Eur. Phys. J. D 2, 63-73 (1998) THE EUROPEAN

PHYSICAL JOURNAL D

EDP Sciences
© Springer-Verlag 1998

Predictions of geometrical structures and ionization potentials
for small barium clusters Ba,

V. Boutou!, A.R. Allouche!, F. Spiegelmann?, J. Chevaleyre!, and M. Aubert Frécon!-?

! Laboratoire de Spectrométrie Ionique et Moléculaire®, Université Claude Bernard Lyon I, Batiment 205,
43 Bd. du 11 Novembre 1918, 69622 Villeurbanne Cedex, France

2 Laboratoire de Physique Quantique®, IRSAMC, Université Paul Sabatier, 118 Route de Narbonne, 31062 Toulouse Cedex,
France

Received: 14 May 1997 / Received in final form: 2 February 1998 / Accepted: 27 February 1998

Abstract. The geometrical structure of ground state Ba, clusters (n = 2—14) has been predicted
from various types of calculations including two ab initio approaches used for the smaller sizes namely
HF+MP2(n = 2—6), DFT (LSDA)(n = 2—6, 9) and one model approach HF+pairwise dispersion used
for all sizes investigated here. The lowest energy configurations as well as some isomers have been investi-
gated. The sizes n = 4, 7 and 13 are predicted to be the relatively more stable ones and they correspond
to the three compact structures: the tetrahedron, the pentagonal bipyramid and the icosahedron. The
growth behavior from Ba; to Baisz appears to be characterized by the addition of atoms around a pen-
tagonal bipyramid leading to the icosahedral structure of Bais which is consistent with the observed
size-distribution of barium clusters. Values for vertical ionization potentials calculated for n = 2—5 at the
CI level are seen to be in quite good agreement with recent measures.

PACS. 36.40.-c Atomic and molecular clusters — 36.40.Mr Spectroscopy and geometrical structure of

clusters

1 Introduction

A general goal in the studies of metallic clusters is the un-
derstanding of transition from molecular to metallic char-
acter. In the particular case of alkaline-earth metallic clus-
ters, this evolution starts from the dimer structure which
is more or less governed by Van der Waals forces, depend-
ing on the metal position in the periodic table. The first
observation of barium clusters produced by inert-gas con-
densation techniques, has been reported by Rayane et al.
[1]. They suggested that the observed size distribution
with large peaks at n = 13, 19, 23, 26, 29, 32 could be
interpreted by icosahedral close-packing structures. More
recently Boutou et al. [2] have determined the photoioniza-
tion efficiency cross sections of small homogeneous barium
clusters, produced by a laser vaporization source.

A knowledge of the geometrical structures of small size
clusters is crucial to interpret experimental observations.
Such information can be provided by theoretical calcula-
tions but not directly deduced from experiment. Further-
more, the knowledge of the evolution of cluster properties
such as binding energies and ionization potentials (IP’s)
versus cluster size may provide insight into the electronic
structure and the binding nature of clusters.
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Theoretical studies on Ba clusters are scarce. We knew
only two works, one based on the Jellium model [3] and
the other on the cylindrically averaged pseudopotential
scheme (CAPS) [4]. Predictions of the ionization poten-
tial for Ba,, (n = 2—5) provided by the jellium model [3]
are seen to be rather far from our recent experimental de-
terminations [2]. As far as Bajs is concerned no previous
results have been reported for its lowest-energy structure.
It should be noted that the most stable configurations cal-
culated for isovalent clusters were not found to be icosa-
hedral for Beys [5] and for Mgis [6,7].

With the aim to help in interpreting the more recent
experimental data, we have undertaken a theoretical study
of the low-energy lying configurations of Ba,, clusters to-
gether with their binding energies and their ionization po-
tentials.

We present various calculations including ab initio and
model approaches to determine the energy of barium clus-
ters. Those approaches are described in Section 2 together
with the optimization procedure. Results are presented
and discussed in Section 3 comparatively with available
experimental data.

2 Computational techniques

Barium clusters in their ground state are investigated
here in a three-dimensional approach by means of several
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quantum chemical methods recalled shortly and also
through a model based on the addition of two-body dis-
persion terms to the Hartree-Fock energy. Regarding our
limited computational facilities, in the present studies of
barium clusters, the barium atoms are described through a
two-electron semi-empirical pseudopotential replacing the
core, taken from Fuentealba et al. [8]
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where Z is the core charge and
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is the projection operator on angular symmetry [. The pa-
rameters B; and §; (I = 0, 1,2) are available in reference [8]
for barium, and such that V' (Eq. (1)) reproduces the av-
eraged of the Dirac-Fock valence orbital energy. Thus the
pseudopotential used includes some averaged relativistic
effects, namely the Darwin and mass terms, spin-orbit cou-
pling excepted which is not expected to play a large role
as far as only s orbitals of Barium are concerned (ground
state).

