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The geometrical structures, relative stabilities, electronic and magnetic properties of small B,Al™ (2 < n < 9)

clusters are systematically investigated by using the first-principles density functional theory. The results show that

the Al atom prefers to reside either on the outer-side or above the surface, but not in the centre of the clusters in all of

the most stable B,Al™ (2 < n < 9) isomers and the one excess electron is strong enough to modify the geometries of

some specific sizes of the neutral clusters. All the results of the analysis for the fragmentation energies, the second-order

difference of energies, and the highest occupied-lowest unoccupied molecular orbital energy gaps show that B4Al™ and

BgAl™ clusters each have a higher relative stability. Especially, the BgAl™ cluster has the most enhanced chemical

stability. Furthermore, both the local magnetic moments and the total magnetic moments display a pronounced odd—

even oscillation with the number of boron atoms, and the magnetic effects arise mainly from the boron atoms except

for the B7Al™ and BgAl~ clusters.
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1. Introduction

In recent years, an increasing interest in the area
of the physical and chemical properties of boron and
doped-boron clusters has been aroused due to their
potential applications in designing nanoscopic devices
and catalysts. Many types of boron clusters have been
investigated experimentally and theoretically.' =% In
light of the experimental data and computational sim-
ulations, one can find that the planar or the quasi-
planar nuclear arrangement is consistently more sta-
ble than any of the other three-dimensional structures
for small-sized boron clusters. Besides the studies
of pure clusters, many studies of doped clusters con-
taining boron atoms have been conducted.'9=18] For
instance, the photoelectron spectra of one or two B
atoms doped aluminum clusters Al,,B,,” (n > 5 for
m =1, n > 10 for m = 2) have been reported,'® and
the mass spectra of Al,B,,” (m+n =38, m=1-2)
clusters have been investigated by Jiang et all'® In
addition, a number of theoretical calculations on Al-
B mixed clusters have also been reported.9=23] For
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example, Feng and Luo! used the density functional
theory (DFT) to calculate the structures and stabil-
ities of the Al-doped boron clusters up to n = 12.
Subsequently, Boyiikataa and Giivenc?3 further de-
termined the electronic and the structural properties
of AIB,, (n = 1-14) with the same method.!?’!

Up to now, the have been only a few reports on
mixed aluminum boron B, Al~ clusters. However, in-
terest in their potential applications has spurred con-
siderable activity over the past couple of years. Espe-
cially, Romanescu et al.?* recently published the re-
sults of experimental photoelectron spectroscopic and
computational studies of two Al-doped boron clusters
BgAl~ and By Al™. Subsequently, the structural and
electronic properties of two aluminum-doped boron
clusters B;rAl~™ and BgAl~ have been investigated by
Galeev et al.1?®! using photoelectron spectroscopy and
ab initio calculations. Nevertheless, there has been
no systematic theoretical investigation on clusters of
B,Al” (2 < n < 9) until now.
whether their structures and properties differ greatly

It is not known
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from those of neutral B, Al clusters. Therefore there
is an urgent need to discuss the structural, electronic,
and magnetic properties in small boron cluster anions
doped with aluminum.

In the present work, we systematically perform
a DFT investigation on the stable geometrical struc-
tures, relative stabilities, electronic and magnetic
properties of aluminum-doped boron B,Al™ (2 <n <
9) clusters and compare the results with those of the
corresponding neutral clusters. All of the structures
reported here have positive vibrational frequencies to-
ward the nuclear displacements and therefore corre-
spond to the potential energy minima. Our work is
expected to be useful for understanding the influence
of the material structure on its properties and so of-
fer relevant information for further experimental and
theoretical studies. The rest of the present paper is
organized as follows. In Section 2 we give a brief de-
scription of the theoretical approach. The geometri-
cal structures, the relative stabilities, the electronic
and the magnetic properties of the aluminum-doped
boron clusters B,,Al™ (2 < n < 9) are given in Section
3. Conclusions are drawn from the present study in

Section 4.

