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Pseudopotential local-spin-density studies of neutral and charged Mg„(n~ 7) clusters
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Electronic-structure calculations on neutral, anionic, cationic, and doubly ionized Mg„{n~7)
clusters have been carried out to examine the e6'ect of charging on the geometry and stability of
clusters. Our studies employ Gaussian basis functions, treat exchange-correlation e6'ects via the
local-spin-density approximation, and use pseudopotentials to replace the cores. For neutral clus-

ters we focus on the evolution of the nature of the electronic states as a function of size, and show

that within an s-p -mixing criterion Mg7 is not metallic. We find that the neutral clusters have com-

pact equilibrium geometries, and that for n )4 the ground-state geometries of the anionic and cat-
ionic clusters are obtained from the neutra1 clusters by small displacements of the atoms. Both cat-
ionic and anionic clusters are more stable than the corresponding neutral cluster, the mechanism by
which the electron in anionic and the hole in cationic clusters enhance their stability is discussed.

Our studies on doubly ionized clusters show that their geometries are dictated by the Coulomb

repulsion between the holes and the electronic bonding forces. Mg, '+ is the first doubly charged
cluster whose equilibrium geometry is not a linear chain. All doubly charged cations are metasta-

ble, their dissociation barrier is calculated. We also present a complete study of the Born-

Oppenheimer surfaces of neutral and ionized trimers, and discuss the importance of geometrical
constraints on the ionization process.

I. INTRODUCTION

Small clusters constitute a new state of matter with
electronic, magnetic, and chemical properties different
from the atoms or solid. One of the features, which dis-
tinguishes them from condensed matter, is the near com-
plete topological freedom, i.e., atoms may rearrange
themselves in response to a perturbation. In particular,
the addition or removal of a few electrons produces little
change in bulk systems, however, such an addition or re-
moval may have large effects in clusters and produce a
change in geometry, electronic and magnetic behavior, or
even lead to fragmentation.

The effect of charging on clusters is important to study
in relation to several recent experiments that have given
information on the cohesive energy and electronic prop-
erties of clusters: size-selected fragmentation experi-
ments for both positively' and negatively charged clus-
ters, charge exchange between singly or doubly charged
clusters and neutral species, negative-ion photoelectron
spectroscopy, and Coulomb explosion of doubly
charged clusters. A knowledge of the geometrical struc-
ture of the neutral and charged clusters is crucial to un-
derstand in detail the experimental results, at least for the
small-size clusters (n ( —10). A theoretical input is thus
needed since the experiments only give indirect informa-
tion on the geometrical structure.

Over the past few years several ab initio theoretical
studies on the geometrical and electronic properties of
neutral metal clusters have been published, there are,
however, fewer studies that have calculated the equilibri-
um geometry of charged metal clusters. The most de-
tailed results have been obtained for alkali-metal clusters
(n ~ 9), both positively ' and negatively charged, for Cu

cations and anions (n ~4) (Refs. 10 and 11) and Ag cat-
ions (n ~4) (Ref. 11), as well as for Si cationic' clusters
(n ~6). The studies on the alkali- and noble-metal clus-
ters reveal that the charging significantly changes the
geometry, in particular for the anionic clusters that be-
come linear chains for n ~ 5. There is also an increase '

in atomization energy from the neutral, to the anionic,
and to the singly charged cationic cluster. For Si on the
other hand, studies of singly ionized clusters indicate that
there is no significant modification of the geometry.

We present here a comprehensive local-spin-density
(LSD) study of the geometrical and electronic structure
of anionic, neutral, singly, and doubly charged Mg„
(n ~7) clusters. In particular, we examine the impor-
tance of their geometry on several properties. A prelimi-
nary report of some of these results, ' as well as a previ-
ous study' of Be clusters (n 5), have already been pub-
lished.

Bulk magnesium is a free-electron metal, it is thus at
first tempting to describe the properties of Mg clusters in
the framework of the jellium model, ' which has been so
successful for alkali-metal clusters. However, in clusters
of column-II elements there is an important evolution in
the nature and strength of bonding as a function of size:
it is known that their dimers are weakly bounded mole-
cules, ' while the bulk phase is metallic. Recent experi-
ments' and theoretical papers' have studied this evolu-
tion in mercury clusters, and a van der Waals to metallic
transition has been suggested. However, no detailed
ab initio analysis has yet been given. It is difficult to car-
ry out calculations on Hg, since the presence of d elec-
trons and relativistic effects have to be taken into ac-
count, and to our knowledge only ab initio studies on
neutral' and charged dimers have been published.
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It is easier to undertake calculations on Be clusters,
which have a small number of electrons, and several
ab initio theoretical studies on neutral Be molecules and
clusters ' have been reported. The bonding in Be„(s-p
hybridization) converges quickly toward that of a metal,
and from this point of view its behavior is very different
compared with Hg. For Mg on the other hand our LSD
results and configuration-interaction (CI) calculations
show that the convergence toward the "bulk bonding"
for neutral clusters is slower than in Be. Except for a
study of Mg„clusters (n ~ 5) with a model potential,
there is no systematic detailed investigations of charged
clusters of column-II atoms.

One of the main results concerning the geometrical
structure that appears from our studies, is that Mg„clus-
ters have a strong tendency to form compact structures,
i.e., those which maximize the number of bonds. This is
true for neutral, anionic, and singly ionized species, ex-
cept for the n =3 and 4 cations, which are linear chains.
A similar result has been obtained for Be clusters' and is
probably also true for column-II elements in general.

Singly charged clusters are stable, multiply ionized
clusters may, however, be unbound or metastable. Dou-
bly ionized clusters have been the subject of numerous ex-
perimental and theoretical investigations, one of the key
questions has been the minimum or critical cluster size n,
for which a doubly ionized cluster is observable. Recent
experiments have reported very small critical numbers, it
has for example been shown that Pb& +, Au2 +,
Hgs +, etc. are stable within the observation time of the
measurement. This suggests the existence of a potential
barrier preventing the clusters from dissociating.
Theoretical studies on doubly charged transition metal
and Hg (Ref. 20) dimers show that only a detailed study
implying short-range forces can account for the delicate
balance between the cohesive and repulsive energies. Re-
cently we reported studies' on Be„+(n & 5) clusters,
where we found that the doubly ionized clusters are ener-
getically unstable, however, their Born-Oppenheimer en-

ergy surface (BO surface) is characterized by deep mini-
ma. Under suitable experimental conditions, it should be
possible to trap the clusters in these minima and, hence,
observe them.

In this work we extend these studies to Mg„+clusters
and show that small Mg„+ (n 6) are linear chains,
while Mg7

+ has a three-dimensional elongated structure
and a small negative binding energy. We present com-
plete results on the BO surfaces of the trimers and find
that Mg3

+ can only be created through sequential ion-
ization. For n 6 we calculate the dissociation energy
and dissociation barrier of the lowest-energy fragmenta-
tion channels and discuss their relevance on the fragmen-
tation process. The localization of the holes in the clus-
ters is also examined, for the linear chains it is in agree-
ment with the conventional picture that the holes are lo-
cated as far apart as possible. The situation is different
for other geometries and will be discussed.

This paper is organized as follows: In Sec. II we
present our theoretical approach, Secs. III, IV, and V
contain our results and a preliminary discussion on
geometrical structure, binding energy, fragmentation

channels of, respectively, neutral, anionic, and cationic
clusters. Section VI concentrates on doubly ionized clus-
ters and Sec. VII contains a discussion mainly focused on
the effect of charging on the geometrical structure and
formation process of clusters. Finally, Sec. VIII gives a
summary and discussion of our results.