2.1 Ab-initio calculations

Among various ab initio methods that can be used to in-
vestigate structures for Ba,, CI calculations would pro-
vide the best accuracy. Nevertheless they have not been
performed for all the sizes of Ba,, investigated here, due
to computational capabilities. Methods based on density
functional formalism provide results at more reasonable
costs, and then they have been used for larger sizes than
CI approaches, nevertheless their accuracy is quite de-
pendent on the functional form used. For the smaller
clusters (n = 2—6), two types of calculations have been
performed. One is based on HF calculations followed by
second-order Moller-Plesset perturbation theory MP2 and
the other is based on the local spin density approximation
(LSDA) in the density functional framework. Calculations
at the MP2 level have been performed using the CIPSI
(Configuration Interaction by Perturbation of a multicon-
figuration wave function Selected Interactively) package
[9] of the Laboratoire de Physique Quantique-Toulouse-
France(LPQT), and LSDA calculations have been per-
formed with the Gaussian 94 package [10].

The LSDA calculations are assumed here to provide in
a satisfactory way, relative values for the energy of differ-
ent geometrical configurations for a given size and then to
predict the correct lowest-energy configuration. Neverthe-
less, in order to predict reliable ionization potentials we
have achieved more sophisticated treatment of the elec-
tronic correlation. Namely QCISD(T) calculations via the
Gaussian 94 package have been performed, for the ener-
gies of the Ba,, and of the ionic Ba, clusters (n = 2—5)
for geometries previously determined from LSDA calcu-
lations. For these small sizes we have also calculated

Table 1. Atomic Gaussian basis sets A and B.

type of orbital set A set B
(67 Cz (67 Cz
S 0.693 0.06222(0.603 0.06222
0.2079 —0.47842(0.2079 —0.47842
0.0693 1. 0.0693 1.
0.03465 1. 0.03465 1
0.015 1
p 0.2079 —0.07391(0.2079 1.
0.0693  0.04464(0.0693 1.
0.03465 0.98806(0.03465 1
d 0.693 0.13204(0.693 1
0.10395 0.95868(0.10395 1

electronic wavefunctions and densities with the three-class
iterative MRCI algorithm CIPSI [9]. The wavefunction re-
sults from the diagonalization of the larger MRCI sub-
space M selected from the perturbation of the variational
zeroth-order wavefunction in a smaller one S. Subspace S
is itself built from a Complete Active Space (CAS) calcula-
tion including all the occupied plus the first virtual MO’s.
Subspace M includes all the determinants, the contribu-
tions of which in the first-order wavefunction are larger
than a threshold my > 0.001.

A Gaussian basis set (4s3p2d/3slpld)(labelled set A)
has been used for the MP2 and the LSDA calculations
while a larger basis set (5s3p2d/4s3p2d) (labelled set B)
has been used in the CIPSI calculations of the electronic
densities. Both sets A and B are displayed in Table 1.

2.2 Model calculations

Due to computational capability constraints, we have not
performed purely quantum chemical calculations for the
largest clusters Ba,, investigated here (n = 7—8, 10—14).
Then we propose a model in which the correlation contri-
bution is built up from that of the dimer ground state. The
ground state of Bay calculated accurately [11] through a
relativistic ten-electron pseudopotential, a core polariza-
tion potential including some core effects and CI calcu-
lations for the four valence electrons, is weakly bound
(De = 0.202 eV) at rather large internuclear distance
(9.2ag). For such weakly bound systems, the interaction
energy can be approximated by the sum of the Hartree-
Fock energy and the interatomic correlation energy which
reduces to the dispersion contribution at large internuclear
distance [12]. Then the potential energy curve of Bas may
be described by the sum of the Hartree-Fock energy and
the long-range dispersion terms varying as R~2"

CQn f2n (R)

[ )

E(Bay) = Enp(Bag) — »

n=3

where R is the interatomic distance, the Cs, are the
usual expansion coeflicients of the dispersion energy in the
multipolar approximation while the fs,(R) are damping
functions which take some account of the atomic overlap.
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In the present calculations we have only considered the

C .
first term —2 and we have used the parameterized form

6
of Tang et al. [13] for fo(R)

6 k
fo(B) =1 — exp(—bR) S (bﬁ)

k=0
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where b has been treated as an adjustable parameter. To
the best of our knowledge, no actual accurate value exists
in the literature for the Cg expansion coefficient of Bag
so that it has also been treated as an adjustable parame-
ter. From our previous values for the Bag energy [11] and
using a reduced basis set containing only the s orbitals
of set A for the evaluation of the Hartree-Fock part, the
following fitted values have been obtained for the two ad-
justable parameters b = 0.83806 aal and Cg = 15477.8
ag Hartree. Note that for Bas, estimates of the Cg coef-
ficient are quite different when obtained from the Lon-
don formula Cg = 2Ig,ad, (~ 10300 af Hartree) or

from the Slater and Kirkwood formula [14] Cg = 3(04;3&)%

(= 4700 a$ Hartree), ap, is the dipolar static polarisabil-
ity and I, the ionization potential. The larger effective
value presently deduced may be considered as taking some
account of higher dispersion terms through the fit. This
model provides a dissociation energy of 0.16 eV, slightly
less than the CI value.

