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Most stable structures and physical properties are studied for silicon-dopedAly, and Ab; clusters
using theab initio molecular-dynamics method within the framework of a plane-wave pseudopotential ap-
proach and the local density as well as the generalized gradient approximations. The lowest energy structures
of the undoped clusters are found to be Jahn-Teller distorted icosahedron, double icosahedron, and decahedron,
respectively. Substitutional doping with a Si impurity makes these clusters electronically closed shell and leads
to a large gain in the binding energy, which decreases with an increase in the cluster size in a nonmonotonic
way. The heat of solution of a Si atom in clusters is found to be exothermic as compared to endothermic
behavior in bulk aluminum. Further, a Si impurity is found to stabilize theg3il cluster in cuboctahedral
structure. However, a capped icosahedron as well as a double icosahedron are found to be nearly degenerate
with about 1.77 eV higher binding energy. For,48i, the decahedral isomer has the lowest energy with a
highest-occupied lowest-unoccupied molecular-orbital gap of 0.82 eV. It is also found to be very stable when
heated at 700 K. Similar results are likely to hold in the case of doping with germanium. We discuss the
significance of these results for the understanding of the stability of silicon-doped quasicrystals.

. INTRODUCTION atoms of the icosahedral ABi cluster. Furthermore, doping
could add a new dimension in the search of magic clusters

Currently, there is much interest in studies on clusters duevith regard to their shape. There could be a symmetry break-
to their technological applications as well as the possibilitiedng of the lowest energy isomer of an undoped cluster and it
of developing novel cluster-based materials using the sizenay become possible to stabilize one of the other isomers,
dependence of their properties. In this direction, there arghich may not be stable or only metastable otherwise. Here,
efforts to develop new magic clusters. Doping of clusters igve explore the effects of doping on aluminum clusters with a
an interesting possibility that has not yet been much exsilicon atom.
plored. It cannot only enhantéhe stability of certain magic Clusters of aluminum have been extensively studied both
clusters but also it may change their properties very signififrom experiments” as well as theory;"®~*®particularly in
cantly due to the finite size. An important aspect of doping inthe small size range. In bulk, aluminum is a nearly free elec-
clusters is the possibilifyof mixing some of those elements tron like metal and therefore, the gross features of a jellium
that do not mix in bulk. In a cluster the strain due to sizemodel’ of metal clusters, such as the electronic shell closing
mismatch can be significantly less as compared to bulk dutor 20, 40, 58, 70, ...valence electrons, could be ex-
to the finite size as well as different atomic structures such agected to hold for its clusters. However, due to the odd num-
those based on an icosahedral packing, which are quite corfer of valence electrons in the atom, most of its clusters do
mon for several metal and rare gas clusters. In an icosah&ot have electronic closed shell structures. Replacement of
dron, the center to vertex distance is about 5% shorter than aluminum atom with a tetravalent impurity could make
the nearest-neighbor bond length between two verticeseveral aluminum clusters magic with a closed electronic
Therefore, a slightly smaller size atom at the center of arshell. These include 11, 13, 19, 23, 35, 37, 55 atom
icosahedron is favorable for improving the bonding betweertlusters. Here we study substitutional doping of Si in 13, 19,
the vertex atoms as compared to strain by such an impuritand 23 atom clusters as these are the closest to the prominent
in a bulk crystal with nonicosahedral nearest neighbor envishells with 40, 58, and 70 electrons. We show that it is pos-
ronment. Moreover, the electronic structure of a cluster coulgible to obtain electronically closed shell clusters in three
be significantly different from its bulk or surfaces and there-important structures, namely icosahedrgl Al,,Si, cuboc-
fore, it may give rise to a different interaction of an impurity. tahedral ¢) AlgSi, and decahedrad) Al,,Si.
A striking example is the heat of solution of a Si atom in  Studies on abundance and reactivity of negatively
aluminum, which is endothermicHowever, substitutional charged aluminum clusters show;Aknd Al to be magic
doping of Als cluster with a Si atom is highly and inert with respect to interaction with oxygen. In the neu-
exothermict®* The large binding energy was shotio be  tral state, both these clusters are one electron short of the
due to chemical bonding rather than relaxation of the vertexlectronic shell closing in the jellium model and therefore,
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the large abundance of these negatively charged clusters cpseudopotentiafs have been used. The cut-off energy for
be understood. The electron affinity of ,Alis indeed quite plane waves in these calculations was 11.07 Ry. The geom-
high (3.75 eV} and is similar to the value for chlorin@.61  etries were again fully optimized using the conjugate gradi-
eV). Theoretical studiés® on aluminum clusters have ent technique. The Brillouin zone was represented by the
shown Al 5 to be a slightly distorted icosahedron. Receitly gamma point.

