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Influence of Al substitution on the atomic and electronic structure of Si clusters
by density functional theory and molecular dynamics simulations
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A systematic theoretical study of the equilibrium geometry and energetics of Sin and Sin21Al clusters has
been carried out using a combination of the density functional theory and molecular dynamics simulation under
the local spin density~LSD! approximation. The lowest energy isomer thus obtained is further used to evaluate
the total energy usingab initio quantum chemical technique at the second-order Møller-Plesset@MP2/6-
31G~d!# level taking all electrons into account. Based on the comparative study between Sin and Sin21Al
clusters it is found that the ground-state geometries of the Sin21Al clusters are almost similar to that of Sin

clusters with the Al atom replacing one of the Si atoms with small local distortion. However, significant
differences have been observed in their electronic structure and the fragmentation behavior. The average
binding energies of the Sin and Sin21Al clusters vary in a similar way with slightly higher values for the Sin

clusters. Clusters of both these series withn54,6,10 show higher stability as compared to its neighboring
clusters. The dissociation energies calculated for Al and Si atoms suggest that the evaporation of an Al atom is
easier than that of Si. However, a comparison of the dissociation energies of Si atoms from Sin and Sin21Al
clusters revealed that forn54,6,10, the evaporation of Si atoms from the Sin21Al cluster requires more energy
than that of the corresponding Sin cluster implying an improvement in the bond strength between Si-Si bonds
for these Sin21Al clusters due to Al substitution in Sin . Finally, a good agreement of our results and the
previously published results on Si clusters gives us the confidence to believe the good prediction of our results
on the Sin21Al clusters.

DOI: 10.1103/PhysRevB.69.115432 PACS number~s!: 73.22.2f, 36.40.Cg, 36.40.Qv, 36.40.Ei
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INTRODUCTION

The study of atomic clusters has become an active are
research during the last two decades. Among different c
ters, Si clusters have been studied most extensively u
both theoretical and experimental techniques.1–26This is due
to its technological relevance towards the developmen
nanoelectronics, which gives an extra impetus to unders
the properties of silicon with its miniaturization.1–3

Photodissociation4–6 and collision-induced dissociation7–9

experiments have shown that both Si6 and Si10 have excep-
tional stability, consistent with their ‘‘magic’’ behavior ob
served in the mass spectra of Si clusters.10 Several spectro-
scopic studies viz., photoelectron spectroscopy, Raman
infrared spectroscopy, etc., have been carried out to un
stand the atomic structure of small silicon clusters.11–14

However, the analysis of spectroscopic data becomes
tremely complex as the size increases beyond four ato
The computational studies provide an alternative to und
stand the geometries of relatively large clusters.Ab initio
molecular orbital theory is commonly used to obtain dire
information about the ground-state geometries of atomic
molecular clusters. Raghavachari and co-workers have
tematically studied small silicon clusters using molecul
orbital theory taking all electrons into account.15–20 In these
calculations they have optimized several isomers at the
6-31G~d! level, followed by a total energy calculation a
Møller-Plesset~MP! levels MP2, MP3, and MP4 with the
polarized 6-31G~d! basis set.

Other thanab initio all electron methods, plane wav
based pseudopotential approach under the density funct
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theory formalism has also been employed by several work
to obtain the ground-state geometries and properties of
con clusters. Due to the advantage of using pseudopoten
~neglecting the core electrons! this method can be used fo
the calculation of larger clusters. However, it needs to
mentioned that the determination of global minimum is
challenging problem as the number of local minima
creases significantly with increase in cluster size. The sim
lated annealing technique has been used to alleviate
problem.21–26

