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Evolution of the electronic and structural properties of microclusters
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The equilibrium geometries of the ground state of neutral and ionized clusters of Li, Be, Mg, and
C atoms have been obtained by minimizing the total energies of these clusters with respect to all in-

dependent bond lengths, bond angles, and spin structures. Our method is based on the all-electron
self-consistent Geld —linear combination of atomic orbitals —molecular orbital (SCF-LCAO-MO)
method. The exchange interaction is treated at the unrestricted Hartree-Fock level and the correla-
tion contribution is included by using the perturbative Moiler-Plesset scheme and configuration in-

teraction. The equilibrium geometries of Liz clusters for 1 &N & 6 are planar. Be& and Mg3 clusters
are in the shape of an equilateral triangle whereas Be4 and Mg4 are in the shape of a perfect tetrahed-
ron. C& clusters for N &3 are linear, but C4 is a rhombus contrary to earlier predictions. It is

demonstrated that the ground-state geometries of both neutral and ionized clusters of simple metals,
including their preferred spin-multiplet structures, can be understood in terms of a simple bonding-
antibonding picture. The "magic numbers" in the mass spectra are discussed in terms of the elec-
tronic structure of clusters. It is shown that the magic numbers associated with the initially "neu-
tral" or initially "ionized" clusters can be difterent and that the fragmentation of clusters during the
ionization process can add to the ambiguity in the interpretation of magic numbers. Finally, we ela-

borate on the relationship between equilibrium geometries and preferred spin-multiplet structures by
con6ning our discussion to Li4 and Na4 clusters.

I. INTRODUCTION

The nature of the evolution of crystals from agglomera-
tion of atoms has been a topic of interest for many years.
Researchers have always wondered how the various
structural and electronic properties change as the crystal
grows and how many atoms it takes to reproduce a crys-
tal. There has never been a satisfying answer because
various properties of the bulk state do not always evolve
in the same manner. It is only recently that these ques-
tions have taken on a new meaning. This is largely due to
the effort of experimentalists who have been able to pro-
duce and analyze, in the last decade, clusters of alkali-
metal, ' rare-gas, and covalently bonded ' atoms rang-
ing from two to a few hundred atoms per cluster. They
have studied a variety of properties such as "magic num-
bers"' in the mass spectra, near-neighbor distances, ion-
ization potentials, ' binding and dissociation energies, po-
larizabilities, and magnetic properties. ' These studies
reveal a nonmonotonic dependence of these properties on
cluster size. Many properties do not even approach the
bulk value even when the cluster contains hundreds of
atoms. While it is clear that even "large" clusters cannot
be considered as fragments of the bulk phase, it does not
illustrate how the structural evolution takes place. For
this, one must start at the very beginning from a single
atom and then add one atom after another to see how the
geometries and properties change.

This is where we begin in the present paper. Our ap-
proach is a theoretical one where we calculate the equilib-
rium geometries of clusters consisting of up to seven
atoms per cluster of both metallic and covalently bonded
elements by finding the minimum energy configuration.

Unfortunately, the geometries we have obtained cannot be
verified by experiments due to their extremely small size.
However, electronic properties calculated for these equi-
librium structures can be compared with experiment. A
consistent agreement between experimental and theoreti-
cal quantities, can, therefore, be viewed as evidence for
the accuracy of the calculated geometries.

From the computed geometries, one can see how larger
clusters evolve from smaller ones. By identifying the frag-
mented portion of bulk crystals with appropriate cluster
geometry, one can also illustrate the preferred channels
for crystal growth. In Sec. II we outline very briefly the
numerical procedure adopted in this paper. The equilibri-
um geometries of clusters studied and their interpretation
in terms of a bonding-antibonding picture are described in
Sec. III. The origin of the magic numbers in the mass
spectra and the difficulties in the experimental interpreta-
tion are discussed in Sec. IV. The evolution of extended
structure is presented in Sec. V. Section VI is devoted to
a discussion of the spin multiplicity of clusters as deter-
mined by the dimensionality of the clusters. The results
are summarized in Sec. VII.