d, and c isomers of aluminum clusters have been stutlied

using the local spin density approximatignSDA) up to a 1. RESULTS

size of 23 atoms. It has been shown that fofgfdnd Abg _

clusters, a double icosahedron and a decahedron, respec- A. Pure aluminum clusters

tively, have the lowest energy. Substitutional doping ofzAl In the size range of clusters, that we have studied, there

by Si has been studié@*?earlier to obtain an electronically are three growth modes that have been recently suggasted
closed shell-Al ;,Si cluster. The important findings of these compete. These are icosahedral, decahedral and cuboctahe-
studies were a large highest occupied - lowest unoccupiedral isomers. As it is well known, the LDA and LSDA bind-
molecular orbita(HOMO-LUMO) gap of nearly 2.0 eV, a ing energies are significantly overestimated as compared to
substancial gain of about 3.0 eV in energy with doping and ahe experimental valuésS.Therefore, we have calculated the
preference of Si to be at the center of the icosahedron. Herenergies of the pure aluminum clusters in GGA in order to
we continue these investigations for larger clusters to exploreompare our results with the earlier wétfk® For Al; and
the effects of doping in Ab and Ab;. The Algandd-Al,; Al besides the simulated annealing calculations, we have
fragments with doping are found in several complex alumi-studiedd isomer for Al; as well asd andc isomers for Al.
num alloys'® Moreover, doping with silicon has been found For Al,;, simulated annealing LDA calculations predict a
to stabilize the quasicrystallinephase® of several such al-  Jahn-Teller distorted icosahedron structure and this agrees
loys. Therefore, it is of interest to know if silicon doping with the earlier worl=°The d-Al 5 isomer is also distorted
enhances the range of icosahedral growth of aluminum clusand is locally stable in LDA. However, in GGA with spin
ters. Also, most of the earlier studies on aluminum clustergolarization, conjugate gradient minimization led théso-
are within the local density approximatiébhDA) or LSDA.  mer finally converge to theisomer. Therefore, in GGA, the
We have performed calculations using both the LDA as welld isomer is not even locally stable. A similar result has been
as the generalized gradient approximati@GA) with spin-  independently obtained recently by Akolet al?® with
polarization. Our results from GGA are in very good agree-_SDA. They reported transformation of the decahedral struc-
ment with experimental valu€sof the binding energy on ture into icosahedral one at about room temperature. For
pure clusters and we hope that our results on doped clustepg 4, thed andc isomers relax very significantly and a ten-
would provide a good estimate of the heat of solution ofdency has been found for developing double icosahedral
silicon in these clusters. structure. For Al; and Alg, both the LDA as well as the
In the next section, we present a brief description of thegGA predicti isomers to be of lowest energy. This agrees
calculational procedure. In Sec. lll, we present the resultSyith the LSDA calculation in Ref. 9 and also with a GGA
Our conclusions are given in Sec. IV. calculatiort’ for Al 5. However, our result is different from
a very recent papét that we found after the completion of
our paper and that reports tbésomer to be of lowest energy
for Al 5. In the case of Al;, Akola et al® have reported the
The calculations have been performed usingahenitio i isomer to be significantly more favorable than thisomer
molecular-dynamics method with a plane-wave b&si¥  whereas thed isomer was found to have 0.011 eV higher
The electron-ion interaction is represented by the normbinding energy as compared to thésomer in LSDA. We,
conserving pseudopotentiflsin the Kleinman-Bylander therefore, considered theand thed isomers for this cluster.
separable for? with sandp nonlocality. The cut-off energy In LDA, the i isomer has 0.224 eV higher binding energy
of the plane wave is taken upto 16.2 Ry. The exchange anthan thed isomer. However, in GGA with spin polarization,
correlation(XC) energy is calculated within the LDA using thedisomer is the lowset in energy and the binding energy is
the Ceperley-Alder dath as parametrized by Perdew and 0.128 eV higher than theisomer very similar to the result
Zunger?? For Al;3 and Alg, simulated annealing calcula- obtained in LSDA. In Fig. 1, we have shown the structures
tions were performed within LDA. In addition, a few other of the lowest energy and the nearly degenerate isomers ob-
isomers were studied using the steepest descent method. Ttaned from the spin-polarized GGA calculations.
converged structures were taken as the starting point for fur- The open shell structure of the undoped clusters leads to
ther calculations with spin polarization and the G@&Ref.  Jahn-Teller distortions and therefore, the nearest-neighbor
23) using the Vienna ab initio simulation package bond lengths vary significantly. Also the different center to
(VASP).1824 This uses exact evaluation of the electronicvertex and vertex to vertex bond lengths in an icosahedron
ground state at each molecular-dynamics step using efficie@dd to this significant variation. We define a mean nearest-
matrix diagonalization schemes as compared to the aboweeighbor bond length as
LDA calculations where the electron minimization was done N
for an initial configuration of the ions and then the electronic 138
wave functions and ions were allowed to evolve to reach the dm:N_b EI di, @
minimum energy configuration, the kinetic energy of the
electrons being kept small by occasional electron minimizawhere,d; is the nearest-neighbor bond length of ikiebond
tion. Also in the VASP code, ultrasoft Vanderbilt andN, is the number of bonds below a certain cut-off bond

