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Theoretical investigation of the Cs∗Hen�3 exciplexes
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Abstract

The X2�1/2, A2�1/2, B2�1/2, and A2�3/2 states of Cs∗Hen exciplexes, with n = {3, . . . ,9}, are studied using first prin-
ciple density functional theory (DFT) formalism combined with the zeroth order regular approximation (ZORA). The zero
points energies (ZPEs) E0 for Cs∗Hen are calculated at a first step, in order to estimate the stability of the studied exciplexes.
Relativistic calculations are carried out including spin–orbit effect (SO), and potential energy surfaces of Cs∗He6 are shown.
The electronic distribution shapes of the studied molecules are also discussed, and their emission lines are evaluated and com-
pared to a new discovered experimental emission spectra, which has been recently assigned, using a semi-empirical model, to
Cs(A�1/2)He7. Our first principle calculation suggests that the discovered emission line is most probably due to a decay of
Cs(A�1/2)He6.
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1. Introduction

Excited atoms often react to form bond electron-
ically excited states of rather unexpected species
(alkali-noble-gas combination) which are dissociative
in the electronic ground state. Thanks to the extension
of the spectral range of the detectors, the discovery of
new emission lines is possible. Still one have to char-
acterize and identify the exact molecular states and
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transitions that are in the origin of the observed radia-
tive process.

The interaction of alkali metals with rare gases has
become a fruitful topic of research for both experi-
mentalists and theoreticians, a detailed list of refer-
ences could be found in Ref. [1]. These complexes
serve as model for understanding different kinds of
collisional processes such as line broadening, quench-
ing, and electronic energy transfer. This has been as-
sisted significantly by the recent progress in molecular
beam technology and cold-atom trapping [2], which
has made available many experimental data for these
molecules. Alkali-helium exciplexes are formed when
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one or more He atoms are attracted into the nodal
plane of the excited p-orbital of alkali atoms. The for-
mation of Cs∗Hen exciplexes have been proposed as
the cause of the quenching of fluorescence emission
[3,4]. The concept of the chemical bond of exciplexes
is crucial, in fact the dispersion forces (van der Waals)
is the weakest form of bonding (in the order of 0.1 eV)
responsible of the formation of exciplexes, which can
be thought of as a dynamically induced dipole inter-
action between neutral species (for our case Cs and
He) that do not have any internal dipole moment. Sev-
eral empirical and semi-empirical studies attempted to
give a clear description of the formation of the exci-
plexes, and their emission spectra, the two parameters
(depth De and position Re) extracted from potential
energy surfaces allow to explain the experimental data
and to characterize the observed emission lines. The
best known model in this field is based on the semi-
empirical pair potential model given by Pascale [5].
He used l-dependent pseudopotentials defined from
spectroscopical data to describe the e−–M+ and e−–
He interactions. Patil [6] made a detailed work, using
perturbative expressions, on the adiabatic potentials
for alkali-inert gas systems in the ground state. Re-
cently ab initio methods have been used. Kerkines and
Mavridis [1,7,8] studied and investigated the X2�+,
A2�, and B2�+ states of LiR exciplexes, where R =
{He,Ne,Ar,Kr} using a multi-reference configuration
interaction [MRCI] and coupled-cluster plus single
and double excitations and a connected triple excita-
tions [CCSD(T)]. Enomoto et al. [9] carried out calcu-
lations of adiabatic potential curves of M∗He within
the restricted Hartree–Fock (RHF) formalism. Kunz
[10] performed a configuration interaction (CI) calcu-
lations for the Cs–He system based on restricted open
shell Hartree–Fock (ROHF) orbitals of Cs obtained
from a spin-averaged relativistic calculation using the
Douglas–Kroll-transformed spin-free no-pair Hamil-
tonian (DKH).