Then for a cluster Ba,,, the energy is calculated from
the following expression,

E(Ba,,) = Fgr(Ba,) — Z %(G,Rij) (4)

where R;; are the interatomic distances. This HF 4 dis-
persion energy-model is very usual when calculating Van
der Waals molecules, as a matter of fact it is known that
weak dispersion forces are always very tedious to obtain
in ab initio calculations. This model is more sophisticated
than a pure additive-pair model, since the Hartree-Fock
contribution is explicitly evaluated for each size of the
cluster. The dimer correlation energy is however assumed
to be transferable in the cluster within an additive pair-
wise scheme. In the present model, charge transfer may
occur in the HF contribution.

2.3 Optimization procedures and Lennard-Jones
approximation

In order to save computing time to deduce the ground-
state lowest-energy configurations, we proceed as follows.
First the simulated annealing technique is used to ex-
plore energy surfaces obtained from a crude additive pair-
wise expression of the energy assuming an approximated
Lennard-Jones form of equation (4):

C C
E(Ban) =Y (515 — 55)
] 1)

i<j

(5)

The value 5.5115 x 10° a(1)2 Hartree for the Cia coeffi-
cient has been obtained by fitting the dimer data with
the previous effective value of Cg coefficient held fixed. At
this step, initial configurations are obtained. Then start-
ing from these geometries, optimizations by gradient tech-
niques are performed using this time energies calculated
with the various methods considered in the present work,
namely HF+MP2, LSDA and model HF + dispersion cal-
culations through equation (4).

The Lennard-Jones approximation is obviously not
so accurate than are calculations such as ab initio,
HF+pairwise dispersion interaction. In this empirical
model, parameters are fitted, once for all, on the ground
state potential well of Bay. Indeed, this Lennard-Jones
approximation is not appropriate to study a non metal-
metal transition. Nevertheless, this is a suitable way to
determine some not too uncertain geometries to be used
as starting point for more accurate calculations. In fact
if we compare the results provided by this rather crude
approach to those from our more precise calculations, the
main difference lies in the evolution of the mean internu-
clear distance when the cluster size increases. In contrast
with the HF+pairwise dispersion interaction, the Lennard
Jones potential does not give rise to any contraction of this
mean internuclear distance. This statement prevents this
model to account for any change in the binding nature
when the cluster size increases. Nevertheless actually, the
global structure and symmetry remain unchanged.

Concerning the minimization procedure using the sim-
ulated annealing algorithm, we generally heat the cluster
over the melting temperature of barium bulk (typically
1000 K). Then, the temperature is decreased by step of
20 K. For each step, the number of used configurations is
sufficiently large (= 100000) in order to try to overfly the
complete potential energy surface.

3 Results
3.1 Equilibrium geometries from Ba; to Bag

The most stable geometrical structures obtained from Bas
to Bag through the minimization of LSDA energies with
an analytical gradient procedure are drawn in Figure 1
while some isomer configurations with higher energies are
displayed in Figure 2. The corresponding positions of the
atoms are presented in Table 2 following the notations of
Montag and Reinhard (MR) [4], adapted to the classifi-
cation of axially symmetric structures (z and p are the
coordinates of the atoms on the various rings). Dissocia-
tion energies,

Ed5(1) = E(Ba,) — E(Ba,_1) — E(Ba) (6)

are also reported in Table 2 as well as the difference be-
tween the energy of the most stable structure and that of
the second isomer.

The ground state of Bay was investigated previously in
arather elaborated MRCI scheme [11] and the correspond-
ing results are considered here as a reference. Compari-
son with the present LSDA and MP2 calculations point
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Table 2. Stable structures (in the notation from [4]) of Ba,, clusters deduced from various type of calculations. A great number
of clusters is axially symmetric. In this notation z is the symmetry axis, z; (a.u.) is the distance from z = 0, and p; (a.u.) is the
radius of the circle. On this circle, n atoms are placed with an angle 27 /n.

Present calculations
Model DFT(LSDA) HF+MP2 Montag et al. [4] results
Struc. Sym.|Coordinates z;/p; E(eV) |Coordinates z;/p; E(eV)|Coordinates z;/p; E(eV) Coordinates z;/p;  E(eV)
1 2 3 (AE) 1 2 3 (AE) 1 2 3 (AE) 1 2 3 (AE)
Bas {11} Deon|4.75 —21 0.16 4.84 —2z 0.24 |5.41 —z; 0.09 4.55 —z1
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bas {3} Dgs, (0.0 0.45 0.0 0.59 0.0 0.25 0.0
5.23 5.32 5.72 4.3
{3} Doon[9.3200 —z  (—0.25) 10600 —z  (—0.16)[6.6 0.0 —z (—0.54)
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bas {13} T4 [7.150.0 (0.85) |7.340.0 0.99 1(7.630.0 0.63 6.0 0.0
0.0 5.06 0.0 5.19 0.0 5.39 0.0 4.3
Bas {131} D3p, (7.4 0.0 —z 0.77 7.580.0 —z 0.78 |7.980.0 —z; 0.40 70 0.0 —2z
0.0 4.9 0.0 0.0 5.080.0 0.0 5.16 0.0 0.0 4.3 0.0
{14} Ca, 42 —1.0 (—1.01)
0.0 5.6
Bag {222} Ca, (2.410.0 —5.98 0.86 1.220.0 —6.92 0.84 |2.790.0 —6.63 0.51
7.344.114.51 7.74 4.31 4.45 7.894.394.94
{141} Dy 6.230.0 —2 (—0.26) 45 00 -z
0.0 6.240.0 0.0 6.1 0.0
FEur — Z 7061[6 (GR” ) Montag et al.
i>j ©J
Struc.  Sym.|Coordinates(z;/p:) E(eV) |Coordinates(z;/pi) E(eV)
I 2 3 (AE) [T 2 3 (AE)
Ba; {151} Ds, |40 00 -z 121 [3.6 0.0 -2z
0.0 7.55 0.0 0.0 7.0 0.0
Csy, |4.72 0.0 —1.84 (—0.24)]6.2 0.0 —2.8 (—1.05)
498 8.41 0.0 0.0 4.3 4.3
Bag {1515:} — see Table 3 1.06
{161}  Den [391 00 -z ~(0.75) 3.7 0.0 —2
0.0 829 0.0 0.0 7.4 0.0
{2222} Cay |00 468 833 13.75 (—0.26)
4.28 6.35 4.10 4.73
Bag {16422} — see Table 3 1.38
{12222} Cay [-7.26 -2.08 0.0 5.94 T7.57 (—0.16)
0.0 7.09 393 4.07 7.73
Baio {3313} Cs, |-5.91 —1.05 0.0  2.87 1.51