II. COMPUTATIONAL PROCEDURE
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blet. In the case of decahedral,4isomer, a configuration
with 5 up, magnetic moments was found in the minimization
runs with about 1.132 eV lower binding energy. This trans-
forms to thei isomer by a rotation of the central pentagon.
An important effect of taking into account the spin polariza-
tion is the lowering of the HOMO-LUMO gap as it can be
seen in Table | where we have given the GGA values with
and without spin polarization. In the spin-polarized calcula-
tion, one finds that the HOMO-LUMO gap for Alis only
0.36 eV and this should make it quite reactive as indeed one
finds'® from the large binding energy of an aluminum atom
on Al;. For Al;g and Ab; clusters, the gap is very similar
with values 0.35 and 0.38 eV, respectively in the GGA. The
Kohn-Sham energy spectra for all the clusters are shown in
Fig. 2 using a Gaussian broadening of variance 0.025%eV)
so that we could compare our results with the photoemission
data of Liet al” For Al 3, we have taken the spectrum of the
d isomer obtained during the optimization runs. We find that
around—4 eV, our calculated spectrum of thésomer is in
very good agreement with the photoemission result. In the
experimental data on A, there is a shoulder towards higher
binding energy as we also see in Figc)2for i-Al,Si

FIG. 1. Projections of lowest energy structures far i-Al 3, whereas in thal isomer, the shoulder is towards the lower
() d-Al,s, and(d) i-Al 3 isomers.(b) shows the A, double icosa-  binding energy. Considering Si to add an electron iggahd
hedral structure which has large distortions. make it highly symmetric as we would expect it for; Al we

can conclude that in experiments also, the observed isomer is

length, which is taken to be 3.27 A. The mean values ascosahedral. In going from A} to Al;g and Abg, one finds
well as the range of bond lengths in different clusters ashat the gaps found in the case of,Alt 20 and 40 electrons
obtained in GGA are given in Table |. For Al the nearest- get very significantly reduced and the states are quite evenly
neighbor bond lengths vary between 2.75 and 2.96 A with alistributed. For AJs, thei isomer has a broad peak near the
mean value of 2.77 A. In the case of,4J the distortions are  HOMO, which is closer to the photoemission data. It is pos-
large as one can see from the broken bonds in one of thsible, that with an increase in the size of clusters, the number
icosahedra in Fig. 1. The bond lengths vary from 2.50 to 3.2°6f isomers present in the experiment may be more than one
A and the mean value is 2.79 A. This is larger than the valuelue to a decrease in the energy difference. Fodtismmer,
in the case of Al;. Al,3is the most compact out of the three however, the energy gaps are more prominent than in the
clusters we have studied. Its bong lengths vary between 2.68omer.
and 2.91 A and the mean value is 2.76 A.

