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We report ab initio molecular-dynamics simulations of small aluminum clusters, Al„of n =2—6 and
12, 13, 55, and 147, using the density-functional, local-orbital method of Sankey. Equilibrium structures
and total energies were calculated and compared with experiment and the predictions of other calcula-
tions. The minimum energy structure of A1» and Al» are found to be distorted icosahedrons, whereas
that of All47 appears to be a slightly distorted cubo-octahedron. The vibrational density of states was
calculated for most of these clusters. We also performed embedded-atom method calculations for Al»,
Als„and All47 and compared these calculations to the ab initio calculations.

I. INTRODUCTION

Metal clusters have been studied extensively during the
last decade. ' The structure and properties of clusters
can be dramatically different from the bulk due to the
high surface area to volume ratio. The addition of a few
atoms can result in major structural rearrangements.
Some of the major questions in the study of clusters

are: what kind of structure do clusters have at their ener-
gy minima; at what size does a cluster exhibit a bulklike
structure; how does the insulator-metallic transition
occur in a metal cluster as the cluster size increases? All
these questions depend strongly on cluster size and
geometry.
In general, clusters of noble gases are expected to be

icosahedral structures (ICS's) because of their weak and
isotropic interatomic interactions. Therefore, their atom-
ic packing behaves like billiard balls. In a billiard-ball
model, an ICS has a more compact form than a cubo-
octahedral structure (COS), for the ICS has a higher
coordination number than the COS for a given cluster
size. Note that the COS is face-centered-cubic. In rnet-
al clusters, however, the problem becomes more cornpli-
cated because of the existence of the angular force de-
rived from occupied p or d orbitals.
On the experimental side, an electron-diffraction study

on argon clusters showed that an argon cluster is
icosahedral up to n =1500 atoms. ' '" Another study on
Pd clusters conducted with scanning transmission elec-
tron diffraction (STED) showed that Pd clusters with di-
ameters less than 20 A also prefer the non-fcc icosahedral
over the standard fcc structure on substrates of Ti02 and
A12O3. ' On the other hand, a study of Cu clusters on a
carbon substrate with extended x-ray-absorption Ane

structure (EXAFS) indicated that a Cu cluster has a fcc
structure even at about thirteen atoms. ' Another metal
cluster study of Au clusters on Si02 indicated that the fcc
structure seems to be favored over ICS for a diameter
bigger than 20 A. ' Other transition metals (Pt, Rh, Ni,
and Ag) are believed to behave similarly to Au. ' '
On the theoretical side, classical potentials were used

in studying the minimum-energy structures of noble
gases. The ICS's were found to be more stable than the
COS's for clusters having less than a few thousand
atoms. ' ' One classical empirical potential, embedded-
atom method (EAM), has been very good in predicting
the bulk and surface structure of certain metals. ' Some
calculations have been performed on clusters. '
Sachdev and Masel have done an extensive study on Pt
from 5- to 60-, and 147-atom clusters with EAM. They
found that the equilibrium structures of all of those clus-
ters were greatly distorted from ideal ICS's or COS's, in-
cluding the magic number clusters of 13 and 55 atoms.
Jellium models have been adopted to investigate the

properties of metal clusters. This model assumes that
both positive background and negative electron charges
are distributed uniformly over a sphere. Milani, howev-
er, indicates that in aluminum the assumption of jellium
yields incorrect polarizations and ionization potentials if
the cluster is less than n =40.
Upton used a jelliurn scheme on his calculations of

small aluminum clusters. The exact electron-nuclear at-
traction potential was used as a perturbation on the
smooth spherically symmetric potential of the jellium
model (droplet model). Cheng and Berry used density-
functional theory (DFT) within the discrete-variational-
rnethod X scheme, and found the electronic structures
and binding energies of aluminum 13-, and 43-, and 55-
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atom clusters with perfect icosahedral and cubo-
octahedral symmetry. ' Yi et al. used the Carr-
Parrinello scheme to study the ideal ICS and COS for
13-, 19-, and 55-atom aluminum clusters and to find
minimum-energy structures of 13- and 55-atom alumi-
num clusters. A better calculation has been done on
small aluminum clusters of less than ten atoms by Jones,
who used the local-spin-density (LSD) approximation
within DFT. Table I summarizes their results on alumi-
num clusters.
To study the energy and structure of aluminum clus-