II. DETAILS OF CALCULATIONS

TABLE I. One electron energy levels and total energy (in
hartreesj of neutral and ionized Mg atoms. Results using a nu-

merical integration of the radial Kohn-Sham equation and a
Gaussian basis set are given. The numbers in parentheses are
the known experimental values for the ionization potentials.

Atom

Mg 3p
3s

total energy

Numerical
procedure

—0.052 98
—0.175 74
—0.832 95

Gaussian
functions

—0.051 91
—0.175 48
—0.833 82

3p T

3p&
3s f
3s&

total energy
1st ionization

potential
2nd ionization

potential

—0.281 60
—0.21022
—0.440 35
—0.34606
—0.552 81

7.62 eV

15.04 eV

—0.279 57
—0.207 14
—0.440 52
—0.340 62
—0.553 36

7.63 eV
(7.64 eV)
15.06 eV

(15.03 eV)

All of our studies have been carried out within a linear
combination of Gaussian functions, and core effects are
incorporated through the use of nonlocal pseudopoten-
tials. The exchange and correlation contributions have
been treated in the Hohenberg-Kohn-Sham local-density
approximation, where we have employed the potential
form proposed by Ceperley and Alder based on the nu-
merical parametrization of Perdew and Zunger.

The basis set has been constructed via a nonlinear fit to
the numerical 3s and 3p pseudo-wave-functions, obtained
from a radial solution of the atomic Kohn-Sham equa-
tion. The basis functions were tested for their complete-
ness in several ways. We calculated the one-electron ei-
genvalues and the total energy for the neutral and ionized
Mg atom using our basis functions. These are compared
with the corresponding values obtained by numerical in-

tegration of the Schrodinger equation in Table I. As one
notices, the basis functions lead to energy values that
differ by less than 0.05 eV from the numerical values.
Our calculated first and second atomic ionization poten-
tials are 7.63 and 15.06 eV, compared to the experimental
values of 7.64 and 15.03 eV, respectively. The basis set
was also tested for its overcompleteness by carrying out
an atomic calculation with an extra set of basis functions
at various distances from the atomic site. The change in
energy with the extra set moved from 5 to 10 a.u. was less
than 3 meV. In Table II we give the basis functions em-

ployed in the present calculation.
We also studied the effect of including a d Gaussian
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TABLE II. Exponents (a.u.) of the Gaussian basis set em-

ployed in this work. The 0.01 exponent was only used for

Mg2

1.229 90
0.829 423
0.118557
0.043 026

0.120 692
0.032466
0.01

(exponent 0.14 a.u. ) on the binding energy. We find that
the increase in binding energy is about 10%, therefore
the correction due to the inclusion of d functions is rela-
tively weak. Furthermore, it is well known' ' that for
small clusters of column-II elements the LSD approxima-
tion overestimates the binding energy (see Sec. III).
Given the numerical complexity introduced by the in-
clusion of d functions and the approximations inherent in
LSD, we have neglected to insert them in our basis set.

For anionic clusters the extra electron may present a
difFuse character and require additional basis functions
for a proper description. For Mg2 we found it neces-
sary to augment the basis set by the extra Gaussian given
in Table II. For Mg3 and bigger anionic clusters, the
extra diffuse Gaussian was not necessary and was not
used. The effect of the pseudopotential approximation
has been tested for Mgz by comparing the results of an all
electron calculation (1 ls, 7p per atom) with the pseudo-
potential results. We have found within, respectively,
2% and 0.1 a.u. the same binding energy and equilibrium
distance.

The electronic-structure calculations were carried out
using Gaussian functions to expand the cluster orbitals
I l(, &, o =up or down and v=1,2, . . . ,

(i = 1,2, . . . , N), respectively, denote the charge and the
position of ions.

The ground-state geometries were obtained by sys-
tematic exploration of subsets of the Born-Oppenheimer
(BO) surface, characterized by symmetry constraints. We
restricted, for example, the search to clusters with a plane
and/or an axis of symmetry. These subsets were chosen
taking into account symmetry arguments, the possibility
of Jahn-Teller distortions, and the ground-state geometry
of the previous cluster size. For neutral clusters we have
also searched for geometrical structures derived from a
two-, three-, and four-body effective potential calcula-
tion. In order to verify that the ground-state geometry
corresponds to a minimum of the BO surface, we have
randomly generated several configurations situated
around the minimum.

III. NEUTRAL MQ„CLUSTERS

Cluster
size

Equilibrium Atomization energies (eV) Valence electrons
geometry(a. u.) AE AElat Avond Mulllken popul. fe

s p

6,39
(7.35)»

0.22 0.11 0.22
0.052»

0.94 0.06

0.78 0.26 0.26 0.87 0.13

A. Geometrical structure and bonding

In Fig. 1 we show the ground-state configurations of
neutral Mg„(n~ 7) clusters. We also give their atomiza-
tion energies and an angular decomposition of the molec-
ular charge density using a Mulliken population analysis.
As seen from Fig. 1, the ground-state geometries of Mg„
clusters are compact structures, Mg4 is a tetrahedraon,
Mgs a triangular bipyramid, Mg6 a bipyramid with rec-

where Ig; & are Gaussian functions and c' „are
coeScients determined from the Kohn-Sham equation '

( —
—,'s+ v,.„+v„+v„;)lq.„&=e..ly.„&.

Here V;,
„

is the ionic pseudopotential, VH is the Hartree
potential and V„,the exchange-correlation potential.

The total energy is calculated via the expression 6

103

2.00 0.50 0.33

2.50 0.50 0.28

3.15 0.53 0.29

0.80 0.20

0.83 0.17

0.83 0.17

CT, V

+ —,
' ff, d rd r'+ fe„,(r)p(r)d3r

879

4.23 0.60 0.26 0.81 0.19

where

zz+
...„.„

IR; —R, l

6 03»
9.82»

bulk
hcp

1.52 0.25 0.39 0.56

p (r)= g lf „(r)l and p(r)= gp (r)

denotes the electronic density at r, e„,(r) the exchange-
correlation energy per electron, Z; and R;

FIG. 1. Equilibrium geometry, atomization energy (AE}, and
valence electron Mulliken population of neutral Mg clusters.
Distances are given in atomic units and energies in eV. The
numbers marked with an asterisk are the known experimental
values. The bulk Mulliken population is taken from Ref. 40.
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tangular basis, and Mgz a pentagonal bipyramid. They
all correspond to singlet states. We have summarized all
results concerning the geometries of neutral and charged
clusters in Fig. 13 at the end of the paper. In this figure
we also report several of the isomer geometries which
have been calculated. We find in particular for n =6 that
the square bipyramid isomer with a singlet spin corre-
sponds to the minimum energy in the family of the bi-
pyramids with a rhombus basis. The square bipyramid
leads, however, through a Jahn-Teller distortion to the
bipyramid with rectangular basis. Notice that the n =5
and n =6 Mg structures can be considered as substruc-
tures of the bulk hcp geometry. In Fig. 1 the atoms of
the bulk geometry corresponding to the n =6 cluster are
indicated with dots, the corresponding distances for the
hexamer and the bulk substructure are, respectively,
equal to 5.30,5.82,5.90,8.79 and 6.03,6.05,6.05,8.57.

