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ABSTRACT

Energetically low-lying equilibrium geometric structures of Al,As (n=1-15) clusters obtained by an all-
electron linear combination of atomic orbital approach, within spin-polarized density functional theory,
are reported. The binding energy, dissociation energy, and stability of these clusters are studied with
the three-parameter hybrid generalized gradient approximation (GGA) due to Becke-Lee-Yang-Parr
(B3LYP).lonization potentials, electron affinities, hardness, and static dipole polarizabilities are calculated
for the ground-state structures within the same method. The growth pattern for Al,As (n=1-15) clusters
is As-substituted the surface atom of Al,.1 clusters and it keeps the similar frameworks of the most stable
Al clusters except for Al,As (n=7, 8, and 15) clusters. The odd-even oscillations in the dissociation
energy, the second differences in energy, the HOMO-LUMO gaps, the electron affinity, and the hardness
are more pronounced. The stability analysis based on the energies clearly shows the clusters with an
even number of valence electrons are more stable than clusters with odd number of valence electrons.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Small clusters composed of aluminum atom have been the sub-
jects of intensive studies for the last two decades. A large number
of studies of aluminum clusters, both theoretical and experimental
have been reported (see, for example, the reviews in Refs. [1-3]).
One of the main motivations behind these studies is to understand
the evolution of physical properties with the size of the cluster.
Many properties of aluminum clusters can be understood using the
spherical jellium model (SJM) [4], in which the ions are smeared out
in a uniformly charged sphere leading to electronic shell closures
for clusters containing a ‘magic’ number 2, 8, 20, 40, 58,92, 138, ...
of valence electrons. These findings are subsequently confirmed by
first-principles theoretical calculations in which the ions are rep-
resented by pseudopotentials [5]. The question we address here is
the effect of doping by a single impurity on the electronic structure
and geometry of these clusters. In bulk materials, a small percent-
age of impurity is known to affect the properties significantly. In
clusters, the impurity effect should be even more pronounced and
influenced by the finite size of the system. Under vacuum condition
and using magnetron reactive sputtering technique, the sputter-
ing technique, the sputtered Al atoms can react with As to form a
new-type AlAs nanofilm, and some Al,As precursor intermediates
have been experimentally already observed [6]. This experimental
work triggered an interest in simulations of As doped aluminum
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clusters. Ab initio calculations on properties of AlyAsy clusters have
been carried out by several groups [7-13]. Andreoni [7] calcu-
lated the structures, stability, and melting of (AlAs), (n=2-5) using
the Car-parrinello method. Quek et al. [8] reported tight binding
molecular dynamics studies of the structures of Al,,As, (m+n < 13).
Tozzini et al. [9] presented extensive theoretical calculations of the
geometric and electronic properties of neutral and ionized AlAs
fullerene-like clusters of the type AlxAsy+4 with a number of atoms
up to 52, on the basis of density functional theory. Costales et al.
[10] used density functional theory (DFT) to explore structural and
vibration properties for (AlAs), clusters up to 6 atoms, finding the
same behavior as in the aluminum nitride clusters. Archibong and
St-Amant [11] calculated the low-lying electronic states of AlzAs,
AlAss3, and the corresponding anions at the B3LYP and CCSD(T) lev-
els of theory using the 6-311+G(2df) one-particle basis set. The
adiabatic electron affinities, electron detachment energies and har-
monic vibration frequencies of both the anions and the neutral
molecules are presented and discussed. Feng et al. [12] reported
a MRSDCI study of the ground and several energetically low-lying
excited states of Al;Ass, Al3As,, and their ions. Recently, Zhu [13]
studied the spectroscopic properties for Al,As, AlAs,, and their
ions using density functional theory (DFT: B3LYP) and complete
active space multiconfiguration self-consistent field (CASSCF) cal-
culations.

