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Ab initio molecular-dynamics studies of doped magic clusters and their interaction with atoms
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We present results of the atomic and electronic structure of icosahedsl 3{=Si, Ge, and Shclusters
using theab initio molecular-dynamics method within the local density functional theory. Substitutional
doping of a Al; cluster by a tetravalent atom leads to a substantial gain in energy in all the cases studied. Tin
is found to have a lower energy at a vertex site in contrast to the central site for Si and Ge, leading to surface
segregation of Sn in these clusters. Also in the case of g8iAtluster, Si occupies the central site of a capped
icosahedral structure. These results when interpreted in terms of the interaction of closed shell clusters with
atoms leads to a relatively strong interaction of 8l with Al as compared to the weak interaction of rare gas
atoms with other elementgS0163-18208)04104-9

[. INTRODUCTION atom, though in bulk, Si is a covalently bonded semiconduc-
tor. Binary metal clusters are known to have the problem of
During the past few years much interest has grown in thesegregation where the impurity atom can segregate at the
understanding of the physical and chemical properties osurface. Here we study the nature of bonding in these doped
metal clusters and their evolution to bulk behavior. One ofclusters and show that Sn tends to segregate at the surface
the most important findings has been the observation ovhereas Si and Ge prefer the central site.
magic clusters of metals with 8, 20, 40, ., valence elec- Further to these studies, closed shell clusters have been

trons. The stability of such clusters has been understoolracting much attention due to the possibility of developing
from a spherical jellium mod&? according to which a clus- cluster assembled materidfst* Al ;X clusters, referred to as

ter is magic if the number of valence electrons is sufficient tg>UPeratoms, are particularly interesting as these have high
completely fill an electronic shell, e.g.s1ip,1d,2s, . . . . symmetry. Whether sucsuperatomsvould keep their iden-

For some clusters, the geometric factor has been found tté'ty upon interaction .W'th other gtoms/qlusters is still not
. . . ; . _Clear. An understanding of such interactions would help the
play an important role in the stability as highly symmetric

: .~ development of novel cluster materials. We consider here the
clusters may be particularly stable. From both of these points - raction of an Al atom with ALSi and find that the inter-
of view the Al cluster is interesting as it has 39 valence

13 M i action is weaker as compared to the corresponding value in
electron_s which is just one short of the electronic shelly,minum clusters but is much stronger than the known be-
completion and has been shown to have a nearly regulg{ayior of rare gases. In Sec. II, we give the computational
icosahedral geometrd/ Ultraviolet photoemission Spectros- details while the results are presented in Sec. IIl.

copy (UPS studies show large electron affinity for Ay and

indeed Al; has been found to be highly abundant in the Il. COMPUTATIONAL DETAILS

mass spectra of Al cluster iofisAn interesting way to com- We have used theab initioc molecular-dvnamics
plete the electronic shell is by substitutional doping as thefnethoc}z'm with the norm-conserving pseudopotgnﬁélm
phemical bonding can Ie%\db furt8her stability of a cluster. It the separable forf for the electron-ion interaction and a

is to be noted that Nakajimet al.” have found AlB™ tobe 1506 wave basis set with 11.5 Ry cutoff. The cluster is
strongly abundant similar to 4. placed in a fcc supercell with periodic boundary conditions.
_Inthe case of Al; the electronic shell can be completed The |attice constant is chosen to be 38.5 a.u. so that the
if an Al atom is replaced by a tetravalent atom such as Sijpteraction between the cluster and its periodic images is
Ge, or Sn. Khanna and Jerand Gong and Kuméusgd this  negligible. Only thd™ point is used to represent the Brillouin
idea to study icosahedral AC and Al,Si clusters with the  7one of the molecular-dynamics supercell. Exchange corre-
dopant at the center and indeed found these to be signifiation energy is calculated within the local density approxi-
cantly lower in energy than A. The center to vertex dis- mation(LDA) using the Ceperley and Aldérdata as param-
tance in an icosahedron is about 5% shorter than the vertexyized by Perdew and Zung¥r.

to vertex distance. Substitution of a smaller atom at the cen-

ter is expected to contract vertex-vertex Al bonds which are . RESULTS

strained in the Al; cluster. However, from these studies, it is
not clear if the doping is preferred at the center or a vertex
site of the icosahedral structure. The tetravalent impurity Table | shows the binding energies and bond lengths for
such as Si in these doped clusters appears to act as a mefd}, Al-Si, Al-Ge, and Al-Sn dimers. The binding energy for