501 7.85 00 7.29
{122221} Doy [10.25 4.84 296 —23 —z —z1 (—0.26)
0.0 706 3.96 p3 p2 0.0

Baji {216422} — see Table 3 1.61
— see Table 3
Bais {22422} Doy [-5.15 -2.59 0.0 —2z2 —z1 1.76
6.49 4.08 100 p2 p1 0.0
Bajz {15151} Ds, |-7.97 -3.57 0.0 —zo —z1 2.21

0.0 713 0.0 p2 p1 0.0
Bais {331331} Cs, |-6.22 —1.31 0.0 1.55 6.39 13.17 1.48
4.85 7.77 0.0 7.77 4.63 0.0
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Fig. 1. Lowest-energy ground state isomers of Ba, clusters
(n =3, 14).
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Fig. 2. Some isomer configurations of Ba, clusters (n = 3,
11).

out that LSDA results appear to be in better agreement
with reference data than MP2 ones, showing a relative
difference of ~ 5% for the equilibrium distance R, and
of ~ 15% for the dissociation energy. A good agreement
is also obtained for the value of the harmonic frequency
we = 37 cm™! with a difference of 2 cm™!. The larger
binding energy obtained with LSDA may confirm previous
remarks about the adequacy of LSDA methods to treat al-
kaline earth dimers [15]. Due in large part to some lack of
correlation effects, MP2 results are too large for the equi-
librium distance and too small as concerns the dissociation
energy.

For all clusters Ba,, in the range n = 3—6, identical
equilibrium geometrical structures have been obtained ei-
ther with the MP2 or LSDA methods as well as with the
model calculations. They differ only in the values of the in-
teratomic distances. The lowest-energy configurations are
an equilateral triangle for Bag, a regular tetrahedron for
Bay and a trigonal bipyramid for Bas. Similar ground state
geometries were obtained for Be,, [5] and Mg, [6] clusters
in this small size range. From Bag to Bas the relative dif-
ference in the geometric parameters calculated at the MP2
and at the LSDA levels respectively remains smaller than
5% with systematically higher values obtained in the MP2
approximation.

The only previous calculations we knew for the ground
state structure of barium clusters are due to Onwuagba
(1993) [3] and to Montag and Reinhard (1995) [4]. On-
wuagba investigated properties of barium clusters in
the Jellium model using the spin-polarized local density
approximation in the framework of density functional the-
ory. Montag and Reinhard used the Cylindrically Aver-
aged Pseudopotential method CAPS. The CAPS method
also belongs to the density fonctional theory approach and
the Kohn-Sham description of the valence electrons, but
uses explicit electron-ion pseudopotentials which are cylin-
drically averaged, thus introducing an axial constraint.
Their results are quoted in Table 2 for comparison. First
it should be noted that the equilibrium geometries de-
rived in the present three-dimensional approach are the
same as those obtained in CAPS for Bas, Bay and Bas.
For these small clusters the relative differences in the geo-
metric parameters are within 8—18% with systematically
smaller values in CAPS calculations. A larger difference
is obtained for the distance between two consecutive Ba
atoms in the linear Bags isomer. When compared to the
equilibrium distance R.(Bagy) for the dimer, a rather large
reduction (= 28%) is found in CAPS results while the Basy
distance in Bag obtained here is nearly equal to that of
the isolated Bas molecule. Note for instance that Kumar
and Car [6], using the local density molecular dynamics
method and simulated annealing techniques found a slight
reduction of ~ 3% for the distances in Mgs with respect
to free Mgs.