To provide further insight on Al,As clusters, I have carried
out a detailed systematic study of the equilibrium structure and
various electronic-structure related properties of these clusters,
employing the hybrid generalized gradient approximation (GGA)
for the exchange-correlation potential. I investigate the relative


dx.doi.org/10.1016/j.jallcom.2012.03.013
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:gl-guoling@163.com
dx.doi.org/10.1016/j.jallcom.2012.03.013

198 L. Guo / Journal of Alloys and Compounds 527 (2012) 197-203

Table 1
Calculated bond lengths, vibrational frequencies, and vertical electronic detachment, experimental results, and previous theoretical study.
As; Al
Our work Theoretical Experimental Our work Experimental®
Bond length (A) 2.11 2.132 2.10° 2.56 2.56
w(cm™1) 431 422 430 323.10 350.01
VDE (eV) 1.43 1.55
2 Ref. [22].
b Ref. [23].
¢ Ref. [24].

ordering of these structures with the As impurity occupying the
outside and other position. Here, the evolution of the ionization
potential, electron affinity, HOMO-LUMO gap, hardness, polariz-
ability, dissociation energy, and binding energy for Al,As clusters
up to n=15 have been studied. These physical quantities are
compared with their counterparts calculated at the same level (all-
electron B3LYP/6-311+G*) for pure aluminum clusters.

In the following section, the computational methodology has
been briefly outlined. In Section 2 the results are presented and
discussed, and some conclusions are given in Section 3.

2. Methodology and computational details

The geometry optimization and electronic-structure calcula-
tion is carried out using a molecular-orbital approach within the
framework of spin-polarized density functional theory [14,15]. An
all-electron 6-311+G* basis set is employed [16]. KS exchange
along with the Vosko-Wilk-Nusair [17] parametrization of homo-
geneous electron gas data due to Ceperley and Alder [18] have been
employed. In this case, Becke’s three parameter functional (B3LYP)
[19] has been used, which use part of the Hartree-Fock exchange
(but calculated with KS orbitals) and Becke’s exchange functional
[20] in conjunction with the Lee-Yang-Parr [21] functional for cor-
relation. Frequency analysis is performed at the B3LYP/6-31G* level
to check whether the optimized structures are transition states or
true minima on the potential energy surfaces of corresponding clus-
ters. And all ground-state structures are actually equilibrium states
without imaginary frequencies. The configuration is regarded as
optimized when the maximum force, the root mean square (rms)
force, the maximum displacement of atoms, and the rms displace-
ment of atoms have magnitudes less than 0.0045, 0.0003, 0.0018,
and 0.0012 a.u., respectively. The calculations are carried out for
spin multiplicities of 2S+1=1 and 25+ 1 =2 for clusters with even
and odd numbers of electrons, respectively. All calculations are
carried out using GAUSSIAN 03 [19] suite of programs.

The accuracy of the current computational scheme has been
tested by the calculation on the As, and Al, dimer. The results
are summarized in Table 1. For As;, we obtain a bond length
(2.11A) that fits well with the theoretical values of 2.13 A by the
GGA using BLYP function [22]. And the optimized bond length
and vibration frequency of 2.11 A and 431 cm~! compare favorably
with the experimental value of 2.10 A and 430 cm~! [23]. Addition-
ally, the bond length (2.56 A), vibration frequency (323.10cm™1),
and the vertical electron detachment energy (1.43 eV) of Al, are
obtained, which are in agreement with the experimental values
[24] of2.56 A,350.01 cm~!,and 1.55 eV, respectively. This indicates
that our approach provides an efficient way to study small Al,As
clusters.

3. Results and discussion
3.1. Atomic structures

The ground state geometries of Al,As (n=1-15) clusters, and
some energetically low-lying metastable isomer are shownin Fig. 1.

For proper comparison we have also shown the ground state
geometries of pure Al, (n=2-16) clusters. The symmetries, the
spin multiplicities, and the electronic states of the most stable and
energetically low-lying Al,As (n=1-15) clusters are summarized
in Table 2. For the AlAs dimer with C, symmetry, the optimized
results indicate that the triplet spin state is lower in total energy
than the singlet and quintet isomers by 0.80 eV and 1.80 eV, respec-
tively. Therefore, the triplet AlAs dimer (1a in Fig. 1) with a bond
length of 2.328 A is the most stable structure.

