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ABSTRACT: A systematic examination of the aluminum doped silicon clusters, SinAlm with
n = 1−11 and m = 1−2, in both neutral and anionic states, is carried out using quantum
chemical calculations. Lowest-energy equilibrium structures of the clusters considered are
identified on the basis of G4 energies. High accuracy total atomization energies and
thermochemical properties are determined for the first time using the G4 and CCSD(T)/CBS
(coupled-cluster theory with complete basis set up to n = 3) methods. In each size,
substitution of Si atoms at different positions of a corresponding pure silicon clusters by Al
dopants invariably leads to a spectrum of distinct binary structures but having similar shape
and comparable energy content. Such an energetic degeneracy persists in the larger cluster
sizes, in particular for the anions. The equilibrium growth sequences for Al-doped Si clusters
emerge as follows: (i) neutral singly doped SinAl clusters favor Al atom substitution into a Si
position in the structure of the corresponding cation Sin+1

+, whereas the anionic SinAl
− has one

Si atom of the isoelectronic neutral Sin+1 being substituted by the Al impurity; and (ii) for
doubly doped SinAl2

0/− clusters, the neutrals have the shape of Sin+1 counterparts in which one
Al atom substitutes a Si atom and the other Al adds on an edge or a face of it, whereas the anions have both Al atoms substitute
two Si atoms in the Sin+2

+ frameworks. The Al dopant also tends to avoid high coordination position.

1. INTRODUCTION

Clusters of the elements continue to attract much attention, in
part due to their large range of unusual physicochemical
properties and many promising applications. One of the most
interesting characteristics of atomic clusters is that they can be
formed by aggregating atoms of either one or several chemical
elements. The latter opens a great channel to design new mixed
cluster materials whose physicochemical properties can funda-
mentally differ from those of their parents.
Over the two past decades, a large number of binary clusters

containing two different chemical elements were extensively
investigated by both experiment and theory. However, most
previous studies focused on binary clusters with only one
impure atom. Although a number of studies on mixed alloy
metallic clusters have been carried out,1 relatively less is known
on impurity-rich binary nonmetal clusters, despite the fact that
it is of importance to have a better understanding about mixed
materials. From a theoretical viewpoint, one of the main reasons
for such a lack of reports is that the search for their global
minima is a difficult and tedious task, owing to the huge number
of local minima located on their potential energy surfaces. As a
consequence, impurity-rich binary clusters present an urgent
and necessary target for detailed studies.
Silicon based clusters are of great interest owing to their

potential applications in semiconductor and optoelectronic

industries.2−13 The characteristics of electronic structure,
spectroscopy, and thermochemical properties of small silicon
clusters in various charge states have carefully been studied in
the literature. More interestingly, since the first experimental
observation for the existence of endohedral transition metal
doped silicon clusters was reported,14 a large number of studies
on doped Si clusters were performed with the aim to determine
their electronic and magnetic properties and stabilities.15−47

Recently, we carried out several combined experimental
spectrometric and theoretical studies on doped silicon clusters
SinM with M = Li, Be, B, V, Mn, and Cu.47−50,50−52 Our
extensive findings indicated that, while Li and Cu prefer to be
absorbed on the surface of silicon hosts, V-doped clusters SinV

+

are built up by substituting one Si-atom of the Sin+1
+ frameworks

by one V-dopant. In addition, the endohedrally doped structures
with encapsulated impurities were also found at some special
sizes. For instance, Be and B were found to be located at the
center of Si8 and Si10 hosts.

49,52 Some transition metals are also
encapsulated into larger Sin cages with n = 12, 14, and 16.52−55

Among impure silicon materials, the aluminum−silicon mixture
gives rise to quite intriguing compounds. Previous studies also
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showed considerable significance of aluminum−silicon com-
pounds in nanomaterials fields.56−58 The Si nanowire interacted
by one Al-atom has been found to enhance electrical conductivity
as compared to pristine Si-nanowire.56 Kotlyar et al.57 found that
Al atoms form an ordered array of magic clusters on the surfaces
of Si(111). Paulose and co-workers58 also reported the persistent
formation of Al−Si nanowires. In this context, some studies on
small binary Al−Si clusters were performed. Sun et al.59 carried
out an experimental study on SinB

− and SinAl
− anionic clusters

(with n = 1−6) using a laser ablation technique and time-of-flight
mass spectrometry. The geometric structures of these clusters
were also investigated theoretically using density functional theory
(DFT) method. Subsequently, geometrical features and stabilities
of the SinAl

−/0/+ clusters with n = 2−21 were examined by
Li et al.60 using full-potential linear-muffin-tin-orbital molecular
dynamics (FP-LMTO-MD) method. However, according to
our best knowledge, investigations on multiple aluminum doped
silicon clusters have not been available yet. In addition, thermo-
chemical properties of the SinAl clusters that are fundamental
information for subsequent experimental studies, have not been
determined in earlier reports.
Motivated by the above reasons, we set out to perform a

systematic investigation on a series of small singly and doubly
aluminum doped silicon cluster SinAlm with n = 1−11 and m =
1−2, in both neutral and anionic states. Using the composite
G4 energies, we determine the geometries of the lowest-lying
equilibrium structures and thereby to probe their growth pattern.
Thermochemical properties of the clusters are calculated using
both high accuracy G4 and coupled-cluster theory CCSD(T)/
CBS approaches that were effectively used in our recent study on
boron-doped silicon clusters SinB.

50

2. COMPUTATIONAL METHODS
All electronic structure calculations are carried out using the
Gaussian0961 and Molpro200962 program packages. The
searches for energy minima are conducted using different
approaches. In the first, we use a stochastic genetic algorithm to
.generate all possible structures.63 The equilibrium structures that
are initially detected using low-level computations are reopti-
mized using a higher level method. In the second approach,
initial structures of clusters SinAl are manually constructed by
either substituting one Si-atom of the Sin+1 frameworks by one
Al-atom or adding one Al-atom at various positions on surfaces
of the Sin clusters. Similarly, the initial structures of SinAl2 clusters
are generated from known structures of pure silicon clusters
and singly aluminum doped silicon clusters SinAl. In addition, the
local energy minima of SinXm clusters previously reported are
also used as referenced structures.
The use of the genetic algorithm is less effective for

producing singly doped-clusters having small sizes because
most of the relevant structures in silicon clusters are relatively
well-known. On the contrary, the multidoped and larger size
clusters imply a huge number of initial structures and thus make
the genetic search necessary and more effective, even though
such a search is quite computationally demanding. Only a com-
bination of different search approaches allows a consistent set
of lower-energy structures to be obtained.
While low-level computations on initial geometries are

carried out using the hybrid B3LYP functional in conjugation
with the 6-31G(d) basis set, all selected equilibrium geometries
of SinAlm (n = 1−11, m = 1−2) are fully optimized using the
same functional but with the larger 6-311+G(d) basis set.64−66