Although extensive investigations have been carried
on the geometry and energetics of the homoatomic sili
clusters, similar studies for the heteroatomic systems
very few. The problem of the metal-silicon bond has been
topic of a number of experimental27–29 and theoretical30–33

studies for bulk metal-silicon systems. In the pioneeri
work of Beck,34 the metal-silicon clustersMSin (M5Cu, Cr,
Mo, and W! were generated using laser vaporization te
nique. The mass spectrum of CuSin (6,n,12) showed ex-
ceptional stability for CuSi10 clusters. More recently, Schere
and co-workers35–37 produced noble-metal-doped silico
clustersM@Sin for M5Cu, Ag, and Au. In another study
Hiura et al.38 have reported experimental evidence of the f
mation of stable metal-encapsulating silicon cage cluster i
for MSin ~with M5Hf, Ta, W, Re, Ir, etc., andn514, 13,
12, 11, 9, respectively! and proposed a structural model
regular hexagonal prism for WSi12 with the W atom at the
center. This finding aroused significant interest to search
cagelike Si clusters stabilized by metal atom incorporati
Stimulated by the experimental findings, several compu
tional investigations have been performed for metal-dop
©2004 The American Physical Society32-1
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silicon clusters.39–47Very recently, Kumar and Kawazoe48,49

reported several types of metal-encapsulating caged s
tures with high stability for a series ofM@Sin clusters (n
514– 17,M5Cr, Mo, W, Fe, Ru, Os, Ti, Zr, Hf!. Following
this work, a number of cagelike structures for the Si clus
have been reported by other workers.50 From the above stud
ies it is clear that the nature of metal atoms and its inter
tion with Si plays an important role to modify the bondin
and thereby structure of host cluster.

Although several reports are available on the interact
of a transition metal~TM! atom with Si clusters similar in-
vestigations with simple metal atoms are very few. Kis
et al.51 carried out a combined experimental and theoret
study of NaSin (n,7), and found that the Na atom acts
an electron donor to the Sin framework and the most stabl
isomer of NaSin retains the framework of corresponding Sn
cluster nearly unchanged upon the adsorption of Na.

A recent study has revealed that the interaction of an
atom with Si nanowire significantly enhanced its electri
conductivity.52 Reports are also available where Al atom
form an ordered array of magic clusters53 on the surfaces o
Si~111! and the formation of Al-Si nanowires.54 Motivated
by these results, we thought it will be interesting to und
stand the nature of chemical bonding between Si and
atoms in these systems at the atomic scale. The objectiv
this study is to understand the electronic interaction of
atoms on the Si clusters and to compare the geometric
electronic structure between Sin and Sin21Al clusters. In the
first part of this study we have calculated the geometries
energetics of Sin (n52 – 11) clusters. In order to check th
reliability of our calculation method, these results were co
pared with the available experimental values. This was
lowed by the geometry and electronic structure optimizati
for Sin21Al clusters. In order to understand the nature
interaction between an Al atom and Si clusters we h
adopted three different sites of adsorption of the Al atom
the Si clusters as discussed below.

COMPUTATIONAL APPROACH

The interaction of an impurity atom with a homoatom
cluster can lead to three different possibilities viz.,~a! the
impurity atom can occupy the center of the cage formed
the host cluster~endohedral!, ~b! the impurity atom can ad
sorb on the surface of the host cluster~exohedral!, and ~c!
the impurity atom can replace one atom from the network
the host cluster~substitutional!.

For Sin clusters, we have examined a number of poss
isomeric structures as predicted earlier by several gro
based on Hartree-Fock and density functional theory.15–26

For Sin21Al clusters, similar starting geometries with one
atom replaced by an Al atom at different positions were c
sidered along with the endohedral and exohedral config
tions as mentioned in~a! and ~b!. Initially the geometries
were optimized using density functional theory formalis
under the local spin density~LSD! approximation.55 We have
used the norm-conserving pseudopotentials of Bach
et al.56 with the Kleimann and Bylander decomposition57 to
describe the electron-ion interaction and a plane wave b
11543
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set to represent the wave function. The cutoff energy for
plane wave expansion was set up to 25 Ry for the calcula
of the total energy. The exchange correlation energy u
here has been taken from the parametrized form of Cepe
and Alder.58 The geometries thus constructed were optimiz
until the forces are minimized to 1024 ~Hartrees/Bohr!. In
order to confirm the lowest energy isomer we have also
plied the simulated annealing technique, i.e., heating the
tial configurations up to 1000 K, allowing to relax the stru
ture at this temperature for;5 ps and then slowly cooling i
to 0 K. The geometries thus obtained were compared w
those obtained by directly minimizing several low-ener
isomers and the structure with lowest energy was conside
as the ground-state geometry.