The lowest-energy structure of Al; is an equilateral triangle
structure with D3, symmetry (2ag in Fig. 1). In the B3LYP scheme,
the lowest-energy structure for Al,As is an isosceles triangle with
As at the apex (2a in Fig. 1). The Al—As bond length of the ground
state Al,As molecule are 2.35 A using the B3LYP schemes, which is
similar with the value 2.39 A reported by Zhu [25] obtained from
CASSCEF calculation.

Aly is a square with Dy, symmetry (3ag in Fig. 1). Two energeti-
cally low-lying structures are found for Al3As in the B3LYP scheme.
The most stable one (3a in Fig. 1) consists of a central As atom sur-
rounded by three Al atoms in form of an equilateral triangle. The
other energetically degenerate structure (3b in Fig. 1) is a distorted
rhombus and is above the most stable by 0.10 eV. It may be noted
that the order of isomers is reversed in the LSDA, with the distorted

Table 2

The symmetries (sym), the spin multiplicities (multi), and the energies (E,
hartree/particle) of the most stable and energetically low-lying Al,As (n=1-15) clus-
ters (the isomers are labeled as na and nb: the na corresponds to the lowest-energy
isomer).

Cluster Isomer Sym Multi E;
AlAs 1a Coov 3 —2478.2758
AlAs 2a Cyy 2 —2720.7648
Al3As 3a Coy 1 —2963.2500
3b Coy 1 —2963.2465
Al4As 4a Coy 2 —3205.7014
4b Cs 2 —3205.6746
AlsAs 5a Cs 3 —3448.1717
5b Cs 1 —3448.1628
AlgAs 6a G 2 —3690.6231
6b Coy 2 —3690.6165
Al;As 7a G 1 —3933.0939
7b G 1 —3933.0840
AlgAs 8a G 2 —4175.5564
8b Cs 2 —4175.5556
AlgAs 9a C 1 —4418.0295
9b G 1 —4418.0221
AljpAs 10a G 2 —4660.4901
10b G 2 —4660.4762
Aly1As 11a G 1 —4902.9771
11b G 1 —4902.9507
Al As 12a G 2 —5145.4377
12b G 2 —5145.4315
Aly3As 13a (@} 1 —5387.9204
13b G 1 —5387.8904
Aly4As 14a G 2 —-5630.4124
14b (& 2 —5630.3462
AlysAs 15a (@} 1 —5872.9087
15b (@} 1 —5872.8668
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Fig. 1. Geometries of Al,As structures.

rhombus being the most stable one. In LSDA, the structure (3a in
Fig. 1) is 0.28 eV higher in energy than 3b.

For Als, the most stable structure is a pentagon structure with Cg
symmetry (4ag in Fig. 1). In the case of Al4As, two energetically low-
lying nearly degenerate planar structures are found. For Al4As, the
structure with C,, symmetry (4a in Fig. 1) is similar to the Als con-
figuration, where the impurity As atom is at its vertex position. The
energetically low-lying isomer (4b in Fig. 1) with a higher energy
(0.73 eV) is also a pentagon configuration.

As for Alg, the lowest-energy structure is a prism structure with
Cyv (3Bq) symmetry (5aq in Fig. 1). For AlsAs, As occupies apical
positions in both the nearly degenerate octahedron (5ain Fig. 1) and
the prism structures (5b in Fig. 1). The As impurity in the ground
state structure (5a in Fig. 1) can be look upon as the substitutional
impurity in the ground state Alg cluster.

In the case of n=7, the pure Al; (6ag in Fig. 1) adopted the dis-
torted capped trigonal prism with C; symmetry. The As impurity
capping the lowest-energy structure of Alg forms the ground state
of AlgAs (6a in Fig. 1). A face-capped triangle prism with the As
atom being the capping atom (6b in Fig. 1) is higher in energy than
the lowest-energy structure by 0.19 eV.

The lowest-energy configuration of Alg (7a¢ in Fig. 1) is the
rhombic prism with D,;, symmetry. Substituting one Al atom of
cubelike Alg cluster with As impurity makes up of the energetically
low-lying structure of Al;As (7b in Fig. 1). This geometry of Al;As
is in competition with the ground-state structure (7a in Fig. 1). The
energy difference between the two structures is merely 0.27 eV.