2. Theoretical methods and com-

putational details

The ground states of the B,Al™ (2 < n < 9)
clusters are determined by means of generalized gra-
dient approximation to DFT using GAUSSIAN 03
programs.[26l BPW91, the gradient-corrected Becke’s
exchangel?”) combined with Perdew-Wang’s correla-
tion functionals?® is employed in these calculations.
The reliability of the present computational method is
validated by calculating the first vertical detachment

energy

(VDE = Eneutral at optimized anion geometry

optimized anion)a
for which the experimental results are available.

Table 1. Experimental vertical detachment energies
(VDEs) of BgAl~, B7Al™, and BgAl~ clusters compared
with those calculated for the lowest-energy isomers.

Cluster B3LYP  BP86 BLYP BPWOI1 Expt
BeAl~ 2.29 2.58 2.24 2.47 2.49
B7Al~ 3.11 3.21 5.23 3.11 3.31
BgAl~ 3.80 3.76 3.76 3.57 3.66

The calculated results using the B3LYP,[29-31]
BP86,32 BLYP,[?3] and BPW91[2728] functions are
presented in Table 1 and compared with experimen-
tal values.?*?%] The results obtained using BPW91
functionall?"28] are the closest to the experimental
data, which can be clearly seen from Table 1. There-
fore, the BPW91 functional and the 6-311+G(d) basis
set can jointly well describe the interactions between

the atoms and can be applied to B,,Al~ clusters.
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Fig. 1. The lowest-energy structures and low-lying iso-
mers for B,Al™ (2 < n <9) clusters, where the black and
the gray balls represent Al and B atoms, respectively.

For the optimization process of each cluster ge-
ometries, a considerable number of possible initial
structures are explored. Here we only list a number
of the lowest-energy structures and low-lying isomers
in Fig. 1. In addition, all allowable spin multiplici-
ties are considered for a given initial structure: spin-
restricted DFT calculations are employed for the sin-
glet state, while spin-unrestricted DFT calculations
Vibra-

tion frequencies are also analysed with the purpose of

are employed for all other electronic states.

confirming the stability of structure. If an imaginary
vibrational mode is found, a relaxation along the co-

ordinates of the imaginary vibrational mode is carried
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out until the true minimum is actually obtained. In
addition, the total energies of these lowest-energy clus-
ters determined in our optimizations are then used to
study the evolution of their first vertical electron de-
tachment energies, average binding energies, fragmen-
tation energies, and second-order difference of energies
each as a function of cluster size. All charge popula-
tions are obtained with natural population analysis
(NPA),[343% and the gaps between the highest occu-
pied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) for the most stable

isomers are obtained in our optimizations as well.

3. Results and discussion

We determine the optimized geometries of the
lowest-energy structures and obtain a number of low-
lying isomers for B,, A1~ clusters up to n = 9 at DFT/
BPW091/6-3114G(d) level, which are described in Sec-
tion 2. According to the total energy from low to
high, the different low-lying isomers are designated
by na, nb, nc, and nd, where n is the number of B
atoms in B, Al™ clusters. The lowest-energy struc-
tures and some low-lying metastable isomers are pre-
sented in Fig. 1.
about the electronic states, symmetries, lowest fre-
quencies, HOMO and LUMO energies, as well as the
natural charge populations (NCP) of Al atoms in the
B, ,Al~ clusters are listed in Table 2.

In addition, detailed information

Table 2. Electronic states, symmetries, lowest frequencies, HOMO energies, LUMO energies, and natural
charge populations (NCP) of Al atoms for B,Al™ (2 < n < 9) clusters (1 hartree=27.21 eV).