Finally, total energy calculations were carried out for t
lowest-energy isomers at the level of the Møller-Plesset p
turbation theory incorporating the energy correlation effe
truncated at second order~MP2!.59–61 A standard split-
valence basis set with polarization functions@6-31G~d!# was
employed for this purpose. These calculations were car
out usingGAMESS software.62

RESULTS AND DISCUSSION

Sin clusters. All neutral Si clusters calculated in this stud
have singlet spin multiplicity in the ground state except S2 ,
which favors triplet spin state over singlet by 0.80 eV of to
energy. The lowest-energy structures of Sin clusters corre-
spond to an isosceles triangle, a planar rhombus, capped
rhombus, an edge capped trigonal-bipyramid~TBP!, a
pentagonal-bypyramid~PBP! for Si3 , Si4 , Si5 , Si6 , and Si7 ,
respectively. For Si8 cluster, bicapped trigonal-antiprism i
lower in energy than capped PBP structure by 0.68 eV
energy. The lowest-energy structure of the Si9 cluster con-
sists of two distorted rhombus stacked with an additio
atom capping from the top. For Si10 and Si11 clusters, the
tetracapped-trigonal-prism~TTP! and pentacap-trigonal
prism ~PTP! have been found to be the lowest-energy str
tures.

In Table I we have summarized the binding energies
atom of Sin clusters obtained in the present calculations
ing a combination of DFT-LDA and MP2/6-31G~d! methods
along with the available experimental values.63 The total en-
ergies obtained in this way may not correspond to the r
MP2 minima as the geometries were taken from the LD
calculations. To check the accuracy of this scheme we h
compared our results with the recently published results
Zhu and Zenga,64 where they have optimized the geometri
of small Si clusters at the MP2/6-31G~d! level. An excellent
agreement between these results and our calculated va
indicates that the geometries obtained using the DFT-L
method can give a good estimate for the ground-state st
tures. This has motivated us to proceed further to calcu
the geometries and energetics of Al substituted Si clus
using the same method. The trend in the binding energy
der both these techniques is similar, i.e., initially it increas
up to n57 and then there is a small dip atn58, which is
followed by an increase up ton510 and a fall atn511.
From the comparison of these results with the experime
2-2
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INFLUENCE OF Al SUBSTITUTION ON THE ATOMIC . . . PHYSICAL REVIEW B 69, 115432 ~2004!
values it can be inferred that while LDA overestimates
binding energy values, MP2 calculations underestimate i

SinÀ1Al clusters. All the Sin21Al clusters showed
ground-state spin multiplicity to a doublet except for t
Si-Al dimer, for which the quintet state is 1.25 eV lower
energy than the doublet. In Fig. 1 we have shown a f
low-lying isomers of the Sin21Al clusters, which are within
energy difference of;1.5 eV for 3<n<11. Salient features
of these geometries are discussed below.

The geometries of Si-Al, Si2Al, and Si3Al clusters are
planar having shapes of linear, isosceles triangle, and rh
bus, with the corresponding interatomic separations betw
Al and Si atoms of 2.437, 2.50, and 2.49 Å, respectively. T
smallest interatomic separation between Si atoms is 2.2
for AlSi2 and for AlSi3 it is 2.29 Å.

