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Density-functional calculations with simulated annealing have been performed for aluminum clusters
Al, up to n=10. There are many local minima in the energy surfaces, with a rich variety of structures
and spin multiplicities. With increasing cluster size we find transitions from planar to nonplanar struc-
tures at n=>5, and to states with minimum spin degeneracy at n=6. There are stable isomers of
Als-Aljo with buckled planar structures reminiscent of the layers in crystalline a-gallium. A// structures
show regular patterns of bond and dihedral angles. Trends in binding and ionization energies are com-
pared with experiment and with the predictions of other calculations.

PACS numbers: 61.50.—f, 31.20.Sy, 31.90.+s, 36.40.+d

Interest in clusters in general and small metallic clus-
ters in particular has grown dramatically in the last de-
cade. There is justifiable confidence that the develop-
ments in both theory and experiment will lead to im-
proved understanding of many properties of atomic ag-
gregates, particularly those that reflect the transition
from atomic— molecular— bulk behavior.

Aluminum has been a favorite element for cluster stud-
ies, including work on the magnetic properties [1], the
ionization thresholds and reactivities [2], and the static
polarizabilities of Al, [3], the collision-induced dissocia-
tion of Al,* [4], and the photoelectron spectroscopy of
Al, ~ [5]. Particular attention has been paid to the ex-
istence of prominent or unusually stable clusters, such as
Al;*, with “magic numbers” of atoms or electrons. The
electronic structure of bulk aluminum is characterized by
small departures from free-electron behavior, and several
theoretical studies of small Al, clusters have adopted the
“spherical jellium” model [6], where both the electronic
charge and positive background distributions are uniform
within a sphere of appropriate size. There are, however,
many experimental data that cannot be explained by this
model. The static polarizabilities show a transition from
“nonjellium” to “jellium” behavior near n =40 [3], and
ionization potentials show an initial linear increase, an
abrupt leveling near n =5, and only then a gradual ap-
proach to the results of a jellium calculation [7]. Mag-
netic deflection measurements [1] indicate a transition to
states with low spin multiplicity as » increases. It is clear
that detailed calculations of geometries are essential to
explain measured properties of clusters with less than
~40 atoms.

The stable isomers of a cluster can be found by locat-
ing the low-lying minima in the energy surface. In the
aluminum dimer there is excellent agreement between the
most detailed experiments and calculations [8], but in
larger clusters the results are limited [9] and often con-
tradictory [10]. There are many minima in the energy
surface in all but the smallest clusters, and it is essential
to perform reliable calculations of the energy surfaces
and to avoid the energetically unfavorable minima. We
study here the structures and ionization energies of

aluminum clusters up to Al;g, using such a method [11]:
a combination of density-functional calculations [12]
[with a local spin density (LSD) approximation for the
exchange-correlation energy]l and finite-temperature
molecular dynamics. The method is described in earlier
applications [13], and the present calculations use the
same basis functions and pseudopotential construction
[14] as in the P, calculations.

The results for Al, and Al; agree well with available
data [8,15]. The ease of transfer between o and r elec-
trons in Al; is reflected in the near degeneracy between
the °I1, and 3Zg_ states, and our calculations find the
former to be slightly (0.06 eV) more stable. The equilib-
rium separations r, and vibration frequencies w, are in
excellent agreement with experiment for both states [16].
The well depth (2.03 eV compared with the experimental
value 1.5 eV) [17] agrees with all-electron, basis-set-
independent molecular calculations [18]. The most stable
form of Alj is an equilateral triangle (CAy, r.=4.65a.u.)
[19], and in Aly the planar rhombus structure (D;)
(r.=4.75 a.u., bond angle a =56.5°) is ~0.4 eV more
stable than the compressed pyramid (C3,) shown in Fig.
1.

The structures and spin degeneracies of the most stable
planar and nonplanar (“3D”) isomers in Als to Alg are
shown in Fig. 1. The corresponding binding energies
[Fig. 2(b)] increase with increasing n towards the bulk
cohesive energy [20] and show two important trends: (a)
At n=>5 there is a transition from planar to nonplanar
ground states. In Als, a planar C,, structure is almost
degenerate with a C; structure with similar bond lengths.
(b) States with minimum spin degeneracies are favored
for n > 6. In Alg, the lowest-lying singlet (D3,) and trip-
let (D,,) states are nearly degenerate [21].

The most remarkable structures occur in Al; to Alo.
Our earlier work on sulphur and phosphorus led to rela-
tively few stable minima in seven-membered clusters, and
this is also true in Al;. Two stable isomers—a nearly
symmetric capping of Alg (D34) and a planar form ~0.8
eV higher in energy— have large basins of attraction, i.e.,
each is the closest minimum for a large region of
configuration space. If the ‘“‘dangling” atom in the Alg
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tion potential 7, for both vertical (full curve) and adiabatic
(dashed curve) transitions. Experimental values after Cox et
FIG. 1. The structures and spin multiplicities of the most al. [1] (bars) and Jarrold, Bower, and Kraus [4] (dot-dashed

stable planar and ‘‘three-dimensional” isomers of Al,, n =4-8.
Bonds are shown if the interatomic distance is less than 5.48
a.u. The planar structure in Alg corresponds to a saddle point
in the energy surface, and buckles readily.