We now examine the equilibrium geometry of Bag. For
the three determinations of the energy (MP2, LSDA or
model) the gradient minimization always leads to a most
stable structure {222} with Cs, symmetry, contrarily to
the previous CAPS results. CAPS calculations predict a
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pentagonal pyramid structure {15} (Cs, symmetry) to
have the lowest energy. It should be noted that we failed
in searching such a stable structure. In fact starting ex-
plicitly from a pentagonal pyramid geometry, the opti-
mization process was always seen to yield again the {222}
lowest-energy stable configuration. In the same way, we
did not find structure {222} of MR with Dg; symmetry
as a stable one. The regular octahedron structure {141}
corresponding to D4, symmetry is found to be a stable
configuration higher in energy than the structural ground
state by an amount of 0.26 eV in the present work and
by an amount of 0.6 eV in CAPS calculations. Thus this
symmetric configuration is not the lowest-energy one for
Bag contrarily to rare gas hexamers. In fact this result is
similar to that obtained for Mgg [6].

Thus there seem to be differences in the building of
Ba,, clusters with respect in particular to Be, clusters.
One should recall than the binding in Besg, a former chal-
lenge for Quantum Chemistry, is a very peculiar one, with
short molecular distance, and larger dissociation energy
that usual for Van der Waals dimers. This is due to a
strong participation of p? atomic character in the molec-
ular wavefunction and is significantly different from Mgo
and Bay which remain essentially Van der Waals dimers
(weak D, value and large R, value with respect to the
atomic radii). This qualitative difference in the binding
character, already present on the dimer, seems to extend
to large clusters in the size range of interest here.

Because present model calculations are independent
from LSDA results, quantitative comparisons between the
two sets of values are meaningful. As a matter of fact,
the geometric parameters obtained with LSDA and with
our model calculations respectively, agree quite well for
the stable structures from Bas to Bag with relative differ-
ences smaller than 7%, including the linear structure of
the Bag isomer. The agreement is also reasonable for the
dissociation energies.

The adequacy of the present model to calculate the
total energy of Ba,, in this range is to some extent also
ascertained by the analysis of the electronic density maps
from Bas to Bas. The differences dp between molecular
and atomic electronic densities have been calculated with
the CIPSI wavefunctions as described in Section 2, using
the geometric parameters which minimize the LSDA en-
ergies for Bag, Bay and Bag respectively. The various dp
maps are drawn in Figure 3 for Bas (a), Bay (b and c)
and Baj (d). In the case of Bay a weak binding obtained
at the HF level (not an artefact of BSSE) and a noticeable
increase of the electronic density betwen the atoms, indi-
cate a slight deviation from pure Van der Waals character,
however not comparable with the Bes case. For Bag and
Bay the binding character is similar to that seen for Bas.

Then the energy of small Ba,, clusters may be cal-
culated with an expected reasonable accuracy through a
two-body type model.

3.2 Equilibrium geometries from Bay to Bai,

Only model calculations have been performed for the en-
ergy (Eq. (3)) of these clusters due to computational ca-
pability constraints. This model having provided results
in quite good agreement with those obtained from LSDA
for the smallest clusters Ba, (n = 2—6), we expect reli-
able results for the largest ones in the range n = 7—14
as long as no strong transition to metallic character oc-
curs, in which case the model calculation of the corre-
lation energy would somewhat break down. To ascertain
this assumption we have also performed LSDA calculation
for Bag. Stable geometrical configurations have been ob-
tained using a numerical gradient procedure after a first
search with simulated annealing techniques as described
in Section 2.3. The lowest-energy structures are drawn in
Figure 1 while some isomer configurations are drawn in
Figure 2. The corresponding geometrical parameters and
dissociation energies are reported in Table 2 for axially
symmetric clusters. For the three clusters Bag, Bag and
Baji; we report bond lengths, dissociation energies and
isomer energies in Table 2.

For Bay, a pentagonal bipyramid {151} structure with
Ds5;, symmetry occurs to be the lowest-energy isomer
as predicted in the CAPS calculations of Montag and
Reinhard [4]. It may be built by capping three faces of the
Ba, tetrahedron. An isomer lying ~ 0.23 €V above this
pentagonal bipyramid is also stable. Its geometry corre-
sponds to structure {133} with Cj3,, symmetry and can be
built either by capping two adjacent faces of the trigonal
bipyramid isomer of Bas or by capping the 1-3-2 face (see
Fig. 2) of the lowest-energy configuration of Bag. Similar
results have been predicted for Mgz [6].

The most stable isomer obtained for Bag, not axially
symmetric, can be built up by capping one face of the
pentagonal bipyramid Bar7, similarly to previous findings
for the Mgg cluster [6]. This result differs from the CAPS
predictions. As a matter of fact, structure {161} with Dgp
symmetry, predicted as the lowest-energy one in CAPS,
is found here to correspond to an isomer lying ~ 0.74 eV
higher in energy. A more stable isomer lying ~ 0.25 eV
higher above the lowest one is also predicted. It corre-
sponds to a {2222} structure with Cs, symmetry.