For the Si4Al cluster, we have investigated several is
meric structures obtained for Si5 and those reported for th
Cu-doped Si4 cluster recently.65 Capped bent rhombus~113°!
formed by four Si atoms and the Al atom connected to
long diagonal Si atoms shows the lowest-energy configu
tion. The smallest Si-Al and Si-Si distance are found to
2.59 and 2.33 Å, respectively. Other higher-energy isom
consist of flattened trigonal bipyramid, trigonal face capp
rhombus, and square pyramid structure, as shown in Fig

Several initial geometries were considered to obtain
lowest-energy structure of the Si5Al cluster. For the Si6 neu-
tral cluster, the edge capped trigonal bipyramid (C2v) and
crossed rhombus (D4h) lie very close to each other as re
gards their total energy. The comparison of total ene
among various possible isomeric structure suggests tha
Si5 cluster forms a trigonal bipyramid and the Al atom occ
pies the base plane by sharing one arm of the base trian
The distance between Al and two Si atoms is 2.46 Å. T
bond lengths between Si atoms from the apex to the b
plane and among the base plane atoms are 2.47 and 2.A
Å, respectively. In order to understand the growth motif
can view this structure as bicapped bent rhombus wher

TABLE I. Comparison of the binding energies of small Si clu
ters obtained using DFT calculations under local density appr
mation~LDA ! and the second-order Moller-Plesset@MP2/6-31G~d!#
level taking all electrons into account. Experimental values listed
the last column are taken from Ref. 63.

n
Sin

~LDA !
Sin

~MP2!
Sin

~MP2!a Exp.

2 1.89 1.31 1.29 1.61
3 2.79 2.17 2.15 2.45
4 3.34 2.77 2.74 3.10
5 3.60 2.96 3.42
6 3.78 3.23 3.18 3.60
7 3.92 3.36 3.31
8 3.85 3.25 3.20
9 3.97 3.38 3.33
10 4.07 3.54 3.50
11 3.98 3.43 3.40

aThe binding energies obtained by optimizing the geometries u
MP2/6-31G~d! level of theory~Ref. 64!.
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and Al atoms are capping the Si4 rhombus from opposite site
It is noted that due to the asymmetric capping the rhombu
bent by 153°, which is larger than that for the Si4Al cluster
where Al atom was capping from one side.

For the Si6Al cluster, several isomers with pentagonal b
pyramid structure and capped octahedron were conside
The lowest-energy isomer shows pentagonal bipyram
structure with the Al atom occupying one corner of the ba
pentagon. The bond lengths between Al and Si atoms in
base plane and the vertex to the base are 2.55 and 2.5
respectively. It is clear from this figure that for the Si6Al
cluster, edge capped octahedron isomers are higher in en
than PBP isomers. We have also considered the initial ge
etry with Al encapsulated in the Si6 octahedron. After the
geometry optimization the final structure suggests that
atom cannot be trapped inside or in other words there is
metastable state where Al atom can be encapsulated in
the Si6 octahedron. For the Si7Al cluster the lowest-energy
structure was found to be a capped pentagonal bipyra
where the Al atom is capping one of the triangular faces
the PBP. This structure is different from the Si8 cluster,
which favors bicapped trigonal antiprism as the lowe
energy structure. The distance between Al and Si atoms
found to be 2.71 Å. In order to further ensure we have co
pared the total energies of the Si8 and Si7Al cluster with both
geometries of capped pentagonal bipyramid and bicap
trigonal antiprism at the MP2 level of theory. These resu
showed that while the capped PBP is 0.38 eV lower in
ergy for the Si7Al cluster, bicapped trigonal antiprism is 0.6
eV lower for the Si8 cluster. Two other structures where th
Al atom is occupying either one corner of the base penta
or the vertex position of the PBP were found to be very clo
in energy with a difference of 0.06 eV.

For the Si8Al cluster several starting geometries similar
the isomers of the CuSi8 cluster~Ref. 65! and isomers of Si9
~Ref. 64! were optimized. No metastable state was obtain
for an encapsulated Si8Al cluster where the Al atom could be
trapped inside the cage of the Si8 cluster. The lowest-energy
structure appears to be a bicapped pentagonal bipyrami
obtained by changing the position of the Al atom at differe
Si sites. This structure is slightly different from the groun
state geometry of the Si9 cluster~two rhombus stacked with
an additional Si atom at the top!. Another close lying isomer
is a tricapped trigonal prism~TTP! is found to be 0.28 eV
higher in energy than the bicapped pentagonal bipyra
structure.