ters, we use Sankey's scheme, which involves the local-
density approximation (LDA) within DFT. Unlike other
LDA calculations implemented in reciprocal space with a
plane-wave basis set, this method uses local orbitals in
real space. Applications of this method to Si (Ref. 27)
and C (Ref. 28) in a variety of bonding environments
yielded results very close to state of the art electronic
structure calculations.
We brieAy discuss the theoretical background of this

method in Sec. II, and outline the computational pro-
cedures in Sec. III. The results are given in Sec. IV, of
which the first part deals with the energy, structure, and
vibrational spectra of small aluminum clusters of two to
six atoms. The second part of the results section
discusses the energy, structure, and vibrational spectra of
the medium-sized clusters (12—147). As the last part of
this section, EAM calculations are carried out on these
medium-sized clusters. The conclusion appears in the
final section.

II. GENERAI. THEORY AND METHOD

The theoretical foundation of this method is the LDA
within DFT. LDA estimates the density-functional
exchange-correlation term from calculations on the
homogeneous electron gas. We use the Ceperley-Alder
potential as parameterized by Perdew and Zunger.
Based on this foundation we use three more approxima-
tions, which have been tested thoroughly.
First, we use a non-self-consistent version of the DFT

by using a linearized form of the Kohn-Sham equations
due to Harris and Foulkes. ' The advantage of this ap-
proximation over the conventional Kohn-Sham method
is that we only need to solve the electronic eigenvalue
problem once for each atomic configuration instead of
about ten times for typical self-consistent methods.
Another advantage of this approximation is that it avoids
evaluating four center Coulomb integ rais. The
justification of this Harris functional was provided by
Harris, ' Polatoglou and Methfessel, and Read and
Needs on various types of materials such as metals,
semiconductors, and NaC1, a highly ionic compound.
They found excellent agreement with the fully self-
consistent calculations.
Second, we approximate the one-electron-energy eigen-

state as linear combination of pseudoatomic orbitals
(PAO), computed from a self-consistent Herman-
Skillman-like program. We impose a confinement
boundary R, to reduce the number of neighbors interact-
ing with a site. Beyond R, there is no interaction.

TABLE I. Aluminum clusters calculation.

Size
Cheng and Perry

Upton (Ref. 24) Jones (Ref. 1) (Ref. 15)
Yi et al.

(Refs. 7 and 25) This work

13
55
147
ideal' 13
ideal' 19
ideal' 55
ideal' 147

isos. tri.
(2.62 A)
(2.63 A)
rhombus
(2.61 A)
(KY=70.2 )
squ. pyramid
(c,„)
bipyramid.
(D2)

linear
(2.71 A)'
(2.48 A)b
equ. tri.
(2.46 A)

rhombus
(2.52 A)
(+=56.5 )
pyramid
(C, )
dist. bipy.
(D„)

ICS

COS

s. dist. ICS'
dist. ICS

ICS
COS
COS

hnear
(2.95 A)'
(2.47 A)
equ. tri.
(2.52 A)

nearly rhombus
(2.54, 2.53 A)
(o.=64.5 )
planar
(C„)
dist. bipy.
(~„)
s. dist. ICS'
dist. ICS
s. dist. COS
ICS

COS
COS

0'The lowest-energy structure of A12. The corresponding experimental value is 2.70 A (Ref. 40).
0

The other metastable structure of A12. The corresponding experimental value is 2.47 A (Ref. 41).
'Slightly distorted icosahedral structure.
Significantly distorted icosahedral structure.
'Perfect ICS and COS clusters relaxed without symmetry breaking.
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The physical interpretation of this boundary is that
PAO is slightly excited. An additional rationale for com-
pact orbitals (e.g. , without exponential tails) has recently
been given by Robertson, Payne, and Heine, using self-
consistent plane-wave methods. For Al they observe a
contraction of the spherical fragment charge density rela-
tive to the free-space PAQ. Our confinement boundary
condition mimics this effect.
Finally, we use the nonlocal, norm-conserving pseudo-

potentials of the Bachelet, Hamann, and Schluter type,
which are angular-momentum dependent. These nonlo-
cal pseudopotential matrix elements are calculated exact-
ly in our method.

