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ABSTRACT

Using tight-binding molecular dynamics and ab initio methods, we predict the existence of a novel quasi-one-dimensional Ni =Si form in which
a Si nanotube is stabilized by an encapsulation of the Ni chain. The resulting structure is found to be metallic with finite DOS at the Fermi

level. Our work follows the recent experimental work showing that endohedral encapsulation of transition metal atoms stabilizes the Si polyhedral

cage.

Silicon-based materials have been the focus of extensivefrom the surrounding environment, providing an exciting
research due to their technological importance. However, newpossibility of their use in tunable building blocks for new
forms of carbon in the form of fullerenes and nanotubes are nanostructures. Also, by varying the type of endohedral atom,
providing increasing challenges to Si in the field of nano- one can control the highest occupied molecular orbital
technology. New forms of stable silicon are, therefore, (HOMO)-lowest unoccupied molecular orbital (LUMO) gap,
needed to sustain the current Si-based technology. It shouldenabling band-gap engineering.

be noted that even though both Si and C are isovalent, their Hjyra et al, also provided theoretical support for their

behavior in forming chemical bonds is quite different. For findings by performing ab initio optimizations for a Wi
example, in the most stable bulk phase Si prefetbspding  cjuster. They found a W-encapsulating regular hexagonal Si
while C prefers spbonding. The remarkable stability of  prism to be the most stable geometry for this binary system.
closed carbon cages can be attributed to tieaffity for  aqditionally, they also found a basket-like structur@y(
carbon. By contrast, Si cages are highly unstalgery symmetry) to be a local minimum, although 1 eV higher in
recently, experimentalists have succeeded in synthesizingenergy. More recently, Kumar and Kawazbave performed
polyhedral Si cages stabilized by endohedral encapsulationiheoretical analysis of several stable structures in which a
of transition metal atom$.n the experiment reported by metal atom is endohedrally encapsulated by different sized
Hiura et al,” the metal ion was found to serve as a reaction g; cages and discussed the possibility of altering band gaps.

site, nucleating a cluster of Si atoms until it was completely . C )
: S In this Letter we report results of our theoretical investiga-

covered. Although the starting metal atoms were ionized .. . - . L ;
tions using ab initio and tight-binding molecular dynamics

positively, they became neutral after encapsulation by Si. . it .
Furthermore, the number of Si atoms that formed the cage(TBM.D) methods of various cage I!ke str_u.c'Fures of Si
. . stabilized by encapsulation of Ni. Nickel silicides are of
cluster depended on the chemical identity of the metal atom.”™ . ) . .
The transition metal atoms observed to undergo completemajor research interest since they offer high-temperature
materials for Si metalization as well as rectifying junctions

covering by Si atoms included Cr, Mo, W, Hf, Ta, Re, Ir, . . . . .
Nb, Mo, Co, and Ni. The complete encapsulation of the metal with a variety of Schottky barrier heights’ Also, transition
RSP : metal silicides such as NiStonstitute prototype systems in

atoms by Si causes an efficient isolation of the metal atoms . . .
y surface science studies for understanding the effect of the
transition metal atoms in surface reconstruction and hetero-
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Figure 1. Optimized geometries obtained by both ab initio and
TBMD methods for (a) NiSk (Cs, symmetry) and (b) NiSi (Dsn,
symmetry) clusters.
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stable), Ni has 12 nearest neighbors. The heat of formation
for this NiSk, cluster (relative to a relaxed Sicluster and
free Ni atom) obtained using our ab initio method-5.39

eV, indicating a high degree of stability. The ab initio
calculations give the value of the HOM@Q.UMO gap to

be 1.22 eV. The degeneracy of the HOMO level is 4. These
4 levels host the 8 d-electrons of the Ni. There is only one
LUMO level containing 2 empty d orbitals of Ni.

We next examined another Nigicluster in which a Ni
atom is located in the middle of two Si hexagons facing each
other in a “staggered” (not eclipsed) configuration. Both ab
initio and TBMD methods give a distorted structure with
only aC,, symmetry on optimization. Our ab initio calcula-
tions find this structure to be 2.6 eV less stable thanGfe
cluster shown in Figure 1la.

We also considered two other structures for the NiSi

encapsulation of clusters containing two or more Ni atoms. cluster in which the Ni atom is completely enclosed by Si
More interestingly, our results show that quasi-one-dimen- cages. The first structure consisted of a Ni atom in the middle

sional forms of Si such as nanotubes can be made stable byf a pentagonal prism of Si atoms capped at both ends with

an encapsulation of a linear chain of Ni atoms lying along
the axis of the Si nanotube.