The minimum energy structures derived here for Ba,,
clusters are different from the CAPS calculations of MR
for n = 9 and 10. They also differ from results concern-
ing Be,, [5] and Mg, [6]. For beryllium and magnesium
clusters, the authors [5,6] have performed calculations us-
ing a Density Functionnal Molecular Dynamics procedure
(DFT-MD). The approximation used for the energy calcu-
lation (LSDA) is the same than in our case which makes
fully valuable the comparison between their results and
ours. For Bag the lowest-energy isomer has Cs,, symmetry
and can be built up by capping two adjacent faces of the
slightly distorted Ba; bipyramid. It differs from the {144}
structure with Cg, symmetry predicted in CAPS as well
as from the tricapped trigonal prism geometry derived for
Mgy [6] or for Beg [5].

We also obtain an isomer corresponding to a
{12222} structure with Cg, symmetry 0.15 eV above the
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Fig. 3. Differential density maps for Ba,. (a) Bas; (b) Bas in the plane of the triangular basis defined by the atoms 1, 2, 3
(see Fig. 1); (c) Bays in the plane containing atoms 1 and 2 and perpendicular to the axis 3-4; (d) Bas in the plane containing

atoms 1, 2, 5 and perpendicular to the axis 3—4.

lowest-one. It may be formed by capping two opposite
faces of a distorted pentagonal bipyramid. Because n = 9
is the first size for which the most stable structures found
here are different from those of MR on Bag, and also from
those of Mg, [6] and Be,, clusters [5] and in order to check
that this difference is not due to use of the present model,
we have also performed LSDA calculations using the basis
set previously used for n = 2—6. Both geometries, namely
the Cq, one (bicapped pentagonal bipyramid) and the Cs,
(tricapped trigonal prism) predicted by Kumar and Car
[6] for Mgg have been investigated. Minimization has been
performed with gradient techniques. LSDA calculations

confirm that for Bag the Cs, isomer is lower in energy
than the Cs, one by an amount of &~ 1 eV. The most sta-
ble structure obtained for Bajg has {3313} structure with
Cs, symmetry. It differs from the {1441} structure with
Dyg symmetry predicted in CAPS for Bag as well as from
that of Beig [5]. An isomer structure {122221} with sym-
metry Doy, is obtained 0.25 eV higher in energy. It may be
obtained by capping one edge of the Cs,{12222} isomer
of Bag.

The minimum energy structure predicted for Baj; has
Cq, symmetry and corresponds to a tetracapped pentag-
onal bipyramid. We also find an isomer which consists in
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Table 2. Bond lengths for Bag, Bag and Bai; clusters. The labelling of atoms is displayed in Figure 1.

Cluster Bond R (a.u.)
1-2=1-3=1-4=1-5=1-6=2-7=3-7=4-7=5-T=6-7|8.57
1-7 8.00
2-3=2-6=3-4=4-5=5-6 8.91
2-4=2-5=3-5=3-6=4-6 14.42

Bag |6-8=5-8=7-8=4-8=2-8 14.23
1-8 14.00
7-8 8.34
6-8=5-8 8.72
3-8 16.62
1-2=1-3=1-4=1-5=2-3=4-5 8.14
1-6=1-7 8.24
1-8=1-9 7.92
2-4=3-5 16.28
2-5=3-4 14.10
2-6=3-7=4-7=>5-6 13.81

Bag |2-7=3-6=4-6=5-7 8.82
2-9=3-9=4-8=5-8 13.80
2-8=3-8=4-9=5-9 8.20
6-8=6-9=7-8="7-9 8.47
8-9 8.74
6-7 13.86
1-2 11.90
1-3=2-3 7.85
1-4=1-5=2-7=2-6 8.86
1-5=1-6=2-4=2-7 13.20
1-9=2-8 8.84
1-8=1-9 15.40
1-10=1-11=2-10=2-11 13.75
3-4=3-5=3-6=3-7=4-5=6-7 8.05

Bai: [3-8=3-9 7.66
3-10=3-11 7.78
4-6=5-7 16.10
4-5=17-6 13.94
4-9=5-9="7-8=6-8 8.28
4-8=5-8=6-9=T-9 13.35
4-10=7-10=6-11=5-11 8.15
4-11=7-11=6-10=5-10 13.58
8-9 13.64
8-10=8-11=9-10=9-11 8.59
10-11 8.46

the addition of one atom to the Ca, {122221} isomer of
Bajp and which lies =~ 0.31 eV above the lowest config-
uration. The most stable structure for Bajs is found to
be {1515} with Dsj, symmetry. We also predict an isomer
corresponding to a {22422} structure with symmetry Dap
in which a pentagonal bipyramid can be clearly identified.

The lowest-energy configuration of Bai3 is found to be
a regular icosahedron, corresponding to {15151} structure
with Ds;, symmetry, as often found for 13-atom clusters,
especially Lennard-Jones clusters. It should be noted that
this prediction is consistent with experimental observa-
tions on Ba,, clusters produced by the inert-gas conden-
sation technique [1] where the magic sizes 13, 19, 23...
characteristic of icosahedral structures were seen to be
the most abundant.

Bayy is found to have a {331331} structure with Cs,
symmetry which can be described as an icosahedron with
one capping atom. To the best of our knowledge there
exist no previous structural results from Baj; to Baj4.

