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Theoretical Design of Metal Encapsulated Clusters and Cluster Assembled
Nanotubes of Si and Ge

Abhishek Kumar Singh, Kawazoe Laboratory, Institute for Material Research Tohoku
University, Sendai.

Chapter 1: Introduction

Quasi-one-dimensional nanostructures such as nanotubes and nanowires are currently of great
interest due to the possibilities of their applications in miniature devices. Therefore, much
effort is being devoted to develop fundamental understanding of the electrical, optical,
magnetic, and mechanical properties of such materials and their dependence on size as well as
interaction with other species. Extensive research on carbon nanotubes over the past decade
has shown a wide range of possible applications. While these developments are exciting,
there is the problem of separating semiconducting and metallic nanotubes. However,
conventional silicon based technology is so well established that only overwhelmingly
compelling new technology will be able to replace it. Therefore, continuous efforts for the
. miniaturisation of silicon devices are worthy as these could prove more convenient and
economical for commercialization than any other process. Applications of Si nanowires
(SiNWs) have also been explored. A recent significant development in nanostructures of
silicon is the possibility to produce novel forms such as silicon fullerenes and clusters using
metal encapsulation. These are more stable than nanostructures formed from elemental silicon,
have high symmetries and potential for mass production with size selection. Such metal
encapsulated silicon clusters could be assembled to form new varieties of silicon.

Chapter2: Computational Method

The results on nanotubes and clusters as presented here are obtained mainly by using a spin-
- polarized first-principles pseudopotential plane wave approach based on the density
functional theory and ultrasoft pseudopotentials. The clusters are placed in a cubic box with
periodic boundary conditions. The optimizations are performed using the conjugate gradient
technique. The cut-off energy for the plane wave expansion depends on the metal atom. I'-
point sampling is used for the Brilliouin zone integrations in the case of clusters and finite
nanotubes. For infinite nanotubes a tetragonal cell is used and a few units of the clusters are
considered in the cell in order to explore changes in the structure as well as magnetic ordering.
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Further 15 k-point sampling along the nanotube axis is used for the optimizations of the
infinite nanotubes. Forces are converged to 0.001 eV/A. Different initial guesses are used for
the local magnetic moments, including ferromagnetic, antiferromagnetic, and non-magnetic
spin configurations in order to find the lowest energy spin and atomic configurations of the
nanotubes. A few calculations in which lanthanides and actinides have been considered, we
used projected augmented wave method.

Chapter3: Metal Encapsulated Clusters

In this thesis we have pursued assembling metal encapsulated clusters and discovered the
nanotubes of silicon and germanium. To achieve this, stabilities of various metal encapsulated
silicon and germanium clusters were also studied. Two important results on metal
encapsulated clusters have been obtained. The first one is the finding of smallest cage-like
clusters of group 14 elements with the doping of group 10 elements. Recently anion binary
clusters of Co/Ge, Co/Sn, and Co/Pb have been produced
by laser ablation with high abundance of X;M™ (X = Si, Ge,
Sn, and Pb; M = Co) clusters followed by a minimum for
XuM. There is an extraordinary peak in the mass
distribution for Ge;(Co". The ground state of these clusters
is predicted to be a bicapped tetragonal antiprism. The
unusual stability of these charged clusters has been
explained and several binary combinations to predict new
magic clusters of Si, Ge, Sn, and Pb with ten atoms doped
with Ni, Pd, or Pt have been explored.

Further it has been also shown that encapsulation of one Th Fig. 1 L-Th@Siy fullerene
atom stabilizes Siy in the fullerene structure with perfect  the Jargest fullerene of silicon
icosahedral (1) symmetry(Fig.1). This is the largest cage of  stabilized by one metal atom.
silicon that can be stabilized with a metal atom and thorium

is predicted to be the only element that would do it with perfect symmetry. In contrast to
carbon fullerenes for which pentagons create strain in the bonding, for silicon, pentagonal
faces are most preferred and hexagons are the places for strain. Therefore this is predicted to
be the ideal cage structure of silicon

similar to Cgp and it should be strongly abundant.

Chapter 4: The Discovery of Silicon Nanotube

The preference for the sp’ bonding in silicon and germanium leads to distortions in their
quasi-one-dimensional tubular nanoforms so that they tend to become rather three-
dimensional structures than to form nanotubes. The strategy adopted to stabilize these finite
nanotubes in this study was quite simple. The
stability of various structures of Si;;M with M a
divalent metal atom was explored. For M = Be the
cluster was found to have a chair shaped structure
with Be at the center. However, in this study when
two such Si;;Be units were stacked, surprisingly a
transformation occurred from the chair-shaped
units to the hexagonal shape. Studies on further
doping and different arrangements of Be atoms . i :

shgwegci that the doped portion of the nanotube was :lg' 2 Stable unit of SiBe; that could

, . . . e repeated to form nanotube of any
symmetric and nearly hexagonal in shape, while the ;. o5 length.

undoped portion was distorted back to chair shaped

structure, giving a clear indication of the stabilization of sp’ bonding due to metal atom
doping. It was noted that the packmg of two units of Si,4Be; leads to a symmetric (Sij;Be)y
nanotube with very small sp’ character. Thus, we found that Si,;Be, represents a stable unit

— 166 —



that (Fig. 2) can be repeated to obtain a nanotube of desired length. The band structures of
these nanotubes show metallic characteristic. Recently these predictions have found
experimental support.