Isomer State Symmetry Frequency/cm ™! HOMO /hartree LUMO/hartree NCP of Al/e
2a 1A, Clay 501.919 0.006 0.033 0.341
2b 3% Coov 69.027 0.014 0.028 0.247
2c 3B Clay 52.318 0.016 0.029 -0.194
3a 2A, Cay 229.030 0.002 0.030 0.411
3b ’Ba Cay 118.322 0.025 0.034 0.496
3c .Y Cs 86.674 0.011 0.020 0.480
3d 2B, Cay 107.595 -0.007 0.009 0.456
4a .Y Cs 162.132 -0.017 0.033 0.394
4b 3A/ Cs 88.498 0.004 0.001 0.401
4c A7 Cay 103.269 -0.030 -0.012 0.755
4d 5B, Day 107.183 -0.022 -0.004 0.706
5a 2A C1 54.363 -0.012 0.015 0.411
5b 1A C1 133.548 -0.012 -0.003 0.541
5c AN Cs 148.356 -0.007 -0.004 0.591
5d 4A C1 181.389 -0.014 0.017 0.633
6a A C1 106.799 -0.009 0.024 0.775
6b 3A Ch 99.833 -0.036 —-0.012 0.538
6c LA/ Cs 182.710 -0.026 0.044 0.668
6d 1A C1 136.240 -0.022 0.030 0.462
Ta 2A, Cey 318.101 -0.030 -0.006 0.935
b 27/ Cs 51.380 -0.019 0.004 0.849
Tc 2A/ Cs 74.464 -0.029 —-0.003 0.468
7d 2A/ Cs 95.088 -0.018 0.005 0.585
8a A C1 141.695 —0.043 0.080 0.461
8b LAY Cs 41.353 —-0.000 -0.014 0.966
8¢ 3A Cs 164.035 -0.035 -0.001 0.456
8d A Cs 143.016 -0.024 0.000 0.733
9a 2A C1 92.436 —-0.036 -0.013 0.804
9b 2A7 Cs 85.084 —-0.026 0.000 0.853
9c 2A/ Cs 88.999 -0.047 0.012 0.539
9d 2A’ Cs 72.119 —0.001 0.011 1.515
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3.1. Equilibrium geometry

The calculated results for BAI™ show that the
quartet spin state is 0.28 eV and 2.77 eV lower in en-
ergy than the doublet and sextet spin states, respec-
tively. The equilibrium bond distance of BAI™ is cal-
culated to be as long as 2.10 A (1 A=0.1 nm), which is
longer than that of the BAI (2.05 A) cluster. Whereas,
the calculated bond energy of the BAI™ (3.39 V) is
bigger than that of the BAl (2.24 eV), calculated for
the dissociation into B and Al), indicating that the B—
Al~ bond is stronger than the B-Al bond and the one
excess electron can strengthen the stability of BAI

All possible initial structures of the Bo Al cluster,
i.e., linear structures (Dsop, Coow) as well as the tri-
angle structures (acute angle or obtuse angle), are op-
timized at the BPW91 level. Calculated results show
that the lowest-energy isomer 2a (Fig. 1), is an isosce-
les triangle structure (C2,), with two B-Al bonds of
2.05 A and one B-B bond of 1.54 A. The energeti-
cally closest isomer 2b is a triplet state (3%) with Ci,
symmetry, which is 0.90 eV higher in energy than 2a.
Moreover, the obtuse isosceles triangle structure, iso-
mer 2c¢, with an apex angle of 113.54° is the least
stable structure of BoAl™ cluster in Fig. 1. It should
be pointed out that isomers 2a and 2b also occur in
the case of the neutral ByAl cluster,[23 while the iso-
mer 2c¢ is not confirmed as local minima in the ByAl
cluster optimizations. (23]

In the case of n = 3, the lowest-energy isomer 3a
(shown in Fig. 1) can be obtained by adding one boron
atom directly to the most stable structure 2a of Bo Al
cluster and the structure of isomer 3a is the third iso-
mer in the BsAl cluster optimizations./?®! The second
stable structure 3b for Bg3Al™ is a Y-shaped structure
with the symmetry of Cs, and the electronic state of
2B,, and it is the ground-state structure for a neu-
tral BsAl cluster. Isomer 3c is found within an energy
range of 1.33 eV, and it has a shape of plane C rhom-
bus with a quartet electronic state (*A’). From Fig. 1,
we can clearly see that the isomer 3d is also a Y-like
structure, which is similar to the structure of the iso-
mer 3b. Whereas, the Al atoms are at the different
positions in both structures of 3b and 3c. Besides, the
calculated VDE value of the ground-state structure 3a
is 2.47 eV.