Interatomic potentials are of fundamental impor-
tance in many physical processes since they determine
the sizes of collision cross sections, relaxation and re-
action rates as well as the widths and shapes of the
spectral lines. Calculation of these potentials are noto-
riously difficult and experimental verification not eas-
ier to obtain. For all the theoretical methods mentioned
above, most of them include adjustable model poten-
tials to yield more realistic results. DFT offers the

possibility to include dynamical correlations with less
computational efforts, we used the relativistic zeroth
order regular approximation (ZORA) [11,12] Hamil-
tonian, which is of zeroth order in the perturbation
expansion of E

2mc2−V
. The approach is variationally

stable and there is no need to renormalization. The
spin–orbit operator is regularized and the scalar rel-
ativistic corrections are good. There two main gaols
of this Letter, the first one is to show that DFT-ZORA
approach, which was successfully applied in our pre-
vious study [13] for diatomic exciplexes, can describe
as well as empirical and semi-empirical methods, ex-
ciplex’s formation process via reproduction of the po-
tential energy curves for another type of symmetries.
The second goal is the investigation of the origin of a
new discovered [14] emission line by varying the num-
ber of helium atoms n bonded to a Cs atom.

2. Experimental facts

In order to give the reader a complete idea, the ex-
perimental observations and assumptions which are in
the origin of the discovery of the emission lines of
Cs∗Hen exciplexes are briefly described here. The ex-
istence and formation of alkali-helium exciplexes were
considered [14–19] to explain the observed short-time
(quenching) atomic fluorescence from excited alkali
atoms embedded in different environments such cold
helium gas, liquid helium, or in solid helium matrix.
Fig. 1 represents energy-level diagram of excited Cs
relevant to the observation of Cs atoms, they were
excited to the D2 : 6S1/2 → 6P3/2 and D1 : 6S1/2 →
6P1/2 transitions. When D1 excitation is applied, an
atomic fluorescence results at the same transition, on
other hand, D2 excitation will produce an emission
line from D1, this is due to the fact that the 6P1/2 is
populated by collisions between Cs atoms in the 6P3/2
state and helium gas.

Fig. 1. Energy-level diagram of excited Cs relevant to the observa-
tion of Cs atoms.
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The fluorescence observed at the transitions D1 and
D2 depends on the number of the helium atoms that
form the molecule, Enomoto et al. [16] conclude that
exciplexes with n > nmax = 2 do not exist, but recently
Nettels and coworkers [14] observed and showed that
in the hcp phase of solid helium, Cs∗Hen, with n > 2
are formed, and for the first time they observe an
emission line at 7130 cm−1, which originates from a
Cs∗Hen�3 exciplexes.

3. Electronic distribution shape of free excited Cs

The observed emission lines and their quench-
ing are due to the dissociation of the chemical bond
formed during the excitation process, the mechanism
of the formation of the Cs∗Hen exciplexes could be ex-
plained as a consequence of the dynamic behavior of
the electronic wave function of excited Cs(6P1/2) and
Cs(6P3/2) when one or more helium atoms approach
the excited Cs along a nodal line or around a nodal
plane, and overcome the potential barrier, thereby the
orbital interaction is more favorite than Pauli repul-
sion. The shape of the electronic wave function of
6P1/2 and 6P3/2 sublevels plays an important role in
the explanation of the formation of CsHen exciplexes.
Below equations of electronic densities and plots of
the correspondent electronic wave functions for a free
excited Cs are given.

Cs atoms are excited to 6P level which is splitted,
due to spin–orbit coupling, into 6P1/2 and 6P3/2 sub-
levels, with total angular momentum J = L + S, thus,
MJ = ±1/2,±3/2.

Let us consider an excited Cs atom, the projections
are applied on the |L,ML,S,MS〉 basis. We used two
normalization constants α and β that verify:

|α|2 + |β|2 = 1.