Isomers

C
2.47

Q
2.73 2, 73

2.57
(.1 rg

2.57

2.95

2.51

BE/atom
(eV)

1.06
1,23

1.35
1.96

2. 19
2.20
2.28

III. SIMULATION
To find the equilibrium structures of aluminum clus-

ters, we employ both the dynamic quenching and
steepest descent techniques. The force acting on an atom
at a position in space is determined by taking the deriva-
tive of the total energy with respect to the position vec-
tor.
To study a large volume of the cluster configuration

space, we employ an adaptation of a method first used on
amorphous Si. In this scheme, we start with ideal
structures (the ICS and the COS) and introduce disorder
by giving the cluster large kinetic temperatures of
500—8000 K, and allow the system to evolve for a time
long enough that the cluster becomes highly disordered.
We then seek energy minima from a variety of evolution
times. In this fashion we can generate a large collection
of energy minima and thus be more likely to discern the
ground-state structures of the cluster.
The vibrational power spectrum was calculated for

the small clusters. It is the Fourier cosine transformation
of the velocity-velocity autocorrelation function. For
these calculations the initial conditions of atoms in a clus-
ter were constrained in such a way that the center of
mass is fixed at one point in space and the cluster has
zero angular momentum.

IV. RKSUI.TS

2.62
27

.61

2.51 2.51

63

2.45
2.46
2, 51

2.87

2.47

57
2.89

.57 2.64
2.78

0
experimental results of 2.47 A and 350.01 cm ', respec-
tively. 4'4'
The existence of two different minimum-energy states

for A12 becomes clear when we consider the total energy
of A12 as a function of the distance between atoms, plot-
ted in Fig. 3. There is a discontinuity in the slope, and
two different local minima. Figure 4 shows the eigenval-
ues of the one-electron LDA Hamiltonian for A12 with
respect to the separation distance. There are six valence
electrons in A12, and the two lowest molecular levels, 1o.g

2.91

FIG. 1. Minimum-energy structures of Al„, n =2—6 with the
binding energies per atom. Third column's structures are be-
lieved to be the minimal energy structures.

A. Small Clusters

The geometry of Al„, n =2—6, is shown in Fig. 1 with
the binding energies per atom in eV. The third column
lists the structures with the lowest energies.
Dynamic quenching of A12 gives two different

minimum-energy states, of which the ground state of the
dimer has a bond length of 2.95 A. The corresponding
experimental value was 2.70 A, which was estimated
from vibrational spectra of aluminum dimers. Such a
discrepancy is to be expected for a spin-unpolarized
(LDA) calculation. For larger systems this does not pose
a significant problem. The single harmonic-vibrational
mode is calculated to be co=246 cm ' (see Fig. 2), in
reasonable agreement with the experimental value of
284.2 cm '. The other metastable state of the alumi-
num dimer has a bond length of 2.47 A and the single
harmonic-vibrational frequency of 372 cm ', close to the

284.2(expt)

372

T=32 K

T=32 K
350(expt)

I ~ I I I E I I I I I I I I I ~ i I I I I I I I

100 200 300
m(cm )

400 500

FIG. 2. Vibrational power spectra of A12 in the two lowest-
energy structures at a temperature of 32 K.
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FICz. 3. Total energy per atom Al& as a function of an alumi-
num dimer bond length. There are two energy minima.

and lo-„are filled by four spin-degenerate electrons. At
d =2.95 A, the molecular level 2o. is fully filled by the
other two electrons; however, as the Al-Al distance de-
creases the 2o. level crosses the fourfold-degenerated lev-
el 1m„at 2.55 A, resulting in a new equilibrium state at a

0
smaller separation of 2.45 A. This is why there are two
minima on the potential-energy surface of an aluminum
dimer.
The ground state of Al& is found to be an equilateral

triangle with a bond length of 2.51 A (see Fig. 1). This is
in good agreement with the more rigorous LSD approxi-
mation of Jones, who also finds an equilateral triangle
with d=2. 46 A. ' Upton finds the same structure with
d =2.62 A. Figure 5 shows the one-electron Hamiltoni-
an eigenvalues as a function of 0, the angle of an isosceles
triangle with the side length d kept at its equilibrium
value of 2.51 A. There are nine valence electrons in A13.
The molecular-energy levels from the first to the fourth
are filled completely by eight electrons. The fifth level is
the highest occupied level (Fermi level), which is partially
filled with one electron (see Fig. 5).