In order to confirm the identity of true local minima obtained,

their harmonic vibrational frequencies are also calculated at the
same level of theory.
Standard enthalpies of formation of the global minima are

subsequently evaluated from the corresponding total atomization
energies (TAE).67 For this parameter, two sets of calculations are
performed, including the composite G4 approach68 and the
coupled-cluster theory with complete basis set CCSD(T)/CBS.
In the former approach, geometry optimizations and calculations
of harmonic vibrational frequencies of clusters are carried out
at the B3LYP/6-31G(2df,p) level, followed by single-point
coupled-cluster theory CCSD(T) energy calculations and
different additivity corrections. These methods have effectively
been used to predict the thermochemical properties of a series of
small boron clusters69 and boron-doped silicon clusters.50

In the CCSD(T)/CBS approach used, geometrical param-
eters are fully optimized using the coupled-cluster CCSD(T)
theory70 along with the correlation consistent aug-cc-pVTZ
basis set.71 Single-point electronic energies are subsequently
calculated using the restricted/unrestricted coupled-cluster
(R/UCCSD(T)) formalism72,73 with the aug-cc-pVnZ (n = Q
and 5) basis sets71 and then extrapolated to the complete basis
set limit (CBS). For simplicity, the basis sets are labeled as
aVnZ. The CCSD(T) energies are extrapolated to the CBS
limit energies using the expression 1:74

= +E x E B x( ) /CBS
3

(1)

where x = 4 and 5 for the aVnZ basis with n = Q and 5, re-
spectively. Total CCSD(T) electronic energies as a function of
basis set are given in Table S1 of the Supporting Information.
Some other additional corrections are also included in the TAE
evaluations. Core−valence corrections (ΔECV) are obtained at
the CCSD(T)/aug-cc-pwCVTZ level of theory.75 Douglas−
Kroll−Hess (DKH) scalar relativistic corrections (ΔEDKH‑SR),
which account for changes due to relativistic contributions to
total energies of the molecule and constituent atoms, are cal-
culated using the spin-free, one-electron DKH Hamiltonian.76−78

ΔEDKH‑SR is defined as the difference in the atomization energy
between the results obtained from basis sets recontracted for
DKH calculations and the atomization energy obtained with the
normal valence basis set of the same quality. The DKH calcula-
tions are obtained as the differences of the results from the
CCSD(T)/aug-cc-pVTZ and the CCSD(T)/aug-cc-pVTZ-DK
levels of theory. Finally, a spin−orbit (SO) correction of
0.21 kcal/mol for the Al atom and 0.43 kcal/mol for the Si
atom are obtained from the excitation energies of Moore.79 The
total atomization energy (ΣD0 or TAE) of a compound is given
in expression 2:

Σ = Δ + Δ + Δ + Δ − Δ‐D E E E E E(CBS)0 elec CV DKH SR SO ZPE
(2)

By combining our computed ΣD0 values determined from either
the CBS or the G4 calculations, with the known experimental
heats of formation at 0 K for the Al and Si elements, we can
deriveΔHf° values at 0 K for the molecules in the gas phase. In this
work, we use the values at 0 K ΔHf°(Al) = 80.2 ± 0.4 kcal/mol
and ΔHf°(Si) = 107.2 ± 0.2 kcal/mol.80 We subsequently obtain
the heats of formation at 298 K by following the classical
thermochemical procedure.81 The calculated heats of formation at
0 K are used to evaluate the adiabatic electron affinity (EA) and
other energetic quantities. The G4 approach is used for the entire
series considered, while the CBS calculations are performed only
for the smaller molecules SinAl and SinAl2 with n = 1−3 due to the
limited computer resources.
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3. RESULTS AND DISCUSSION

Shapes of equilibrium structures of the SinAlm
0/− clusters

detected and their symmetry point groups and G4 relative
energies are shown in Figures 1−6. The different components
obtained in the CBS protocol for evaluating total atomization
energies (ΣD0) of the smaller clusters SinAlm

0/− (n = 1−3, m =
1−2) are given in Table 1, whereas their total CBS energies
and total G4 energies for all global minima SinAlm

0/− are
summarized in the Supporting Information. The values for
heats of formation of the clusters derived from their ΣD0 values
are given in Table 2. Computed adiabatic electron affinities
(EAs) of SinAlm clusters are given in Table 3, and average
binding energies (Eb) are tabulated in Table 4.
3.1. Lower-Lying Isomers of SinAlm Clusters in Both

Neutral and Anionic States. Because there is a large number
of isomers located on the potential energy surfaces of the
clusters considered, we only present in this context some lower-
lying isomers whose relative energies are close to each ground

state structure (within ∼1.0 eV). As for a convention, each
structure described hereafter is defined by the label x.n.m.Y in
which x = n and a stands for a neutral and anionic state,
respectively, n the size of Sin, m the size of Alm, and, finally, Y =
A, B, C refers to the different isomers with increasing relative
energy ordering. In the following section, we briefly describe
the main characteristics of the singly and doubly doped clusters,
in terms of their geometry, symmetry point group, spin state,
and relative energy. Concerning the energy ordering within
a system, the structure labeled with the letter A (x.n.m.A)
invariably refers to the lowest-lying isomer obtained from G4
calculations.