Magnetism in silicon nanotubes

The presence of metal atoms in silicon nanotubes opens up also the possibility of magnetism
in these silicon-based structures. Following the case of Be doping, stability of a basic unit of
Si;;M was first explored that could be assembled to form nanotubes. The hexagonal prism
structure of Si;;M was found to be lowest in energy for M = Mn, Fe, and Co as compared to
the chair shape structure of Si;;Be while in

the case of Ni, the structure is slightly

distorted. Stacking two units of the hexagonal

prism cluster leads to weak interaction g
between the units due to large HOMO- 3F
LUMO gap of Si;M cluster. However, E

continuation of assembling and doping of

these units with one more TM atom in P R
between the prisms leads to an increase in the

BE of the nanotubes, an improved geometry - s = s o = s

with nearly planar Si hexagonal rings and kepoint

generally an enhancement in the magnetic  Fig. 3 The band structures of Fe and Mn
moments. In finite Fe- and Mn-doped doped nanotubes. There is a gap just
nanotubes, the local magnetic moments above the Fermi level in the spin-down
increase with an increase in the number of component of band structure of Mn
dopants for a given number of Si atoms. The - giving indication formation of half-
infinite nanotubes with the stoichiometry  metallic nanotube.

Si;sM,; and SiyM, also show enhanced

stability as the number of M atoms is increased. The infinite Fe-doped nanotube has
ferromagnetic coupling with a high magnetic moment of 2.4 pp per Fe atom. This value is
nearly the same as in bulk Fe. Mn prefers an interesting spin arrangement in which pairs of
ferromagnetically coupled Mn atoms are antiferromagnetically coupled with their
neighbouring pairs resulting in zero net moment. This configuration, however, is only 0.03
eV lower in energy than the corresponding ferromagnetically coupled nanotube. This is
another very important result as the transformation from antiferromagnetic to ferromagnetic
coupling may be achieved by application of a weak magnetic field. The band structure (Fig.
3) of the Mn-doped ferromagnetic nanotube shows a gap just above the Fermi energy for the
spin-up component and therefore there could be interesting possibilities of making half-
metallic nanotubes by inducing a small shift in the Fermi energy. For the Co- and Ni- doped
infinite nanotubes, ferromagnetic and antiferromagnetic starting configurations converge to
non-magnetic solutions.
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We have also shown in this study
that nanotubes of Ge could be formed
by doping with metal atoms.
However, in this case instead of
hexagonal prism units, the lowest
energy structure of Ge;)M clusters is
hexagonal  antiprism or  an
icosahedral structure. Both are nearly
degenerate in the case of Ge;Mn
clusters. The pentagonal and
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Fig 4. Magpetic phase diagram for the infinite
pentagonal nanotube. A corresponds to the
ferromagnetic state while B and C, to
ferrimagnetic states.
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hexagonal units can be repeated to form finite or infinite pentagonal or hexagonal antiprism
structures to develop nanotubes of Ge doped with Mn atoms. Both the pentagonal and
hexagonal infinite nanotubes have the ferromagnetic state to be of the lowest energy.
However, for the pentagonal antiprism nanotubes there is a transition to a ferrimagnetic state
upon compression (Fig. 4) in which long-range ferromagnetic and short-range
antiferromagnetic coupling become more favourable giving rise to nano-piezomagnetic
behaviour in this tube. Hexagonal antiprism nanotube has the highest average magnetic
moment of 3.06 pug per Mn atom found so far in metal doped nanotubes of semiconductors.
These nanotubes are, therefore, interesting as nanomagnets, nanosensors and for other
magnetic applications at the nanoscale.

Further we have examined the stability of finite and infinite Ge nanotubes doped with Nb.
The growth behavior of these nanotubes is found to be different from the earlier studies on
silicon and germanium nanotubes but the infinite nanotubes are again metallic. However,
these results have led to the most important finding for the first time that Mo or W doped
nanotubes are semiconducting. These are the thinnest metal stabilized nanotubes possible,
knowing that elemental structures of this dimension are unstable. Furthermore the W doped
nanotubes have 0.5 eV direct band gap within GGA. This is comparable to bulk silicon and
therefore it opens up new possibilities for device development at the smallest scale using
conventional semiconducting elements. A significant advantage here would be that by
changing the M atom in the growth process it can be possible to grow metallic or
semiconducting or p/n-doped nanotubes making novel possibilities for miniature devices.

Chapter 6: Effects of O on Fe Doped Silicon a)
Nanotubes: Finding of Half Metallic Nanotubes 1.8 ?

An understanding of the effects of adsorption of H or 22 == T T
O is important for the study of the stability of these

nanotubes. In this pursuit systematic studies on the
effect of O on the Fe-doped silicon nanotubes were
carried out. It was found that by the change of O
concentration we could very well change the
electronic properties of nanotubes. SiyFe O is found
to be metallic, whie SiyFe;O; is nearly half-metallic,
and SiyFe,O4 exists in two phases as pure half-
metallic and nearly half-metallic (Fig. 5). Si,yFe Oy,
possess two different kinds of carriers for the two D e e T e
spin components. k-points

Fig. 5 Band structure of half-
metallic SiyFesO¢ nanotube.
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Chapter 7: Semiconducting and Insulating
Nanotube of SiO, (x=1,2) ‘

Oxide layers are needed as the most fundamental component for the currently used MOSFET
devices. The most important limiting factor for the present approach of device size
miniaturisation is the thickness of the oxide layer. We have studied finite and infinite
nanotubes of Si by stacking square, pentagonal and hexagonal rings which are stabilized with
the help of O atoms. In the finite nanotubes the number of O atoms mostly controls the band
gap and therefore this can be controlled to design the appropriate nanotubes with desired
properties. The finite nanotubes are in general semi-conducting. The band structure of infinite
nanotubes shows that panotubes with SiO, (x < 2) are semiconducting. However, SiO,
nanotubes are insulating. Bonding in these nanotubes are mostly covalent-like.

Chapter 8: Conclusions

An over all conclusion and suggestions for future work have been made in this chapter.
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