II. NUMERICAL PROCEDURE

For details of the numerical procedure employed in this
paper, we refer the reader to a recent paper by Rao and
Jena, " and the work of Hehre et al. ' In the following
we only give enough details necessary for the reader to
follow smoothly the remaining portion of the paper. Our
method is based on the self-consistent field —linear com-
bination of atomic orbitals —molecular orbital (SCF-
LCAO-MO) method. The exchange interaction is treated

36 953 1987 The American Physical Society



954 B. K. RAO, S. N. KHANNA, AND P. JENA 36

with the unrestricted-Hartree-Fock (UHF) approximation.
The correlation contribution to the total energy is calcu-
lated using two different levels of approximations. The
first one involves a perturbative treatment of pair excita-
tions of valence and core electrons whereas the other uses
the configuration interaction (CI) of all single and double
excitations. The molecular orbitals are expressed as a
linear combination of atomic orbitals which are represent-
ed by contracted Gaussian orbitals. For Li we have used
the well-known STO-6G basis set' for 1s, 2s, and 2p
functions. For Be and C we have used the split-valence
6-31G functions, whereas for Mg, STO-6G* has been em-
ployed. The reader is referred to the article of Rao and
Jena'' for a detailed comparison of the results of small
clusters obtained from various basis sets.

For geometry optimization, we start with a cluster of
atoms located at arbitrary positions. The total energy of
the cluster is calculated self-consistently. The gradient
force at every atom site is then evaluated. The atoms are
moved along the direction of the forces and the above pro-
cess is repeated until the force at every atom site vanishes
(the threshold for this was set at 0.0003 hartree/a. u. in
our calculations). Care is also taken to avoid saddle
points on the energy surface. These procedures were re-
peated for all clusters (neutral or ionized) studied here.
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III. EQUILIBRIUM GEOMETRIES

A. Based upon self-consistent calculations

The optimized geometries for clusters of neutral Li, Be,
Mg, and C atoms are presented in Fig. 1. The results on
Li clusters up to N=5 have been discussed fully else-
where and are presented here only for the sake of com-
pleteness. Clusters of Li~ (N & S), Be&, Mg3, and Cz
(N &4) are all planar. Local-density calculations' of Na
clusters predict planar geometries for X (5 while Al clus-
ters' for N ~ 3 possess three-dimensional geometries. The
spins of these clusters for the ground-state configurations
are also given in Fig. 1. Unlike the alkali clusters, Be4
and Mg4 have a three-dimensional structure in the form
of a perfect tetrahedron. C4, however, is planar and has a
rhombic shape, while C3 is linear. It is worth noting that
while the ground state of C4 is a spin-singlet rhombus, it
is only 0.32 eV below the spin-triplet linear configuration.
This is in agreement with the result of Whiteside et al. ,

'

but is in contradiction with earlier speculation' that C&
(N&8) would be linear. Recent calculations of Raghava-
chari and Logovinski' on carbon clusters for N~4 show
that odd-numbered clusters have linear geometry while
the structure of even-numbered clusters are cyclic. In the
following we provide a simple description based upon the
bonding-antibonding picture which illustrates the role of
electronic structure on the ground-state geometries of sim-
ple metal clusters. This cannot, unfortunately, be carried
over to describe C& cluster geometries where the bonding
is strongly covalent.

FIG. 1. Optimized geometries and spin multiplicity of neutral
(a) Li, (b) Be, (c) Mg, and (d) C clusters. The bond lengths are
given in angstroms. Be2 is shown with dashes as it is not bound.

been put forth to understand the planar structure of the
alkali-atom clusters. This, in essence, is related to the
electronic shell model' where one treats the valence elec-
trons only and fills the energy levels successively. This
can also be reinterpreted by noticing the bonding-
antibonding characters' of the molecular orbitals (MO's)
of the valence electrons. For this purposes, one can con-
struct MO's by linear combination of atomic orbitals. In
Table I, such a set of MO's is given. This particular com-
bination is not unique. This is provided only as an exam-
ple.