The geometries obtained for the neutral clusters (n «5)
are similar to those reported in the literature (n «4) for
Mg clusters and to those geometries found for berylli-
um using both CI (Ref. 21) and LSD methods. ' The
geometries obtained for Mg6 and Mg7, however, differ
from those of Be6 and Be7, which have been found by CI
(Ref. 21) to be, respectively, an octahedron with a quintet
spin state and a pentagonal bipyrarnid with a quintet spin
state. We have verified for Mg6 that the square bipyra-
mids with a triplet and a quintet state are higher in ener-

gy by more than 1 eV than the square bipyramid with
rectangular base. In the heptamer case we have verified
too that the pentagonal bipyrarnids with spins S =1 and
2 are higher in energy than the singlet ground state.

One notices from Fig. 1 that the atomization energy
per atom increases monotonically with cluster size. This
is related to the increasing s-p mixing. In the metal,
which has a higher atomization energy per atom than in

Mg7, the s-p mixing is also larger. This indicates that the
promotion of electrons from 3s to 3p states is an impor-
tant mechanism responsible for the bonding in both the
clusters and the metal. Such a remark had already been
made on the basis of CI calculations of alkaline earths
X4 and X». It was also pointed out' that the larger
binding energy of Be clusters is mainly due to the larger
interatomic s-p overlap and therefore to the larger s-p
mixing in Be than in Mg. We have found the same be-
havior in our Be LSD calculations. '

It is interesting to note that the Mg„clusters'
geometries difFer significantly from those of sodium clus-
ters, ' which have only one 3s valence electron per atom,
and from those of Al clusters, which have an additional
3p electron per atom. In Mg„ the three-dimensional
structures already appear at n =4, whereas in Na„clus-
ters one has to wait till n =7 to see true ground-state
three-dimensional species. In Al (n «6) the tendency is
towards fcc substructures, but not necessarily to close-
packed geometries.

In the case of Na clusters, it has been shown that the
planar behavior can be understood by taking into account
the delocalized behavior of the 3s-derived molecular or-
bitals and the successive filling of orbitals of s, p„,p, and

p, symmetry. Notice also that Jahn-Teller distortions for
compact structures of alkali-metal clusters already ap-

pear at n =3, whereas they only appear at n =6 for com-
pact structures of group-II elements. In the case of Al
clusters, the cohesion results from the delocalized 3p-
derived orbitals. However, the interaction between the
3s- and 3p-derived orbitals destabilizes the cluster, there
is thus a tendency to form high-symmetry clusters in
which a maximum number of bonding 3p orbitals are or-
thogonal by symmetry to the 3s orbitals. In the case of
Mg the 3p-derived orbitals are not occupied, and con-
trary to the case of Al clusters the 3s-3p mixing has a
strong stabilizing effect.

It is important to point out that our calculation pre-
dicts a binding energy of 0.22 eV for Mgz compared to
the experimental values of 0.052 eV. This is similar to
Be2, where the LSD calculation' leads to a binding ener-

gy of 0.36 eV, compared to the experimental value of 0.11
eV. The picture that emerges from CI calculations is
that for dimers of group-II elements the energy gained by
forming a single bond is not suScient to overcome the
promotion energy, and thus only a weak van der Waals
bond is formed for Mgz and probably also for Mg3. Only
a detailed and thorough treatment of electron correlation
effects can reproduce the experimental value of the
binding energy for the dimer. The question of the ade-
quacy of LSD to treat dimers of group-II elements has
been addressed by Williams and von Barth on the basis
of the LSD calculations of Jones. ' The conclusion
drawn from these analyses and our results is that the
basic physical picture and trends are correctly repro-
duced in a LSD formalism, although for small clusters
the binding energy of the neutrals is too large. Further-
more, it is expected that the LSD results will be better
the larger the size of the cluster, e.g. , a LSD calculation
of bulk Be (Ref. 36) reproduces the bulk cohesive energy
within a few percent of the experimental value. We also
expect LSD to provide a good description of positively
charged clusters that are strongly bonded. For example a
recent CI calculation reports a binding energy of 2.0 eV
for Bez+ (Ref. 37), while the LSD value is 2.2 eV. '~

B. The van der Waals to metal transition

The elements of column II, as already mentioned in the
Introduction, raise the interesting question of the van der
Waals to metal transition. Theoretical analyses, made
in relation with the metal-to-nonmetal phase transition in
liquid mercury, have shown that when the coordination
number increases there is a gradual decrease of the gap
between the s and p bands. Metallic behavior appears
when there is overlap and mixing of the s and p bands.
The same situation is true for clusters when the size, and
therefore the mean coordination number increases, as has
been shown in tight-binding calculation. ' On the experi-
mental side, recent photoelectron experiments on Hg
clusters have shown that when the cluster size is in-
creasing there is a gradual "band broadening" and there
are indications of the mixing of the "s and p bands. " This
suggests that for clusters of group-II elements the mixing
of the s- and p-derived orbitals can be taken as a simple
criteria of the onset of metallic behavior. It is interesting
to examine this for Mg clusters.
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-10.0-- Mg

TABLE III. Lowest-energy fragmentation channels of neu-

tral Mg„clusters. The energies are given in eV.

Vl R—8.0--
4)

teal —60-
CP

a 40
M

I

C

-20
hC

0.0
0. 3.0 0. 3.0 0.

iP

Mg„+ ~Mg„+Mg

Mg~~Mg+Mg

Mg3~Mgz+ Mg

Mg4~Mg3+ Mg
~Mgz+Mg~

Mgs~ Mg4+ Mg
~Mg3+Mg2

Mg6~Mgs+ Mg
—+Mg4+ Mg2

Mg7~Mg6+ Mg
~Mg4+ Mg3

E„+E—E„+ (eV)

0.21

1.22
1.56

0.53
1.52

0.59
0.90

1.12
1.46

Mulliken s-p population Oensity of states
N (E)

FIG. 2. Mulliken population analysis of the Kohn-Sham en-

ergy levels of Mg„(n=5, 6, and 7). The white bars correspond
to the s population and the black bars to the p population calcu-
lated for each Kohn-Sham orbital. The bulk s and p density of
states are taken from Ref. 40.

1.2-

1 0
0.8-

C

0.6-
+ 04-

0.2-

0.0 I I I

3 4 5 6
fl

7 8

FIG. 3. Sublimation energy hE„=E„&+E,—E„asa func-
tion of n. The energies are given in eV.

Figure 2 shows the position of the Kohn-Sham energy
levels for Mgs, Mg6, and Mg7 and for each level the

decomposition into s and p components. On the same
graph we also show the bulk density of states decom-
posed into its s and p parts. There is a clear indication of
band broadening when the size increases, however, the
mixing of the s and p angular components is much small-
er in Mg7 than in the bulk case. From this point of view,

Mg7 has not yet reached the metallic state. Using the s-p

mixing criterion a similar analysis done for Be~ indicates
that Be~ is much closer to a metal than Mg7. This con-
trasting behavior is related to the stronger overlap of the
s and p atomic wave functions in Be than in Mg, as men-
tioned earlier. In Be& it appears that the number of
nearest neighbors is already large enough, so that the na-
ture of the bonds in the cluster is similar to that in the
solid. For example the p part of the valence states for Be&

and the bulk are, respectively, equal to 0.48 and 0.67.
For Mg, which has a weaker bond, we expect that the in-
creasing number of nearest neighbors, when the size of
the cluster increases beyond seven atoms, has still a
significant effect on the nature of the bond formed. A
similar situation probably also exists for mercury clus-
ters.