The lowest-energy structure of Alg (8ag in Fig. 1) develops
pentagonal arrangements of atoms. A As atom capped distorted
rhombic prism of Alg clusters yields the lowest-energy structure
for the AlgAs cluster (8a in Fig. 1). The energetically low-lying

geometry (8b in Fig. 1) of AlgAs is the result of the addition of the
two Al atoms and As impurity to the energetically low-lying geom-
etry of Alg cluster, which caps the different sides. The structure (8b
in Fig. 1) is higher by 0.02 eV.

Two pentagons overlapped can form the lowest-energy struc-
ture of Aljg (9ag in Fig. 1). For AlgAs cluster, the ground state
geometry (9a in Fig. 1) is the As atom substitute one capping Al
atom of Al;g with C; symmetry. The structure of isomer (9bin Fig. 1)
is above the lowest-energy structure by 0.20 eV, which is bicapped
hexagonal bipyramid with C; symmetry.

The most stable structure of Al;; develops pentagonal arrange-
ments of atoms. In these aluminum clusters with n> 10, an interior
atom with bulklike coordination emerges. The ground state (10a in
Fig. 1) and the energetically low-lying geometries of Al;gAs (10b
in Fig. 1) clusters can also be seen as substitutional the different
position structures of Al;; (10ag in Fig. 1). The energy different is
0.42eV.

Aly, with C; symmetry (11ag in Fig. 1) can be obtained by con-
tinuing to develop pentagonal arrangements of atoms. When the
As atom is adsorbed on the surface of Aly,, this forms the ground
state geometry (11a in Fig. 1) with C; symmetry. By substituting
one As atom for one Al atom in the center of the Al;,, we can obtain
the energetically low-lying geometry of Al;1As (11b in Fig. 1) with
Cy symmetry by 0.73 eV.

For the case of Aly3, the lowest energy structure (123, in Fig. 1)
is a distorted decahedron with Cs; symmetry. The top surface Al
atom substituting by the impurity As atom can get the most stable
structure of AljAs with C; symmetry (12a in Fig. 1). The ground
state structure of Alj2As is not in agreement with the ground state
geometries of Y1,Al, Ti;»Al, and Al{;N clusters [26-28]. The ener-
getically low-lying structure (12b in Fig. 1), 0.17 eV higher than a,
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with C; symmetry is a decahedron structure with the As atom in
the cage center, which is similar to Aly3 (12ag in Fig. 1).

Capped one Al atom on decahedron with C; symmetry is
obtained for pure Aly4 (13ag in Fig. 1). The most stable Al;3As (13a
in Fig. 1) with C; symmetry is capped one Al atom on the Al;3 geom-
etry. Another isomer (13b in Fig. 1) is the As atom substituting the
central Al atom in the Alq4 cluster, whichis 0.80 eV higher in energy.

For Al;5 (143 in Fig. 1), the geometry results by capping one of
the square faces of the Aly3 by two atoms. This results in a slight
distortion of the Aly3 with C; symmetry. For Aly4As cluster, the
ground state geometry (14a in Fig. 1) with C; symmetry is the As
atom capping the surface of the Al;5 cluster. The energetically low-
lying isomer (14b in Fig. 1) is the As atom that falls into the center
of Aly5 with C; symmetry. Their energy difference is 1.80eV.

The lowest-energy structure of Al1g (15ag in Fig. 1) is formed by
capping one of the square faces of Alys. The ground state geometry
(15a in Fig. 1) of Al;5As cluster with C; symmetry can be seen as
adding Al atom in Al;5 cluster and As impurity replacing the outside
Al atom in the Al;5 cluster. Another isomer (15b in Fig. 1) is the As
atom replacing the central Al atom in the Alyg clusters, which is
1.14 eV higher in energy.

In summary, the growth pattern for most different sized Al,As
(n=1-6, 9-14) clusters is As atom substituting the surface atom of
the Al,+1 clusters. And for AlgAs and Aly5As clusters, the As impurity
occupies a peripheral position of Alg and Aly5 clusters, respectively.
The Al;As does not conform to the above rule.