The structural optimizations were carried out using both
ab initio and TBMD methods. The ab initio calculations were
performed using the GAUSSIAN 98 program package and
includes density functional theory (DFT) calculations with
the three-parameter hybrid functional of Becke using the
Lee-Yang—Parr correlation functiondl.The atomic basis
set used is of doublé-quality and includes relativistic effects
for heavy atoms. The TBMD calculations use the tight-
binding parametrization, transferable from small binary
NimSin clusters up to bulk NiSi The details of our TBMD
method for the Ni-Si system is given in ref 10. The method

two Si atoms. The symmetry-unrestricted optimization of this
cluster using both ab initio and TBMD methods resulted in
a highly distorted structure with no particular symmetry. The
second structure consisted of a Ni atom in the middle of a
regular hexagonal prism consisting of Si atoms. Optimization
of this cluster using both ab initio and TBMD methods
resulted in a much lower symmetry structuf@,j.

A single Ni atom can also be completely surrounded by a
Si cage consisting of 17 atoms. Although this structure
deviates from spherical shape, the fully relaxed structure
obtained using both ab initio and TBMD methods (shown
in Figure 1b) has ®s, symmetry. The ab initio optimized
NiSiy7 cluster had an average N8i bond length of 2.94 A

has been used to study the dynamics of the Ni atoms in a Siand Si-Si bond length of 2.55 A. The corresponding bond

environment and vice versdégiving results in good agree-
ment with experiments. While TBMD simulations were used
to perform fully symmetry unconstrained optimizations in
all cases, the computational complexity of the ab initio
method allowed optimizations for Nei.clusters withm +

n < 20 only. The ab initio method was used for the
calculation of total energies and for determining the HOMO
LUMO energy differences in all cases, however.

We start with the study of cage-like structures of Si

lengths for the TBMD-relaxed Nigi cluster were 2.84 and
2.50 A, respectively.

It is apparent that a single Ni encapsulation in a larger Si
cage will result in greater distortion from the spherical shape
and larger strain. To maintain optimal coordinations for both
Ni and Si, larger Si cages should enclose more than one Ni
atom. We begin with a Ni dimer and note that a 17 atom Si
cluster can completely enclose the dimer in a symmetric
fashion. The computational complexity of the ab initio

stabilized by the encapsulation of Ni. The smallest Si cage method makes a full symmetry unconstrained optimization
consists of 12 Si atoms in the form of an icosahedron. This prohibitively expensive. We, therefore, carry out the struc-
is the well-known McKay’'s 13 atom icosahedr&nbut tural optimization using the TBMD method only since the
without the central atom. This 12 atom structure has beenmethod has been shown to give results in agreement with
predicted to be a local minimum for §.We place a Ni ab initio results from small NiSi, clusters. We do, however,
atom in the center of the cage and optimize the resulting use the ab initio method for calculating the total energies as
structure without any symmetry constraints using both ab well as the HOMG-LUMO gaps for all relaxed structures.
initio and TBMD methods. The optimized geometries The TBMD-relaxed NiSiy cluster is shown in Figure 2a.
obtained by both methods had the sa@g symmetry This structure also hass, symmetry. As seen in the figure
(Figure 1a) but differed slightly in bond lengths. The ab initio €ach Ni has 12 neighbors, 11 Si and one Ni.

optimized NiSj; cluster had an average N&i bond length We have also optimized larger Ni clusters in appropriately
of 2.63 A and SiSi bond length of 2.55 A. The corre- larger Si cages in the form of Si-fullerenes. In particular,
sponding bond lengths for the TBMD relaxed NiSiluster Shps, Sie, and Sig fullerenes were used to encapsulatg, Ni
were 2.50 and 2.56 A, respectively. The cluster has sphericalNis (triangle), and Nj (trigonal bipyramid), respectively. The
geometry and the central Ni has 12 Si neighbors, while eachmolecular dynamics relaxation of these structures resulted
Si has 6 neighbors. Note that in the bulk fcc phase (mostin considerable distortions with initial spherical structures
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Figure 2. TBMD-relaxed Ni encapsulated Si “capsules™ (a)
Ni,Si;7 and (b) NiSizz. () Infinite Ni—Si nanotube complex.