3.1.1. Singly Aluminum Doped SinAl
0/−. The main struc-

tures are displayed in Figures 1−3. There is a good agreement
between our predictions and earlier reports45,60,82 on the
identification of the global minima of small-sized SinAl with
n = 1−6 (Figure 1). Their main characteristics are as follows:
SiAl. The high spin state n.1.1.A (4Σ) with an electronic
configuration of [1δ22δ21π23δ1] is confirmed as the ground

Figure 1. Shapes, electronic states, and relative energies (ΔE, eV) of the lower-lying isomers SinAl with n = 1−6 at the (a) neutral and (b) anionic
states. ΔE values are obtained using the G4 approach. Values given in brackets are from B3LYP/6-311+G(d) + ZPE computations.
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state of the neutral diatomic, with a doublet-quartet separation
gap of 1.02 eV. This electronic configuration is similar to that
of Si2

+. Si2Al−Si6Al. Structure n.2.1.A is an isosceles triangle,
and n.3.1.A is planar. The smallest three-dimensional global
minimum is found for Si4Al where both structures n.4.1.A and
n.4.1.B are almost degenerate with an energy gap of only
0.02 eV. Both structures are formed by replacing one Si-atom of
the trigonal bipyramid Si5 by one Al-atom. Similarly, both Si5Al
n.5.1.A and Si6Al n.6.1.A are formed by substituting one
Si-atom of the edge-capped trigonal bipyramid Si6 and
pentagonal bipyramid Si7 hosts by one Al-atom, respectively.
Following attachment of one excess electron, the resulting

anionic clusters SinAl
− with n = 1−5 have geometries similar to

their neutral counterparts (Figure 1b). Interestingly, the anionic
cluster Si6Al

− has high symmetrical C5v structure a.6.1.A, which
is an anionic species of n.6.1.B. Structure a.6.1.B, which cor-
responds to an anionic state of the neutral n.6.1.A, turns out to
be less stable with relative energy of 0.20 eV.

Si7Al. There is a discrepancy between our prediction and
previous reports on the identity of the Si7Al ground state.
Earlier studies45,60 showed that n.7.1.E (Cs,

2A″), which is
formed by substituting one Si atom of the bicapped octahedral
Si8 framework by Al impurity, is the most stable isomer of Si7Al.
That differs from our G4 calculations that point out to the Cs

structure n.7.1.A.
Another Cs structure n.7.1.B is the second isomer with only

0.07 eV higher in energy. Both isomers are formed by replacing
one Si atom of the edge-capped pentagonal bipyramid of the
cation Si8

+ by one Al impurity.83 Our computed results agree
well with a more recent result obtained by Karamanis et al.84

In the anionic state, Li et al.60 reported that a.7.1.B is the
most stable isomer for Si7Al

−. However, we found that both
isomers a.7.1.A and a.7.1.B are almost degenerate with energy
gap of only 0.09 eV. The first isomer was missed in earlier
studies. Both isomers are again formed by substituting one Si
atom in bicapped octahedral of the Si8 host by Al dopant.

Figure 2. Shapes, electronic states, and relative energies (ΔE, eV) of the lower-lying isomers SinAl with n = 7−9 at the (a) neutral and (b) anionic
states. ΔE values are obtained using the G4 approach. Values given in brackets are from B3LYP/6-311+G(d) + ZPE computations.
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Si8Al. Nigam et al.45 showed that n.8.1.B is the most stable
isomer. Our G4 calculations emphasize the global minimum
character of n.8.1.A, being 0.10 eV below the second stable
isomer n.8.1.B. Both isomers n.8.1.A and n.8.1.B are also
formed by replacing one of Si atoms of the bicapped pentagonal
bipyramid Si9

+ framework83 by Al.
In the negatively charged state, our G4 results indicate that

a.8.1.A is the corresponding anion of n.8.1.B, whereas its
isomer a.8.1.B, being the corresponding anion of n.8.1.A, is
a local minimum lying 0.16 eV above a.8.1.A. There is thus a
reversed energy ordering between isomers upon electron
attachment. These results agree well with recent studies of Li
et al.60 and Karamanis et al.84

Si9Al. The ground state n.9.1.A (Cs,
2A′) is formed by

substituting one Si atom of trigonal prism of the tetra-capped
trigonal prism cage of Si10

85 by Al dopant. G4 calculations
result in a near degeneracy of both n.9.1.B and n.9.1.B with a
gap of only 0.06 eV.
In the anionic state, a higher symmetry structure a.9.1.A

(C3v,
1A1) is determined. Both lowest-lying isomers a.9.1.A and

a.9.1.B (at 0.24 eV above a.9.1.A) have a tetra-capped trigonal
prism Si10 framework. Other anionic structures are much less
stable.

Si10Al. According to B3LYP calculations, four neutral isomers
n.10.1.A, n.10.1.B, n.10.1.C, and n.10.1.E that exhibit the
same penta-capped trigonal prism framework of pure Si11

45 are
energetically degenerate within an energy range of 0.06 eV. At
the G4 level, however, the isomers n.10.1.C and n.10.1.E are
now 0.18 and 0.29 eV higher in energy than n.10.1.A,
respectively. For their part, n.10.1.A and n.10.1.B have the
same energy content (a tiny gap of 0.02 eV) and both thus
constitute the dual global minima of Si10Al. These predictions
are in good agreement with those of Karamanis et al.84

There is again a discrepancy between our predictions and
earlier studies for the ground state of the anion Si10Al

−.
A previous study60 showed that a.10.1.D, which is the
corresponding anion of n.10.1.B, is the most stable form.
Our G4 calculations indicate that a.10.1.A is at 0.16 eV below
a.10.1.B. Both lowest-lying isomers are formed by capping an
Al atom on a face of a bicapped squared antiprism cage of the
pure Si10

−2 dianion.86

Si11Al. Our B3LYP calculations agree with Li et al.60 that
n.11.1.E is the most stable form, while both isomers n.11.1.C
and n.11.1.A are energetically degenerate with only 0.04 and
0.06 eV less stable than n.11.1.E, respectively. Conversely,
taking G4 results, n.11.1.A is now 0.18 eV more stable than

Figure 3. Shapes, electronic states, and relative energies (ΔE, eV) of the lower-lying isomers SinAl with n = 10−11 at the (a) neutral and (b) anionic
states. ΔE values are obtained using the G4 approach. Values given in brackets are from B3LYP/6-311+G(d) + ZPE computations.
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n.11.1.E. Both n.11.1.B and n.11.1.C are again energetically
degenerate with only 0.05 and 0.08 eV higher than the lowest-
energy isomer, respectively. A reason for such a close energy is
that these low-lying isomers can all be formed by replacement

of one Si atom of hexa-capped trigonal prism Si12
+ cage45 by the

Al dopant.
For the anions, Li et al.60 reported a.11.1.C as the most

stable Si11Al
− shape. Our G4 results do not concur with

Figure 4. Shapes, electronic states, and relative energies (ΔE, eV) of the lower-lying isomers SinAl2 with n = 1−5 at the (a) neutral and (b) anionic
states. ΔE values are obtained using the G4 method. Values given in brackets are from B3LYP/6-311+G(d) + ZPE computations.
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this finding and instead favor a.11.1.A, which is the
corresponding anion of n.11.1.B. Again, the anionic forms
a.11.1.B and a.11.1.C are only 0.07 and 0.09 eV higher in
energy, respectively.
It is apparent that substitution by Al at different Si centers

of a pure Si cluster leads to multiple mixed isomers with

comparable energy content. Such a pattern is in particular
reinforced in the anions where both Al− anion and Si atom are
isoelectronic.

