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Using first-principles density functional calculations, we show that hexagonal metallic silicon
nanotubes can be stabilized by doping with 3d transition metal atoms. Finite nanotubes doped with
Fe and Mn have high local magnetic moments, whereas Co-doped nanotubes have low values and Ni-
doped nanotubes are mostly nonmagnetic. The infinite Si,4Fe, nanotube is found to be ferromagnetic
with nearly the same local magnetic moment on each Fe atom as in bulk iron. Mn-doped nanotubes are
antiferromagnetic, but a ferrromagnetic state lies only 0.03 eV higher in energy with a gap in the
majority spin bands near the Fermi energy. These materials are interesting for silicon-based spintronic

devices and other nanoscale magnetic applications.
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Recent developments in metal-encapsulated silicon
clusters [1-3] and nanotubes [4] have shown a novel
way to produce new nanostructures of silicon that could
hold promise for silicon-based nanoscale device compo-
nents. From a technological viewpoint, such materials are
interesting as there is a well-established infrastructure for
Si device fabrication, whereas for other possible ap-
proaches, such as those based on carbon nanotubes or
organic molecules, a new infrastructure would need to
be developed. Metal encapsulation in silicon clusters
leads to enhanced stability, strong size selectivity, and
large highest occupied—lowest unoccupied molecular or-
bital (HOMO-LUMO) gaps as compared to elemental
silicon clusters [1,2], which could facilitate their large
scale production [5]. This is important for developing
cluster-based technologies. Infinite silicon nanotubes
stabilized by metal doping have very small diameters
and are metallic [4,6]. The respective semiconducting
and metallic properties of the clusters and nanotubes
could lead to an entirely new range of silicon-based
applications in optoelectronic and other devices. Metal-
encapsulated nanotubes could be functionalized to
develop individual device elements or used as intercon-
nects between device components. Here we explore
the possibility of magnetism in such silicon-based
nanostructures and report the finding of strong ferromag-
netic order in Fe-doped silicon nanotubes as well as
nearly degenerate ferromagnetic and antiferromagnetic
order in Mn-doped nanotubes. These nanotubes could
be useful for spintronics and other magnetic device
applications [7].

Finite hexagonal nanotubes of silicon were earlier sta-
bilized with Be doping [4] and infinite nanotubes were
also shown to be stable. The finite nanotubes were found
to be semiconducting, whereas the infinite nanotubes
were metallic. Transition metals (TMs) have been shown
[1,2,8] to be particularly important for the stability of
metal-encapsulated silicon cage clusters due to their large
embedding energies in the silicon cage. It is therefore of
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interest to explore the stability of silicon nanotubes with
TMs. The atomic size of the TMs is an important factor in
developing such nanostructures. From the relative sizes of
Si and the TMs, 3d elements are more suitable for doping
as the strain in the Si-Si bonds can be minimized. These
TMs are also well suited for magnetism in such nano-
structures. However, Cr has been shown to lead to signifi-
cant distortions in the finite nanotubes [9]. Menon et al.
[6] have studied nanotubes of Si with pentagonal rings
stabilized with Ni doping. They obtained an icosahedral
cluster with the stoichiometry Si;;Ni to be stable from
first-principles calculations. Studies on larger clusters
were performed using a tight-binding method and it
was shown that the icosahedral packing can be continued
in the form of nanotubes. A hexagonal nanotube was
also stabilized with V doping [10]. This nanotube is
both metallic and magnetic with a magnetic moment of
0.67 g per Vatom.

We have carried out a systematic study of the stability
of finite and infinite nanotubes with the 3d magnetic
elements Mn, Fe, Co, and Ni. We explored various struc-
tures with TM doping in the pursuit of finding the most
stable units with a particular number of Si and dopant
atoms that could be stacked to form nanotubes. The
optimizations were performed using an ab initio ultrasoft
pseudopotential plane wave method [11] and the conju-
gate gradient technique within the generalized gradient
approximation (GGA) for the exchange-correlation en-
ergy [12]. The cutoff energy for the plane wave expansion
depended on the TM atom, with a minimum of 227 eV for
Mn and a maximum of 241 eV for Ni. The I" point was
used for the Brillouin zone integrations in the case of the
finite nanotubes. However, for the infinite nanotubes,
15 k-point sampling along the nanotube axis was
used for the optimizations. Forces were converged to
0.001 eV/A. Different initial guesses were used for the
local magnetic moments including ferromagnetic, anti-
ferromagnetic (alternate up-down spins on TM atoms),
and nonmagnetic spin configurations, which were then
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FIG. 1. Lowest energy structures of the finite nanotubes with
stoichiometry Sij,M (M = Mn, Fe, Co, and Ni).