In the case of positively charged alkali-atom trimers
(e.g. , Li3+, Na3 ), there are two valence electrons.
Therefore, only P, will be occupied. This is a bonding or-
bital and is obviously spherically symmetric. This is com-
parable to the 1s state of the shell model. ' The distribu-
tion of the atoms should, therefore, be symmetric, i.e., in

TABLE I. Mutually orthogonal molecular orbitals for clus-
ters containing three and four valence electrons. P's correspond
to the valence-electron wave function of the atoms.

N=4

B. Interpretation in terms of electronic structure

Recently, an interpretation' ' based on the angular
character of the atomiclike orbitals (s,p,p~,p„. . . ) has

4i =&~ +Pa+Pc
it2=(gs+P~ ) —(Pc+(t ~)
A=(4s —P~ )+(Pc —P~ )

$1 (('A +PB +Pc+ PD

42 =pa —QD

43=/~ —Pc
P4= (Q~ +Pc ) —(Ps+aD )
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FIG. 4. Schematic plot of energy levels in clusters with (a)
spherical eft'ective potential and (b) nonspherical potential. Oc-
cupied orbitals are indicated by solid arrows. Other possible oc-
cupations are shown as dashed arrows.

shell. Since this promotion needs additional energy as is
evident from the gap, a trimer is less likely to form than a
dimer —giving rise to N=2 as a magic number. Similar-
ly, clusters with N=8, 20, . . . can be understood to exhibit
increased abundances.

Experimentally, however, additional features have been
seen in the mass spectra that cannot be explained by the
above simple analysis. One such observation is the odd-
even alternation in the cluster stability: the even-neutral
alkali clusters are more stable than odd ones. Similar
odd-even alternations have been observed' in noble-metal
clusters. In charged clusters, the odd ones are more
stable than even ones. To understand the origin of this
odd-even alternation, we must realize that real clusters,
especially when they are small, do not possess spherical

symmetry. Consequently, the degeneracies in the p shell,
as shown in Fig. 4(a), will be lifted. We show in Fig. 4(b)
the energy levels for clusters that do not possess spherical
symmetry. When a p shell is split into p„-, p~-, and p, -

like levels, excess energies are necessary only when one
fills a subshell and has to occupy the next higher subshell ~

Thus, energetically, clusters containing an odd number of
electrons would be less likely to form than even ones.
This description applies to clusters independent of their
charge state and atomic composition. The experimental
observation of cluster stability of neutral and charged
clusters agrees with this finding and one can state, that
based upon a molecular energy-level picture, clusters con-
taining an even number of valence electrons would show
increased stability over odd ones. For the purpose of il-
lustration, we give in Fig. 5 the SCF molecular energy
levels of valence electrons of neutral clusters.

The odd-even alternation can be studied in more detail
in terms of the energetics of formation. For this, we
define the energy needed to add an extra atom to an exist-
ing cluster by

Thus a minimum in AE& as a function of N would indi-
cate the likelihood of that cluster formation being pre-
ferred over its immediate neighbors. En Fig. 6 we plot
AEz for neutral Li& and Naz clusters. The energies for
Na& clusters are taken from the work of Martins et al. '

The minima for even clusters are consistent not only with
the increased abundance observed experimentally but also
with the analysis based upon the successive filling of the
MO's as previously discussed. The apparent discrepancy
between the behavior of AE& for Li6 and Na6 is due to
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FIG. 5. SCF molecular energy levels of valence electrons and their occupations of neutral Li~ clusters in the ground state. The
nearest unoccupied states are also shown.
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0- appear bulklike. In Fig. 5 we had plotted the energy lev-
els for the ground-state structures of Li~ clusters (N (7).
Note that the "band gap" defined as the gap between the
highest occupied MO and the first excited state decreases
from a maximum of 7.7 eV in the free atom to 5.18 eV in
the seven-atom cluster. Clearly, the metallic band struc-
ture has not evolved in these microclusters. The fact that
the energetics do not evolve as fast as structural parame-
ters can be further illustrated by plotting the binding ener-

gy per atom,

Eb = —(E~ NEi )—/N

FICJ. 8. Plot of bE~-N [see Eq. (1)) for Beb, Mg~, and Cb
clusters.

mean-square distance, (R ),
1/2

N

(R)= g R; /N.
where R;J is the distance between two nearest-neighbor
atoms. The results normalized to a bulk value are plotted
for Li and Na in Fig. 9. It is interesting to note that the
nearest-neighbor distance in clusters containing only seven
atoms is within 2%%uo of the bulk value.