The Si9Al cluster shows tetracapped trigonal prism as t
lowest energy structure. This is also the ground-state ge
etry of the Si10 cluster. The Al atom substitutes one Si ato
from the triangular plane forming the prism. The other is
mer where the Al atom is capping the triangular plane is 0
eV higher in energy. No structure, where the Al atom cou
be placed inside the TTP cage of the Si9 cluster, was found to
be stable. Two other isomers, which are spherical in sha
were found to be higher in energy than the lowest ene
structure by 0.21 and 0.25 eV.

The Si10 cluster has been predicted to be magic clus
due to its higher stability as compared to its adjacent clust

i-

n

g
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FIG. 1. Geometries of the low-lying isomer
of the Sin21Al cluster. Dark circle represents th
Al atom. The isomers are organized in the ord
of their relative stability starting with the lowes
energy isomer at the left. The relative stability o
different isomers is expressed in terms of the
energy difference~eV! with respect to the lowest-
energy structure.
115432-4
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INFLUENCE OF Al SUBSTITUTION ON THE ATOMIC . . . PHYSICAL REVIEW B 69, 115432 ~2004!
The adsorption of the Al atom on the Si10 cluster was carried
out by capping the different faces of the Si10 cluster~TTP!
and also by replacing one atom from the Si11 cluster at dif-
ferent substitutional sites. After comparing the energies o
these isomers the pentacap triangular prism structure
found to show the lowest energy structure for Si10Al cluster
with where the Al atom is capping one of the triangular fac
of the Si10 cluster.

ENERGETICS

Binding energy: In order to understand the relative st
bility of Sin and Sin21Al clusters the binding energy pe
atom has been plotted in Fig. 2 as a function of total num
of atoms present in the cluster. These binding energies
calculated as follows:

BE~Sin!51/n@E~Sin!2n3E~Si!#

BE~Sin21Al !51/n@E~Sin21Al !2~n21!3E~Si!2E~Al !#.

It is clear from this figure that the binding energy i
creases as the size of the cluster grows with some excep
of shallow minima corresponding to those clusters, which
relatively less stable as compared to their adjacent clus
For example, the binding energy curve of the neutraln
cluster suggests that the Si8 cluster is less stable as compar
to Si7 or Si9 cluster. Similarly, for Sin21Al clusters, Si4Al
and Si8Al are less stable as compared to their adjacent c
ters.

Fragmentation behavior: The fragmentation behavior o
a series of clusters bears significance in terms of underst
ing the abundance spectrum and the relative stability am
smaller size clusters. We have calculated the fragmenta
energy of Sin and Sin21Al clusters asEF(Sin)5E(Sin)
2E(Sin2p)2E(Sip) and EF(AlSin21)5E(AlSin21)
2E(AlSin212p)2E(Sip), respectively. In this calculation

FIG. 2. Comparison of the binding energies of Sin and Sin21Al
clusters calculated using DFT andab initio molecular orbital theory.
Experimental values for Sin clusters are taken from Ref. 64.
11543
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we have assumed that the fragmentation occurs along
lowest-energy pathways with no activation barrier.