3 t a ~ I I ~ ~ I ~ ~ ~ I ~ a ~ I s ~ ~ I ~ ~ i I ~ ~ I

40 60 80 100 120 140 160 180
8 (deg)

FIG. 5. The one-electron LDA energy eigenvalues as a func-
tion of the open angle 0 of an isosceles triangle, Alz, with the
fixed-side length of its equilibrium value, 2.51 A. The absence
of a degenerate state at the Fermi level suggests the minimum-
energy structure; the equilateral triangle is electronically stable.

The total energy as a function of 0 with fixed d is
shown in Fig. 6. It clearly shows 0=60 is the ground-
state structure. By symmetry, the structure with 0=300'
is another minimum. There is a relatively large potential
barrier that the molecule Alz needs to overcome as it
passes through 0=180'. There exists shallow local ener-
gy minirnurn at 0=180', as in the case of Si&. Indeed, a
linear molecular structure was found to be a metastable
structure. The optimal bond length is 0.22 A longer, and
the energy is 0.63 eV/atom higher than the equilateral
triangle. The vibrational frequency modes are calculated
for the equilateral triangle shown in Fig. 7. The peaks
correspond to the 3n-6 normal modes of vibration.
The several local minimum structures found for A14 are

shown in Fig. 1. The most stable form of A14 is a paral-
lelogram with side lengths of 2.54 and 2.53 A (very simi-
lar to a rhombus) and a bond angle of 64.5, which com-
pares well with Jones' result of a rhombus with a side
length of 2.52 A and an angle of 56.5' shown in Table I. '
Note that Upton's less exact method disagrees with these
planar-type structures. His minimum-energy structure

)e -35
LU

-7.75

2G
U

1z—17tg

20
g

1a
U

1a
g

-54

O -54.4
E9 -54.6

o -54.8
UJ

-1 2 I l I I I I ~ I ~ ~ ~ I ~ ~ ~ I I ~ ~ I ~ I ~ I I I I -55
1.8 2 2.2 2.4 2.6 2.8

d (A)
3 3.2 -55.2 s 1 I ~ I I ~ 4 l I I I I I I I I I ~ I 1 I ~ ~ I I I I

20 40 60 80 100 120 140 160 180
e (deg)

FICx. 4. Eigenvalues of the one-electron LDA Hamiltonian
for Al& as a function of an aluminum dimer bond length. The
level crossing corresponds to existence of two different
minimum-energy states.

FIG. 6. The total energy per atom of Al& as a function of the
opening angle of an isosceles triangle with the fixed-side length
of its equilibrium value, 2.51 A.
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FIG. 7. The vibrational spectral density g(co) of Al& in its
lowest-energy structure at the low kinetic temperature of 31 K.

0 100 200 )300
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for A14 is three dimensional with C2, symmetry. The
other local minimum-energy structures include a square
and tetrahedron with the side lengths of 2.57 and 2.80 A,
respectively (see Fig. 1).
The minimum-energy structure of A15 is found to be a

planar Cz, structure. It is 8'shaped with the side length
0

2.63 A, shown in Fig. 1. Pyramid and trigonal bipyramid
structures are metastable structures. They are almost de-
generate with an energy difFerence less than 0.01
eV/atom. The total energy of either structure is about
0.05 eV/atom higher than that of the planer C2, form.
In contrast to our results, Jones and Upton find that a py-
ramid is the minimum-energy configuration for Al& (see
Table I).
The minimum-energy structure of A16 is a distorted bi-

pyramid with bond lengths of 2.57 and 2.91 A, with D3d
point-group symmetry, shown in Fig. 1. This agrees well
with Jones' result of a D~d structure with bond lengths of

02.52 and 2.87 A. Upton finds his minimum-energy struc-
ture to be a square-based bipyramid of the D2 point-
group symmetry. We find that the other metastable
structure for A16 to be a planar shape with C2, symmetry.
It is 0.14 eV/atom higher in energy than the minimum-
energy structure. The vibrational frequency of the
minimum-energy structure of A16 is shown in Fig. 8.
Twelve modes can be distinguished at the temperature of
14 K.
Note that a structural transition from the planar to the

three-dimensional occurs at n =6. In Jones' case it
occurs at n =5, while in Upton's case it happens at n =4.
We are not aware of a simple explanation for this
discrepancy.