transforming into elongated structures with more separation o e
between Ni atoms. The maximum symmetry obtained for 20
any of these structures is onig,,. Interestingly, these
distortions result in larger coordination for both Ni and Si

atoms. This is consistent with the tendency of the Ni atom Figure 3. Top panel: electron DOS (in arbitrary units) forsSlix,
to have a large coordination even in cluster forms. This shows Ni7Skz and NisSis; clusters. Bottom panel: electron DOS for the

. . o infinite Ni—Si nanotube complex.
that encapsulation of larger Ni clusters in Si cannot proceed

via the Si-cage route and a different avenue has to benanotube and the d orbitals of the Ni chain, stabilizing the
explored. o o compound structure. Such stabilization cannot be achieved
An examination of structures in Figures 1a and 2a Seemspy the encapsulation of Si atoms.
to reveal the emergence of a pattern for stable quasi-one- "t is worth noting that our calculations are spin unrestricted
dimensional mixed NSi geometry in which extended Ni 54 oyr results indicate that the magnetic moment of each
clusters may be encapsulated by nanotubes of Si. Wegncapsulated Ni atom is passivated, in agreement with recent
investigate this by checking the stability of a 22 atom Si* ¢5\cylations that indicate similar trends for Ni atoms interact-
“capsule” containig a 3 atom linear Ni chain along the ing with carbon nanotubés.
symmetry axis. The fully relaxed b8i cluster is shown As reported in ref 3, the recent advances in experimental
in Figure 2b. This structure also hasCg, symmetry. The  (ochniques have made it possible to synthesize stable cage
stability of such quasi-one-dimensional mixed-§i systems o of Si containing isolated transition metal atoms inside
extends to much larger clusters, as illustrated by the stability o\ep, though pristine Si cages are known to be unstable. The
of a relaxed structure containing a 42 Si atom “capsule” gmgajlest such cage identified through mass spectra contained
stably encapsulatgra 7 atom linear Ni chain. The pBi 12 Si atoms.Our ab initio and TBMD results support these
cluster thus obtained also h&%, symmetry. The same  gynerimental findings and obtain two distinct stable Si cage
symmetry is also obtained for the Hig, cluster on  gyryctures encapsulating isolated Ni atoms. Our calculations
relaxation. In the extended structures each Ni has 12g,gqest that the structure shown in Figure 1a may represent
neighbors: 10 Si atoms and 2 Ni atoms. Each Si atom, on 4 jikely candidate for the ground state of the NiSiluster.
the other hand, has 8 neighbors: 6 Si atoms and 2 Ni atoms g rthermore, the same calculations also predict the existence
We next examine the stability of the infinite NBi of a quasi-one-dimensional NBi form in which a Si
nanotube structure derived from these cluster sequences byianotube is stabilized by the encapsulation of a Ni chain.
constructing a unit cell consisting of 4 Ni and 20 Si atoms. Since nanotubes are the next stage in the evolutionary step
We perform TBMD relaxation using a constant pressure for cage structures, experimental synthesis of the quasi-one-
ensemble that allows for simultaneous relaxation of lattice dimensional NiSi nanotube structure proposed in the
and basis degrees of freedom. A set of uniformly spaced 32present work should be very plausible.
k-points was sufficient to obtain convergence. The relaxed More insights can be gained by an examination of the
Ni—Si nanotube complex is shown in Figure 2c. densities of states (DOS) of various-NBi clusters as well
The implications of these findings are intriguing. It is now as the infinite quasi-one-dimensional -Nsi complex ob-
generally accepted that cage or nanotube configurations oftained from this cluster sequence. In the top panel of Figure
Si cannot be stable in general. Furthermore, linear chains of3 we show the DOS for N8iz,, NizSisz, and NisSis, clusters.
Ni are also unstabl&The positioning of the Ni atoms along As seen in the figure, all three clusters show metallic
the symmetry axis of the Si nanotube, however, permits a behavior in their DOS. Furthermore, there is an increase in
substantial overlap between the dangling bonds of the SiDOS at the Fermi level with the increase in the cluster size
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resulting from the incorporation of more Ni atoms. The under award number DMR-9809686), DOE Grant (00-
bottom panel of Figure 3 contains the DOS for the infinite 63857), NASA grant (00-463937), EU-GROWTH research
Ni—Si nanotube complex shown in Figure 2c. The finite project (G5RD-CT-2001-00478), and the University of
DOS seen at the Fermi energy indicates that a truly metallic Kentucky Center for Computational Sciences.
guasi-one-dimensional structure is possible with the Sl
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