C. Fragmentation channels

Important information about stability is obtained
through studies of fragmentation channels. Starting from
a cluster size n+m, we have calculated the energy
difference hE required to break a cluster into sizes n and
m, where

bE =(E„+E) E„+—
Here E„+,E„,and E are the total energies of clusters
having n +m, m, and n atoms. In Table III, we present
the lowest and the next higher dissociation channels for
neutral Mg„clusters. All Mg„clusters up to n =7 frag-
ment preferentially by evaporating a single Mg atom.
Mg4 appears to be particularly stable against fragmenta-
tion, this is clearly seen in Fig. 3 where we plot the sub-
lirnation energy hE„=E„&+E &

—E„asa function of n.

IV. ANIONIC Mg„(n+ 7) CLUSTERS

The study of anionic clusters raises several questions in
the framework of the local-spin-density approximation,
since the form of the LSD exchange-correlation potential
is incorrect at large distances. ' In particular it has been
found for anionic atoms, and we have verified it in the
case of Mg„clusters, that the one-electron eigenvalue of
the extra electron is slightly positive. However, for
atoms it has been shown that, if the extra electron is
artificially confined to a region near the atom through lo-
calized bases, the difference in the LSD total energy be-
tween negatively charged and neutral atoms is a measure
of the electron afFinity. The same is true for molecules
and clusters. For example a recent CI calculation of
Be2 (Ref. 37) finds an adiabatic electron affinity equal to
0.56 eV, while the value that we have found in a LSD Be
pseudopotential calculation is equal to 0.61 eV. As we
show later, this is further borne out by a comparison with
measured electron affinities.

A. Geometrical structure and bonding

In Fig. 4 we show the geometries of anionic Mg„
(n ~ 7) clusters. We also give the atomization energy per
atom, the symmetry, and an angular decomposition of
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Cluster
SI2e

Equilibrium Symmetry
geometry(a. u.) AElatom extra orbital

Extra electron
Mulliken popul.

S P

0.29 0.00 1.00

the extra electron orbital. A comparison between Figs. l
and 4 shows that for n ~ 6 the anionic clusters have the
same equilibrium geometries as the neutral clusters. For
n =7 the minimum energy geometry is a distorted pen-
tagonal bipyramid. The distortion has been obtained in
assuming that the plane passing through the five atoms of
the base remains a symmetry plane, and that there is an
additional symmetry plane passing through one of the
basis atom and the two summit atoms. This procedure,
however, still leaves six free parameters, and the equilib-
rium geometry has been found by minimizing the energy
with respect to all six parameters. Figure 4 also indicates
that the anionic clusters are more stable than the neutral
clusters; they have an extra atomization energy of about
0.2 eV/atom over the neutral clusters.

To investigate the behavior of negatively charged clus-
ters in more detail, in Fig. 4 we give a pictorial represen-
tation of the symmetry of the extra electron orbital. For
Mg2 we find that the outer electron occupies a m bond-

ing orbital, formed from p atomic orbitals perpendicular
to the molecular axis. Since there was a controversy on
the nature of this extra electron orbital for Bez, we have
extensively investigated the charge localization in Mgz
by including additional diffuse p functions oriented along
the axis of the molecule. The extra electron orbital, how-

+IO.O

0.0—

A 0.0450
B 0.0386
C 0,0322
D 0.025'I
E 0.0193
F 0.0128
G 0.0064
H 0.0000
J - 0.0064
K «0.012S
L - 0.0193
M - 0.0257
N - 0.0322
0 - 0.0386
P - 0.0450

ever, always occupied a vr orbital, which is represented in

Fig. 5(a). This is in agreement with the latest calculation
for Bez (Refs. 37 and 44). For the other anionic clusters
(n ~ 6) the extra electron occupies a nondegenerate
molecular orbital, invariant under the symmetry group of
the cluster. As an example, we represent in Fig. 5(b) the
case of Mg4, where the extra electron orbital is formed
predominantly of p atomic functions directed toward the
center of the tetrahedron. Its symmetry is in agreement
with the results of a previous calculation done on Be4
and it clearly corresponds to a bonding orbital. The case
of n =6 is interesting since the orbital is symmetric with
respect to a plane perpendicular to the rectangular base
and antisymmetric with respect to the other perpendicu-
lar plane. It is thus bonding in one direction and anti-
bonding in the other. This behavior explains the rec-
tangular shape of the basal plane of the hexamer
geometry.

An analysis of the one-electron levels indicates that for
n & 6 there is no Jahn-Teller distortion induced by adding
an electron to a neutral cluster. This is why the equilibri-
um geometries of anionic and neutral clusters have the

0.57 0.00 1.00
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0.74

0.75

0.37 0.63

0 0+
8) p 0+(

~$ g TO
0+ 0

0.00 1.00
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B 0.0354
C 0.0274
D 0.0195
E 0.0115
F 0.0036
G 0.0000
H - 0.0043
I - 0.0122
J - 0.0202
K - 0.0281
L - 0.0361
M - 0.0440
N - 0.0519
0 - 0.0599
P - 0.0678

5.69
568

5.79
0.81

5.79
I

5.62 6.19
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-iO.O
-lO.O O.O +IO.O

FIG. 4. Equilibrium geometry, atomization energy per atom
(AE/atom), symmetry of the extra electron orbital, and extra
orbital Mulliken population analysis of singly negatively
charged Mg clusters. The atomization energy is defined as the
difference between the energy of n separated atoms and the en-

ergy of Mg„.Distances are given in atomic units and energies
in eV.

FIG. 5. Contour plot of the extra electron molecular orbital
in singly negatively charged Mg clusters; (a) is given for a Mg2
cluster and (b) for a Mg4 cluster, the chosen plane is indicated
in the figure. The length scale is given in atomic units, the am-

plitude of the wave function (table on the right-hand side) is
given in units of electrons per (cubic atomic unit)' . The shad-
ed areas show the extension of the atomic cores.
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TABLE IV. Lowest-energy fragmentation and electron detachment channels of anionic Mg clusters.
DE is the dissociation energy; Vert. EA the vertical electron affinity; Expt. EA corresponds to experi-
mental values of the EA obtained by photoelectron detachment spectroscopy (Ref. 47). The underlined
numbers give the calculated adiabatic EA.

Dissociation channels

Mg2 ~Mg2+e

Mg3 ~Mg3+e
~Mgz +Mg

Mg4 ~Mg4+e
~Mg3 +Mg

Mg5 ~Mg4 +Mg
~Mg5+e

Mgs ~Mgs +Mg
~Mg~ +Mg2
~Mg|;+e

Mg7 ~Mg& +Mg
~Mg7+e

DE
(eV)

0.90
1.08

0.99
1.29

0.63
1.09

0.90
1.32
1.40

1.17
1.46

Vert. EA
(eV)

0.39

0.93

1.00

1.14

1.46

1.52

Expt. EA
(eV)

0.9 +0.1

1.15+0.1

1.2 +0.1

1.3 +0.2

same group symmetry. This is not the case for n =7,
where the first nonoccupied orbital in the neutral cluster
is twofold orbitally degenerate, but since the cluster is
large, the Jahn-Teller distortion is small. Note in con-
trast that in one-valence electron atoms, such as Li (Ref.
9}and Cu (Ref. 10} the addition of an extra electron pro-
duces changes in the geometry of the clusters, which be-
come linear chains (n ~5). For Mg3 and Mg~ we find
the linear geometries to be, respectively, 0.4 and 1.1 eV
higher in energy than the equilibrium geometries.