3.2. Stabilities and electronic properties

We now discuss the relative stability of these clusters by com-
puting the energetic that is indicative of the stability. We compute
the atomization or binding energy (E,) per atom, the dissociation
energy (AE), and the second differences of energy (A,E) as, respec-
tively,

Ey[AlpAs] = MEIAIL+ EIAs] = [AlnAs]

n+1
AE[Al,As] = E[Al,As] — E[Al,_1As] — E[Al], (2)
ALE[AlyAs] = E[Al,,.1As] + E[Al,_1As] — 2E[Al,As] 3)

The E,, of the Al,As clusters (shown in Fig. 2) is calculated using
Eq. (1), where E(Al), E(As), and E(Al,As) represent the energies of
an Al atom, an As atom, and the total energy of the Al,As cluster,
respectively. For comparison, we also plot the E;, of the host Al,
cluster, Ep[Al, ] =(nE[Al] — E[Al,])/n, in Fig. 2.

In general the E}, increases sharply for very small clusters and
then follows a plateau as the cluster size grows. Small humps or
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Fig. 3. The second-order energy difference AE and the dissociation energy AE of
the Al,As clusters.

dips for the specific size of clusters signify their relative stabilities.
As seen in this figure, the average binding energies of the Al;As
clusters are higher than those of the pure Al clusters. It indicates
that the doped As atom in the Al,, clusters contributes to strengthen
the stabilities of the aluminum framework. For Al,As, the E}, evolves
monotonically with total number of atoms in the cluster. Especially,
for n=1-5, the E}, increases rapidly from 1.02 eV for AlAs to 1.93 eV
for AlsAs which corresponds to the structure transition from two to
three dimension. The E;, increases gradually in the range n=6-15,
in which the rate of increase becomes weak (only from 1.93 to
2.13 eV).Inaddition, the comparison of aluminum with the E;, curve
for Al,As clusters shows that the small clusters of Al As are strongly
bound. As the cluster grows in size, the difference between the Ej,
curves of Al;As clusters and pure aluminum clusters stead dimin-
ishes, indicating that the bonding in doped clusters is essentially
similar to that in pure clusters.

In cluster physics, the dissociation energy (AE) and the second-
order energy differences (A,E) are sensitive quantities that reflect
the relative stability of the investigated clusters. The AE shows the
energy that one atom is separated from the host clusters. The A,E is
often compared directly with the relative abundances determined
in mass spectroscopy experiments. They are defined as Eqs. (2) and
(3). Where E(Al;As), E(Al,+1As), E(Al,_1As), and E(Al) represent the
total energies of the most stable Al,As, Al,+1As, and Al,,_1 As clusters
and an Al atom, respectively. As shown in Fig. 3, the curve shows
odd-even oscillations with a peak for clusters with an even number
of electrons, and particularly prominent maxima of A,E are found
atn=3,5,7,9, 11, indicating higher stability than their neighboring
clusters. It is observed that, for the Al,As cluster, the AE of Al3As
(2.69eV), AlsAs (2.28 eV), Al;As (2.30eV), AlgAs (2.36eV), Alj1As
(2.74eV), Al13As (2.62 eV) and Aly5As (2.99 eV) clusters are higher
than their neighboring clusters.

We have also calculated the adsorption energy of As, i.e., the
energy released upon adsorption of As by a pure aluminum cluster,
according to

Eaq = E[AlpAs] — E[Al,] — E[As] (4)

The calculated values of E,q4 for the clusters up to Aly5As ranges
between 2.05 and 4.75 eV (Table 3). The minimum value (2.05eV)
occurs for AlAs, while it takes the maximum value (4.75eV) for
AIGAS.

The HOMO-LUMO gap (highest occupied-lowest unoccupied
molecular orbital gap) is a useful quantity for examining the sta-
bility of clusters. It is found that systems with larger HOMO-LUMO
gaps are, in general, less reactive. In the case of an odd-electron
system, we calculate the HOMO-LUMO gap as the smallest spin-
up-spin-down gap. The HOMO-LUMO gaps as thus calculated are
presented in Fig. 4. For Al,As clusters, local peaks are found at
n=3,5,9,11,13,implying the chemical stability of these clusters is
stronger than that of their neighboring clusters. The magic clusters
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Table 3
Adsorption energies (in eV) (see text for full details) calculated within B3LYP with (6-311+G*) basis set.
n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Eaq 2.05 424 4.34 4.55 4.40 4.75 3.30 342 4.01 3.40 3.88 3.24 3.36 3.75 3.74
Table 4