With respect to B4Al™ cluster, both the lowest-
energy structure 4a and the energetically closest iso-
mer 4b (see Fig. 1) are consistent with the equivalent
of the neutral B4Al cluster, 23 which can be obtained

by capping one boron atom on the peripheral site of
the most stable B3Al™ frame with a little distortion.
The VDE value (2.67 eV) for the ground-state struc-
ture 4a is achieved in our calculations. Isomer 4b is
0.77 €V higher in energy than the ground-state struc-
ture 4a. Moreover, by adding one boron atom directly
into the structure of the isomer 3d, the planner X-like
structure 4c and three-dimensional (3D) X-like struc-
ture 4d can be created. Surprisingly, isomer 4c has a
relatively high symmetry of Dog.

As for the B5Al™ cluster, numerous possible ini-
tial geometries are optimized. According to the cal-
culated results, it should be pointed out that the
lowest-energy structure is also a planar configuration,
which is consistent with the result of the neutral B5Al

(21] As shown in Fig. 1, the ground-state struc-

cluster.
ture 5a with the electronic state of 2A can be regarded
as a stable Bs framel®l with one Al atom capped on
the peripheral position with a little distortion and its
first VDE value (2.63 eV) is also obtained in our the-
oretical calculations. The energy closest to isomer 5b
can be viewed as the overlap of two rhombus struc-
tures, which is only 0.16 eV less stable than the 5a
isomer. The planar 5c isomer, in the electronic state
of A’ is 0.38 eV higher in energy than the ground-
state ba. Furthermore, we also find the least stable
structure 5d within an energy range of 0.76 eV, which
can be regarded as a deformed trapezoid built up by
six atoms.

In the optimization process, four different isomers
(6a, 6b, 6¢, and 6d) within an energy range of 0.25 eV
are found. The lowest-energy hexagon-shaped isomer
6a is a quasi-planar structure with the symmetry of Cy
and the electronic state of 'A’. Its calculated VDE
value is 2.47 eV, which is in good agreement with
the experimental result (2.49+0.03 eV).[?4 The planar
trapezoidal structure 6b, composed of seven atoms, is
the second-stable structure with respect to the iso-
mer 6a. In addition, the other two low-lying isomers
6¢ and 6d (shown in Fig. 1) with low symmetry are
also found for BgAl™ cluster and their energies are
0.22 eV and 0.25 eV higher than those of the ground
state respectively. It is worthwhile pointing out that
all the results obtained in our calculations are in excel-
lent agreement with the results given by Romanescu
et al.l?4

For n = 7, the umbrella-type isomer 7a (Cg,,2A1),
which is similar to the structure of the B;Li~[*8] and
consistent with the previous result,?® is the ground-

state structure of B7Al™ cluster. Its VDE value
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(3.11 eV) is also obtained in our theoretical calcula-
tions, which is somewhat lower than the experimental
result (3.31 eV).[?") The planar structure 7b, a de-
formed heptagon with a boron atom in the centre, is
the lowest-energy structure in the case of the neutral
B-Al cluster optimizations.[23] The appreciable geom-
etry change from B7Al to B;yAl™ is caused by the one
excess electron. Again, we perform an extensive search
for other low-lying isomers. The following structures
7c and 7d are 0.80 eV and 0.81 eV higher in energy
than the isomer 7a, respectively.

As for n = 8, four stable structures denoted as
8a, 8b, 8c, and 8d, are optimized to be the min-
ima at the energy surface. As shown in Fig. 1, the
umbrella-type isomer 8a, which can be obtained by
adding one Al atom above the 7-boron ring plane,
is the lowest-energy structure. This geometry is not
only consistent with the previous result!?® but also
similar to the ground-state structure of the neutral
BgAl cluster.23! On the basis of the optimized struc-
ture (8a), the single-point energy of the neutral iso-
mer with the same anion geometry is calculated, so
the corresponding VDE value (3.57 eV) is obtained,
which is somewhat smaller than the experimental re-
sult (3.66 eV). Isomer 8b, with the symmetry of Cj
and electronic state of 3A’, is the second stable struc-
ture in comparison with isomer 8a. In addition, iso-
mers 8c and 8d, which possess identical structural
symmetry (Cy) and different electronic states (1A’ for
8c and 3A” for 8d), are also obtained in our optimiza-
tion process.