3.1.2. Doubly Aluminum Doped SinAlm
0/− with n = 1−11

and m = 2. Their structural evolution can be seen in Figures 4
(n = 1−5), 5 (n = 6−8), and 6 (n = 9−11).

Figure 5. Shapes, electronic states, and relative energies (ΔE, eV) of the lower-lying isomers SinAl2 with n = 6−8 at the (a) neutral and (b) anionic
states. ΔE values are obtained using the G4 approach. Values given in brackets are from B3LYP/6-311+G(d) + ZPE computations.
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SiAl2. For the triatomic species (Figure 4), at the B3LYP
level, the high spin triangle n.1.2.B (3A2, C2v) is the neutral
ground state being 0.12 eV lower in energy than the same shape
isomer but with a closed-shell electronic configuration n.1.2.A
(1A1, C2v). This is at variance with our G4 calculations that
point out a reversed energy ordering in favor of n.1.2.A, with

energy gap of 0.24 eV below n.1.2.B. For the charged state,
both B3LYP and G4 methods agree with each other confirming
the doublet triangle a.1.2.A (2B2, C2v) as the ground state. The
higher spin isomer a.1.2.B (4B2, C2v) is significantly less stable
than a.1.2.A, being at 0.55 (G4) and 0.60 eV (B3LYP) higher
in energy than a.1.2.A.

Figure 6. Shapes, electronic states, and relative energies (ΔE, eV) of the lower-lying isomers SinAl2 with n = 9−11 at the (a) neutral and (b) anionic
states. ΔE values are obtained using the composite G4 method. Values given in brackets are from B3LYP/6-311+G(d) + ZPE computations.
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Si2Al2. For the tetraatomic cluster (Figure 4), the lowest-
lying isomers in both neutral and anionic states possess planar
structure. The low spin n.2.2.A (1A1, C2v) and the higher
symmetry n.2.2.B (1Ag, D2h) are again energetically quasi-
degenerate with a gap of only 0.06 eV (this energy gap being
0.17 eV at the B3LYP level). a.2.2.A, which is actually the
anionic state of n.2.2.B, becomes the ground state with 0.29 eV
(G4) more stable than a.2.2.B as a consequence of energy
ordering reversal upon electron attachment.
Si3Al2. For the pentaatomic molecules (Figure 4), the neutral

isomer n.3.2.A (1A1, C2v), in which two Al atoms add on two
edges of the Si3 triangle, is the lowest-lying isomer, and the
second isomer n.3.2.B lies at 0.46 eV higher in energy. In the
anion state, a.3.2.C, the corresponding anion of n.3.2.A, is the
lowest-lying isomer at the B3LYP level. Our G4 results show a
higher stability for a.3.2.A, being 0.16 eV lower than a.3.2.C,
but a.3.2.B is found at only 0.04 eV below a.3.2.A. Both a.3.2.A
and a.3.2.B have the trigonal bipyramid shape of the pure Si5
cluster in which two Si positions are now occupied by two Al
atoms.
Si4Al2. n.4.2.A (1A′, Cs) is formed by substituting one Si

atom of the trigonal bipyramid framework of Si5 by an Al dopant,
whereas the other Al is added on an edge of it (Figure 4). The
singlet n.4.2.B (1A, C2), formed by a similar way, has an energy
separation of only 0.09 eV.
In the anionic state, two lowest-lying isomers a.4.2.A and

a.4.2.B also have a tiny energy gap of 0.05 eV. The isomer
a.4.2.C is also a stable structure being only 0.1 eV below
a.4.2.A. Interestingly, all lower-lying anions Si4Al2

− possess an
edge-capped trigonal bipyramid Si6 host in which both Al atoms
differently occupy two Si positions of the pure cluster.
Si5Al2. The low spin neutral n.5.2.A (1A1, C2v) and the next

isomer n.5.2.B (1A, C1) are formed by adding two Al atoms
on two edges of the pure trigonal bipyramid Si5 framework.
In other words, they both have the shape of the pure Si6
counterpart in which one Si position is changed by an Al atom
whereas the other Al adds on one of its edges (Figure 4). As a
consequence, both structures are close in energy (0.08 eV).
In the charged state, a.5.2.A arises from the swapping of two
Si atoms by two Al atoms in a pentagonal bipyramid Si7 form.

The other local minima are in this case at most 0.5 eV above
a.5.2.A.
Si6Al2. The same degeneracy pattern is again verified for this

system, either in the neutral or the charged state (Figure 5).
The neutrals n.6.2.A (1A′, Cs), n.6.2.B (1A′, Cs), and n.6.2.C
(1A1, C2v) are separated from each other by only 0.06−0.08 eV
(G4). Remarkably the four lowest-lying isomers of neutral
Si6Al2 have a pentagonal bipyramid Si7 form in which the first
Al atom replaces one Si, and the second Al is capping on a
pentagon edge.
In the charged state, a competition emerges between a.6.2.A

(2A″, Cs) and a.6.2.B (2Au, Ci) (Figure 5). According to B3LYP,
a.6.2.B is 0.08 eV lower in energy than a.6.2.A, but G4 results
indicate a reversed energy ordering even though a.6.2.A is
only 0.05 eV below a.6.2.B. Both structures practically exist as
the degenerate ground state of the anion Si6Al2

−. The isomer
a.6.2.A possesses a capped pentagonal bipyramid structure of
the Si8

+ cation,83 produced by a double Al substitution, whereas
a.6.2.B exhibits the bicapped octahedral shape of neutral Si8

45

in which two Si atoms are also substituted by two Al. Isomer
a.6.2.C, being the corresponding anion of n.6.2.B, is again at
0.07 eV above a.6.2.A (G4 values).
Si7Al2. The singlet neutral n.7.2.A (1A, C1) is characterized

by the capped pentagonal bipyramid of the cation Si8
+ in which

the first Al atom substitutes a Si atom in the pentagon and the
remaining Al caps on its face (Figure 5). Besides, G4 results
also point out similar energy locations for n.7.2.A, n.7.2.B
(1A′, Cs), and n.7.2.C (1A′, Cs) (a gap of 0.02−0.05 eV; G4 and
B3LYP levels).
All the five lower-lying isomeric anions Si7Al2