The growth behavior from Ba; to Ba;s appears to be
characterized by the addition of atoms around a pentago-
nal bipyramid. It is different from the mechanism of prism
addition and rhombus capping obtained for the growth of
Be clusters for n > 7. It also differs from the growth be-
havior of Mg clusters in which a tetrahedron and a trig-
onal prism were found to be important building consti-
tuants. This different growth mechanism for Ba,, results
in the icosahedral structure for Bajs unlike the lowest-
energy configuration derived for Bejs and for Mgs. In-
deed, fundamental differences appear between the growth
sequence of different alkaline-earth metals in the range
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6 < n< 9: typically, a 5-folding symmetry skeleton for
Ba,, and hexagonal symmetry for Be,, and Mg, This is
consistent with the bulk lattice structure: compact hexag-
onal for beryllium and magnesium, bcc for barium.

3.3 Stability and abundance of Ba, clusters n = 2, 14

In order to examine characteristics in the total energy for
specific cluster sizes, one generally defines as a measure of
the relative stability the following quantity,

Az(n) = Epq1 — 2B, + By (7)

related to the second derivative of the energy with re-
spect to n. It is shown in Figure 4b that the 4-, 7- and
13-atom clusters correspond to maxima in Ay (n) and that
they may be considered as relatively stable. This is also
corroborated by the variation with cluster size of the dis-
sociation energy EJis5(1) previously defined (Eq. (6)) and
generalized as

E;®(m) = E(n —m) + E(m) — E(n) (8)
which is displayed in Figure 4a for m = 1 and 2. E31(m)
represent the energy required to break a cluster of size
(n + m) into two clusters of size n and m respectively.
Maxima in EZ55(1) are obtained for clusters with 4, 7
and 13 atoms. It should be noted that the energy required
to evaporate a dimer is by far larger than that needed
for evaporating a single Ba atom. An equivalent mea-
sure of the relative stability is obtained by considering
the chemisorption of Ba atoms on Ba, clusters through
the chemisorption energy defined as [6]

E*™(n) = |E(n+1) — E(n) — B(1)]- (9)
Etem(n) is seen Figure 4c to be relatively larger for clus-
ters with 3, 6 and 12 atoms i.e. clusters for which adding
one atom provides a relatively stable cluster.

From these energetical considerations it may be in-
ferred that Ba,, clusters with n = 4, 7 and 13 should be
abundant in the mass spectrum. Thus, the present results
support only partially the general predictions of jellium-
like models. The 4-atom cluster has 8 valence electrons
and corresponds to a filled shell in the spherical jellium
model [16]. Clusters with 7 and 13 atoms which have 14
and 26 valence electrons respectively correspond to the
filling of subshells as predicted by the spheroidal jellium
model [17]. However, Bajo which has 20 valence electrons
and corresponds to a filled shell in the spherical jellium
model is not found to be particularly stable, i.e. is not
a magic cluster. In fact, the relative stabilities predicted
for small Ba,, clusters, may be rather interpreted as due
to geometrical effects as observed for clusters where the
mechanism consists in the growth of shells of atoms. This
corresponds to addition of atoms around the three com-
pact structures, namely the regular tetrahedron, the pen-
tagonal bipyramid and the icosahedron.
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Fig. 4. (a) Dissociation energy: for the monomer Eg*5(1) (full
lines), for the dimer E3**5(2) (dashed lines), (b) second deriva-
tive Ag(n) and (c) chemisorption energy FS"°™(1). Squares
represent values from LSDA calculations while circles repre-
sent values from HF + dispersion model calculations.
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Table 3. Vertical ionization potentials (IP) (in eV) of Ba,
clusters (n = 2—5). The theoretical IP’s are the QCISD(T)
values calculated for the geometries deduced from the HF +
dispersion model.

Cluster | Experiment theory
Baz [4.23(0.05) [4.13 (4.27 for full CI)
Baz |4.1 4.12
Bas |4.0 4.06
Bas |3.61 3.67

3.4 lonization potentials

Tonization potentials IP(Ba,,) have been calculated for
Bay to Bag clusters in the QCISD(T) ab initio scheme
described in Section 1 at the geometries of neutrals pre-
viously optimized using the model energy (Eq. (4)). Iden-
tical geometries are considered for both neutral Ba,, and
ionic Ba,l clusters so that vertical ionization potentials
are calculated. Results are presented in Table 3 and com-
pared with recent experimental values obtained in our lab-
oratory. We also include the MRCI theoretical value of
4.27 eV for the adiabatic ionization potential of Bag [11].

For Bay, the present IP values are seen to be slightly
smaller than both our previous result of 4.27 eV and the
experimental range values 4.21—4.25 eV [2], with a relative
difference smaller than 4%.

From Bag to Bas our results are seen to be in good
agreement with the experimental values with a relative dif-
ference ~ 2%. While the calculated IP(Bas) and IP(Bay)
are very similar (= 4 eV) a significant decrease (= 0.4 eV,
~ 11%) is predicted for Bas. It should be noted that this is
in total agreement with experimental observations. Such
a variation may be understood from the relatively larger
stability of the Bay. This stability is consistent both with
geometric criterions, since Bay is a regular tetrahedron
and with the spherical jellium model, since it achieves an
electronic shell closure at eight valence electrons. With
respect to the latter criterion, Bas comparatively has an
“excess” of two valence electrons. This is also consistent
with the weak, however perceptible, delocalization of the
charge density off the bonds when going from Bay to Bas
as may be seen in Figure 3.