Our results of the binding energies and the HOMO- B. Si-doped clusters
LUMO gaps are also given in Table I. It is found that the . . . . .
binding energies calculated within the GGA are lower than Substitutional  doping of Ak with Si was earlier

those obtained by using the LDA. In the case ofAlour showrt*!2 to be favorable at the center of the aluminum
LDA binding energy is higher than the value reportéd in Ref.Icosahedron. We have_ computeq the energy .Of this cluster in
10 due to the inclusion of thp non-locality in the calcula- GGA and also for thel isomer. It is found that in GGA also,

: - ~the i isomer has the lowest energy with the value 2.813
tions. However, our GGA result is in close agreement with .

the experimental value of 2.481 eV/atom obtained by Ra V_/atom and the HOM.O'LUM.O gapis 1.99 ey. _Our calcu-
et al® This is also in good agreement with the value of ations show that thel isomer is not stable. Similar to the
2.616 eV/atom reported recently by Callgjgal?’ using a  caS€ Of pure Ak, a decahedral structure, when relaxed,
linear combination of atomic orbitals and the GGA of SE€MS o first converge to thiisomer with binding energy
Perdew-Burke-Ernzerhdf. However, the binding energy re- and HOMO'LUMO gap of 2.776 e\_//?‘t‘?m gnd ,1'58 e\/, re-
ported in Ref. 28 using GGA in GAUSSIAN 94 code appearSpeCt'Vely' However, when the minimization is continued

to be too low(2.12 eV} as compared to the experimental further, it converges to thieisomer. The center to vertex and
value. Also their. result that the-Al 5 isomer has 0.43 eV vertex to vertex bond lengths in this cluster are 2.64 and 2.77

higher binding energy is different from our GGA calcula- fDi\S compared to the values 2.67 and 2.81 A fdtiid
tions, which predict it not even locally stable. In fact, during C. ideri h .
the minimization runs, th& isomer first appeared to have onsidering the reaction

ponverged with a 0.24 eV Iovygr binding energy t.han the Al 15+ Sie Al ,Si+ Al )
isomer. However, when the minimization was continued fur-
ther, thed isomer transformed to thieisomer. the enhancement in the stability of ;/Alwith Si doping is

The spin-polarization is found to lower the energy of found to be by 2.738 eV. This value is significantly lower
these clusters only marginally. All the studied clusters favorthan 3.177 eV obtained from LDA calculation. Also consid-
low-spin configurations and the lowest energy state is a dowering the reaction
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TABLE I. Structure, range of the nearest-neighbor bond lengthsijts mean valued,, in A, binding energies calculated from LDA,
GGA (spin-unpolarizeg and GGA-sp(spin-polarizedlin eV and the HOMO-LUMO gap in eV for the undoped and the doped aluminum
clusters. The bond lengths are given only from the spin-polarized GGA calculations for the undoped and the GGA calculations for the doped
clusters. Experimental value of the binding energy for;Ad from Ref. 15. For Al; and Al,Si, the decahedral isomer finally converges to
the icosahedral isomer and the values are given from the metastable configurations during the optimization rupsaf@rALSi, both
the double icosahedral and decahedral isomers distort significantly and have similar structures.