− derived from
the same bicapped pentagonal bipyramidal block of the bare Si9
cluster thus possess similar energy content. According to G4
results, three isomers a.7.2.A (2A′, Cs), a.7.2.B (2A″, Cs), and
a.7.2.C (2A″, Cs) are located within a tiny gap of only 0.02
and 0.06 eV. Although a.7.2.E is found to be the lowest-lying
structure at the B3LYP level, it is becomes now at 0.21 eV
above a.7.2.A using the G4 method. There is thus a spectrum
of global minima that feature the same 3D shape but with
different positions of the dopants.
Si8Al2. The neutral n.8.2.A (1A′, Cs) involves an Al capping

on a surface of the pure neutral Si9 and a substitution of the

Table 1. Total Atomization Energies (ΣD0, TAE, kcal/mol) of SinAlm Clusters (n = 1−3, m = 1−2) and Different Components of
CCSD(T)/CBS Computations

structure state ΔCBSa EZPE
b ΔECV

c ΔESR
d ΔESOe ΣD0 (TAE)

a.1.1.A 3Π 90.30 0.60 −0.14 −0.34 −0.64 88.57

n.1.1.A 4Σg 58.80 0.54 0.19 −0.15 −0.64 57.66

a.2.1.A 1A′ 200.42 1.41 0.16 −0.65 −1.07 197.45

n.2.1.A 2A′ 148.25 1.29 0.38 −0.52 −1.07 145.76

a.3.1.A 1A1 306.50 2.69 0.68 −0.90 −1.50 302.08

n.3.1.A 2A1 249.02 2.73 0.90 −0.67 −1.50 245.02

a.1.2.A 2B2 165.27 1.22 −0.09 −0.63 −0.85 162.47

n.1.2.A 1A1 119.09 1.40 −0.06 −0.55 −0.85 116.23

a.2.2.A 2B1u 268.30 2.50 0.36 −0.87 −1.28 264.00

n.2.2.A 1A1 221.92 2.56 0.79 −0.56 −1.28 218.30

a.3.2.A 2A″ 356.67 3.39 1.02 −1.08 −1.71 351.51

n.3.2.A 1A1 307.91 3.12 1.39 −0.77 −1.71 303.71
aExtrapolated by using eq 1 with the aVQZ and aV5Z basis sets. bZero-point energies taken from CCSD(T) harmonic vibrational frequencies.
cCore−valence corrections obtained with the aug-cc-pwCVTZ basis set at CCSD(T) optimized geometries. dScalar relativistic corrections based on
CCSD(T)-DK/aug-cc-pVTZ-DK calculations and expressed relative to the CCSD(T) results without DK corrections. eCorrections due to the
incorrect treatment of the atomic asymptotes as an average of spin multiplets. Values based on Moore’s Tables, ref 79.
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remaining Al atom (Figure 5). In this system, the usual
degeneracy is removed. Three isomers n.8.2.B, n.8.2.C, and
n.8.2.D, formed by the same way, are now 0.30 eV above
n.8.2.A. In the same vein, the energy gap between anionic
isomers equally tends to increase, with a.8.2.A (2A′, Cs) being
0.23 eV (G4) more stable than the second isomer a.8.2.B
(2A, C1). All lower-lying anionic isomers of Si8Al2

− are
constructed from a tetra-capped trigonal prism structure of
the pure Si10 with both Al atoms substituting two Si ones.
Si9Al2. The high symmetry neutral n.9.2.A (1A1′, D3h) is

apparently stabilized, being now 0.43 eV below the second

isomer n.9.2.B (1A′, Cs). Nevertheless, both structures are
generated by a similar way: by capping an Al atom at different
faces of the tetra-capped trigonal prism Si10 and by substituting
a Si atom by the other Al atom at different positions (Figure 6).
The remaining isomers are now much less stable, being at least
0.60 eV (G4) higher in energy than n.9.2.A.
In contrast to the neutrals, an energetic degeneracy persists

in the charged state. The two lowest-lying anionic forms a.9.2.A
(2A′, Cs) and a.9.2.B (2A′, Cs) are in fact separated by only
0.02 eV in favor of the latter (B3LYP). G4 results, however,
point out a reversed energy ordering at the expense of a.9.2.B,
but with a small gap of 0.09 eV with respect to a.9.2.A. The
latter contains a bicapped squared antiprism Si skeleton of the
pure dianionic Si10

2− structure.86 As usual, one capped Si atom
is substituted by an Al dopant, whereas the other Al caps on a
face of the cage. The second stable a.9.2.B and the remaining
lower-lying isomers are, as expected, generated by substituting
two Si positions in the pure Si11 framework by both Al dopants.
Si10Al2. n.10.2.A (1A′, Cs) is calculated at 0.10 and 0.20 eV

lower than n.10.2.B and n.10.2.C, respectively (Figure 6).
These lowest-lying isomers are all generated by a double substitu-
tion of two Si positions from the ground state of the hexa-capped
trigonal prism of the pure Si12

+ cation.45 A competition in relative
stability apparently occurs between both anionic isomers a.10.2.A
and a.10.2.B. At the B3LYP/6-311+G(d) level, a.10.2.B
(2A″, Cs) is 0.04 eV more stable than a.10.2.A (2A′, Cs). G4
results again show a reversed energy ordering in that a.10.2.A is
0.05 eV lower in energy than a.10.2.B. As in the Si9Al2

− case,
the energetic degeneracy is not lifted yet for the anions Si10Al2

−.

Table 2. Heats of Formation at 0 K [ΔHf (0 K)] and 298 K
[ΔHf (298 K)] (kcal/mol) of SinAlm(n = 1−11, m = 1−2) in
Both Neutral and Anionic States Obtained Using G4 and
CCSD(T)/CBS Calculations

