibration of the Li+HeH+
whole system induced by van der Waals forces followed by
the dissociation of HeH+.

By increasing further the initial vibrational state to n = 9
for an initial system separation of R0 = 10.6 Å, we show
the dipole process in Fig. 6(a). For the case of Fig. 6(a), we
observe no VPD effect until a time around 4 ps. Then a slight
repulsion occurs followed by an attraction at 5 ps with a sub-
sequent dissociation of the HeH+ molecule. In Fig. 6(c), we
show the case for R0 = 4.7 Å and observe that the deexcitation
of the 2p electron induces a sudden repulsion consequence of
the charge transfer of the 2p electron into the HeH molecule
inducing a large vibrational state of the HeH+ system that
dissociates at 0.4 ps. Notice that the larger the separation of
the Li atom to the HeH+ molecule, the longer it takes for the
electronic decaying process.

The dissociation of the HeH+ molecule produces a neutral
He atom and the release of a neutral or charged H depending
on the probability of electron relaxation from the Li atom, as
observed in all the previous cases. The dominant channel is
the electron transfer induced by the dipole interaction, while
the VPD process has a smaller probability given by the Li
atom to remain neutral.
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FIG. 6. Same as in Fig. 3, but for the initial separation of R0 =
10.9 Å in (a) and R0 = 4.7 Å in (c) for the initial vibrational state of
n = 9. In (a) the Li atom faces the He atom, while in (c) it faces the
H atom. See text for discussion.

2. Formation of LiHe and LiH

In Fig. 7, we show the dipole process that leads to the
formation of LiHe+ and LiHe molecule for the cases of an
initial separation of R0 = 7.9 Å and initial vibrational state
n = 5 in (a), as well as for the case R0 = 5.3 and n = 9 in (c).

(a) (c)

(b) (d)
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FIG. 7. LiHe formation via dipole-induced process for the initial
separation of R0 = 7.9 Å and n = 5 in (a) and R0 = 5.3 Å for n = 9
in (c) for the process that leads to the formation of a LiHe molecule,
as obtained from Eq. (8). In (b) and (d), we show the Mulliken charge
population analysis, as obtained from Eq. (7). In both cases, the Li
atom faces the He atom. See text for discussion.
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FIG. 8. LiH chemical rearrangement after dipole interaction of
the HeH+ + Li(2p) system for the initial separation of 4.9 Å and
n = 5 in (a) and 10.6 Å and n = 7 in (c). In (b) and (d), we show
the Mulliken population analysis for each atomic center. See text for
discussion.

In Fig. 7(a), we observe that the Li + HeH+ system interacts
vibrationally via van der Waals forces until a time around 2
ps followed by the dissociation of the HeH+ molecule. As
the Li atom is placed on the He side, it gets attracted and the
formation of the LiHe molecule is likely. For the case shown
in Fig. 7(c), we observe that, due to the higher initial excited
state of the HeH+ molecule, the dipole interaction occurs
much faster, around 0.2 ps, with the subsequent formation of
the LiHe molecule. Thus the LiH molecule forms in an excited
vibrational state with a large bond length.

The other likely outcome of the dipole interaction is the
formation of LiH either neutral or charged, which has a higher
probability of occurring when compared to the LiHe process.
In Fig. 8(a), we show the formation of LiH for the cases where
initially the HeH+ molecule is in the initial vibrational state
n = 5 and placed at a distance of R0 = 4.9 Å from the excited
Li atom, as shown in (a). We find that the dynamics occurs
very fast at around 0.1 ps with the release of a neutral He
atom and the formation of a vibrationally excited LiH ion.
The Mulliken population indicates that 60% probability of
LiH outcomes are neutral, while a 40% probability are LiH+.
By contrast, in Fig. 8(c), we show the same process resulting
from a slower dynamics. Here, we show the case for n = 7
and R0 = 10.6 Å, finding that there is a dipole interaction
between the Li atom and the HeH+ molecule driven by a
charge exchange between the system up to a time around 5 ps.
Afterwards a release of a neutral He atom follows, induced
by the VPP with the formation of a higher vibrational LiH
molecule, as observed from the Mulliken population analysis
in Fig. 8(d). The He atom is released fully neutralized.
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FIG. 9. Vibrational interatomic energy transfer for the case of
an initial separation of R0 = 6.4 Å and n = 4. In (a), we show the
trajectory of each atomic center. In (b), the probability of finding the
valence electron in the 2s or 2p state. In (c), the Mulliken charge
population analysis for each atomic center and, in (d), the HeH
internuclear distance as a function of time showing the change in
the vibrational amplitude. See text for discussion.