structure of Fig. 3(c) is removed, for example, the result-
ing cluster relaxes to the planar form. The results for Alg
to Aljp are qualitatively different, not only because the
planar forms are unstable. In addition to a C,; isomer of
Alg (a distortion of the structure familiar as the primative
cell of the fcc lattice), we found numerous buckled planar
arrays. The examples shown in Figs. 3(a)-3(c) are more
stable (by < 0.1 eV) than the bulklike fragment (Fig. 1),
and all conform to the pattern found in Als: almost equi-
lateral triangles, connected so that they are either copla-
nar (dihedral angle y near 0°) or have y~50°. Inter-
conversion between these structures can be observed in
simulations at 300-500 K, and they also occur with a sin-
gle extremal atom, as in Fig. 3(c). The energies of the
isomers 3(b) and 3(c) are almost identical.

The binding-energy trends in Fig. 2(b) show that the
C,, isomer in Alg is relatively weakly bound, and this is
reflected in bonds that are longer than those in the related
structures of Al; and Alg. In Alg and Al,g, bulklike struc-
tures are significantly more stable than the buckled
planes. The most stable isomer in Alg (C3.) has the Cy
structure of Alg with an additional dangling atom, and
capped structures of Aly are the most stable in Aljp. In
Aljp, the “open” arrays of triangles in the buckled planes
distort towards ‘‘closed” bulklike structures, and we ob-
served interconversion between different capped struc-
tures. We also found a stable structure comprising Al;
and Al units. In fact, there are so many local minima in

curve). The experimental (left scale) and theoretical curves
(right scale) are displaced by 1 eV. (b) Binding energies for
3D (full curve), planar (dot-dashed curve), and buckled planar
(crosses) structures.

the energy surface for Aljo that a detailed study of even
larger clusters will be extremely difficult. Full details of
all structures found will be given elsewhere.

In addition to the binding energies, we show in Fig. 2
the results of two calculations of the ionization energy I,
(a) for the structure of the most stable isomer found for
Al,; (b) for the relaxed structure of Al,*. Also shown

o) (4&(?%

g
(C) O=E==0—0

FIG. 3. (a)-(c) Three buckled planar structures of Als. (d)
Layer structure in bulk a-Ga.
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are experimental bounds on the ionization thresholds [11]
and I, values derived from the product branching ratios
in collision-induced dissociation of Al,* clusters [4]. The
experimental trends are reproduced well: I, increases ini-
tially to a maximum at Al [4], and has a sharp minimum
at Al; [1]. The dissociation energies of the ions decrease
in the order Al7+ > Al > A110+ > A16+ > Als +
>AlL T, ALY > Alg™. The high stability of Al;* and
the low stability of Al;* have been noted elsewhere [4].

The energy change on relaxation is much larger in
Al;* (~0.5 eV) than in the other ions ( <0.2 eV). The
final structure (C3. symmetry) is very compact, with
bonds from an atom in the central layer to atoms in base
and apex of equal length (4.78 a.u.). The Al;" ion is one
of the most prominent in-beam experiments, and its sta-
bility has been related to the “magic number” of 20
valence electrons in the spherical jellium model. In the
present calculations, the dissociation energy of Al; is
larger than those of Alg and Alg, and there is an unusual-
ly large separation (1.15 eV) between the highest (singly)
occupied orbital and the next highest (doubly degenerate)
orbital. The large gap between the energy eigenvalues of
valence electrons 20 and 21 is consistent with the low ion-
ization energy in Al;. The gap between the correspond-
ing eigenvalues in the planar structure (~0.8 eV) is
smaller, but significantly larger than typical energy
differences in other Al clusters. These large gaps are in
accord with the pronounced stabilities of both Al;* iso-
mers.

The variety of structures found here is consistent with
the “metallic” nature of the element: The valence sp
shell in the atom is less than half filled, and there are usu-
ally unoccupied bonding orbitals near the highest occu-
pied orbital. Furthermore, it is easy to transfer electrons
between n orbitals (which dominate in the bonding in
planar structures) and o orbitals. The stable structures
show remarkably uniform patterns of bond and dihedral
angles. These are also found in bulk aluminum and in a-
gallium, for which we show a single layer in Fig. 3(d)
[22], and molecular dynamics simulations of liquid Al
[23] show peaks in the bond-angle distributions at 60°
and near 110°.

The prediction of new structures in aluminum clusters
underlines the advantages of a method using finite-
temperature simulated annealing. Studies of the relative
stabilities of these structures using other methods would
be of interest, although buckled planar structures are less
accessible to methods that focus on spherical cluster
forms. Also interesting are the departures from regular
trends, such as the low dissociation energy in Alg and the
low I, in Al;. Finally, the large relaxation energy found
in Al; % indicates that precise measurements of the varia-
tion in ionization energies should provide information
about the relaxation of ionic structures.

I thank P. Bechthold, J. Harris, D. Hohl, K. Raghava-
chari, and G. Seifert for useful discussions. The calcula-
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tions were performed on Cray computers of the For-
schungszentrum Jiilich and the German Supercomputer
Center (HLRZ).
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