In Table II we have listed all possible fragmentation pa
ways for Sin and Sin21Al clusters~except those related with
the dissociation of anAl atom! along with their fragmenta-
tion energies. Bloomfieldet al. have carried out an experi
mental study to find out the fragmentation behavior of sm
Si clusters.67 A good agreement between our calculated
sults with that of the experimental finding was obtained.
to n58, the most favored fragmentation channel for Sin clus-
ter is to dissociate into Sin21 and Si atoms. Larger cluster
favor to dissociate into two stable products. In one of o
earlier studies, similar fragmentation pattern was also
served for tin clusters.68 Most interestingly it has been no
ticed that in the presence of an Al atom in the matrix of sm
Si clusters, the fragmentation behavior changes significan
From Table II it is clear that for Sin21Al clusters, even for
very small sizes, such asn54 and 6, the evaporation of a S
atom is not the second lowest-energy channel~Al atom re-
moval is always the lowest-energy channel forSin21Al clus-
ters!. This behavior is distinctly different from the corre
sponding Sin clusters. Figure 3 shows the plot for th
dissociation energies of an Al or Si atom from the Sin21Al
clusters and these values have been compared with the
ergy required to remove a Si atom from Sin clusters. It has
been found that the energy required to dissociate Si atom
higher than Al atom for Sin21Al clusters. The clusters with
n54, 6, and 10 shows higher stability as compared to oth
for both the series. For Sin clusters withn<8, Si atom
evaporation has been found to be the lowest-energy chan
Larger clusters withn.8 favor to dissociate into two stabl
products. The energy required to dissociate a Si atom fr
Sin21Al is higher than Sin for clusters withn54, 6, 8, 10,
and 11. This result indicates that for these clusters the b
strength between Si-Si bonds is more than others in this
ries.

Ionization potential: The ionization potential~IP! is an
important parameter to understand the stability towa
ejecting out one electron from its HOMO energy level to t
continuum. According to Koopmans’ theorem,66 EHOMO

52IP. The present calculations@MP2/6-31G~d!# predict
that the IP of Si and Al atoms is 8.14 and 5.83 eV, resp
tively which is in good agreement with the experimental v
ues reported (Si58.15 and Al55.98 eV).69 After realizing
such excellent agreement for the atomic ionization poten
values of these two elements we have listed the HOMO
ergies of all Sin and Sin21Al clusters presented in Table III
In order to verify the validity of the Koopman theorem th
vertical ionization potentials~VIP! of these clusters were
also calculated from the total energies calculated using
MP2 theory. The VIP corresponds to the difference in ene
between neutral and cation clusters keeping the atomic p
tions unaltered. It is found that except forn52 and 3, our
calculated VIP’s are in good agreement with the repor
experimental values. In this context it is worth to menti
that the experiment is done at finite temperature and the
measured in the experiments represent for certain ense
2-5
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TABLE II. Fragmentation channels of the Sin and AlSin21 clus-
ters calculated under MP2/6-31G~d! level of theory. The second an
third columns indicate the fragmentation products derived from
parent Sin cluster and the fifth and sixth columns indicate the fra
mentation products derived from the parent AlSin21 clusters.EF

5E(Sin)5E(Sin2p)2E(Sip); EF5E(AlSin21)2E(AlSin212p)
2E(Sip).

n Sin2p Sip EF ~eV! AlSin2p Sip EF ~eV!