Cluster Isomer d; ,dy, XC B.E. Gap
Al 3 icosahedron 2.75-2.96 LDA 3.167
2.77 GGA 2.595 1.57
GGA-sp 2.602 0.36
decahedron LDA 3.137
GGA 2.578 1.46
GGA-sp 2.584 0.30
Expt. 2.481
Alyqg double 2.50-3.27 LDA 3.249
icosahedron 2.79 GGA 2.666 0.52
GGA-sp 2.670 0.31
decahedron LDA 3.249
GGA-sp 2.610 0.19
Alys decahedron 2.63-2.91 LDA 3.356
2.76 GGA 2.746 0.61
GGA-sp 2.750 0.38
icosahedron 2.49-2.96 LDA 3.366
2.82 GGA-sp 2.744 0.21
Al ,Si icosahedron 2.64,2.77 LDA 3.412
2.73 GGA 2.813 1.99
decahedron LDA 3.365
GGA 2.776 1.58
Al 1Si double icosahedron 2.47-3.19 LDA 3.360
2.78 GGA 2.770 0.64
decahedron LDA 3.367
GGA 2.770 0.64
simulated annealing 2.56-3.06 LDA 3.368
2.78 GGA 2.766 0.58
cuboctahedron 2.67,2.74 LDA 3.285
2.71 GGA 2.675 0.23
Al ,.Si decahedron 2.58-2.81 LDA 3.445
2.75 GGA 2.834 0.82
icosahedron 2.48-3.00 LDA 3.440
2.81 GGA 2.813 0.23
Bulk fcc 2.86 expt. 3.39
2Al5+ Si,— 2Al,,Si+Al,, (3)  the gain is about 0.48 eV less as compared toi td;,Si

o ) o isomer. A natural question then is, whether silicon doping
the gain in energy is 1.709 eV per cluster which is verywould stabilize larger aluminum clusters in icosaheral struc-
large®® as compared to bulk where a silicon impurity in alu- tyre. Considering the double icosahedron ofAtluster,
minum is energetically not favoratil@nd the heat of solu- substitution of a Si atom can be at one of the centers of the
tion is +0.5 eV (endohedral Among all the clusters, we two icosahedra. The resulting structure does not have high
have studied, AbSi has the largest gain in the binding en- symmetry. On the other hand, substitutional doping of Si at
ergy as well as the highest HOMO-LUMO gap.99 e\).  the center of a cuboctahedron keeps the high symmetry of
Therefore, among Si-doped aluminum clusters, we would exthis cluster. Often, magic clusters have been found to have
pect this to be strongly abundant. The HOMO-LUMO gap isstructures of high symmetry. It is plausible that doping could
in agreement with the previous LDA resultbut the gain in  make thec isomer stable. We carried out steepest descent
energy is smaller in GGA. calculations for the cuboctahedral as well as the double

The above result of the stability of theAl,Si is very icosahedral structures. Further, a simulated annealing calcu-
interesting as doping of some of the aluminum based alloytation was performed to find the lowest energy structure
with silicon has been found to stabilize the quasicrystalline within LDA. The resulting structures were further optimized
phase of such alloys. It is also interesting thatdeAl ,Si,  using the GGA and the results are shown in Fig. 3. It is



PRB 61 SILICON-DOPED ICOSAHEDRAL, CUBOCTAHEDRA. .. 8545

30
25 (k)

[0}
20
15
S M A /V\
30
25, 0 o
20
10
A

25| @ (h)
20
: MWW A/W\/A/\
10
3 N
30
25 U]
20

M MMM .
: /\ A A\ \\ v | | ; " " F'
10 \ 4 ' g
3/\ /\ p A m ,
30
25 /\ FIG. 3. The lowest energy isomers of Si-doped clustéas.

30

Density of states

oA
15

10

30
25
20

20 i-Al,,Si with Si at the center(b) Al,¢Si with Si at the center of the
:3 lower icosahedron(c) Al,gSi icosahedron with Si at the center and
s ﬁ/\ /\/\ two caps of three Al atomsd) c-AlgSi with Si at the center of the

0 A cuboctahedron(e) d-Al,,Si with Si at the center, an¢f) three
‘4 -12 “° € -6 <14 12 10 8 6 -4 -2 interpenetrating icosahedra with Si at the center of one of them.