Cluster
size

Equilibrium

geometry(a. u.)
Atomization energies {eV}

AE AE/atom

ionized clusters are not very different from those obtained
for the parent neutral clusters. For the tetramer (see Fig.
13) the planar rhombus and the triangular pyramid are
only, respectively, 0.07 and 0.15 eV higher in energy than
the linear chain. It is thus diScult to decide which iso-
mer corresponds to the true ground state. For Mgs

+ the

B. Photofragmentation and photodetachment
562 1.52 0.76

The theoretical study of the dissociation channels of
anionic clusters is an interesting problem, since it gives
information on the competition between photofragmenta-
tion and photodetachment, which has been observed in
recent experiments. The results that we have obtained
are summarized in Table IV. It is seen that small anionic
Mg„(n~4) clusters require less energy for photode-
tachment than for photofragmentation, while for larger
Mg„(n& 4) clusters the situation is the opposite. These
results are related to the branching ratio of photodetach-
ment and photofragmentation channels. In Table IV we
also compare the vertical electron aftinities obtained in
this work with recent experimental values obtained by
photodetachment spectroscopy on jet-cooled clusters.
It is gratifying to note that the agreement is very good.
Notice also that the vertical and adiabatic electron
amenities are similar, since there is little change in
geometry from the anionic to the neutral cluster.

V. CATIONIC Mg„+CLUSTERS

We now describe the properties of ionized c1usters.
The geometries and binding energies for the cationic clus-
ters are given in Fig. 6. Except in the case of very small
clusters (n =3 and 4), whose equilibrium geometry are
linear chains, the ground state geometries of the singly

565 565
2.54 0.85

569 558 569
C = " V 333 083

9 22

73

4.63 0.93

5.80

6
668

I

5.05 0.84

5 89

5.59
6.30 0.90

+

»4 572

FIG. 6. Equilibrium geometry and atomization energy {AE)
of singly ionized clusters. The atomization energy is defined as
(n —1) E +E+—E„+,where E and E+ are the energies of, re-
spectively, neutral and singly ionized atoms. Distances are
given in atomic units, and energies in eV.
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TABLE V. Lowest-energy fragmentation channels of cation-
ic Mg„clusters. The energies are given in eV.

Mg„++ ~Mg„++Mg

Mgz+ ~Mg++ Mg
Mg3+ ~Mg2+ +Mg

Mg++Mg,
Mg4 ~Mg3++ Mg

Mg2 +Mgz
Mg, +

Mg4 +Mg
Mg3++ Mg2

Mg6 ~Mgs +Mg
Mg4++ Mg2

Mg7+ ~Mg6+ +Mg
Mg&++Mg2

E„++E —E„+
1.53
1.03
2.34
0.77
1.59
1.30
1.87
0.39
1.48
1.26
1.43

VI. COULOMB EXPLOSION OF Mg„+

As mentioned in the Introduction there is considerable
experimental and theoretical interest in the fragmenta-
tion of doubly ionized clusters. One of the quantities of
interest is the minimum cluster size n„for which a dou-

square bipyramid and the linear chain are, respectively,
0.31 and 0.64 eV higher in energy than the ground-state
triangular bipyramid. Notice also that the seven atom
cationic cluster is a Jahn-Teller distortion of the regular
pentagonal bipyramid obtained for the corresponding
neutral cluster.

Figure 6 indicates that the cationic clusters are more
stable than the parent neutral and anionic clusters. This
can be understood in a simple model, since the removed
electron is taken from an antibonding orbital. In order to
investigate this more carefully we have compared the
electronic density of the missing orbital with the
difference in electronic density between a singly charged
cluster and a neutral cluster with the same geometrical
structure as the corresponding cationic cluster. This
analysis shows that there is little charge rearrangement
when a single electron is taken out of a neutral cluster,
contrary to the situation of the doubly charged clusters.
This is in agreement with the qualitative picture of frozen
orbitals, which is implicit in a simple description of the
increased bonding for singly charged clusters of column
II.

Several experimental studies of the fragmentation of
cationic clusters have been reported for alkali-,
semiconducting-, and transition-metal clusters. Given a
cationic cluster Mg„+ fragmenting into sizes n and m,
the basic issue is to know which fragment is left with the
missing electron and what are the branching ratios of the
different fragmentation channels. In Table V we show
the lowest dissociation channels as well as the dissocia-
tion energies of cationic clusters. The lowest dissociation
channel always corresponds to the evaporation of a neu-
tral Mg atom, while the remaining fragment carries the
missing electron. This is in agreement with most experi-
mental data for small clusters. It is interesting to notice
that, in contrast with Si clusters, ' where Si4+ and Si6+
are particularly stable, Mg4+ and Mg6+ have the lowest
fragmentation energies.

bly charged cluster is experimentally observable. Anoth-
er question of experimental interest is the determination
of the preferred dissociation channels. We shall show
that for metastable systems they are not only related to
the final-state energies of the dissociation products, but
also to the height of the dissociation barrier.

A. Geometrical structure

Cluster Atomization Equilibrium
size energies geometry

(eV)

Dissoc.
channel

Dissoc.
energy Barrier

(ev) (eV)

-1.27
543

C Q Mg +Mg
++

Mg +Mg

-2.54

4.88

0.48

0.07
5 48 548

Mg2+Mg -1.30
+ +

Mg +Mg +Mg 0.22

0.77

560 544 560 + +
Mg2+Mg2

+ +
Mg3+Mg

+ +
Mg2+Mg +Mg

-0.92

-0.41

0.61

0.90

0.82

0.72
547 560

+ +
Mg3 +Mg2

+ +
Mg +Mg

-0.48

0.25

0.98

0.80

0.84

569 552 569

556 556

561 561

5 77~—903—

Mg3+Mg3

Mg +Mg

Mg5+Mg

+ +
Mg +Mg2

Mg4+Mg3

-0.29

-0.05

0.15

-0.27

0.02

1.03

1.03

FIG. 7. Equilibrium geometry, atomization energy, and dis-
sociation channels of doubly ionized clusters. The atomization
energy is defined as (n —2) E+2E+ —E„'+.The dissociation
energy measures the difference in energy between the fragments
and the parent cluster, a minus sign indicates that Mg„'+ is
metastable with respect to the corresponding fragments. The
barrier height has been calculated in assuming that the intera-
tomic distances of the separated fragments correspond to the
equilibrium geometry of isolated fragments. Only linear
configurations have been considered. Distances are given in
atomic units, and energies in eV.

In Fig. 7 we show the lowest-energy configurations of
the doubly ionized Mg„(n~7) clusters, their atomiza-
tion energies, and for the lowest-energy fragmentation
channels the dissociation energies and the height of the
potential barrier. We also give in Fig. 13 the geometrical
structure of most of the low-energy isomers that we have
calculated. All doubly ionized clusters up to n =6 are
linear chains, there are, however, two- or three-
dimensional isomers with a large number of bonds not
much higher in energy. For n =7 the minimum energy
configuration corresponds to a pentagonal bipyramid
with one atom added on each summit. The linear chain
is only 0.08 eV higher in energy, the next isomer is a cen-
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tered hexagon, which corresponds to the minimum-

energy configuration of an hexagonal pyramid. As in the
case of Be clusters' the geometrical structure of Mg„+
is a delicate balance between the effect of the Coulomb
repulsion, which tends to give elongated structures in or-
der to minimize the repulsive energy of the holes, and the
attractive bonding energy that increases with the number
of bonds. In this respect the n =7 structure is particular-
ly interesting, since it realizes a compromise between
these two competing effects. When the size increases, the
cohesive energy of the bonds will be the dominant factor
and the equilibrium configurations of the doubly ionized
clusters will tend toward compact three-dimensional
structures, similar to those obtained for the neutral and
singly ionized clusters.