FIG. 8. Vibrational spectral density g(co) of A16 in its
lowest-energy structure at the low kinetic temperature of 14 K.

number) of both of these structures are 13, 55, and 147
for the first, second, and third shells, respectively. As an
example, in a 13-atom cluster, there are 12 atoms sur-
rounding a central atom in the first shell. For clusters
made of rare gases, which exhibit short-range and isotro-
pic potentials, ICS's are expected to be more stable than
the COS, because the ICS's have greater average coordi-
nation numbers (6.5 and 8.5 versus 5.5 and 7.9 for the 13-

(b)

B. Medium clusters

The medium-sized cluster of 12 atoms, and the magic
number clusters of 13, 55, and 147 atoms are considered
in this study. The cluster symmetries examined are the
ICS and the COS, since they are expected to be the most
stable. The COS (or fcc) are characterized by the pres-
ence of square (100) and triangular (111) facets on their
surface, while the ICS's are characterized by only (111)
facets (see Fig. 9). The closed-shell numbers (magic

FIG. 9. Shapes of ideal ICS and COS of the magic numbers
13, 55, and 147. (a), (c), and (e) are ICS of 13, 55, and 147 atoms.
(b), (d), and (f) are COS of 13, 55, and 147 atoms. The
minimum-energy structure of Al» is almost the same as (a).
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and 55-atom clusters of the ICS and the COS, respective-
ly). In aluminum, however, there is the angular force
created from valence p orbitals. The effects of this force
might be substantial.
We investigate the property of these magic number

clusters by seeking minimum-energy structures through
Sankey's method. At the end of this section we will also
present the investigation of these clusters with the EAM.
Table I summarizes our results.
First, we compare the energy of the ideal ICS and COS

of aluminum clusters relaxed without symmetry break-
ing. For a 13-atom cluster this ICS is lower in energy
than the COS by 0.14 eV/atom, while the reverse is true
for the 55 and 147 by 0.03 and 0.02 eV/atom, respective-
ly. These results are in good agreement with the calcula-
tions carried out by Yi et al. , Cheng and Berry. ' Yi
et al. find that the ICS is 0.05 eV/atom lower in energy
than the COS for Al», while the opposite is true for A155
by about 0.04 eV/atom. Cheng and Berry also found the
same pattern with the values of about 0.1 and 0.01
eV/atom, respectively. For these ideally relaxed struc-
tures, the structural transition from ICS to COS occurs at
the cluster size somewhere between 13 and 55 atoms.
However, all of these ideal structures are electronically

unstable. The minimum-energy structures are expected
to be at least somewhat distorted from their ideal struc-
tures partly due to the Jahn-Teller effect. For example,
in the ideal ICS of Alj3 the highest occupied one-
electron-energy eigenvalue is triply degenerate (or sixfold
degenerate including spin) with five electrons occupied on
the level, which makes the cluster Jahn-Teller unstable.
In addition to the distortion from this electronic instabili-
ty, the high ratio of surface atoms to interior atoms in
clusters is likely to cause geometric distortions.
The minimum-energy structure of Al&3 turns out to be

a very slightly distorted ICS. Many of the above quench-
ing runs result in this structure. For example, both the
direct dynamic quenching of an ideal ICS and another
dynamic quenching of an ideal COS initially heated to
8000 K for 125 fs lead to the same structure. Its total en-
ergy is very close (less than 0.01 eV/atom) to that of the
ideal ICS relaxed without symmetry breaking. The dis-
tortion of this structure from the ideal ICS is so small
that we are able to find its distortion only by comparing
the distances measured from a centra1 atom to each sur-
rounding atom, and comparing the electronic states of
two structures near their Fermi levels, not by looking at
three-dimensional pictures. Clearly the Jahn-Teller dis-
tortion is extremely small for this cluster.
For this minimum-energy structure of Al&3, the dis-

tances from a central atom to its neighbors are either 2.63
or 2.53 A, while for the ideal ICS all the distances are
consistently 2.60 A. This is a fairly small departure from
perfect icosahedral symmetry. The symmetry breaking
occurs naturally in the molecular-dynamics (MD) simula-
tion from the triply degenerate level (excluding spin) of
the ideal ICS into two different levels, leaving no degen-
eracy at the highest occupied level of the minimum-
energy structure. Yi et al. also find that a slightly dis-
torted (ICS) is electronically more favorable than an ideal
ICS by 0.02 eV/atom. The vibrational spectrum is

T=13 K

119

215 @27
245

96 328
431

277304
s 115

0 100 200 300
co(cm )

400 500

FIG. 10. Vibrational spectral density g(co) of Al» in its
lowest-energy configuration at the low kinetic temperature of 13
K.