Energy (eV) Energy (eV)

FIG. 2. The density of occupied states obtained by broadening
the Kohn-Sham energy eigenvalues with a Gaussian of half widtflron structures are 0.58 and 0.64 eV, respectively, which
0.158 eV. For the undoped clusters the LUMO was also included ad!SO suggests a higher stability for the double icosahedron
the photoemission experiments in Ref. 7 were on negativelystructure in GGA. However, as the energy difference is very
charged clusterga) i-Aly3, (b) d-Aly3, (c) i-Al,Si, (d) d-Al,Si,  small, under experimental conditions of finite temperature,
(e) i-Alyg, () d-Alyg, (g) i-Al;gSi, (h) capped icosahedral ASi,  one may observe both of these isomers. These results show
(i) i-Alyg, () d-Alys, (k) i-AlxSi, and(k) d-Al,,Si. that the growth process in clusters could be quite complex
where the adatoms arrange themselves in a particular order
on a cluster, such as ABi here, or reconstruct it, which is
found that substitution of a Si atom indeed stabilizes ¢he very similar to what happens on surfaces.
isomer in contrast to the A cluster for which it is not even The nearest-neighbor bond lengths in the double icosahe-
locally stable. However, it does not have the lowest energydral isomer vary from 2.47 to 3.19 A and the mean value is
The HOMO-LUMO gap is also smalD.23 eVj. We find that  2.78 A. Considering reactior®) and(3) above, the gain in
the distorted double icosahedron structure with a Si atom ornergy by doping Ak with a Si atom is 1.90 and 0.871 eV,
one of the centers has significantly lower energy. A decaherespectively. Though it is significantly less as compared to
dral structure was also optimized and it converged to a simithe value for Al,Si, these energies are still large and exo-
lar distorted structure as obtained from the relaxation of thehermic.
double icosahedral structure. Simulated annealing calcula- Doping of Al,; cluster is interesting not only to under-
tions within LDA give another structur@-ig. 3) in which the  stand the growth behavior of aluminum clusters, but also a
Al ,Si icosahedron is capped symmetrically on two sides bydoped 23-atom decahedral fragment is found in many com-
three atoms. In LDA, it has the lowest energy. However,plex aluminum alloys. Also there is a 23-atom icosahedral
when optimization was carried out within GGA, then its cluster which has been found to be magic for Lennard-Jones
binding energy was found to be 0.083 eV lower than theclusters®! Since silicon impurity enhances the stability of
value for the double icosahedron structure. The HOMO-cosahedral clusters, an interesting question would be, if the
LUMO gap in GGA for the capped and the double icosaheicosahedral isomer becomes more favorable with Si doping.
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We have optimized both the structures and found that the 117
Si-doped decahedral cluster remains energetically more fa 101
vorable by 0.482 eV than theisomer in GGA. This is a 0.9 Al,gSi
relatively large energy. This result is also reverse from the 0.8
finding in the case of ALSi where decahedral isomer had a _ 0.7
lower binding energy and was in fact not stable. This behav-3 o6
ior has origin in the electronic structure of the two isomers as> 05
for the undoped Ak cluster also, thel isomer is more fa- £ ¢4
vorable. The doping of a Si atom at the center of the deca- 3]
hedron leads to 1.923 eV higher binding energy. This is 5]
again a large gain but it is significantly smaller than the value ;]
of 2.738 eV for AL,Si. Interestingly, this value is slightly R
higher than the one obtained in the case ofg8i. Consid- 0 200 400 600 800 1000 1200 1400 1600
ering the reaction(3) above, the gain is 0.895 eV which is MD Steps
again higher than the value for ABi. We believe that this is
due to the electronic shell closing effect. If we consider that
a silicon atom adds an electron to the undoped clusters, th
the large difference in the energy gain in the case g3l
and AbL,Si as compared to AJSi can be roughly seen from
the large difference in the value of the LUMO in,A(—4.03  as well as GGA and the effects of doping these clusters with
eV) and in Alg (—3.22 eV) and AJ; (—3.02 eV) clus- a silicon impurity. The lowest energy structures of these
ters. This is also supported from the fact that the Kohn-Sharclusters in GGA are Jahn-Teller distorted icosahedron,
eigenvalue spectra of the undoped and the doped clusters afeuble icosahedron and a decahedron in confirmity with a
quite similar except that the HOMO-LUMO gap for the LSDA calculation’ Among the doped clusters, theAl;,Si
doped clusters is largdfFig. 2). Our results also show that jsomer with a regular icosahedral structure has the highest
the binding energy of a dopant approaches the bulk value i8tapility with a large HOMO-LUMO gap of 1.99 eV, which
an oscillatory way rather slowly as the size of the clustershould make it strongly abundant. The doping is found to
increases and may continue to be quite different as long agapjlize the AlgSi cluster in a symmetric cuboctahedral
the cluster structure is different from its bulk. - structure but it is a local minimum. Two other nearly degen-
The nearest—nelghtg)r bond lengthsdm 228.' vary t;f' erate isomers based on two different ways of capping of an
t}\(Neher]SZHS8 an_d 2'81| and t?e mean k\]/alue 1S |2:'.75 5 ' Iﬁ?cosahedron have about 1.77 eV lower energy. Fep3\
onn-sham €igenvaiue spectrum 1S shown In 9. 2. &y yecanedral isomer is very stable with a relatively large