B. Dissociation of linear chains

18.4-
~ I ~ I ~ I + I ~ I ~ I ~ I ~ I ~ I ~ I ~ I ~ I s

M g2

18.0-

From Fig. 7 we notice that all doubly ionized clusters
are energetically unstable toward fragmentation. Howev-
er, a detailed study of the BO surface indicates that the
energy hypersurface is marked by deep minima. If the
cluster could be prepared to lie in this minimum, it would
be protected from fragmentation by barriers and thus
could be observable.

The situation for Mg& is summarized in Fig. 8, where
we have represented the energy as a function of the in-
teratomic spacing for the neutral, singly and doubly
charged dimers. It is clear from this graph that Mgz and

Mgz+ are stable toward dissociation, while Mgz
+ is

metastable. The height of the dissociation barrier is
equal to 0.48 eV, and a simple WKB approximation
shows that at low temperature a doubly charged dimer
can exist in the potential well for long times compared to
the typical 10-ps observation time. Some care has to be
taken in looking at dissociation curves, since at large dis-
tances the electrons on two separated fragments are un-
correlated. For symmetric molecules it is important that
the wave function has the flexibility of symmetry break-
ing, in this respect Mgz

+ is very similar to the Hz mole-
cule. However, similar precautions have also to be tak-
en when the cluster dissociates into nonequivalent frag-
ments, for example the dissociation of Mg4

+ into Mg3+
and Mg+. We have also reported the Coulomb repulsion
term in Fig. 8, it was calculated in assuming that there is
a point charge on each atom. This graph clearly shows
that when the interatomic distance is greater than ap-
proximately 10 a.u. the Coulomb term is the only remain-
ing interaction. The picture that we can draw from these
curves is simple. When two singly ionized atoms are ap-
proached from infinity they first interact through their
Coulomb repulsion term. When their separation is of the
order of 10-a.u. , short-range interactions set in, a bond is
formed and the energy decreases toward a metastable
minimum. Such a picture is basically valid for the disso-
ciation of all doubly charged clusters of group-II ele-
ments, there are, however, second-order effects related to
the polarizability of the clusters, which should be added
to the Coulomb repulsion term.

In the case of the doubly ionized trimer we have done a
complete study of the BO surface in varying the two in-
teratomic distances and the apex angle, and more than
250 configurations have been calculated. We give in Fig.

17.6-
Mg +Mg~ 2Mg +Mg

17.2-

0 E{2Mg ) =15.26 (eV)

10-

CA
L

6.8-
UJ

6.4-

Mg2

E{Mg+Mg ) =7.63 (eV) 8-
CJ

M

6.0-

0.1- Mg2
+ +

Mg +Mg

-0.1-
E(2Mg) = 0 (eV)

-0.3-
I ~ I ~ I ~ I ~ I a I a I ~ I ~ I a I a I ~ I ~ I

4 6 8 10 12 14 16

Interatomic distance (a.u.)

FIG. 8. Energy as a function of the interatomic distance of
neutral, singly, and doubly ionized Mg dimers. The zero of en-

ergy corresponds to the energy of two neutral atoms. The 1/d
curve is the Coulomb repulsion term, calculated in assuming
that there is one electronic charge on each nucleus. Distances
are given in atomic units and energies in eV.

l

7 8
R (a.u)

I

10

R S

FIG. 9. Born-Oppenheimer surface of linear Mg3'+. The
separation in energy between each constant energy curve is
equal to 0.045 eV. M corresponds to the equilibrium geometry,

Q and P to the geometrical configuration associated with the
maximum height of the potential barrier for dissociation into,
respectively, Mg&++Mg+ and 2Mg++Mg. The dashed line is
the lowest-energy dissociation path.
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9 a two-dimensional contour plot of the BO surface for a
linear chain. This graph clearly shows the dissociation
path of Mg3

+ into Mg2+ and Mg+, the potential barrier
maximum at point Q corresponding to a barrier height of
0.77 eV, as well as the slight expansion of the interatomic
distance from the value calculated for the doubly charged
trimer to that of the single ionized dimer. The dissocia-
tion into two singly ionized and a neutral atom is also
shown. The corresponding dissociation path is a straight
line passing through point P, which corresponds to the
maximum of the barrier height.

As a final example, in Fig. 10 we give the energy of the
dissociating Mg4

+ as a function of the distance of two
singly ionized fragments. The zero of energy corresponds
to the energy of two ionized dimers. Figure 10(a) corre-
sponds to the fission process Mg4+ Mg2++Mg2+
and Fig. 10(b) to the evaporation process
Mg4

+ Mg~++Mg+. One notices (see Fig. 7) that the
fission process is lower in energy than the evaporative
one, however, the potential barrier for fragmentation into
two equal mass fragments is higher than for the evapora-
tion of Mg+. This indicates that evaporation will be
favored over fission, even though the final energy is
higher. This result shows that for metastable systems the
standard explanation of the branching ratio for the frag-
mentation processes, which asserts that the channels with
the largest energy gain are favored, is questionable.

We have not done a study of all dissociation processes
for Mg~

+ and Mg6 +, which are also linear chains. It is,
however, interesting to notice (see Fig. 7) that the barrier
height for dissociation increases as a function of cluster
size, and tends to level at a value of about 1 eV. This lev-

cling indicates that for the dissociation process of clusters
with n ~ 5, the increase of energy associated to the break-
ing of a bond sets in before the longer-range Coulomb
repulsion of the holes in the cluster significantly dimin-
ishes. Notice also in Fig. 7, that the interatomic distance
between the two atoms at the end of the chain is always
larger than that of the interior atoms. This is an indica-
tion that the end bond is not as strong as the inner bonds,
and therefore that for Mg&

+ and Mg6
+ also the barrier

height for the evaporative process is lower than for
fission. A more detailed analysis of these effects will be
published later.

E fe.V] Ji

++
8.0. surface of Mg3

—51.5

+
+Mg

C. Observability and charge localization

We now want to address the problem of the observabil-
ity of a doubly charged cluster in its metastable
minimum. Figure 8 shows that in the case of Mg dimers
it is possible to create a doubly charged cluster by a single
ionization process. To examine this possibility in the case
of trimers, in Fig. 11 we show a representation of the BO
surface of Mg&, Mg&+ and Mg&

+ for the isosceles trian-
gle geometry. This figure shows, that a single-step double
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FIG. 10. Energy of Mg4'+ as a function of the distance be-
tween two separated singly ionized fragments; (a) corresponds
to the fission process Mg4

+ ~Mg2++Mg2+ and (b) to the eva-
poration process Mg4

+ ~Mg3++Mg+. The energy has been
calculated in assuming that the interatomic distances of the
separated fragments correspond to the equilibrium geometry of
isolated fragments, only linear configurations have been con-
sidered. The zero of energy corresponds to the energy of two
singly ionized dimers. The 1/(a+b) curve is the Coulomb
repulsion term, calculated in assuming that in (a) there is one
electronic charge at the center of each dimer, and in (b) that
there is one electronic charge at the center of the trimer and one
on Mg+. Distances are in atomic units and energies in eV.

—69.0—
Equilibrium geometry of Mg3

R ta u)

BORN-OPPENHEIMER SURFACES OF

Mg, Mg AND Mg: GEOMETRY
R

FIG. 11. Born-Oppenheimer surfaces of neutral, singly, and
doubly ionized Mg trimers corresponding to various isosceles
triangular configurations. F. correspond to total energies in the
pseudopotential scheme. Distances are in atomic units and en-
ergies in eV.