• For P1/2,1/2 (i.e., J = 1/2 and |MJ | = 1/2)

(1)Ψ1/2,1/2 = α|1,1,1/2,−1/2〉 − β|1,0,1/2,1/2〉.
With |1,1,1/2,−1/2〉 = |1,1〉 ⊗ |1/2,−1/2〉, |1,0,

1/2,1/2〉 = |1,0〉 ⊗ |1/2,1/2〉, and 〈S,MS |S,M ′
S〉 =

δMS,M ′
S
, Eq. (1) become

(2)|ψ1/2,1/2|2 = |α|2〈1,1|1,1〉 − |β|2〈1,0|1,0〉.

Fig. 2. Electronic distributions of free Cs in its lowest excited lev-
els: (a) spherical distribution of 6P1/2 level (|MJ | = 1/2), (b) and
(c) respectively are dumbbell shaped and apple-like distributions of
6P3/2 levels (|MJ | = 1/2,3/2).

We can rewrite Eq. (2) in term of spherical harmonics
form, with Y 1

1 = −1/2 (3/2π)1/2 sin θe−iφ , Y 0
1 = 1/2

(3/π)1/2 cos θ .
For α = (2/3)1/2 and β = (1/3)1/2

(3)|ψ1/2,1/2|2 = (1/4π)
(
cos2 θ + sin2 θ

)
.

• For J = 3/2, |MJ | = 1/2,3/2
– P3/2,1/2

Ψ3/2,1/2 = (1/3)1/2|1,1,1/2,−1/2〉
(4)+ (2/3)1/2|1,0,1/2,1/2〉.

Using the same arguments as for Eq. (2), Eq. (4) be-
come

(5)|ψ3/2,1/2|2 = (1/2π)
(
cos2 θ + (1/4) sin2 θ

)
.

– P3/2,3/2

(6)Ψ3/2,3/2 = |1,1,1/2,1/2〉.
Which yields to

(7)|ψ3/2,3/2|2 = (3/8π) sin2 θ.

Fig. 2 shows plots of the electronic wave functions
of the excited 6P levels of the free atomic Cs that
correspond to Eqs. (3), (5) and (7), we can see the
spherical character (Fig. 2(a)) of the density shape of
6P1/2 (|MJ | = 1/2), the dumbbell-shaped and apple-
shaped electronic densities (respectively Fig. 2(b) and
(c)) of 6P3/2 (|MJ | = 1/2, 3/2). When helium atoms
approach the excited Cs, the spherical electronic wave
function of 6P1/2 will change according to the number
of helium atoms.

4. Formation process of Cs∗Hen

The formation of the Cs∗Hen=1 exciplex results
when one helium atom approach the excited
Cs(A�1/2), the spherical electronic wave function
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Table 1
The corresponding planar symmetries of Cs∗Hen>2 exciplexes due
to their dumbbell shaped electronic distribution

CsHe3 CsHe4 CsHe5 CsHe6 CsHe7 CsHe8 CsHe9

Symmetry D3h D4h D5h D6h D7h D8h D9h

(Fig. 2(a)) is deformed and holds an apple-like shape
(Fig. 2(c)), this yields to Cs∗Hen=1 exciplex. A sec-
ond helium approaches from the opposite side along
the nodal line the electronic distribution of the apple-
shaped density of Cs–He, which yields to Cs∗He2
exciplex. We have to note that only the first He has to
overcome the energy barrier in order to form the apple-
like electronic configuration of a Cs∗He1 structure.
After the formation of the CsHen=1,2, with the two
helium atoms bonded along the nodal line of the apple-
like density of Cs, now a third helium atom sufficiently
close to Cs(A�1/2) and after overcoming a potential
barrier, will deform the electronic configuration which
holds a dumbbell shape (Fig. 2(b)). This new structure
has now an attractive potential on further helium atoms
located on a ring in the nodal plane (waist) of the
dumbbell structure. The repulsion between the helium
atoms increases and puts limit on the maximum num-
ber n = nmax. Table 1 represents the corresponding
planar symmetries Dnh of the Cs∗Hen�3 exciplexes.