FIG. 11. The minimum-energy structure of A112. It is a dis-
torted ICS.

shown in Fig. 10. It becomes complex due to the size of
the cluster.
To increase our understanding of Al&3, similar methods

were used to find the optimal structure of Al&p. The
starting configurations were an ideal ICS and COS of Al&3
with a missing atom. These ideal structures were
quenched after heating at various temperatures. The
minimum structure of Al&2 is found to be very distorted
from the ideal structures. But it is certain that it has an
icosahedral origin (see Fig. 11). The binding energy per
atom is 3.38 eV.
Annealing of the ideal ICS and COS of A155 resulted in

an unusual structure (see Fig. 12). This structure appears
to be a distorted ICS. This is unexpected, since the ideal
COS is energetically more favorable than the ideal ICS.
This structure was found by quenching an ideal ICS ini-
tially heated to 500 K for 375 fs. This structure is lower
in energy than the ideal COS relaxed without symmetry
breaking by 0.05 eV/atom. This compares well with the
results presented by Yi et al. , who also find the
minimum-energy structure to be a very distorted ICS,
which is lower in energy than the ideal COS by 0.1
eV/atom. We also found that there are many other
similar structures with nearly the same energy with the
lowest-energy structure. The energy differences with all
those are less than 0.02 eV/atom.
The minimum-energy structure of Al&47 is found to be
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FICx. 12. The lowest-energy configuration of Al». It is a dis-
torted ICS.

a slightly distorted COS, shown in Fig. 13. It looks as if
the edges of the square are either squeezed or pulled out
slightly. This structure was obtained by a direct dynamic
quenching of the ideally relaxed COS without heating it
at all. The distortion from the ideal COS is due to the
Jahn-Teller effect. In the ideal COS, the highest occupied
molecular level is triply degenerate (excluding spin).
During molecular-dynamic simulations this level splits
into three different levels, resulting in no degeneracy at
the highest occupied level of the minimum-energy struc-
ture. Many other different structures were obtained by
employing dynamic quenchings of the ideal ICS and
COS, initially heated to 8000 K for various times of
24—1000 fs. All of these structures have their energies at
least 0.01 eV/atom larger than the minimum-energy

(~r:" '1&'i f"'jir-:~ "Ii

']i'll

(r-. -,. p.=.. ;. ~-.=~

1

IKM fr.'. ] j: -~I=( '. ~l. :;"

Llh, /[~i(~i J

COS, except a nearly perfect ICS, which is obtained from
a direct dynamic quenching of the ideal ICS or another
quenching of the same ideal structure initially heated to
8000 K for 311 fs. This ICS is nearly degenerate with the
minimum-energy COS. The energy difference between
these two structures is about 0.0016 eV/atom.
One of the main questions in the study of metal clus-

ters is at which size does the structural transformation
from ICS to COS (bulklike) occur. The bulk structure of
aluminum is known to be the COS (fcc). For Al&3 and
A155 the lowest-energy structures are the distorted ICS.
The Al, 3 is the almost perfect ICS, and the A155 is the
very distorted ICS. However, for Al&47 the minimum-
energy structure is found to be the almost perfect COS,
whose energy is about 0.002 eV/atom lower than that of
the next-lowest-energy structure, the nearly perfect ICS.
This implies that the structural transformation from ICS
to COS (bulklike) occurs very near 147 atoms, as shown
in Fig. 14.
The binding energy per atom is shown in Fig. 15 for

the most stable structures. It rapidly approaches a calcu-
lated bulk value of 4.36 eV/atom. The experimental
value is 3.39 eV/atom. The lattice constant of bulk
aluminum is calculated to be 3.94 A, which is somewhat
smaller than the experimental value of 4.03 A. The er-
rors of the binding energy and lattice constant are from
an incomplete basis set of local orbitals. We only include
s and p orbitals as the basis set. Jansen and Klein show
that adding d orbitals in the basis set yields an essentially
exact LDA band structure for crystalline Al. In addi-
tion to the basis-related effects, there is a well-known ten-
dency of LDA to overbind.
One of the other major questions of metal clusters is

how the insulator-metallic transitions occurs as the clus-
ter size increases. One way to answer this might be by