41 PSEUDOPOTENTIAL LOCAL-SPIN-DENSITY STUDIES OF. . . 11 753

0

A - 0.007
B - 0.006
C - 0.005
D - 0.004
E - 0,003
F - 0.002
G - 0.001
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FIG. 12. Contour plot of the difference between the electron-
ic density of linear Mg&

+ at equilibrium distance, and that of a
neutral pentamer with the same geometrical structure as Mgz +.
The length scale is given in atomic units, the electronic density
(table on the right-hand side) is given in units of electron per cu-
bic atomic unit. The shaded areas show the extension of the
atomic cores.

ionization of Mg3 leads to an equilateral triangle Mg3
cluster, whose energy is higher than the dissociation
thresholds into Mgz++ Mg+ and into 2Mg++ Mg. The
cluster will then "heat" through the coupling between the
electronic and vibronic degrees of freedom, and subse-
quently fragment. However, a sequential ionization,
where one removes a single electron before removing the
second electron is also possible, and leads to a metastable
doubly charged cluster that is observable. The impossi-
bility of using a single-step ionization process is closely
related to the different equilibrium geometries of the neu-
tral (equilateral triangle) and doubly charged (linear-
chain) trimers. This situation also occurs for clusters
with n ) 3 and will be discussed in Sec. VII.

In a simple model it has been assumed that the holes
in a doubly charged species are localized and situated on
opposite ends of the cluster, as should be true for a linear
chain. It is thus interesting to see if that simple picture
holds in a more realistic calculation. In order to study
this question we have substracted from the electronic
density of a charged cluster, the electronic density of the
corresponding neutral cluster with the same geometry.
This allows us to study the electron transfer from the
neutral to the charged species, and to obtain a view,
which is complementary to the standard way of sub-
stracting the electronic density of the atoms, which gives
mainly information on the bonding charge. We present
such an electronic density difference plot in Fig. 12 for
the case of the linear Mgs +. The important point is to
notice that the holes are mainly localized at the end of
the chain, in agreement with the simple picture men-
tioned before. In the following section we show that the
situation is different for a doubly charged triangular bi-
pyramid.

VII. COMPARATIVE EFFECT OF ELECTRON
ATTACHMENT AND DETACHMENT

In this section we focus on a comparative study be-
tween the different charged states of a cluster, and espe-
cially on the evolution of the geometrical structure as
a function of the charge. For this purpose in Fig. 13
we present a summary of the results obtained on the
ground state and in several cases the higher-energy
configurations of anionic, neutral, cationic, and doubly
ionized clusters. The prevalent feature that appears in
Fig. 13 is that except for the n =3 and n =4 cationic
clusters the ground-state geometrical structures of the
neutral, anionic, and singly ionized clusters are similar,
whereas the doubly charged clusters have elongated equi-
librium geometries. The changes of structure caused by
adding or removing an electron from the neutral cluster
are related to Jahn-Teller distortions. In Table VI we
give the degeneracy of the Kohn-Sham eigenvalues corre-
sponding to the highest occupied molecular orbital and
the lowest unoccupied molecular orbital, as well as the
orbital symmetry of the neutral cluster. In the last
column, the effect of adding or substracting an electron
on the occurrence of Jahn-Teller distortions is shown.

For n «6 the electron which is added to the neutral
cluster to form an anionic one, is placed in a molecular
orbital that transforms as a one-dimensional representa-
tion of the symmetry group of the cluster, and therefore
does not lead to a Jahn-Teller distortion. The calculation
shows that the anionic clusters keep the group symmetry
of the neutral cluster. For n =7 the added electron is
placed in an orbital that transforms according to a two-
dimensional irreducible representation of the symmetry,
leading to a Jahn-Teller distortion. However, the cluster
is large, and the interatomic distances change by less than
10%. For the smaller cationic trimer and tetramer the
Jahn-Teller distortion leads to a dramatic change of
structure. For n =7, on the other hand, the singly ion-
ized heptamer is large enough that the distortions remain
small. This situation is expected to be the rule for clus-
ters larger than n =7.

We summarize the points mentioned above in the fol-
lowing way. The neutral clusters have compact geome-
trical structures. For n &4 the ground-state geometries
of the anionic and cationic clusters are obtained from the
neutral ones by small displacements of the atoms. They
may or may not keep the original symmetry of the neu-
tral cluster depending on the occurrence of the Jahn-
Teller distortions.

There is also a tendency to have diminishing intera-
tomic distances from the neutral, to the anion, to the
singly and doubly charged cations. This is clear for the
dimer case, where the diminishing distance reflects the in-
creasing strength of the bond. This is also apparent for
the trimer and tetramer, although there is a discontinuity
when the symmetry changes. The situation is, however,
more complex for larger clusters, since the interatomic
distances of different atoms vary in different ways. In
this respect, the pentamer is especially interesting, since
it is possible to follow the change of its triangular bi-
pyramidal structure over all charged states, if we take
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FIG. 13. Lowest-energy geometrical structures of anionic, neutral, singly, and doubly ionized Mg clusters. The difference in ener-

gy between different isomers is indicated in the figure. Distances are given in atomic units.
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FIG. 13. (Continued).

TABLE VI. Orbital symmetry analysis of Mg„. Rep. refers to the representation of the symmetry group carried by the orbital
eigensubspace. In the last column, the compatibility between the symmetry and the adding or removal of an electron is given.

Mg3 Geometry: equilaterial triangle
Eigen values Occupation Degeneracy

—0.095 686
—0.161054

Symmetry group: C3„XI
Rep. C3„Rep. I

irreducible
irreducible

Symmetry breaking

extra e compatible
removed e ~distortion

Mg4 Geometry: tetrahedron

Eigen values Occupation Degeneracy

—0.097 804
—0.169 564

Mg, Geometry: equilateral triangular bipyramid
Eigen values Occupation Degeneracy

—0.098 898
—0.142 098

Mg6 Geometry: rectangular bipyramid
Eigen values Occupation Degeneracy

—0.110440
—0.148 226

Mg7 Geometry: pentagonal bipyramid
Eigenvalues Occupation Degeneracy

—0.108 993
—0.153019

Symmetry group: Td

Rep. Td

irreducible
irreducible

Symmetry group: C3„XI
Rep. C3„Rep. I

irreducible
irreducible

Symmetry group I X Iy X Iz
Rep. {I„)Rep. (I„)Rep. (I, )

irreducible
irreducible

Symmetry group: C,„XI
Rep. Cs, tgj Rep. I

irreducible
irreducible

extra e ~compatible
removed e ~distortion

extra e compatible
removed e ~compatible

extra e compatible
removed e compatible

extra e distortion
removed e distortion
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into account the doubly ionized isomer, which is only
0.58 eV above the linear ground state. In this case, the
interatomic distance in the basal plane increases from the
neutral, to the anion, the singly and doubly charged cat-
ions, while the height of the bipyramid decreases. There
is in particular a large change between the singly and
doubly charged clusters, which corresponds to a
significant rearrangement of the electronic density.

In order to follow the localization of the electron or
hole created in the pentamer, in Fig. 14 we give a two-
dimensiona1 contour plot of the total electronic density of
the anion, singly, and doubly charged cations, from
which the electronic density of a neutral cluster with the
same geometry as the corresponding charged cluster has
been substracted. The chosen plane passes through the
two summit atoms and one of the basal plane atom. The
general features appearing in Fig. 14 are clear. In the
case of the anion [Fig. 14(a)] the added electron density is
mainly located at the center of the bipyramid and at the
exterior of the three base atoms, revealing the bonding
character of the center part electron density. For the
singly charged cation [Fig. 14(b)] the hole density is
predominantly located at the exterior of the summit
atoms. For the doubly charged cluster [Fig. 14(c)] the
largest hole density is situated at the exterior of the three
basal plane atoms, a sizable hole density is also placed
near the two summit atoms. There is thus an important
modification of the hole density from the singly to the
doubly charged cation. This modification is rejected in
the geometry: the interatomic distance in the basal plane
increases substantially, in order to keep the holes as far
apart as possible, while keeping a strong bonding between
the summit and the basal plane atoms.