3.5 Discussion and conclusion

We have investigated the structure and growth behavior
of Ba,, clusters up to 14 atoms without any symmetry
constraints. For the small sizes, the present results are
consistent with those obtained in the CAPS scheme. In
the case of intermediate sizes (n = 8—10) differences do
occur, may be due to the cylindrical constraint affecting
the CAPS results. For n > 8, the lowest-energy isomers
are different from those previously predicted for Be,, and
Mg, clusters. In the range 8—14, the growth pattern ap-
pears to be different from that of Be, and Mg,, and is
governed by pentagonal bipyramid capping. This leads to
the icosahedral structure obtained for Bajs in consistency
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Fig. 5. Estimated LSDA atomic gross population for Bas.
Value in itallic represent the mean natural charge on each site.

“s p d” are related to the mean character of the 2 valence
electrons on each barium site.

with the observed size distribution of barium clusters pro-
duced by inert-gas condensation techniques.

Density maps displayed in Figure 3 for Bag, Bay and
Baj illustrate the binding nature in these small clusters.
For the 3- and 4-atom clusters the density is similar to
that in Bay. This remains mainly true for Bas neverthe-
less a weak delocalization of the density off the bonds is
observed. Up to Bay, the cluster energies appear to re-
sult essentially from the addition of pair contributions.
For larger sizes, the structures appear to remain similar
to that for Lennard-Jones type clusters while slight mod-
ifications in terms of Mulliken population become notice-
able as seen from our calculation on Bag. From LSDA
calculations we have estimated the gross orbital popula-
tions for each of the 9 atoms. The results are presented
in Figure 5 for the atoms labelled 1, 2 (equivalent to 3, 4
and 5), 7 (equivalent to 6) and 9 (equivalent to 8). The
averaged population over the nine atoms is ~ 65% in s or-
bitals, ~ 20% in p orbitals and ~ 15% in d orbitals, show-
ing that the bonding appears to remain mainly due to s
electrons. Nevertheless the populations on atom 1 (with
coordination 6) are significantly different from those calcu-
lated for the other atoms. The influence of p (28%) and d
(23%) orbitals is somewhat larger. Furthermore an atomic
charge of —0.308 is estimated for this atom, showing some
beginning trend to charge transfer along the bonds of
atom 1 with its 6 nearest neighbours (with weak posi-
tive charges).

Additional information related to the departure from
non metal structure can be deduced from the cohesive
energy per atom. In Figure 6, our calculated values are
compared to both Van der Waals structures (normal-
ized to the Van der Waals energy in the bulk) [18] and
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Fig. 6. Comparison of the cohesive energy per atom for bar-
ium clusters (HF + pair dispersion) and magnesium clusters
(Kumar et al. [6]) with both pure Lennard-Jones calculations
and the liquid droplet model. In order to compare the behav-
ior of the curves for Ba,, and Mg, clusters, values have been
normalized to the bulk cohesive energy.

metallic droplet for which the cohesive energy is given
by 5/862/Rsn1/3 + Wy, where Wy = 2.49 €V is the work
function of the bulk and n the number of atoms in the
cluster, for barium. It appears very clearly that a devia-
tion from the initial Van der Waals cohesive energy starts
at n = 5—6. While the calculated values evolve regularly
towards the metallic droplet curve, we can only under-
line this tendency. Indeed, the lack of calculated values
for larger clusters prevented us to ascertain whether be-
yond n = 14 the cohesive energy per atom is well rep-
resented by the metallic droplet model. This model was
very succesfull to demonstrate the metallic character of
large sodium [19] and mercury [20,21] clusters. In Figure
6, one can notice for small Mg, clusters that the cohesive
energy exhibits the same behaviour as the present values
for calculated Ba,, clusters (departure from the Van der
Waals binding). Nevertheless for Hg,, clusters cohesive en-
ergy deduced from previous experiments [20] gave results
up to some hundreds atoms and it appears that a metal-
lic character is established only close to n = 100. It is
also worthwhile to notice the thermodynamical approach
of divalent structures by Miedema [22]. By comparison of
the free enthalpy of vaporization and electron promotion
from s to p orbitals, the author concluded that, in so far
as alkaline earth structures are concerned, only the dimer
should have Van der Waals binding.

In conclusion, our results, consistent with those former
works, emphasize some different aspects (electron delocal-
ization, charge transfer, cohesive energy per atom) which
can be considered as possible indications, on the molecular
scale, of the beginning of a non metal-metal transition.
Ionization potential measurements for larger clusters
would be of great interest to check this transition and

determine a possible critical size for the metallic be-
haviour. Moreover, the calculated growth sequence of bar-
ium clusters seems different from lighter alkaline earth
metals and leads to the compact icosahedral structure.

Further fully ab initio confirmations will be necessary
to ascertain the results beyond n = 9, explicitly taking
into account the influence of s-p hybridization and consis-
tent correlation. Even for smaller sizes, evaluations of the
accuracy of the LSDA approximation with respect to more
sophisticated functional expressions or to size-consistent
CI type calculations are needed.
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