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Clusters of semiconductiong materials are currently of great interest as these have an impor-
tant role to play not only in the maniaturzation of devices but also in the fundamental unde-
rstanding of materials at the nanoscals. Clusters with novel properties such as enhanced sta-
bility by suitable doping, tunable gaps, and magnetic properties could lead to novel nanoscale
optoelectronic as well as miniature spintronic and storage devices. The recent findings of M-
etal (M) encapsulated clusters of Si and Ge have generated much interest in this field and cou-

Id lead to new possibilities of Si-and Ge-based nanomaterials. The M encapsulated clusters can
be very symmetric with much higher band gaps that lie in the visible region in some cases
These properties may extend their usage in photonics that could be combined with electronics
to lead to new optoelectronic devices. It has been further shown that these clusters could be
assembled to form nanotubes of Si and Ge with novel magnetic properties such as high magnetic
moments and piezomagnetic effect at the nanoscale. Following these findings, there is a grow-
ing interest in the filed of M encapsulated clusters and their nanotubes in order to explore
their properties as well as new possibilities both theoretically and experimentally.

Recently, anion binary clusters of Co/Ge, Co/Sn, and Co/Pb have been produced by laser ablation
with high abundance of X10M-clusters followed by a minimum for X11M-.There is an extraordinary
peak in the mass distribution for Gel0Co-. The ground state of these clusters is predicted to
be a bicapped tetragonal antiprism. However, why these clusters exhibit magic behavior with s-
uch a large abundance is not understood. Here we explain the unusual stability of these char-
ged clusters of Si, Ge, Sn,and Pb with 10 atoms doped with Ni, Pd, or Pt. These are the smal lest
caged clusters of these elements doped with a transition(T)M atom.Si and Ge clusters are imp-
ortant for semiconductor devices a nice way to manipulate their properties at the nanoscale

In Gel0Co anions Co atom can be replaced by the next element, namely Ni to obtain neutral cl-
usters. As the size of the M atom plays an important role in the stability and structures of
M encapsulated Si or Ge cluters,we explire the optimal combinations among the TM and group-14
elements in order to find the most stable clusters.Si10, Gel0, Sn10, and Pb10 are known to be
magic with high abundances and have compact structures unlike the relatively open bulk diamo-
nd structure of Si,Ge,and Sn. All these clusters also have large highert occupied-lowest unoc-
cupied molecular orbital (HOMO-LIMO) gaps (Table 1)that decrease in going from Si to Pb. Therefore
it would appear difficult to transform such magic clusters into other magic clusters by doping
of an atom, as by definition of the constituent is less favorable. However, it is possible that a
different isomer of the same clusters gets stabilized by doping. Recently, doping of Si, Ge, and
Sn clusters with divalent M atoms was shown to lead to such a behavior. In particular,Be doping
enhances significantly the stability of the elemental magic clusters of these elements in a
different structure and also changes some nonmagic clusters into magic ones.From the point of
view of usage,Be is not favored because of its toxic nature.On the other hand, TM atoms are p-
articularly important for the stability of M encapsulated Si and Ge clusters. Therefore, the f-
inding of large abundances of X10Co-is significant. It is possible that the d level of the M
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atom is fully occupied and it behaves |ike the closed shell divalent M atoms. Therefore, the m-
agic nature of the X10 cluster can be retained if the HOMO-LUMO gap remains significant.
Ge10Co-has been shown to have a large HOMO-LUMO gap, while we find that the neutral Gel0Co
cluster has a significantly reduced gap of 0.23 eV only.For the stability of the neutral clu-
sters it is important that these have large HOMO-LUMO gaps. The exceptional stability of Gel0-
Co-and large HOMO-LUMO gap therefore arise due to the changed nature of these clusters. It is
also nateworthy that cation Gel0Co does not show high abundance. For neutral clusters, we ch-
oose Ni as it has 10 valence electrons in 3d94s1 configuration. In the doped cluster, it is po-
ssible that the 4s electron is transferred to the 3d level. If so, it is further important to
find the optimal combination of TM atom in the same column and the group 14 elements

The optimizations have been performed using an ab intio ultrasoft pseudopotential piane wave
method and the conjugate gradient technique with the generalozed gradient approximation (GGA)
for the exchange-correlation energy. The cutoff energy for the plane wave expansion is taken to
be 17.76,14.63,and 14.07 Ry for Ni,Pd, and Pt doped clusters, respectively. The Brillouin zone is
represented by the F-point. The structures are considered to be converged when the force on e-
ach ion becomes 0.01 eV/A or less.We consider a few initial structures such as the one with
the M atom at the center of a tetracapped trigonal prism(TTP) (lowest energy structure for X10,
X=Si, Ge, and Sn), a bicapped tetragonal antiprism(close to the lowest energy structure for Pb10)
a bicapped cube, a decahedron, a pentagonal antiprism, and outside doping of TTP to explore the
lowest energy structures. In Table, |, we have given the binding energies (BEs)and HOMO-LUMO gaps
of X10 and the M doped clusters in the lowest energy structures