-56.4
-56.5

o
Q)

-56.7
(a -56.8
O

-56.9
-57
-57. 1 ~ I I ~ ~ ~ ~ ~ I I I ~ I ~ ~ ~ ~ ~ I I ~ ~ ~ ~ ~ I ~

13 55 100 147
n (ciuster size)

(c) (d)

FICx. 13. The minimum-energy structure of Al&47 It is slight-
ly distorted from an ideal COS. It is viewed from four different
perspectives. (a) is the front view. (b) is 45' rotated from (a). (c)
is 90' rotated from (a). (d) is 135' rotated from (a).

FICs. 14. Comparison of energetics of ICS and COS clusters.
o (x) denotes COS (ICS) syrnrnetric clusters. o's of 13 and 55
atoms are the ideal COS's relaxed without symmetry breaking.
o of 147 atoms is the minimum-energy structure in its size,
which is an almost perfect COS. x's of 13 and 55 atoms are the
minimum-energy structures in their sizes, almost perfect ICS's
and very distorted ICS's, respectively. x of 147 atoms is the
lowest-energy configuration in icosahedral form, which is
0.0016 eV/atom higher in energy than o of 147 atoms. The
structural transformation from ICS to COS (bulklike) appears
to occur around n = 147.
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calculating the ionization potentials of clusters. The clus-
ters are easily classified as metallic, nonmetallic, or semi-
conducting in terms of their ionization potential. The
other way to answer this question is by measuring the
band-structure energy gap. However, the lack of transla-
tional periodicity in clusters excludes this possibility. We
instead consider HOMO-LUMO gaps of Al clusters.
That is the gap between the highest occupied molecular
orbital and the lowest unoccupied molecular orbital ener-
gy (HOMO-LUMO) of a cluster.
Figure 16 shows HOMO-LUMO gaps plotted against

cluster size. All those gap s are measured from the
minimum-energy structure except n =54 and 146. The
plot certainly shows that aluminum becomes more metal-
lic as the size of a cluster increases in large clusters, ap-
proaching 0, the bulk value. The HOMO-LUMO gaps at
n =55 and 147 are close to 0, the bulk value. On the oth-
er hand, the plot shows that the gap increases in small

size clusters as the cluster size increases from 2 to 13
atoms. Our results may be compared with the experi-
mental results of ionization potential. An experimental
trend for the ionization potential of Al clusters is that it
grows steadily to a maximum value at A16, and there is
a drop at A17. Note that in Fig. 16 the HOMO-LUMO
gaps are relatively high at n =3, 6, and 13. All these
numbers correspond to highly symmetric structures in
our case. n =3 is an equilateral triangle, and n =6 is a
D3d structure, and n = 13 is the almost ideal ICS. To
support this idea we obtain two more structures for
n =54 and 146. Those two are not minimum-energy
structures. The structures were obtained by employing
direct dynamic quenchings to an ideal ICS of 55-atom
and COS of 147-atom clusters with a missing atom in
each case. For the 54-atom cluster, the quenching yield-
ed a quite distorted ICS, while for the 146-atom cluster it
yielded an almost indistinguishable structure from the
ideal COS with one vacancy. The 146-atom cluster
preserves its symmetry well, while the 54-atom cluster
does not. Figure 16 shows that the HOMO-LUMO gap
for the 54-atom cluster is much smaller than the 55-atom
(magic number) cluster, while that of the 146-atom clus-
ter almost same as the 147-atom (magic number) one.
Our results empirically suggest that Al clusters become
more metallic as the size increases and less metallic as the
degree of geometrical symmetry in structures increases.
The first one dominates for larger clusters, while the
latter one dominates for small-sized clusters.
An EAM calculation has been performed using Voter's