For BgAl~ clusters shown in Fig. 1, the dove-
tailed hexagonal bipyramid structure 9a, which cor-
responds to the second-stable isomer in the case of
the BgAl cluster optimizations,®3 is the most sta-
ble structure of BgAl™ cluster and its calculated VDE
value is 3.08 eV. The second stable isomer 9b and the
umbrella-like structure 9c are also obtained in the en-
ergy range of 0.65 eV. The planar wheel structure 9d is
only an isomer fully constructed boron ring around the
Al atom. Though the isomer 9b in a high coordinated
position, it does not correspond to the lowest-energy
and it is 0.83 €V higher in energy than the isomer 9a
so it is less stable than the isomer 9a. However, this
geometry is the ground-state structure in the neutral
BoAl cluster optimizations.??]

According to the above discussion, the ground-
state isomers for B,,Al™ (2 < n < 9) are different from
those of the corresponding neutral B,, Al clusters ex-
cept BoAl™, BgAl~, and BgAl™. This indicates that

the one excess electron is strong enough to modify
the geometries of some specified sizes of neutral clus-
ters. Moreover, it is worthwhile pointing out that the
Al atom prefers to reside either on the outer side or
above the surface, not in the centre in all of the most
stable B,, A1~ (2 < n < 9) structures.

In light of the calculated VDE values, we plot each
of them as a function of cluster size in Fig. 2. From
the figure, two local peaks occurring at n = 4 and
n = 8 can be clearly observed. Unfortunately, there
have been no experimental data of VDE for B, Al™
(2 < n < 9) clusters except BgAl™, By Al™, and BgAl~
clusters until now. Therefore, it is expected that our
theoretical results will provide some guidance for fur-
ther experiments aiming at determining the VDE val-
ues of B,,Al™ (2 < n <9) clusters.
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Fig. 2. Size dependence of the calculated vertical electron
detachment energies (VDE) for the lowest-energy struc-
tures of B,Al™ (2 < n <9) clusters.

3.2. Relative stability

In order to predict the relative stabilities of
BrAl™ (2 < n < 9) clusters, we calculate the values
of average binding energy Ey, fragmentation energy
A1 E, and second-order difference of the total energy
Ao E for isomers with the lowest-energies by using the
following formulas:

E(Al")+nE(B) — E(B,Al)
n+1

BEy(B,Al7) = (1)
AE(BRLALT) = E(B,,—1Al7)
+ E(B) - E(BnAl_)z (2)
AyE(BRAlT) = E(B,_1Al")

+ EBn1Al7) —2E(BRALT),  (3)
where E(Al7), E(B), E(B,Al7), E(B,,-1Al7), and
E(B,,+1Al7) respectively represent the total energies
of the most stable Al=, B, B,Al~, B,,_1Al~, and
B, 4+1Al™ clusters. In addition, for B,,Al™ clusters the
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calculated values of average binding energy FE,, frag-
mentation energy A1 F, and the second-order differ-
ence of the total energy Ay E are plotted as curves in
Figs. 3(a), 3(b), and 3(c), respectively. As presented
in Fig. 3(a), the average binding energies of B, Al~
and B, Al clusters both increase monotonically with
cluster size, which reflects the fact that the bigger
the cluster, the more stable the molecular property
is. Meanwhile, that the average binding energies of
B, Al clusters are smaller than those of B, Al™ clus-
ters can also be clearly seen from Fig. 3(a), implying
that the one excess electron can improve the stability
of neutral B, Al clusters. Furthermore, there are two
visible peaks in the curve, located at n = 4 and 8,
indicating that B4Al~™ and BgAl™ clusters are more
stable than their neighbouring clusters.

>
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Size (number of boron atoms n)

Fig. 3. (a) Average binding energies for the lowest-energy
structures of B, Al™ (solid squares) and B, Al (solid dots
Ref. [23]) each as a function of cluster size. Size depen-
dence of the fragmentation energies (b), and the second-
order difference energies (c) for the lowest-energy struc-
tures of B, A1~ clusters.