mostly have a very large HOMO-LUMO gap for the metal clusters.
And I do find a strong correlation between the HOMO-LUMO gap
and the energetic stability of the Al,As clusters except for Al;As. We
note that the HOMO-LUMO gaps of Al,As present a similar oscillat-
ing behavior as observed for the dissociation energy and the second
difference. Clusters with an even number of electrons have a larger
HOMO-LUMO energy gap and therefore are expected to be less
reactive than clusters with an odd number of electrons. The stabil-
ity exhibited by even number of electrons clusters is due to their
closed-shell configurations that always come along with an extra
stability. It is important to mention that this result is agreement
with the electronic shell jellium model, where filled-shells cluster
with 2, 8,18, 20, 40, 58,92, .. .. valence electrons have increased sta-
bility, the mass spectra of cluster distribution shows pronounced
intensity in clusters with these number of atoms, the so-called
magic numbers.

Experimentally, the electronic structure is probed via measure-
ments of ionization potentials, electron affinities, polarizabilities,
etc. Therefore, we also study these quantities to understand their
evolution with size. These quantities are determined within B3LYP
for the lowest-energy structures obtained within the same scheme.

The vertical ionization potential (VIP) is calculated as the self-
consistent energy difference between the cluster and its positive
ion with the same geometry. The VIP is plotted in Fig. 5 as a func-
tion of cluster size. The corresponding data are given in Table 4. In
general, the VIP decreases as the cluster size increases. The peaks
occurring at Al,As (n=1, 2, 5, 8, 9) are prominent, with large drops
for the following clusters. Also shown in Fig. 5 are the VIPs of pure
aluminum clusters. These have also been calculated at the B3LYP/6-
311+G* level of theory, with structures optimized at the same level
of theory. The comparison of the two curves shows that odd-even
oscillations are not observed in both pure Al clusters and Al,As clus-
ters in the whole range. It is also interesting to note that replacing
one Al in Al, cluster with As, to give Al,,_1As, results in the approx-
imate values of VIPs for most clusters except for Al,As (n=1-3 and
6), which have lager VIPs than the corresponding Al clusters.

We have also calculated vertical electron affinities (VEA) for
these clusters (see Fig. 6 and Table 4) by assuming the geometry
for the charged cluster to be the same as for the neutral one. The
VEA exhibits an odd-even pattern. This is a consequence of the

HOMO-LUMO gap/eV

Fig. 4. The HOMO-LUMO gap of the Al,As and Al, clusters.

Vertical ionization potential (VIP) and vertical electron affinities (VEA) of Al,As
(n=1-15) clusters at B3LYP/6-311+g* level.

Cluster VIP (eV) VEA (eV)
AlAs 7.84 2.00
Al As 7.84 2.39
Al3As 7.04 0.79
Al4As 6.31 1.83
AlsAs 6.66 1.66
AlgAs 6.34 1.91
Al;As 6.10 1.78
AlgAs 6.49 222
AlgAs 6.52 1.99
AlypAs 6.21 2.40
Aly1As 6.30 1.81
AlyzAs 6.31 2.64
Aly3As 6.35 1.35
Al14As 5.87 244
Aly5As 6.02 2.14

electron pairing effect. In the case of clusters with an even num-
ber of valence electrons, the extra electron has to go into the next
orbital, which costs energy, resulting in a lower value of VEA. A com-
parison of the VEAs of Al,As clusters and pure aluminum clusters
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Table 5
Static mean polarizadbility (o) and mean polarizability per atom ((«)/n + 1) of Al,As
clusters calculated within the B3LYP with (6-311+G*) basis set. All values are in a.u.