Ni

fully relaxed to obtain the final converged structures and
spin alignments.

First we examined the stability of Sij,M (M = Mn, Fe,
Co, and Ni) clusters by optimizing icosahedral, decahe-
dral, hexagonal prism, and hexagonal antiprism struc-
tures. The hexagonal prism structure is the lowest in
energy except in the case of Ni (Fig. 1) where one Si
atom has elongated bond lengths. The icosahedral struc-
ture of Si;,Ni, obtained by Menon et al. [6] to be lowest in
energy, is third lowest in energy from our calculations,
while a chair structure lies second lowest in energy. We
also examined the relative stabilities using the Gaussian
method [13] with the B3PW9I1 hybrid functional [12,14]
and confirmed the distorted hexagonal prism to be lower
in energy than the icosahedron. Calculations on Si;;Ni, in
the double icosahedron structure led to large distortions,
suggesting that icosahedral packing is not favorable for
Ni doping.

Stacking two units of the hexagonal prism cluster leads
to structures that are slightly curved in a symmetric
manner. Doping of these units with one more TM atom
in between the prisms leads to an increase in the binding
energy (BE) [15] of the nanotubes (Fig. 2) and an im-
proved geometry with nearly planar Si hexagonal rings.
The addition of more Si rings also generally leads to an
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increase in the BE, but the ideal planar structures and
highest BEs are most prevalent for the systems with
one TM atom placed between each ring, as can be seen
for the case of Fe (Fig. 3). This is unlike Be-doped nano-
tubes, where planar structures occur for lower doping
levels [4]. The BEs of the TM-doped nanotubes
(3.88-4.25 eV /atom) are higher than those doped with
Be (3.62-3.86 ¢V /atom) [4], which is due to the partici-
pation of the TM d electrons in the bonding. For Mn, two
units of Si;,Mn are quite far apart (about 0.7 A greater
than the Si-Si bond lengths in a Si;,Mn unit). This is due
to the large HOMO-LUMO gap of 1.67 eV in Si;,Mn. The
intercluster separation as well as the HOMO-LUMO gap
decrease with increasing size or doping, leading to met-
allization of the nanotubes. For example, the HOMO-
LUMO gap of SiyyMn, is 0.96 eV, while the value for
SiyyMnj; is only 0.32 eV. For Co doping significant dis-
tortions remain even in the case of the Si;gCo; nanotube,
while the Ni-doped nanotubes are quite symmetric.

An important aspect of the doping of TMs is the
magnetic behavior. We obtained a mixed behavior of
magnetic ordering as the number of Si and TM atoms
was changed. In the case of the finite Fe- and Mn-doped
nanotubes, the local magnetic moments increase with an
increase in the number of dopants for a given number of Si
atoms (Fig. 2). For Fe doping there is a transition from
antiferromagnetic to ferromagnetic coupling as the
number of dopants is increased. SiyyFe, and SizgFes,
with no direct interaction between Fe atoms, have anti-
ferromagnetic coupling, while other nanotubes are ferro-
magnetic. For Si,4Mn,, Si,yMn;, and SiygMny, spins on
neighboring Mn atoms are antiferromagnetically
coupled, while in the other cases the coupling is ferro-
magnetic. The local moments of both Fe and Mn are
highest towards the center of the nanotubes and lowest
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FIG. 2. Plots of BE/atom and magnetic moment versus the number of dopant atoms for finite TM-doped Si nanotubes. The number

of Si atoms is indicated above each line.
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at the ends. The values of the local moments range from
1.0-2.6up for Fe and 0-3.6up for Mn. The magnetic
moments of the Co-doped nanotubes are low (Fig. 2),
while the magnetic moments of the Ni-doped nanotubes
are in most cases completely quenched.

Typically in metal-encapsulated Si clusters the mag-
netic moments of the dopants are quenched due to the
strong hybridization of the metal d states with the sp
states of silicon. When clusters interact in the form of a
nanotube, there is an increase in the Si-Si and TM-Si
bond lengths that leads to a reduction in the hybridization.
This is due to the participation of silicon orbitals in
bonding between neighboring clusters. This can lead to
the development of magnetic moments on the TM atoms
particularly for elements with large atomic moments. A
similar development of the magnetic moments in the
Si;,Cr cluster was found when H was attached to the Si
atoms [9]. This is further supported from our results of
small or zero local moments towards the edges of the
finite nanotubes and large moments towards the center of
the nanotubes. The moments of the TM atoms also de-
crease systematically as we go from Mn to Ni. The TM
atoms having larger atomic magnetic moments have
higher local moments in the doped nanotubes, while in
the case of Ni these generally remain quenched as its low
atomic magnetic moments may be quenched by even a
weaker hybridization. The high magnetic moments of
SiygFe; (1.7up per Fe atom) and SiygMn; (1.6 up per
Mn atom) suggest that they could be useful for magnetic
device applications.