In cluster physics, the fragmentation energies and
second-order difference of energies are sensitive quan-
tities that reflect the relative stabilities. Therefore,
the size dependences of the fragmentation energies and
second-order difference of energies for B,Al™ (2 <n <
9) clusters are further investigated. As presented in
Figs. 3(b) and 3(c), the local peaks located at n = 4
and 8 in both curves of the fragmentation energies and
second-order difference of energies imply that B4Al~
and BgAl™ clusters keep high stability compared with
the clusters in their vicinity. These are consistent with
the calculated results of the average binding energies.
Furthermore, as shown in Fig. 3(a)-3(c), the maxi-
mum magic number of the relative stability is n = 8
among the investigated B, Al™ (2 < n < 9) clusters,
reflecting that the BgAl~™ cluster is the most stable
geometry, which is in good agreement with the calcu-
lated VDE result.

3.3. Electronic properties

The electronic properties of B, Al~ clusters are
discussed by examining the energy gap between the
HOMO and the LUMO, because the HOMO-LUMO
energy gap reflects the ability for electrons to jump
from an occupied orbital to an unoccupied orbital and
can also provide an important criterion for judging the
chemical stability of clusters to some degree. A large
gap corresponds to a high strength required to per-
turb the electronic structure. In general, a bigger gap
indicates a weaker chemical activity, while a smaller
one corresponds to a stronger chemical activity. Fur-
thermore, the HOMO and LUMO energies for the
lowest-energy and low-lying isomers of B,, A1~ clusters
are summarized in Table 2. Meanwhile, the size de-
pendence of HOMO-LUMO gaps for the ground-state
isomers of B, Al™ is plotted in Fig. 4. For compari-
son, the size dependence of HOMO-LUMO gaps for
the lowest-energy B, Al structures is also plotted in
Fig. 4.

As seen from Fig. 4, the primary features are
concluded as follows. (i) The HOMO-LUMO energy
gaps for the most stable B,Al™ (2 < n < 9) clus-
ters range from 0.63 eV to 3.35 eV. (ii) It is inter-
esting to note that the HOMO-LUMO gaps exhibit
bigger oscillations at n = 4 and 8, indicating that
B4Al™ and BgAl™ clusters are more stable than their
neighbouring clusters, which is in accordance with the
behaviours of the fragmentation energies and second-
order difference of energies versus n (Figs. 3(b) and
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3(c)). (iii) In particular, the cluster of BgAl™ has
a largest HOMO-LUMO gap of 3.35 eV, implying
that BgAl™ cluster has dramatically enhanced chem-
ical stability and can be viewed as building block for
constructing the cluster-assembled materials. (iv) It
should also be pointed out that the variation trend of
the HOMO-LUMO energy gaps for B,, A1~ clusters is
consistent with that for the neutral B,, Al clusters.

5.5

4.5

3.5

2.5

1.5

HOMO-LUMO gaps/eV

0.5

2 3 4 5 6 7 8

Size (number of boron atoms n)

Fig. 4. Size dependences of the highest occupied-lowest
unoccupied molecular orbital energy gaps for the lowest-
energy structures of B, Al™ (solid squares) and BjAl
(solid dots Ref. [23]) clusters.

For giving a reasonable explanation of the charge
transfer within the clusters, the natural population
analysis (NPA) has been performed in this part, and
the NPA results of the Al atom for the lowest and low-
lying energy B,, A1~ species are summarized in Table 2.
From Table 2, we can clearly see that the charge tends
to transfer from Al atom to B atom and the charge
transfers are in a range of 0.34-0.94 electrons in the
ground-state B,,Al™ (2 < n < 9) structures. That is,
the Al atom behaves as an electron donor in all stable
Br,Al” (2 < n <9) clusters. This phenomenon may
be caused by a difference in electronegativity between
Al (1.61) and B (2.05).