A. Al—X dimers

0163-1829/98/5(8)/49394)/$15.00 57 4939 © 1998 The American Physical Society



4940 VIJAY KUMAR AND V. SUNDARARAJAN 57

TABLE I. Binding energy (BE) and bond lengths for Ak TABLE Il. Binding energy(BE) and segregation energ®j for
dimers. Al-X clusters. A negative value @ means that segregation Xf
is favorable at the surface. C and S in the second column refer to
Cluster BE(eV) Bond length(a.u) center and surface sites for atofin the icosahedron. C1 corre-
sponds to Si at the center with Al at the bridge site and(S2
Al 1.55 4.75 correspond to Si at the briddéhreefold site on the Al; cluster.
Al-Si 2.32 4.28
Al-Ge 2.31 4.28 Cluster Position o BE (eV) Q (eV)
Al-Sn 2.10 4.58
Als 37.54
35.97
Al-Si and Al-Ge dimers is nearly the same and the bond is 36.66°
much stronger than in Al The bond length is 10% shorter 36.40F
than its value in AJ. For the Al-Sn dimer there is an elon- 38.61¢
gation of the bond as compared to Al-Si and there is a de; | c 40.46
crease in the binding energy. However, the binding energy is ** '
still much larger and the bond is shorter as compared 0 Al ) 39.20
Al ,Si S 39.83 0.63
B. Al;,X clusters Al Ge C 40.27
, _ _ 39.12
Al 12.X clusters W|t_hX=S|, Ge, and Sn havt_a been ;tudlgd Al ,Ge s 39.84 0.43
by taking a regular icosahedron structure with the impurity
either at the center or a vertex site. The ions are displacedl>Sn © 39.28
randomly and the energy is minimized with respect to theAl;;Sn S 39.70 —0.42
electronic and the ionic degrees of freedom. A cuboctahedrall ,5Si C1 42.67
Al 5Si cluster with the Si atom at the center is also studiedAl,Si S1 42.11 0.56
and is found to relax to the icosahedral structure, indicating S2 42.08 0.53
the latter to be particularly stable. The binding energies of 40.96

clusters are calculated with respect to the free atoms includ?14

ing the spin polariz_ation corrections and are give” in Table‘Discrete variational metho(OVM )-LDA, Gong and Kumar. Ref.
Il It is noted that in all the three cases, doping leads to a,

substantial gain_in the binding e_nergy. Our results op3il bGaussian-local spin density, Khanna and Jena, Ref. 11.
and Al,,Ge are |n'agreement Wlt'h the_ earlier work of Gongepyp-x a, Chenget al, Ref. 18.
and _Kumg? obtained fror_n a Ilnearlzed_ comblnatl_on of dCar-Parrinello-LDA., Yiet al, Ref. 4.
atomic orbital method. As in the case of dimers, we find that
both Si and Ge behave very similarly and prefer the central ) ) o
site of the icosahedron. However, Sn prefers a vertex sitBveen the impurity and the atom at the center is significantly
leading to the segregation of the Sn atom at the surface imaller(4.74 A) than its value 5.04 A when the impurity is
this cluster. Both Si and Ge are slightly smaller in size ancgt the center. It can be understood within the effective me-
have higher melting temperatures than Al. On the other handjium theory° according to which an impurity atom tries to
Sn is oversized and has a lower melting temperature than Afind its density corresponding to maximum bonding. Due to
According to theoretical models of surface segregation irthe missing atoms on the vertex, there is a decrease in the
binary system the larger atom or constituent with lower embedding charge density which is compensated by a reduc-
melting temperature tend to segregate at the surface. Otibn in the Al-X bond length. It is interesting to note that
result on Sn segregation is, therefore, in agreement withvith Sn doping at the center, the largest Al-Al bond is
these theories.

The calculated structures of the clusters are shown in Fig.
1(a) and the corresponding bond lengths are given in Table
lll. Our calculations show that in A4 one of the golden @ ®
rectangles of the regular icosahedron gets slightly distortec

©
3
,/S"‘a\ké AN

= = N
with the angles 88.77° and 91.23° and the bond lengths var C& =0 CE7 IR
between 5.05 and 5.65 A. When a Si or Ge atom is doped a IR%\,!&%\/’# “‘?‘i}é&?}{{"’l
the center, there is a slight contraction of the center to verte» /‘a'%_;-l;% "lﬁ l/\ﬁ}‘ﬁ'ﬁﬂl\l
bond length as compared toAlwhich is expected from the ya\ = ; S (=,
smaller size of Si and Ge atoms and also from the behaviol \\Qi!/// \\\‘éy///

in dimers. This leads to a better bonding between the vertex
Al atoms also. In the case of the doping at the vertex site, the G, 1. (a) Icosahedral structure for Ajand Ah,X clusters. The
relaxed cluster has a fivefold symmetry. An interesting find-impurity atom X is placed at site 1Zcentej or 13 (vertex. (b)

ing is that one of the Al-Al bondgl0—-12 in Fig. 1a)] onthe  |nteraction of an Al or Si atom at the bridge sitgom 13 of Al,,Si

opposite side of the dopant gets significantly contracted. Wer Al,; cluster, respectively(c) Structure for the A, cluster. It has
trust that it is due to the charge density variations induced byhreefold symmetry. The central ataimot seen in the figujeof the

the impurity atom in the cluster. Also the bond length be-Al ;5 icosahedron is beneath atom 14.
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TABLE Ill. Bond lengths for different clusters. The notation for TABLE IV. Binding energy of Al on Al,Si and Si on A3
the position ofX is the same as given in Table Il. In column 2, the clusters.
list of bonds are given which have numbering of atoms as given in