potential for Al clusters. The results are presented in
Table I along with the calculations using Sank ey's
method. In the ideal structures relaxed without symme-
try breaking, the EAM calculations reveal that the ideal
ICS's are lower in energy than the ideal COS's for all
Al», Al», and All&7 clusters, while in the Sankey's
method, these are only true for 13-atom clusters, not for
55- and 147-atom clusters. In fact, for the EAM, the
minimum-energy structures of all magic number clusters
of Al», Al», and A1,47 are these ideal ICS's . In Sankey's
method the minimum-energy structures for Al» and A155
are the ICS's, while that of A1,47 is the slightly distorted
COS, which is nearly degenerate with the slightly distort-
ed ICS. Thus, the EAM results are qualitatively reason-
able in a sense that they predict the ICS for the
minimum-energy structures of Al» and Al» and show a
correct trend in that the energy difference between the
minimum-energy structures and the ideal COS decreases
as cluster size increases, as shown in Table II. However,
they do not correctly predict the distortions present in
those clusters.

FIG. 16. The HOMO-LUMO gap. All these gaps are calcu-
lated for the minimum-energy structures vs cluster size except
n =54 and 146 atoms. These two structures were obtained from
direct dynamic quenchings of ideal structures and ICS's and
COS's with a missing atom, respectively. The n =54 is a highly
distorted ICS and the n =146 is almost indistinguishable from
an ideal COS with one vacancy. The metallicity increases as the
cluster size increases, decreases as the degree of geometrical
symmetry in a cluster increases.

V. CQNCLUSIDNS

Ab inilo molecular-dynamics simulations of small
aluminum clusters, Al„of n =2—6 and 12, 13, 55, and
147 have been performed with the density-functional, lo-
cal orbital method of Sankey. EAM calculations have
been carried out for Al», A15~, and Al, 47.
(1) For A12 there are two different local minimum

states in agreement with experiment. The minimal ener-
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TABLE II. The binding energy (BE) per atom calculated by both density-functional and EAM
methods for 13-, 55-, and 147-atom clusters. The ideal ICS and COS relaxed without symmetry break-
ing and the minimum-energy structures are found by both density-functional and EAM methods.

13 atoms
ideal COS
ideal ICS
min.
min. stru.
55 atoms
ideal COS
ideal ICS
min.
min. stru.
147 atoms
ideal COS
ideal ICS
min.
min. stru.

BE/atom (tot. BE) eV
Density functional

3.34 (43.44)
3.48 (45.30)
3.49 (45.33)
sligh. dist. ICS

3.74 (205.7)
3.71 (204.5)
3.79 (208.3)
very dist. ICS

3.96 (581.8)
3.94 (579.4)
3.97 (583.0)
sligh. dist. COS

BE/atom (tot. BE}eV
EAM

2.39 (31.10)
2.46 (31.98)
2.46 (31.98}
ideal ICS

2.81 (154.6)
2.83 (155.7)
2.83 (155.7)
ideal ICS

2.98 (437.9)
2.99 (438.8)
2.99 (438.8)
ideal ICS

gy structure of A13 is an equilateral triangle. The absence
of a degenerate state at the Fermi level of this equilateral
triangle structure suggests that this structure is electroni-
cally stable. The structural transition of the minimum-
energy structures from the planar to the nonplanar takes
place at n =6 in our case, while it takes place at n =4 and
5 in Upton and Jones' cases, respectively.
(2) For Al&3 there is the single well-defined minimum-

energy structure, and it is a sightly distorted ICS. The
minimum-energy structure of A155 is a much distorted
ICS. These results for Al» and A155 are in agreement
with Yi et al. s calculation. The minimum-energy struc-
ture of Alj47 appears to be a slightly distorted COS. The
structure transition from the ICS to the bulklike struc-
ture seems to occur very near n =147. However, for A155
and Al&47 the optimal structures are nearly degenerate
with the COS and ICS, respectively.
(3) Examination of the HOMO-LUMO gap empirically

suggests that Al clusters become more metallic as their

size increases and less metallic as the degree of geometri-
cal symmetry in their structure increases. The first factor
dominates for large clusters, while the latter factor dom-
inates for small-sized clusters.
(4) EAM calculations for Al», A1~5, and A1,~7 predict

the minimum-energy structures to be perfect ICS's.
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