3. Vibrational intermolecular energy transfer

Recently, one of the authors [15] has shown that a neighbor
system could induce energy transfer from vibrations, which is
another dipole-induced process. In Fig. 9, we show that, for
the case of n = 4 and an initial separation of R0 = 6.4 Å,
charge transfer occurs between the Li atom and the HeH+
molecular ion with a subsequent Coulomb repulsion and vi-
brational relaxation. This process is induced by a decay of the
2p into the 2s state down to 20% probability in the first 0.1
ps, as shown in Fig. 9(b), where the probability of finding the
valence electron of the Li atom in the 2s or 2p state is shown.
The rest of the charge is transferred to the HeH+ system, as
shown in Fig. 9(c) where the Mulliken charge population is
presented. However, at around 3 ps, the system reaches the
closest distance, which is followed by a Coulomb repulsion.
This process is caused by the vibrational energy relaxation of
the system, as shown in Fig. 9(d), where the bond distance
of the HeH molecule is shown. As the electron is transferred
from the HeH back to the Li atom, the HeH molecule de-
creases its vibrational energy.

In Fig. 10, we show the case where only electronic decay
is responsible for the vibrational internuclear energy transfer.
This occurs for the case of n = 3 and R0 = 7.4 Å as shown
in Fig. 10(a). One observes that the decay occurs in the first
0.1 ps for the 2p electron into the 2s state down to 20%
probability, as shown in Fig. 10(b). In Fig. 10(c), we present
the Mulliken charge population indicating that the Li charge
remains almost the same. During the same time, we observe
that the HeH+ molecule increases its vibrational state, as
shown in Fig. 10(d). At a time around 0.2 ps, the system repels
the consequence of the electron returning back to its 2p state

(a) (b)

(c) (d)
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FIG. 10. Vibrational internuclear energy transfer for the initial
separation of R0 = 7.4 Å and n = 3 in (a). In (b), we show the
probability to find an electron in the initial 2p state and final 2s state
of the lithium atom. In (c), we show the Mulliken charge population
and in (d) we show the distance between the He and H atom to see the
vibration evolution of the HeH+ molecule. See text for discussion.

driven by the relaxation of the vibrational state in the HeH+
molecule.

In Fig. 11, we show the case with the same initial con-
ditions, as in Fig. 10, but now the Li atom facing the He
atom. In this case, we observe that there is a Coulombic
repulsion that starts in the first fs, caused by an electronic
decay of the 2p state into the 2s state but largely produced
by an electron transfer to the HeH+ system. The Li atom has

(a) (b)

(c) (d)
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FIG. 11. Same as in Fig. 9, but for the initial separation of 7.4 Å
and n = 3. See text for discussion.
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FIG. 12. Same as in Fig. 9, but for the initial separation of 4.9 Å
and n = 0. See text for discussion.

a 20% probability to remain in the 2s state but the remaining
probability goes into forming a neutral HeH molecule, as ob-
served in Fig. 11(b). In this case, the electron transfer causes
an increase on the vibrational state of the HeH molecule as
observed in Fig. 11(d). Consequently, charge transfer induces
an increase in the vibrational energy in the HeH system and
a Coulomb repulsion between the Li+ atom and the HeH
molecule. This previous instance is confirmed in Fig. 12,
where we show the case for n = 0 and an initial separation
of R0 = 4.9 Å when the Li atom faces the H atom. We ob-
serve an immediate Coulombic repulsion between the Li atom
and the HeH+ molecular ion driven by the initial electronic
decay of the 2p electron into the 2s state of Li and a large
charge transfer into the HeH+ molecule. The Li atom has
a 5% probability for the electron to be found in the 2s and
2p states as seen in Fig. 12(b). However, 95% probability is
transferred to neutralize the HeH+ molecular ion, as shown
in Fig. 12(c). In Fig. 12(d), we observe the increase of the
vibrational excitation in the HeH molecule consequence of the
energy transfer between the systems.

These results confirm the vibrational interatomic energy-
transfer mechanism proposed by Cederbaum [15]. Further-
more, we conclude that the Li(2p) + HeH+ dynamics is more
complex resulting in several processes, e.g., charge transfer,
VPD, and the vibrational internuclear energy-transfer process.