A detailed analysis of the hole density has not been
done for all doubly charged clusters, but the picture that
emerges seems clear. In the case of the linear chains, the
holes are mainly situated at the extremities of the chain
in order to minimize their Coulomb repulsion. In the
case of three-dimensional structures, the holes locate at
the exterior of all atoms and the structure deforms in or-
der to keep the holes as far apart as possible, while main-
taining short interatomic distances for other atoms. The
n =6 case is consistent with this picture. The rectangu-
lar basal plane of the hexamer deforms from an elongated
rectangle for the neutral cluster toward a square bi-
pyramid isomer for the doubly charged cluster, where the
interatomic distance in the basal plane is large.

We mentioned in Sec. VI for trimers that the differing
geometries of the neutral and cationic clusters imposes
constraints on the observability of doubly charged clus-
ters. This situation is more general and usually occurs
when the geometries of the neutral and charged species
are different. Looking at Fig. 13 and the ease n =4, it is
clear that the single-ionization process from the tetrahed-
ron toward the linear chain is not favored. It is more
probable that, after vertical ionization, the structure will
relax toward the triangular pyramid isomer, which is
only 0.17 eV lower in energy than the energy of the
tetrahedra derived from vertical ionization of the neutral
cluster. In the n =5 case it is also probable for the same
reasons that, by ionizing the triangular bipyramid cation,
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FIG. 14. Contour plots of the difference between the elec-
tronic density of a charged triangular bipyramid cluster, and
that of a neutral cluster with the same geometrical structure as
the charged cluster; (a) is for the anion, (b) for the singly
charged cation, and (c) for the doubly charged cation. The
chosen plane is indicated in the figure. The length scale is given
in atomic units, the electronic density (table on the right-hand
side) is given in units of electron per cubic atomic unit. The
shaded areas show the extension of the atomic cores.
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TABLE VII. Electron affinity (EA) ionization potential of neutral (IP1) and of singly charged cation-
ic clusters (IP2). Both the vertical and adiabatic values are given (eV).

1

2
3
4
5

6
7

bulk

Adiab.

0.38
0.90
0.99
1.09
1.40
1.46
3.64

EA
Vert.

0.39
0.93
1.00
1.14
1.46
1.52

Adiab.

7.63
6.32
5.85
6.28
5.50
5.71
5.57
3.64

IP1
Vert.

7.63
6.42
6.43
6.61
5.71
5.76
5.87

Adiab.

15.05
11.68
9.92
8.82
8.67
7.84
8.02
3.64

IP2
Vert.

15.05
11.70
9.93
8.82
9.68
9.25
9.13

one ends up with the doubly charged triangular bipyra-
mid isomer, which is 0.4 eV lower in energy than the bi-
pyramid obtained by vertical ionization. The same is also
true for the n =6 and n =7 clusters.

These examples show that, for reasons related to the
geometrical structures of the neutral and charged species,
the ionization process may favor isomers, rather than the
true ground-state geometrical structure.

We conclude this section by presenting the results for
the adiabatic and vertical ionization potentials (IP's} and
electron aSnities, which are summarized in Table VII.
Notice that for n =5, 6, and 7 the differences between the
adiabatic and vertical values of the second ionization po-
tential are significantly different, due to the different
geometries of the singly and doubly ionized species. We
represent the adiabatic and vertical values in Fig. 15 as a
function of N '~, since the classical drop model gives a
straight line in this representation. We have also report-
ed the results of a more realistic approximation, which
takes into account the spill out of the electrons beyond
the classical radius R. Our theoretical values for both the
first ionization potential and the electron aSnity are well

&tL, 16-

—14C

6
C
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Cp

~ 6
Co 4
0
N
C

gf+ ——3 e
2 R

e2gf+—
2 R

@+1 e2
2 (R+t)

0.25
I I

0.5 0.75

(number of atoms)

1.0

FIG. 15. Ionization potential and electron affinity of Mg
clusters as a function of n ' . The 4+e'/2R and 4+3e /2R
curves are the prediction of the simple liquid-drop model, the
4+ ~e /(R +t) curve takes into account the spill out of the

electronic density with t =1.4 a.u. R is the classical radius
equal to n' 'r, .

approximated by the simple liquid-drop model. This is in
agreement with the observations made for several non-
transition metals, ' but does not agree with the measure-
ments reported for mercury clusters. ' In this case the
atomic ionization potential is about 2 eV above the l/r
curve, and the measured IP's remain so up to n —13,
after which they gradually converge toward the drop
model behavior. This was given as an indication of the
van der Waals to metallic transition in mercury clusters.
Such a measure will not give similar information in the
case of Mg, since the atoroic value is already well fitted
by the simple liquid drop model.

VIII. CONCLUSIONS

We have carried out pseudopotential local-spin-density
calculations on neutral, anionic, cationic, and doubly ion-
ized Mg clusters (n 7}. Our results show that the na-
ture of the bond changes as the size increases. If the s-p
hybridization is taken as a criteria of metallic behavior,
our analysis shows that Mg7 is not metallic. However, all
atoms of the clusters that we have studied are surface
atoms, and the qualitative behavior may change when
"bulk" atoms appear for larger clusters. We also expect
that the symmetry plays an important role in the conver-
gence toward metallic behavior. Once the metallic be-
havior is established, a nonjellium-to-jellium transition,
similar to that observed for Al clusters, may also occur.

Whereas a single Mg atom has no electron aftinity, our
studies show that Mg„clusters (n ~2) have electron
amenities, which increase with increasing cluster size. The
calculated values are in excellent agreement with recent
data obtained by photoelectron detachment spectroscopy.
The extra electron occupies a bonding orbital with dom-
inant p character, which enhances the stability of the
neutral cluster. Its symmetry explains why the anionic
clusters have geometries similar to the neutral clusters.
Small cationic clusters (n =3, and 4) have linear chain
geometries, however, the larger cluster's geometries can
be derived from the neutral ground-state configuration
through small displacements of the atoms.

Our studies on doubly ionized clusters show that their
geometries are dictated by the Coulomb repulsion be-
tween the holes and the electronic bonding forces. At
small sizes the Coulomb forces dominate and the struc-
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tures are linear chains. Mg7
+ is the smallest doubly ion-

ized cluster, where the geometry rejects the competition
between the bonding and the repulsive forces. The clus-
ters that we have calculated are metastable, they are pro-
tected from fragmentation by barriers of —1 eV, and so it
should be possible to observe them. The dissociation en-
ergy of Mg7

+ is only —0.27 eV, compared to —2.54 eV
for Mg2 +, we expect clusters with n —10 to be energeti-
cally stable.

We also give results on the dissociation behavior of
doubly charged clusters (n )3) and a complete study of
the BO surfaces of neutral and ionized trimers. These
studies indicate that the ionization process will select iso-
mers, rather than the true ground-state geometry, de-
pending on geometry constraints. However, a more de-
tailed analysis of these e8'ects has still to be done.

Note added in proof. In a recent paper G. Durand [J.

Chem. Phys. 91, 6225 (1989)] has calculated the structure
and stability of Mg„+and Mg„+clusters, using a model
Hamiltonian (n ~ 7) and CI method (n ~4). Our results
are in reasonable agreement with the CI calculations.
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