5. Computational details

We carried out a relativistic density functional cal-
culations of X2�1/2, A2�1/2, B2�1/2, and A2�3/2
states of Cs∗Hen (with n = {3, . . . ,9}) exciplexes
within the ZORA [11,12] formalism with spin–orbit
coupling using the Amsterdam density functional
(ADF) package [20,21], version (2004.01). Both the
local density approximation (LDA) and the gener-
alized gradient approximation (GGA) for exchange-
correlation functionals were used. The LDA was ap-
plied with the Vosko, Wilk, and Nusair functional [22].
The GGA was applied by using the Perdew–Wang
(PW91) functional [23]. The frozen-core approxima-
tion for the inner core-electrons was used. The orbitals
up to 4d for cesium (Cs) were kept frozen. The va-
lence shells were described by a high diffuse basis,
ZORA triple-ζ STO set plus two polarization func-
tions (ZORA/TZ2P) [24], the choice of this basis set

is based on the role of the polarization of Cs and
He atoms. The accuracy of the results is influenced
by type of the numerical grid [25], since integrals
in ADF are evaluated by numerical quadrature [26].
We found that for relativistic studies of weak interac-
tions very fine and high numerical integration grid is
needed.

Zero point energies (ZPEs), E0, calculations were
performed with the Gaussian03 program package
[27], using the B3LYP hybrid functional [28]. The
LANL2DZ [29–31] basis set was adopted for the Cs
atom. For the helium atom, a correlation-consistent
basis set cc-pV4Z of Dunning [32] was used.

6. Results and discussion

The configuration of valence shell of Cs is 6s1.
The lowest excitation promotes a 6s electron to 6p
orbital. Most of the spin–orbit effects are due to in-
complete shielding by the core electrons whereas most
of the chemical forces between atoms are due to the
valence electrons, a significant simplification of the
problem should be possible in which these two ef-
fects are considered separately. This separation has
been used [13] by first determining potential curves
neglecting the spin–orbit effect in the ZORA Hamil-
tonian, and then calculating potential curves including
this effect. We have studied [13] diatomic exciplexes
(M∗He, M = {Li,Na,K,Rb,Cs,Fr}), and showed the
effect of the spin–orbit coupling and the capacity of
ZORA-DFT, as first principle method, to yield to re-
sults in a good agreement with the experiment and
the other ab initio and semi-empirical methods [5,9,
10,33–36].

It was assumed [16] that exciplexes Cs∗Hen�3 do
not exist, but recent experiments done by Nettels and
coworkers [14] showed the existence of new range
of emission lines attributed to Cs∗Hen�3, especially
emission line at 7130 cm−1. They used Pascale’s semi-
empirical model [5,37] to calculate and identify the
electronic spectra of Cs∗Hen�3, and they concluded
that the emission line at 7130 cm−1 originates from
decay of Cs∗Hen=7. Thus, Nettels and coworkers as-
sumed that n = 7 is the most likely number of bond
atoms, taking into account that the cases n = 5 and
n = 6 are also probable.
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Fig. 3. Zero point energies E0 of the Cs(A�1/2)Hen�3 exciplexes as a function of the number n of helium atoms.

Table 2
Calculated emission lines (cm−1) for Cs(A�1/2)Hen=5,6,7 exciplexes, the observed emission line at 7130 cm−1 of Cs(A�1/2)Hen>2 is also
reported

Calculated Experiment [14]

Cs(A�1/2)He5 Cs(A�1/2)He6 Cs(A�1/2)He7 Cs(A�1/2)Hen>2
7640 6960 6566 7130

Results presently reported are carried out on
Cs∗Hen, with n = {3,4,5,6,7,8,9} as described in
Section 5. The zero point energies, presented in Fig. 3,
are calculated to evaluate the stability of the exci-
plexes. The Cs(62P1/2)Hen=3,4,8 exciplexes have a
zero point energies close to the dissociation limit.
Due to the strong localization of helium atoms, the
Cs(62P1/2)Hen=9 exciplex has a zero point energy that
is above the dissociation limit. So, the complexes with
n = 3,4,8 and 9, are unstable. It is clearly shown that
the Cs(62P1/2)Hen=6 exciplex is the most stable one,
other possible stable exciplexes are Cs(62P1/2)Hen=5
and Cs(62P1/2)Hen=7 that have also a zero point en-
ergies well below the dissociation limit. Adiabatic
potential curves of the Cs(62P1/2)Hen=6 complex are