ΔHf (0 K) ΔHf (298 K)

structure G4 CBS G4 CBS

a.1.1.A 100.8 98.8 101.2 99.2
n.1.1.A 127.9 129.7 128.3 130.1
a.2.1.A 94.3 97.2 94.9 97.7
n.2.1.A 146.6 148.8 147.3 149.5
a.3.1.A 96.6 99.7 97.3 100.4
n.3.1.A 155.2 156.8 155.8 157.4
a.4.1.A 106.2 106.6
n.4.1.A 178.1 179.1
a.5.1.A 97.4 98.3
n.5.1.A 165.5 166.5
a.6.1.A 106.0 106.9
n.6.1.A 181.7 182.7
a.7.1.A 140.4 141.7
n.7.1.A 206.0 207.5
a.8.1.A 138.6 140.1
n.8.1.A 219.9 221.4
a.9.1.A 126.6 128.1
n.9.1.A 217.8 219.5
a.10.1.A 155.8 157.9
n.10.1.A 229.0 231.1
a.11.1.A 177.1 179.2
n.11.1.A 259.5 261.5
a.1.2.A 103.4 105.1 103.7 105.4
n.1.2.A 147.3 151.4 147.5 151.6
a.2.2.A 107.0 110.8 107.4 111.2
n.2.2.A 153.8 156.5 154.2 156.9
a.3.2.A 125.2 130.5 126.0 130.6
n.3.2.A 175.6 178.3 176.6 178.7
a.4.2.A 110.7 111.4
n.4.2.A 169.7 170.5
a.5.2.A 121.6 122.8
n.5.2.A 181.9 183.2
a.6.2.A 143.9 145.1
n.6.2.A 193.2 194.3
a.7.2.A 156.3 157.8
n.7.2.A 215.5 217.0
a.8.2.A 148.8 150.3
n.8.2.A 209.7 211.3
a.9.2.A 152.7 154.6
n.9.2.A 205.9 207.7
a.10.2.A 186.9 188.7
n.10.2.A 248.0 249.6
a.11.2.A 197.9 199.6
n.11.2.A 259.0 260.6

Table 3. Adiabatic Electronic Affinities (EA, eV) of SinAlm
(n = 1−11, m = 1−2) Using G4 and CCSD(T)/CBS
Calculations

SinAl SinAl2

n G4 CBS G4 CBS

1 1.17 1.34 1.90 2.00
2 2.27 2.24 2.03 1.98
3 2.54 2.47 2.18 2.07
4 3.11 2.56
5 2.95 2.61
6 3.28 2.14
7 2.85 2.57
8 3.52 2.64
9 3.96 2.31
10 3.17 2.65
11 3.57 2.65

Table 4. Average Binding Energies (Eb, eV) of SinAlm
(n = 1−11, m = 1−2) Using G4 Calculations

n SinAl SinAl
− SinAl2 SinAl2

−

1 1.29 1.20 1.74 1.92
2 2.14 2.45 2.40 2.57
3 2.67 2.97 2.66 2.82
4 2.87 3.22 3.03 3.23
5 3.26 3.52 3.19 3.37
6 3.36 3.63 3.31 3.41
7 3.39 3.57 3.35 3.49
8 3.46 3.70 3.51 3.63
9 3.59 3.85 3.62 3.71
10 3.64 3.81 3.56 3.67
11 3.61 3.80 3.60 3.70

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp405280c | J. Phys. Chem. A 2013, 117, 6867−68826876



In both global minima structures, two Si atoms on the Si12
+

skeleton are substituted by two Al dopants. G4 calculations also
indicate that the third isomer a.10.2.C is only 0.08 eV higher in
energy than a.10.2.A, being thus practically competing with the
former.
Si11Al2. Surprisingly, an energetic degeneracy comes back for

this system (Figure 6). The separation between both isomers
n.11.2.A (1A1, C2v) and n.11.2.B(

1A′, Cs) amounts now only to
0.03 eV (G4). Both isomers contain a Si hepta-capped trigonal
prism similar to the ground state of the Si13

+ cation,45 with
substitution of both Al atoms at different Si positions. The
isomer n.11.2.C, formed by adding an Al atom on the Si12

+

stable geometry and substituting one Si atom in it by the other
Al, is a low-energy local minimum at 0.19 eV above n.11.2.A.
The anion Si11Al2

− holds the energetic trend in having two
very close-lying isomers a.11.2.A (having the shape of the
neutral n.11.2.A) and a.11.2.B (having the shape of n.11.2.B)
in which the former is only 0.05 eV below the latter (Figure 6).
Calculated G4 results also emphasize two other energetically
higher but degenerate structures a.11.2.C and a.11.2.D.
3.2. Equilibrium Growth Sequence of the SinAlm

Clusters. On the basis of the structural features of the most
stable isomers identified above, the growth pattern of the
clusters SinAlm with n = 1−11 and m = 1−2 can be established
considering the following findings.
Because the Al element has one valence electron less than the

Si, Al is isoelectronic with Si+, and Al− with Si. Thus, in a singly
doped neutral SinAl, the Al atom favors substitution at a Si
position of silicon framework of the isoelectronic cation Sin+1

+.
In other words, the ground state structure of a neutral SinAl
cluster can be derived from the pure cation Sin+1

+.
Similarly, a SinAl

− anion has the Al atom substituted into a Si
position of the ground state structure of the neutral Sin+1. The
most stable structure of the anion Si10Al

−, however, has an Al
atom being added on the face of the dianionic Si10

2− frame-
work. This can be understood by the high thermodynamic
stability of the latter dianion.
The growth patterns of both neutral SinAl and anionic SinAl

−

systems are found to be comparable to those of the isovalent
SinB and SinB

−, respectively, reported in our earlier study,50

with n = 1−7. The essential difference between SinAl and SinB
clusters resides in the fact that the Al−Si bond lengths in the
mixed framework are much longer than the B−Si counterparts.
Because of the shorter bond length, the B-impurity can be more
easily encapsulated into a Sin cage, even at a smaller size (n ≥ 8)
than the Al-dopant. Endohedral doping occurs much earlier in
the boron series.
In the doubly doped neutral SinAl2 clusters, with n = 1−9,

each mixed cluster can be regarded as a direct derivative of a
Sin+1 counterpart in which one Si atom is actually substituted
by an Al dopant. Such an operation leads to a ground state
structure similar to the cation Sin+1

+. The other Al atom is usually
added on an edge, or a face, of the existing cluster. In the larger
neutral Si10Al2 and Si11Al2 ground states, they are basically made
by simple substitution of two Si atoms in the corresponding
cation Si12

+ and Si13
+ cages, respectively, by two Al dopants.

For the negatively charged state, the SinAl2
− anions also

contain the cationic Sin+2
+ skeletons in which two Si positions

are substituted by two Al dopants. Again, such a similarity in
growth pattern can be rationalized by the lack of one electron
in the outermost orbital of Al atom, which makes them
isoelectronic. However, the anion Si9Al2

− represents an exception
to this sequence. The lowest-lying structure of Si9Al2

− includes

one Al atom substituting a Si position of the dianionic Si10
2−

cage, and the other Al capping on its face, due to the high
thermodynamic stability of the dianion counterpart.
It can be seen that the SinAlm

q clusters tend to be formed by a
substituting motif rather than a capping motif. As a matter of
fact, geometries of SinAlm

q and Sin+m
q+m are similar, due to the

smaller valence electron number, by one unit, of each Al atom.
For singly doped silicon clusters SinAl

q, the Al dopant looks to
avoid high coordination position. Except for the anion Si6Al

−

where Al has a maximum coordination number of 5, the Al in
other stable species prefers occupation of positions having
lower coordination numbers.