3.4. Magnetic properties

On the basis of the most stable geometries, the
total magnetic moments of B, Al™ (2 < n <9) as well
as the local magnetic moments of Al atoms in B, Al~
clusters are presented in Fig. 5. As seen from Fig. 5,
each of the total magnetic moments of the most sta-
ble B,,Al™ clusters as a function of cluster size shows
For the

B,,Al~ clusters with even-number boron atoms, the

a dramatic odd—even alternative behaviour.

total magnetic moment is zero, whereas for odd n, the
value is 1 pug. In addition, the total magnetic moment

is located mainly on the B atoms except for B;Al~
and BgAl™, whereas the magnetic moment located at
the Al atoms is small (about 0.05 ug—0.45 pug).

1.0

o o o
IS =) 0

Magnetic moment/up
o
io

o

2 3 4 5 6 7 8 9

Size (number of boron atoms n)

Fig. 5. Size dependences of the total magnetic moments
of the B, Al™ clusters (solid squares), and the local mag-
netic moments on the Al atoms (solid dots).

To better understand the magnetic properties of
Br,Al™ (2 < n < 9) clusters, we perform a detailed
analysis of the local magnetic moments of Al atom in
the lowest-energy B,, A1~ clusters. The local magnetic
moments of 3s, 3p, and 3d states for the Al atoms
are summarized in Table 3. As shown in Table 3, the
magnetic moment of the Al atom is mainly from the
3p state except for the B7Al™ cluster, the next is the
3s state, and the 3d state has no contribution to the

magnetic moment of the Al atom.

Table 3. Values of total magnetic moment (p) of By Al™
clusters, local magnetic moment (p4)) of Al atom, and mag-
netic moment of 3s, 3p, and 3d states for Al atom in the
lowest-energy B, Al™ (2 < n < 9) clusters.

Cluster Lt LAl 3s 3p 3d
B2 Al™ 0 0 0.00 0.00 0.00
B3Al~ 1 0.45 0.13 0.32 0.00
B4Al™ 0 0 0.00 0.00 0.00
BsAl™ 1 0.05 0.01 0.04 0.00
BgAl™ 0 0 0.00 0.00 0.00
BrAl~ 1 0.90 0.46 0.44 0.00
BsAl~ 0 0 0.00 0.00 0.00
BoAl™ 1 0.52 0.22 0.29 0.00

4. Conclusion

The geometrical structures, the relative stabili-
ties, the electronic and the magnetic properties of
different sized Al-doped boron B,Al~™ (2 < n < 9)
clusters are investigated systematically by employing
the density functional calculations at the BPW91 level

043102-7



Chin. Phys. B Vol. 21, No. 4 (2012) 043102

with the basis set of 6-3114G(d). The main results
are summarized in the following.

(I) All of the ground-state isomers of B,, A1~ (2 <
n < 9) clusters are different from the corresponding
neutral B, Al clusters except BoAl™, BgAl™, BgAl™
and the Al atom prefers to reside either on the outer
side or above the surface, but not in the centre of the
clusters.

(IT) The size dependences of the fragmenta-
tion energies, second-order difference of energies, and
the HOMO-LUMO energy gaps of the lowest-energy
structures are discussed separately. It is worthwhile
pointing out that the clusters of B4Al™ and BgAl™
have higher stability than their neighbouring clusters.
Especially, the BgAl™ cluster shows the strongest sta-
bility due to its maximum peak in all of the curves
(Figs. 3(b), 3(c), and Fig. 4). In addition, the one
excess electron is strong enough to modify the geome-
tries of some specific sizes of neutral clusters and can
improve the stabilities of the corresponding neutral
clusters.

(ITI) As for the influence of the cluster size on
magnetic moment, a pronounced odd—even oscillatory
phenomenon is observed separately for the local mag-
netic moment of the Al atom and for the total mag-
netic moments of B,, A1~ clusters. Namely, the lowest-
energy structures of B, Al™ (2 < n < 9) clusters with
odd-numbered boron atoms each have a total mag-
netic moment of 1 pg, which is located mainly on the
boron atoms, whereas for even-numbered boron atoms
they exhibit nonmagnetic ground states.
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