The evolution of the electronic structure as clusters
grow has been studied by calculating the electron-density
distribution, binding energy per atom, and molecular en-
ergy levels as a function of size. We are interested in
learning at what stage the electronic properties of clusters

for Li& clusters in Fig. 10. Here, Ez is the total energy
of ¹ tom clusters and EI is the energy of a free atom.
Note that the variation of this energy with size is not
monotonic and has not approached an asymptotic value
unlike the equilibrium bond length shown in Fig. 9.
Furthermore, the cohesive energy of Li is much higher
(1.58 eV) than the binding energy of the largest cluster
studied.

We have also plotted in Fig. 10 the interstitial valence-
electron density as a function of size. Note again that the
valence-electron density approaches the bulk value of
0.007a o . These large values of interstitial electron densi-
ties are indicative of the delocalized nature of electrons
and carry rudimentary signature of metallic bonding.

VI. SPIN-CONFIGURATION OF THE
GROUND STATE OF CLUSTERS

As mentioned earlier, the equilibrium geometry of the
ground state of a cluster requires not only the optimiza-
tion of the topological parameters but also of its spin mul-
tiplicity. Given a set of spins, an analogue of Hund s rule
for atoms would suggest that maximizing the spins would
minimize the energy. If we consider a cluster with high
symmetry, the energy levels would have increased degen-
eracy. In that situation, Hund's-like coupling would
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FIG. 9. Root-mean-square nearest-neighbor distance for Liz
and Na~ clusters. The distances are normalized with respect to
their bulk values.

FIG. 10. The variation of binding energy Eb (solid curve) and
interstitial valence-electron density p (dashed curve) in lithium
clusters.
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prefer that the electron spins be parallel to gain exchange
energy and the cluster would assume a high-spin multipli-
city. It is also possible to gain energy by structural distor-
tion where the degeneracies are lifted. This effect, con-
ventionally known as the Jahn-Teller distortion, would
usually compete with Hund's rule. Thus, the geometrical
and spin structures of clusters are intimately related.

To illustrate the role of the competing mechanism, we
discuss the Li4 cluster in detail. There are four valence
electrons in this cluster. Two of these having opposite
spins can occupy the bonding s-like state. The remaining
two electrons will occupy the outermost valence states. If
we consider a square structure for the Li4 cluster (which
is not the ground state), the last two electrons can popu-
late two of the degenerate p-like states with parallel spins
[see Fig. 4(a)]. This triplet state will have a lower energy
than the spin singlet state where the two electrons with
opposite spins can occupy one of the p-like states. In the
former case, energy is gained due to exchange coupling
between parallel spins. One can, of course, distort the
square structure into a rhombus which will then remove
the degeneracy between the p-like states [Fig. 4(b)]. Ener-

gy can then be gained due to the Jahn-Teller effect by
populating the lowest of the p-like states with two elec-
trons of opposite spins. Here, one would lose the advan-
tage of Hund's rule but gain energy due to structural dis-
tortion. Which of these clusters would have lower energy
depends on the magnitude of the effects associated with
the Jahn-Teller and Hund's rule. Our calculations show
that in this situation, Jahn-Teller gain dominates and the
equilibrium state is a rhombus with zero spin. One could,
of course, consider a triplet-state rhombus structure for
Li4. Here, the last two electrons have to occupy the p-
and p~-like states with parallel spins. The additional ener-

gy gain due to Hund's rule has to be compared with the
energy necessary to lift the fourth electron from the p-
like to the p~-like states. We find that this process is ener-
getically less favorable.