Figure | shows four typical structures that are among the lowest energy structures for these
clusters. For Si10Ni, the lowest energy structure is one with a capped pentagon on one side of
the Ni atom and a rhombus on the opposite side, as shown in Figure la.This is similar to the
case of Gel0Co as well as to Si10Fe studied by Khanna et al.However the HOMO-LUMO gap in Sil10
Ni is much larger with the value of 1.94 eV as compared to about 1 eV for SilOFe Showing that
Ni doping is the most appropriate for the 10 atom Si magic clusters in agreement with the fi-
nding of large abundances of Co-doped anion clusters. This isomer is close to having 3-fold s-
ymmetry as it can be seen from the figure. An isomer with 3-fold symmetry is nearl!y degenerate
and has the TTP structure with one triangular face opened up and Ni atom inside as shown in
Figure 1b. The HOMO-LUMO gap is 1.98 eV.Since the GGA underestimates the gaps, the actual values
are expected to be higher and to lie in the visible range. The magnetic moment of Ni atom gets
completely quenched. An isomer with nearly 4-fold symmetry lies 0.77 eV higher in energy and
acquires 2 uB magnetic moment in fully symmetric structure. The decagedral and pentagonal an-
tiprism structures are found to have 2 uB magnetic moments in both the cases. Mpourmpakis et
i al.also obtained a similar decahedral isomer for Si1ONi.But it lies 0.67 eV higher in energy
and has a small HOMO-LUMO gap of 0.33 eV. A decahedeal structure was also obtained for SilOFe.
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When a decahedeal structure is optimized without spin-polarzation, it transforms to a TTP str-
cture with(surprisngly)slightly different bond lengths(Figure 1c)and it lies 0.27 eV higher
in energy as compared to the lowest energy isomer. The HOMO-LUMO gap is also significantly di-
fferent (1.49 eV).This structure has combined features of the pentagons and a capped hexagon
as found in the fullerene-like and Frank-Kasper isomers of the Zr@Si16 cluster, respectively

A bicapped cube also changes to this isomer, whereas a bicapped square antiprism converts to
the lower energy 3-fold structure(Figure 1b).

We also studied Ni outside Si10 on a triangular face of TTP.The converged structure(Figure
2a)lies 1.11eV higher in energy. Therefore,Ni is favored inside the cage. The in energy. There-
fore, Ni is favored inside the cage. The energy gain in doping Ni atom to Si10 is 5.13 eV, as
compared to the BE of 3.85 e/Vatom for Si10, and therefore the stability of Sil10 cluster is
enhanced by Ni doping (Tablel).

Doping of Pd in Si10 is favored outside(Figure2a)with 1.70 eV HOMO-LUMO gap. A3-fold strudture
(Figurelc)lies 1.03 eV higherin energy with a 1.27 eV HOMO-LUMO gap.A decahedron with Pd ins-
ide opens up(Figure2b). It lies 1.13 eV higher in energy with a HOMO-LUMO gap of 1.79 eV. It is
to be noted that a similar structure for Ni lies 0.77 eV higher in energy than the lowest en-
ergy structure as the stain is reduced. A decahedron with a small HOMO-LUMO gap of 0.32 eV.Lu
and Nagase studied Os doping in Si10 and Gel0 and obtained open structures, showing that Os is
not appripriate. The capped square antiprism structure converges to a slightly distorted(one
square face becoming rectangular)decahedron. This structure lies 1.53 eV higher in energy with
1. 34 eV HOMO-LUMO gap. The pentagon-rhombus isomer (Figure tb)and lies 1.71 eV higher in energy.
These results show that Pd doping is unlikely inside Si10 as the gain in energy is only 2.48
eV.Outside doping may be possible with the energy gain of 3.49 eV.

The case of Si10Pt is, however, different. The lowest energy strcture is a 3-fold isomer (Figure
1c). An isomer in which Pt opens the cage(Figure 2b)and is exposed for reactivity lies only
0.14 eV higher in energy. It also has a sighificant HOMO-LUMO gap of 1.32 eV. A capped square
antiprism and a pentagonal antiprism also converge to this isomer.This isomer has rhombi in
abundance. This tendency is also seen in anather rather open structure(Figure 2c)which lies
0.41 eV higher in energy with 1.23 eV gap. A decahedron is stable with a magnetic moment of 2
1B and lies 0.57 eV higher in energy, similar to the case of Ni.The capped pentagonrhombus
structure lies 0.90 eV higher in energy with a significant gap of 1.67 eV and is very close
to having 3-fold symmetry. Therefore, Pt doping is different from Ni and Pd. The gain in energy
by Pt doping in the lowest energy structure is 4.83 eV and therefore, it also engances the
stability of Si10 but the HOMO-LUMO gap is significantly reduced to 1.29 eV as compared to
2.09 eV for Sil10.
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