3 Si2 Si 3.931 AlSi Si 1.963

4 Si3 Si 4.617 AlSi2 Si 5.792

Si2 Si2 5.880 AlSi Si2 5.088

5 Si4 Si 3.774 AlSi3 Si 2.285

Si3 Si2 5.723 AlSi2 Si2 5.410

AlSi Si3 3.443

6 Si5 Si 4.646 AlSi4 Si 6.055

Si4 Si2 5.753 AlSi3 Si2 5.673

Si3 Si3 6.439 AlSi2 Si3 7.534

AlSi Si4 4.881

7 Si6 Si 4.232 AlSi5 Si 3.735

Si5 Si2 6.212 AlSi4 Si2 7.123

Si4 Si3 6.055 AlSi3 Si3 5.477

AlSi2 Si4 6.652

AlSi Si5 4.842

8 Si7 Si 2.468 AlSi6 Si 3.071

Si6 Si2 4.034 AlSi5 Si2 4.140

Si5 Si3 4.750 AlSi4 Si3 6.264

Si4 Si4 3.906 AlSi3 Si4 3.932

AlSi2 Si5 5.950

AlSi Si6 3.267

9 Si8 Si 4.467 AlSi7 Si 2.561

Si7 Si2 4.268 AlSi6 Si2 2.965

Si6 Si3 4.570 AlSi5 Si3 2.770

Si5 Si4 4.600 AlSi4 Si4 4.208

AlSi3 Si5 2.719

AlSi2 Si6 3.865

AlSi Si7 1.596

10 Si9 Si 5.105 AlSi8 Si 6.109

Si8 Si2 6.905 AlSi7 Si2 6.003

Si7 Si3 5.443 AlSi6 Si3 5.144

Si6 Si4 5.059 AlSi5 Si4 4.262

Si5 Si5 5.931 AlSi4 Si5 6.544

AlSi3 Si6 4.182

AlSi2 Si7 5.742

AlSi Si8 5.237

11 Si10 Si 2.453 AlSi9 Si 3.671

Si9 Si2 4.891 AlSi8 Si2 7.114

Si8 Si3 5.427 AlSi7 Si3 5.744

Si7 Si4 3.279 AlSi6 Si4 4.199

Si6 Si5 3.738 AlSi5 Si5 4.160

AlSi4 Si6 5.569

AlSi3 Si7 3.621

AlSi2 Si8 6.945

AlSi Si9 4.441
11543
of clusters and therefore isomer effects could be respons
for the differences in the theoretical and experimental val
observed.

Comparison of the IP’s between Sin and Sin21Al clusters
shows that the ionization potentials of Sin clusters decrease
in presence of an Al atom. The reduction in the IP of Sin21Al
clusters can be attributed to the decrease in their HO
energies as listed in Table III. The difference forn52 is due
to their difference in the spin multiplicity value which i
triplet and quintet for Si2 and AlSi, respectively. We have
plotted the HOMO energy levels of Sin and Sin21Al clusters
as shown in Fig. 4. It is clear from this table that the HOM
energy levels of Sin clusters are lifted upwards~less nega-
tive! in the presence of the Al atom. This phenomenon
reflected in the reduction in the ionization potentials of
clusters. In this context it is interesting to mention that in
recent work by Landmannet al.52 it has been observed tha

e
-

FIG. 3. The dissociation energies of Al and Si atoms from Sn

and Sin21Al clusters. The squares and circles represent dissocia
energies of a Si atom from the Sin and Sin21Al cluster, respectively.
The triangles represent the dissociation energy of an Al atom f
the AlSin21 clusters.

TABLE III. Comparison of the ionization potential values of Sn

and AlSin21 clusters obtained from the HOMO energy levels
well as the energy difference between the neutral and singly p
tive charge ions having fixed ionic positions.

n
(Sin)

HOMO
(Sin)
VIP

IP(Sin)a

Exp.
(Sin21Al)
HOMO

(Sin21Al)
VIP

2 7.61 7.41 .8.49 7.91 7.59
3 7.97 8.02 .8.49 6.76 6.13
4 8.25 8.33 7.97–8.49 7.90 7.04
5 8.01 8.21 7.97–8.49 7.03 6.30
6 8.29 7.88 7.97–8.49 7.88 7.30
7 8.12 8.09 ;7.90 7.65 7.31
8 7.33 7.36 7.46–7.87 6.98 6.10
9 7.67 7.68 7.46–7.87 6.86 5.89
10 8.15 8.05 ;7.90 8.02 7.21
11 6.83 7.20 7.46–7.87 6.57 5.49

aExperimental values from Ref. 70.
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doping of an Al atom in the Si nanowire, assembled from
Si24 or Si96 clusters, enhances the electronic conductivity s
nificantly. This has been explained due to the increase in
density of states by the incorporation of the Al atom. In t
present study, the upward shift in the HOMO energy lev
of the Al atom incorporated Si clusters bear an implication
corroborate the above phenomenon.

CONCLUSION

In this work we have carried out the geometry optimiz
tion for Sin and Sin21Al clusters using density functiona
theory under the local spin density approximation to acco
for the exchange correlation effects. The atomic configu
tions of the lowest-energy isomers obtained at the DFT le
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