3.3. Thermochemical Properties. Calculated results are
summarized in Table 2. At the first glance, a reasonable agree-
ment between both sets of CCSD(T)/CBS and G4 results
emerges. The enthalpies of formation at 0 K (ΔH0

f) obtained
using CCSD(T)/CBS are found to be slightly larger than those
obtained by the composite G4, except for the diatomic SiAl.
The difference varies in the range of 1.6−5.3 kcal/mol for the
species considered (Table 2).
The adiabatic electron affinities (EAs) are obtained from the

energy difference between the neutrals SinAlm and their cor-
responding SinAlm

− anions. As expected for relative quantities,
the EA values given in Table 3 also confirm an overall agree-
ment between both theoretical approaches. The maximum
difference between two sets of values amounts to 0.17 eV for
EAs of SinAl, and 0.11 eV for EAs of SinAl2. These differences of
energetic properties between both G4 and CCSD(T)/CBS
methods can be understood from the ways of determining the
geometries, as well as of computing single-point electronic
energies. Let us remind that, in our CCSD(T)/CBS protocol,
geometries are optimized at the CCSD(T)/aug-cc-pVTZ level,
whereas the G4 uses B3LYP/6-31G(2df,p) optimizations. As
far as we are aware, experimental or previous theoretical data
are not actually available for these mixed clusters.

3.4. Relative Stability of Clusters. In order to probe the
inherent stability of the clusters considered, the average binding
energies (Eb) of clusters are examined. The average binding
energies (Eb) can conventionally be defined as follows (eqs 3−6):

= + − +E nE E E n(Si Al) [ (Si) (Al) (Si Al)]/( 1)n nb (3)

= − + +

− +

− −

−

E n E E E

E n

(Si Al ) [( 1) (Si) (Si ) (Al)

(Si Al )]/( 1)
n

n

b

(4)

= + − +E nE E E n(Si Al ) [ (Si) 2 (Al) (Si Al )]/( 2)nb n 2 2
(5)

= − + +

− +

−

−

E n E E E

E n

(Si Al ) [( 1) (Si) (Si ) 2 (Al)

(Si Al )]/( 2)n

b n 2

(6)

where E(Al), E(Si), E(Si−) are the total energies of the Al atom,
Si atom, and the anion Si−, respectively. For their part, E(SinAl),
E(SinAl

−), E(SinAl2), and E(SinAl2
−) are total energies of the

neutral SinAl, anionic SinAl
−, neutral SinAl2, and anionic SinAl2

−

structures, respectively. All these energies are obtained from G4
calculations. While the Eb values are given in Table 4, plots
illustrating their evolution are depicted in Figure 7.
The Eb values increase with increasing cluster sizes. For

neutral SinAl clusters, the Si10Al reveals the highest Eb value as
compared to those of the remaining singly doped species. At
the anionic state, Si9Al

− presents with the highest Eb value that
indicates its high thermodynamical stability. This finding is in
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agreement with the fact that the isoelectronic Si10 is a quite
stable pure Si cluster. For SinAl2 clusters, the Si9Al2 in both
neutral and anionic states consistently attain the maximum
peaks in the Eb plots.

3.5. Dissociation Energies. To evaluate further the
thermodynamic stability, dissociation energies (De) for the
various fragmentation channels of both singly and doubly
aluminum doped silicon clusters considered are determined.
Results calculated from total G4 energies are shown in Table 5.
The dissociation energies of the neutrals SinAl for the Si-
elimination channel (1) SinAl → Sin‑1Al + Si turn out to be
larger than those for the Al-loss channel (2) SinAl → Sin + Al.
Similar observations are found for the negatively charged

species that the anionic SinAl
− clusters tend to be fragmented

generating one Al element plus a smaller anion Sin
− along the

fragmentation channel (5).
For doubly doped neutral SinAl2 clusters, dissociation

energies for Al-loss channels (8) SinAl2 → SinAl + Al are
invariably smaller than those for Si-elimination pathways (7)
SinAl2 → Sin−1Al2 + Si, and for the diatomic aluminum Al2-loss
route (9) SinAl2 → Sin+ Al2.
Similarly, the anions SinAl2

− follow preferential fragmentation
to form one Al plus a smaller anion SinAl

− along the channel
(12) SinAl2

− → SinAl
− + Al.

3.6. Jellium Electron Shell Model (JSM). As for a
rationalization of the relative stabilities of SinAl clusters, we
reexamine their MO pictures under the viewpoint of the jellium

Figure 7. Average binding energy (Eb, eV) of the SinAlm
/0/− (n = 1−11,

m = 1−2) clusters using the composite G4 method.

Table 5. Dissociation Energies (De, kcal/mol) for Various Fragmentation Channels of SinAlm (n = 1−11, m = 1−2) from G4
Calculationsa

SinAl

neutrals anions

n De(1) De (2) De (3) De (4) De (5) De (6)

1 59.5 59.5 77.3 55.5 55.5 77.3
2 88.4 73.5 113.7 109.7 73.1 116.5
3 98.6 73.6 104.8 126.1 78.7 122.8
4 84.3 52.5 97.6 125.1 74.0 115.0
5 119.8 73.7 116.1 156.8 84.2 132.5
6 91.1 58.5 98.6 135.7 84.6 124.9
7 82.9 40.0 72.9 117.4 61.3 96.3
8 93.3 65.7 108.9 143.5 87.9 137.6
9 109.3 69.1 119.3 169.4 109.9 151.0
10 96.0 48.5 77.9 138.1 67.5 112.3
11 76.7 56.6 85.9 128.0 80.1 129.7

SinAl2

neutrals anions

n De(7) De (8) De (9) De (10) De (11) De (12) De (13) De (14) De (15)