showed in Fig. 4. The lowest potential curve is for the
X2�1/2 state which corresponds to Cs(62S1/2)+ 6He,
this potential curve is repulsive. The potential curves
with the highest energy among the three excited states
are for The A2�3/2 and B2�1/2 states correspond-
ing to Cs(62P3/2) + 6He. These potential curves are
also repulsive, so they do not exhibit a well to make a
bond or a quasi-bond. The A2�1/2 state correspond-
ing to Cs(62P1/2)+ 6He, has a well predicted at about
3.5 Å deep enough to form a bond and can bind more
than two helium atoms. This potential has also a bar-
rier at 6 Å which is in very good agreement with
the data of Ref. [14]. From the calculated emission
lines of Cs(A�1/2)Hen=5,6,7 exciplexes, presented
in Table 2, and compared to the observed spectra at
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Fig. 4. Cs∗He6 potential curves. Only the A2�1/2 potential has an attractive well deep enough to make a bond.

Table 3
As a function of the number n (n � 3) of helium atoms, this table
represents the radii of the potential minima Re (in Å), depth of the
attractive potential wells De (in cm−1), and barrier heights Hb (in
cm−1) for the Cs(A2�1/2)Hen exciplexes

n 3 4 5 6 7 8 9

Re 3.51 3.51 3.50 3.49 3.52 3.53 3.55
De 88 285 459 570 581 590 596
Hb 176 172 170 167 164 160 157

7130 cm−1, we can conclude that the most proba-
ble origin of the observed emission line is a decay
of Cs(A�1/2)Hen=6.

As a function of the number n of helium atoms, data
in Table 3 shows:

• The radii of the potential minima, Re . For 3 �
n � 6, the radii decrease with increasing n, and for
6 < n � 9, the radius increases rapidly due to the He–
He repulsion.

• Depth of the attractive potential wells, De. The
deepest potential is for the exciplex with n = 9, but

this complex is unstable because of its zero point en-
ergy that exceeds the dissociation limit.

• The barrier heights, Hb . As shown, the barrier
decreases slightly with an increasing number of he-
lium atoms.

7. Summary and concluding remarks

Employing DFT formalism combined with ZORA
approach, we have performed relativistic calcula-
tions for the X2�1/2, A2�1/2, B2�1/2, and A2�3/2
states of Cs∗Hen�3 exciplexes. The zero point en-
ergies were also evaluated using the B3LYP hybrid
functional. In spite of the limitation of DFT to de-
scribe and predict high order excited states, it was
successfully applied to the ground and lowest ex-
cited states of a new type of molecular species, the
Cs∗Hen exciplexes. The present work concludes that
exciplexes with n � 3 can be formed, and their decay
can be observed and measured. The observed emis-
sion line at 7130 cm−1 is therefore originates from
a decaying Cs(A2�1/2)Hen�3. Results presently re-
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ported show that there are three possible stable ex-
ciplexes Cs(A2�1/2)Hen=5,6,7, but the most likely
number of bound helium atoms is n = 6, this is due
to the following facts. (i) The ZPE of that complex
is clearly below the dissociation limit. (ii) The calcu-
lated emission line, 6960 cm−1, of Cs(A2�1/2)He6
is in very good agreement with the observed spec-
tra at 7130 cm−1. As a final remark, in addition to
the first principle methods and calculations presented
in this work, semi-empirical results [14] obtained by
Nettels and coworkers yield to the same conclusion,
the CsHen�3 exciplexes exist, and their decay can be
observed.
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