System Olxx ayy oz, (o) (a)n+1
AlAs 128.6 419 104.2 91.6 45.8
Al;As 72.0 270.9 101.1 148.0 49.3
Al;As 224.7 224.7 105.7 185.0 46.3
Al4As 122.0 331.7 2253 226.3 45.3
AlsAs 195.9 256.6 269.1 240.5 40.1
AlgAs 313.7 276.4 265.8 285.3 40.8
Al;As 526.7 289.8 243.6 3534 44.2
AlgAs 475.3 337.5 299.3 370.7 41.2
AlgAs 489.5 361.1 380.2 410.3 41.0
AljpAs 534.6 417.5 381.7 444.6 40.4
Al11As 460.9 514.8 451.7 475.8 39.7
Aly;As 540.5 544.7 426.9 504.0 38.8
Aly3As 558.9 533.8 506.2 533.0 38.1
Al4As 623.7 520.1 519.9 554.6 371
Aly5As 685.2 593.8 500.6 593.2 37.0

again shows that the most Al, and Al,,_;As have the approximate
values of VEAs. This observation is consistent with the observations
from VIPs.

Another useful quantity is the chemical hardness [29], which
can be approximated as

1 1

T 30-A) " 206 —en)’ )

where A and I are the electron affinity and ionization potential, &
andey are the energies of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO),
respectively. Chemical hardness has been established as an elec-
tronic quantity that in many cases may be used to characterize the
relative stability of molecules and aggregates through the princi-
ple of maximum hardness (PMH) proposed by Pearson [30]. The
PMH asserts that molecular systems at equilibrium present the
highest value of hardness. The hardness of Al,As clusters, calcu-
lated according to Eq. (5) using VIP for the ionization potential and
VEA for the electron affinity, is shown in Fig. 7. Assuming that the
PMH holds in these systems, we expect the hardness to present an
oscillating behavior with local maxima at the clusters with even
valence-electron clusters, as found for the VEA, and the relative
energy in Figs. 3 and 6 shows that the even valence-electron clusters
present higher values of hardness than their neighboring clusters.
We observe the even-odd oscillating feature similar to that already
stressed in the VEA, and stability criteria. Stable clusters are harder
than their neighbors’ odd valence-electron systems.

We present in Table 5 the static mean polarizability (@) and
mean polarizability per atom ({(@)/n+1) for the lowest-energy
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Fig. 7. Hardness of Al,As cluster.

structures calculated within the B3LYP scheme. The static mean
polarizability («) is calculated from the polarizability tensor com-
ponents as

(o) = (axx + ayy +azz) (6)

The static polarizability represents one of the most important
observables for the understanding of the electronic properties of
clusters, itis proportional to the number of electrons of the systems,
and it is very sensitive to the delocalization of valence electrons as
well as to the structure and shape of the system. In Table 5 we
note that when going from Al;As to Al;sAs the polarizability of
the clusters increases monotonically showing the expected propor-
tionality with n (or the total electrons number). We note in Table 5
that the mean polarizability per atom ((o)/n+ 1) of Al,As clusters
decreases from 49.3 a.u. for Al;As to 37.0 a.u. for Al;sAs, with the
lowest value (37.0 a.u.) for Al{5As. The lowest value of polarizability
per atom occurs for Al;5As, which can be due to a combined effect
of the compactness of structure and the electronic shell closure
that occurs for this cluster. The closed-shell electronic configura-
tion of Aly5As will result in the low response of the electrons to the
applied electric field, resulting, thereby, in lower value of polar-
izability. Chattaraj et al. have proposed a minimum polarizability
principle (MPP) [31,32] which states that the natural direction of
evolution of any system is toward a state of minimum polarizabil-
ity. There are many studies confirming the validity of the MPP on
different kind of reactions and systems. So we can speculate the
AlysAs cluster is a stable cluster. It is also evident from Table 5 that
the odd-even oscillations, which are present in the dissociation
energy, the second-order energy differences, VEA and hardness, are
not seen here.

4. Summary and conclusions

Aluminum clusters doped with a single As impurity atom has
been studied by an all-electron linear combination of atomic orbital
approach, within spin-polarized density functional theory, using
the GGA scheme for the exchange-correlation. The As impurity is
found to occupy a peripheral position. The stability of the lowest-
energy structures is investigated by analyzing energies. Odd-even
oscillations are observed in most of the physical properties inves-
tigated, suggesting that clusters with an even number of electrons
are more stable than their odd-electron neighboring clusters.
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