1 88.1 60.8 88.1 63.8 100.9 77.6 95.3 100.9 94.8
2 100.7 73.1 114.4 72.6 116.5 67.5 110.6 108.4 124.0
3 85.4 59.9 101.2 57.9 104.7 51.6 100.9 98.2 114.4
4 113.1 88.6 108.9 90.6 141.0 75.8 138.3 117.5 130.8
5 95.0 63.9 105.4 65.2 124.2 56.0 114.8 108.0 128.5
6 95.9 68.7 95.0 53.9 114.1 42.3 108.7 94.7 107.2
7 84.9 70.7 78.4 63.7 112.9 64.2 120.5 93.3 100.5
8 113.0 90.4 123.8 83.6 142.8 70.0 141.9 125.7 147.6
9 110.9 92.1 128.9 72.3 133.1 54.1 136.0 131.8 145.0
10 65.2 61.2 77.5 41.9 95.2 49.2 113.0 84.5 101.4
11 96.2 80.7 105.1 65.1 126.2 59.4 132.4 107.3 129.0

a(1) SinAl → Sin−1Al + Si; (2) SinAl → Sin + Al; (3) SinAl
− → Sin−1Al

− + Si; (4) SinAl
− → Sin−1Al + Si−; (5) SinAl

− → Sin
− + Al; (6) SinAl

− → Sin +
Al−; (7) SinAl2 → Sin−1Al2 + Si; (8) SinAl2 → SinAl + Al; (9) SinAl2 → Sin + Al2; (10)SinAl2

− → Sin−1Al2
− + Si; (11) SinAl2

− → Sin−1Al2 + Si−; (12)
SinAl2

− → SinAl
− + Al; (13) SinAl2

− → SinAl + Al−; (14) SinAl2
− → Sin

− + Al2; (15) SinAl2
− → Sin + Al2

−.
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shell model (JSM).87 The total density of states (DOS) of a
molecular system can be considered as an energy spectrum of
its molecular orbitals (MOs). The partial density of states
(pDOS) is computed only from relevant atomic orbitals and
thereby shows the composition of the MOs involved.
This simple model is successfully applied to interpret the

stability motif of different types of doped silicon clusters in our
recent studies.49−52 Accordingly, the valence electrons are
supposed to be freely itinerant in a simple mean-field potential
formed by the nuclei of atoms and core electrons, the valence
electrons fill the hydrogen-like orbitals following the pattern
of orbitals as [1S21P61D102S21F142P61G182D10...], etc. Within
this model, the number of electrons of 8, 20, 34, 40, 56, and
68 emerge as the magic numbers that actually correspond to a
complete filling of the successive shell electrons.
In this context, and as for a typical example, we examine the

valence electronic configuration of the anionic cluster Si9Al
−

(cf. Figure 8a) due to its enhanced stability. In order to provide

with an answer to the question of why Si9Al
− is getting high

stability, the neutral cluster Si10 (
1A1, C3v), which is known for

its high thermodynamic stability, is taken as a reference (cf.
Figure 8b). Both structures in fact contain 40 valence electrons.
The Si9Al

− anion possesses an orbital configuration of
(1a1)

2(1e)4(2a1)
2(2e)4(3a1)

2(3e)4(4a1)
2(4e)4(1a2)

2(5a1)
2(5e)4

(6a1)
2(6e)4(7a1)

2, and the neutral Si10 (1A1, C3v) pure cluster
has an orbital configuration of (1a1)

4(1e)4(2a1)
2(2e)8(3a1)

4-
(3e)4(1a2)

2(4a1)
2(5e)8(6a1)

2. Both orbital configurations

effectively correspond to the same energy sequence of the
electronic shell model [1S21P61D102S21F142P6].
In this case, the DOSs of both Si9Al

− and Si10 structures
show many similarities as they have the same C3v point group.
The pDOS plots also reveal that the MOs of Si9Al

− are mainly
composed of the s-AOs and p-AOs of Si-atoms, whereas the con-
tribution of s-AOs and p-AOs is negligible to split the subshells.
Let us note a relationship between the DOS of Si9Al

− and the
DOS of the isovalent Si9B

− (1A1′, D3h), which was reported in
our recent study.50 Both anionic structures contain the same
silicon Si9 cage in which the B dopant is encapsulated but the
Al dopant caps on its face. The boron anion Si9B

− also has 40
valence electrons and its DOS features are quite similar to that
of Si9Al

−, and generally, the electronic structure of both anions
Si9Al

− and Si9B
− satisfies the electron shell configuration of

[1S21P61D102S22P61F14]; this basically makes them enhanced
stability species with a magic number of 40 valence electrons.

4. CONCLUDING REMARKS
In the present theoretical study, geometrical and electronic
structures of the aluminum doped silicon SinAlm clusters, with
n = 1−11 and m = 1−2, in both neutral and anionic states were
determined using quantum chemical methods. The global
energy minima of the clusters considered are identified on the
basis of G4 energies. Total atomization energies, enthalpies of
formation, and thermochemical properties including electron
affinity, average binding energy, and dissociation energies are
predicted for the first time using the high accuracy G4 and
CCSD(T)/CBS methods.
In most of the sizes investigated, two or more lowest-lying

isomers of each size are calculated to be energetically
degenerate (G4 values). Substitution of Si atoms at different
positions of a corresponding pure silicon clusters by Al dopants
invariably leads to a spectrum of distinct binary structures but
with similar shape and comparable energy content. Such an
energetic degeneracy persists in the larger cluster sizes, in
particular for the anions.
The growth sequence for singly and doubly aluminum doped

silicon clusters can be established as follows: (i) in the neutral
SinAl, the Al dopant prefers substitution into one of the Si
positions of the pure cation Sin+1

+. Formally, an anion SinAl
−

can formally be produced from the neutral Sin+1 by substitution
of any Si atom by the Al impurity; (ii) the growth pattern of
both neutrals SinAl and anions SinAl

− is similar to the structural
evolution of their isovalent counterparts, namely, the neutrals
SinB and anions SinB

−, respectively. Having longer Al−Si bond
lengths than the B−Si distances, the Al impurity cannot easily
intrude inside the corresponding Sin cage (for up to n ≥ 8) such
as the specific characteristic of the B dopant; (iii) the doubly
doped neutral SinAl2 clusters possess the shape of their pure
Sin+1

+ counterparts. One Al dopant replaces a Si atom of
the latter, and the other Al dopant adds on an edge or a face.
This differs from the growth pattern of the anions SinAl2

−

where both Al atoms simply substitute two Si centers of a Sin+2
+

framework; and (iv) the neutral Si10Al2 and Si11Al2 clusters
and their anions emerge as interesting exceptions in which the
Al dopants behave differently. This can be understood from
characteristics and stability of the relevant pure Si clusters.
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