the figures for the clusters. Cluster Position ofX BE (eV)
Position ofX Bonds AlLSi Al,.Ge Alj,Sn AlSi-Al C1 2.20
Al 5-Si s1 4.58
C center-vertex 5.04 504 513 Al Al S2 3.42
vertex-vertex 530 5.30 5.39
S 12-13 4.71 4.74 5.01 . . .
[Fig. 1(b)] is only 0.03 eV lower in energy than the three-
10-12 4.96 4.95 4.95 - . . .
fold site[Fig. 1(c)], suggesting that a Si atom on the surface
3-12,4-12,5-12,8-12,11-12 5.08 5.06 5.07 . . . . .
112212 612712012 508 508 5411 of this cluster could be quite diffusive. We treat the,Sli
3 '13 ‘4 '13 5 '13 é _13 11 13 5'15 5.18 5‘40 cluster as if an Al atom is interacting with a ASi cluster. In
TETTS RS E e : : ' this case we have considered both a bridge as well as a
1-41-52-3,2-83-74-6 529 529 527 hreefold site for Al. However, Al at the threefold site con-
5-9,6-11,7-11,8-9 verges to the bridge site after relaxing the cluster.
1-10,2-10,6-10,7-10,9-10 533 531 527  Al.Sj has a closed shell electronic configuration and
3-8,3-11,4-5,4-11,5-8 533 533 540 therefore, one may expect it to interact weakly with other
1-6,1-9,2-7,2-9,6-7 538 537 536 atoms. Our calculated binding energies are given in Table

IV. We find that the structure with a Si atom at the center is
. ) ) ) lower in energy by 0.55 eV than the one where a Si atom is
ShOI"[eI’ than its Value N % HOWeVer, an Increase In the interacting W|th an Ai?: C|uster at the bndge S|f§|g 1(b)]
center to vertex distance upon doping leads to the segregaherefore, for Al,Si also, we find that Si prefers a higher

tion of Sn in this cluster.
The electronic charge density surfaces for the,%il clus-
ter are shown in Fig. 2 along with those obtained foyAdt

coordination site as in AjSi. The gain in energy by substi-
tutional doping of Siin AJ,is 1.71 eV as compared to 2.92
eV for Al{3 which is quite large and it shows how signifi-

three different values of the density. It is clear that Si impu-cantly seemingly similar systems could differ due to quan-
rity in the cluster behaves quite similar to Al atom at the,m effects. Considering the ABi cluster from the point of
center and the bonding between Al and Si is metallic inyjew of superatom-atom interactiorthe binding energy of
nature. Al on Al,Siis 2.2 eV. This energy is much smaller than the
interaction energy3.42 e\j of an Al atom on Als. Also the
binding energy of a Si atom on Afis 4.58 eV. Therefore,

We have studied ALSi and Al clusters in order to ob- the Aly; cluster is very reactive but ASi interacts relatively

tain the segregation behavior with size. The additional aton{’€akly with other atoms. However, from the binding energy

is placed on a bridge or a threefold site of the icosahedrafS Well @ bond lengths of 5.11 albonds 5-13 and 7-13 in

Al or Al,Si cluster. These results are then used to stud)'/:'g' 1(b)] we conclude that this interaction is chemical in

the interaction of a closed shell cluster such ag@ilwith ~ nature rather than van der Waals type known for rare gases,
other atoms. though in both the cases there ip @hell closing. A similar

Interaction of a Si atom with an Al cluster has been result was obtainéd from the study of an fcc solid formed
recently studied by Kumamwho found that the bridge site TOM Al12Si clusters.

C. Al5Si cluster and superatom-atom interaction

IV. CONCLUSION

Substitutional doping of the icosahedral;f\tluster with
a tetravalent atom such as Si, Ge, and Sn is shown to im-
prove the binding of the cluster. This result is in agreement
with the earlier work on C and Si doping. The impurity atom
in this cluster behaves as a metal atom though Si and Ge are
covalently bonded in bulk. Si and Ge are found to prefer the
central site of the icosahedron whereas Sn prefers a vertex
site. This segregation of Sn is consistent with the models of
surface segregation in binary alloys. The segregation behav-
ior is found to continue for ALSi cluster in which case also
a Si atom occupies a high coordination site. Considering the
Al 15Si cluster as an Al atom interacting with a,;A%i supera-

FIG. 2. Electronic charge density surfaces farAl,,Si with Si  tom, we find that the binding of an Al atom to the superatom
at the center of the icosahedron with densities 0.0105, 0.0225, ari@ much weaker as compared to anAtluster. However,
0.0350 e/Q) (left to right) and (b) Al,; with densities 0.0101, this bonding is chemical in nature as compared to the van der
0.0231, and 0.0348/(, Q being the volume of the primitive cell. Waals bonding known for inert gas atoms.

(®)
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