The increased stability of the finite nanotubes with an
increasing number of dopants led us to examine the
stability of the infinite nanotubes with the stoichiometry
SiyM,. This large unit cell was taken in order to allow
for different spin configurations. However, for ferromag-
netic and nonmagnetic solutions, the effective cell re-
duces to SigM. To further confirm the relative stability
as a function of the number of dopants, we also performed
a few calculations with the stoichiometry Si,yM, and
again found an increase in the BE with an increase in
the number of dopants. An interesting finding is the
change in the position of the dopant atom (Fig. 4), which
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Structures of Fe-doped finite silicon nanotubes with stoichiometries Siy Fe,, SijgFe;, SisgFey, SingFes, SizgFes, and
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drifts from 1.12 and 1.18 A away from the hexagons for
antiferromagnetically coupled Mn leading to dimeriza-
tion of the Mn atoms, to 0.98, 0.79, and 0.27 A for
ferromagnetically coupled Mn, Fe, and Co, respectively.
Ni lies at the center of the hexagons. The BEs of all the
infinite nanotubes are higher than their finite counter-
parts. These values are also higher than those obtained
for the Be-doped nanotubes [4]. The BE for the Mn-
doped nanotube is almost 90% of the bulk Si GGA
cohesive energy.

The infinite Fe-doped nanotube has ferromagnetic cou-
pling [16] with a high total magnetic moment of 2.4 up
per dopant atom. This value is nearly the same as in bulk
Fe. The antiferromagnetically coupled Fe-doped nano-
tube is 0.70 eV higher in energy, showing the stability of
the ferromagnetic nanotube even at finite temperature.
The one-dimensionality of this nanotube, along with its
high moments, makes it attractive for use as a nanoscale
magnet. Mn prefers an interesting spin arrangement in
which pairs of ferromagnetically coupled Mn atoms are
antiferromagnetically coupled with their neighboring
pairs, resulting in a zero net moment. The ferromagneti-
cally coupled pairs are 2.55 A apart as compared to 2.40 A
for the antiferromagnetically coupled pairs. The local
magnetic moments on the dopant atoms range from 2.4
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FIG. 4. Structures of infinite Si,yM, (M = Mn, Fe, Co, and
Ni) nanotubes.
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FIG. 5. Band structures of the infinite Si,4Fe, and Si,;Mn,
ferromagnetic nanotubes along the nanotube axis. Both the
spin-up and spin-down band structures are shown. The Fermi
energies are represented by dashed lines.

to 2.7up. This configuration, however, is only 0.03 eV
lower in energy than the corresponding ferromagnetic
nanotube [16]. This is another very important result as
the transformation from antiferromagnetic to ferromag-
netic coupling may be achieved by application of a weak
magnetic field, suggesting that spin-polarized current
flow could be controlled through application of a mag-
netic field. For the Co- and Ni-doped infinite nanotubes,
ferromagnetic and antiferromagnetic starting configura-
tions converge to nonmagnetic solutions.

The band structures of all the infinite nanotubes show
band crossing at the Fermi level for both the spin-up and
spin-down components, indicating metallic behavior.
Therefore the magnetic ordering in these nanotubes also
has itinerant behavior. For low doping the ordering is
primarily mediated by the nanotube atoms and it can
vary depending upon the position of the TM atoms. The
Fe- and Mn-doped nanotube bands are shown in Fig. 5.
Interestingly, the band structure of the Mn-doped ferro-
magnetic nanotube (Fig. 5) shows a gap just above the
Fermi energy for the spin-up component and therefore it
may become half-metallic by inducing a small shift in the
Fermi energy. The partial and total densities of states also
confirm the metallic behavior of these nanotubes. In gen-
eral, most of the states arising at the Fermi level have the
d character of the TMs and the p character of states
derived from the Si atoms. The relative populations differ
for the different metal-doped nanotubes, and thus we
expect different conduction behavior. This may be an
important aspect for the transport properties of these
nanostructures.

In summary, we have shown that metallic nanotubes of
Si can be stabilized by TM doping. There is a strong
contribution to the binding energy from the TM d elec-
trons. The Fe-doped nanotubes are ferromagnetic and
have large magnetic moments per Fe atom that are nearly
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the same as in bulk Fe. Mn-doped nanotubes are, how-
ever, antiferromagnetic with large local magnetic mo-
ments on the Mn atoms. The ferromagnetic state is
nearly degenerate and can be achieved by application of
a weak magnetic field. These results are interesting for
spintronics as well as other nanoscale magnetic device
applications.
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