We now supplement the above qualitative discussion
with quantitative results. We have calculated the energy
of the Li4 cluster confined to a plane as a function of bond
angle 8 (shown in the inset of Fig. 11). For each angle 9,
we have calculated the total energy for singlet- and
triplet-spin configurations by optimizing the bond length a
in every situation. As discussed, the singlet rhombus with
a bond angle of 53 is the ground-state configuration. For
a triplet state confined to a plane, the equilibrium bond
angle is 72. Note that these two angles are also very
close to the equilibrium trimer bond angles shown in Fig.
2. The square triplet is lower in energy than the square
singlet. The energy difference between the triplet and
singlet states of square Li4, as seen from Fig. 11, is rather
small (0.17 eV). To ensure that such a small difference
does not result from an inadequate treatment of correla-
tions and basis sets, we have carried out a similar calcula-
tion using a much larger basis set (6-311G*)and going up
to fourth order in Moiler-Plesset perturbation
theory' (MP4) for the correlation. The triplet is still
lower than the singlet and the singlet-triplet energy
difference increases to 1.07 eV. The similarity between
the quantitative results in Fig. 11 and qualitative descrip-
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FIG. 11. Variation of energy as a function of apex angle of
the Li& rhombus geometry (see inset). Results are shown for
S=O (solid curve) and for S=1 (dashed curve) spin states.

tion in terms of degeneracies reconfirms our argument
that the spin structure plays an integral part in the deter-
mination of the equilibrium geometry.

For a verification of this observation, and also to ob-
serve the effect of another theoretical approach, we have
studied a Na4 cluster under identical conditions using
the density-functional approach. In this case the core
electrons were treated through a nonlocal pseudopotential
and the exchange correlation was incorporated in the
local-spin-density approximation. Again, as expected, the
Na4 cluster showed a behavior similar to Li4 cluster as
given in Fig. 11. In both cases the Jahn-Teller distortion
is predominant and the triplet state is preferred only if the
distortion of the square geometry is not permitted.

It should be emphasized that the ground state of the
triplet Li4 cluster is not a planar rhombus with a bond an-
gle of 72 . When all the structural parameters are allowed
to vary, the triplet state assumes a three-dimensional dis-
torted tetrahedral structure. This configuration is lower
in energy than the planar triplet by 0.06 eV. In this case,
obviously, the effect of Hund's rule has been included by
forcing the spin to be a triplet. Still, some Jahn-Teller
effect has removed the symmetry and the structure is not
completely tetrahedral. It is worthwhile to point out that
the preferred spin of an even-electron cluster confined to a
plane is singlet, and in three dimensions it is triplet. This
is noticed again in our studies of the Li6 cluster.

The equilibrium geometry of the Li6 cluster is a pentag-
onal pyramid which is also the structure for the Na6 clus-
ter. We have found that the spin-triplet state of Li6 is
0.13 eV below the spin-singlet state. The energy levels
and the geometry of these two states are compared in Fig.
12. In keeping with the earlier discussion for Li4, we find
that in the three-dimensional Li6 structure, the electrons
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can populate all of the p„-, p~-, and p, -like states which
are very close to each other in energy. Consequently, the
gain due to Hund's-rule coupling plays a dominant role.
It is then fair to make a general statement that for planar
structures spins are minimized and for three-dimensional
structures, they are maximized.

—0.1

0.74

I t I
I

2.03

VII. CONCLUSION

Using SCF-LCAO-MO technique, we have studied the
equilibrium geometries and electronic structures of small
clusters of Li, Be, Mg, and C atoms. Our results can be
summarized as follows. (i) The equilibrium geometries of
clusters depend on the number of valence electrons and
their bonding character. (ii) A complete understanding of
magic numbers requires a knowledge of the binding ener-

gy per atom and dissociation of both neutral and ionized
clusters. The jellium model which illustrates that the
magic numbers arise due to electronic shell structure is
not applicable to all clusters. (iii) For clusters containing
s-valence electrons, we have shown that the equilibrium
geometries of neutral as well as ionized species including
their spin multiplet structures can be understood in terms
of a simple bonding-antibonding picture. (iv) The rela-
tionship between spin multiplicity and the dimensionality
of the clusters has been illustrated by concentrating on te-
tramers. It is argued that the geometries of the clusters
are ultimately connected with their spin-multiplet struc-
ture, and the consideration of the latter is necessary in or-
der to obtain the equilibrium topology.

Q)

~ —0.2—

UJ

-0.3— S=O s=1

FIG. 12. MO valence energy levels and geometries for Li6 in
singlet- and triplet-spin states.
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