HOMO-LUMO gap for thed isomer is 0.82 eV, which is | ;
significant and much larger than the val@38 e\j for Al,; H.QMO.LUMQ 9ap of 0.82 eV. The heat of SO_IUt'On of a
silicon impurity is found to decrease in an oscillatory way

as well as the values of 0.32 for theAl,,Si isomer. This th . i1 the cluster si din all th that
result shows that the structure or shape of a cluster also pla%é' an increase n the cluster siz€ and in all the cases tha

an important role in the formation of a larger HOMO-LUMO e haye StUd',ed'_'t IS exotherm|c as compared FO the endo-
gap, which is important for the stability and abundance of dhermic behavior in bulk aluminum. The electronic structure
particular cluster. This is in agreement with the finding of a0f the clusters seems to play a very important role in stabi-
stronger stability of clusters with a certain number of elec-Zing Al;;Si in the icosahedral structure and,/i in the
trons in a deformed jellium modé&f. The HOMO-LUMO decahedral structure with significant energy gains. In the
gap for AL,Si is larger than the value for AJSi and reflects ~ case of Alsthe large gain is due to its large electron affinity
the stronger stability of 70 electron clusters as compared tas it was also showrfor the case of Al;. In Alyg and Abg
58 valence electron clusters. This is in agreement with exthe LUMO shifts by about 1 eV towards lower binding en-
periments that also show no specific feature regarding magiergy and leads to a smaller gain in the binding energies of
behavior of Al,. To further study the stability of this struc- Al,¢Si and Ab,Si. For larger clusters, however, the structure
ture, we heated the cluster upto 700 K and the mean squargay continue to play a very important role for the impurity
displacement is shown in Fig. 4. This is found to be oscilla-binding energy. In icosahedral structures, a silicon impurity
tory. It shows that the basic structure remains intact and thén aluminum in fact reduces the strain between aluminum-
ions vibrate around their equilibrium positions. This resultaluminum bonds in contrast to creating strain between
suggests that the isomer is very stable. On the other hand, aluminum-aluminum bonds in the bulk. Therefore, the heat
when we heated the AfSi cluster at 700 K, the mean square of solution could be exothermic even for large clusters as the
displacement was largéFig. 4) and there was a structural transformation to bulk structurgéand in particular for doped
transformation which suggests that this structure is not seluster$ may occur for clusters with several hundred to sev-
stable, as one would also expect from a small HOMO-eral thousand atoms. This can also explain the stabilization
LUMO gap. of icosahedral quasicrystals of certain complex alloys, which
have icosahedral or decahedral local environments in abun-
dance. Further, the behavior of doping with a germanium
atom was fountito be similar to silicon in Al,Ge and there-

In summary, we have studied the atomic and electronidore, we would expect very similar results to hold for larger
structure of pure Ak, Al;g, and Ab; clusters within LDA  clusters in the case of doping with a germanium atom.

FIG. 4. The mean square displacement fog,81 and AlgSi
usters at 700 K as a function of the number of molecular-
ynamics steps.

IV. SUMMARY AND DISCUSSION
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