B. Fragments final kinetic energy (KE)

We study the final kinetic-energy distribution of the frag-
ments to gain an insight on the dipole-induced processes.
In Fig. 13, we show the fragments final kinetic energy as a
function of the initial separation between the Li and HeH+
molecule and the initial vibrational state of the system (differ-
ent symbols), as deduced from the momentum of the nuclei
and electron from Eqs. (8). We observe that the largest kinetic
energy of the fragments is found for initial separations be-

(a) (b)

(c) (d)

(e) (f)

FIG. 13. Final kinetic energy (KE) of H, He, Li, LiH, and LiHe
products resulting from the dipole-induced process, as a function of
the initial separation between the Li and the HeH+ molecule. In (a),
we show the KE for the Li atom, in (b) for HeH+, in (c) for the He
atoms, in (d) for H atoms, in (e) for LiHe, and finally in (f) for the
LiH molecule. See text for discussion.

tween 4 and 6 Å and up to 0.4 eV for the case of Li and HeH+
fragments. For the case of the He atom, we find a similar
behavior but with a higher final kinetic energy, up to 0.8 eV
for short distances. For the case of the H fragment, we find
that all the initial distances contribute and the kinetic energy
is scattered over the energy range lower than 1 eV for high
vibrational excitation. We find that the less probable channels
are the chemical rearrangement channels, which have a small
region in R0 with low KE <0.3 eV.

The previous results are better understood when we plot
the number of particles within a kinetic-energy range. In
Fig. 14, we show the number of fragments within a kinetic-
energy binning. The binning was carried out by assuming a
Boltzmann distribution, as given by the vibrational levels in
the HeH+ molecule and a �KE = 0.05 eV. In this case the
partition function, Z = ∑

n=0 e−En/kBT , allows us to calculate
the intensity or particle number within a given kinetic-energy
range as

I (KE) = 1

Z

∑
n

Nn(KE)e−En/kBT , (12)
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(a) (b)

(c) (d)

(e) (f)

FIG. 14. Intensity of the final H, He, and Li products, as well as
for LiH and LiHe, resulting from the dipole-induced process, as a
function of the kinetic energy (KE) of the products in eV. In (a), we
show the intensity for the Li atom, in (b) we show the intensity of
HeH+, in (c) for the He atoms resulting from dissociation of HeH+,
in (d) we report the intensity of the H atoms, in (e) for LiHe, and
finally in (f) for the LiH molecule. See text for discussion.

where En is the initial vibrational energy of the HeH+
molecule, Nn(KE) is the number of fragments within a kinetic-
energy KE binning, and T is the vibrational temperature of the
system.

Figure 14 shows that the Li and HeH fragments have the
largest intensity but with a small kinetic energy (less than
0.4 eV), followed by the He and H fragments. As the He and
H atoms are lighter than Li, their kinetic energy is higher,
reaching up to 0.8 eV. Finally, the LiHe and LiH fragments
have the smallest probability. The LiHe fragments show two
peaks, one at 0.04 eV and the other at 0.32 eV, while the

LiH fragment is spread between 0 and 0.3 eV with a peak
at 0.17 eV. Notice that the higher the temperature, the higher
the contributions of all the fragments, as expected.

IV. CONCLUSIONS AND OUTLOOK

We studied the dipole-induced processes on a HeH+
molecule in the neighborhood of an excited lithium atom as
a function of time. The electronic structure of the system is
carried out at the level of time-dependent Hartree-Fock by
means of the electron-nuclear dynamics theory. Our results
show that the 2p electron of the Li atom relaxes, starting to fill
the 2s shell, while the excess energy is utilized to dissociate
or recombine the chemical bond of the neighboring HeH+
molecule via a virtual photon. In other cases, the 2p electron
relaxes into the HeH+ molecule or the H or He fragment.
We find that the He atom is always released neutral. These
processes are driven by a dipole-dipole interaction between
the excited lithium atom and the molecule. Our results set
an upper bound to the original picture of virtual photon ex-
change [30,54] dominated by charge transfer. We show that
the VPD process is a particular case of the dipole interaction
between neighbors induced by a virtual photon process (VPP).
We find that high vibrational energy levels contribute with
a large probability for dissociation, chemical rearrangement,
and vibrational interatomic energy transfer. Thus the present
version of the END approach provides an interesting and rich
physical description of the processes driven by dipole-dipole
interaction by taking into account the time evolution and the
electron-nuclei coupling. For the HeH+, a single determinant
describes properly the dissociation process, the fingerprints
of which can be seen in the results. For a better description
of these processes, a multiconfigurational description of the
electronic structure and quantum wave-packet dynamics for
the nuclei are required. Work is in progress to incorporate
them into the framework of END.

In conclusion, we have shown that dipole interactions
through virtual photon processes produce a richer dynamics
in the femto- to picosecond scale. We hope our theoretical
results will motivate further theoretical and experimental work
to confirm our findings.
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and L. S. Cederbaum, Nat. Phys. 6, 508 (2010).

[6] R. Santra and L. S. Cederbaum, Phys. Rep. 368, 1 (2002).
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