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Abstract The present article summarizes progress in research on silicon clusters

with encapsulated metal atoms, and specifically focuses on the recent identification

of magnetic silicon fullerenes. Considering that C20 forms the smallest known

fullerene, the Si20 cluster is of particular interest in this context. While the pure

hollow Si20 cage is unstable due to the lack of sp2 hybridization, endohedral doping

with a range of metal atoms has been considered to be an effective way to stabilize

the cage structure. In order to seek out suitable embedded atoms for stabilizing Si20,

a broad search has been made across elements with relatively large atomic radius.

The rare earth elements have been found to be able to stabilize the Si20 cage in the

neutral state by forming R@Si20 fullerene cages. Among these atoms, Eu@Si20 has

been reported to yield a stable magnetic silicon fullerene. The central europium

atom has a large magnetic moment of nearly 7.0 Bohr magnetons. In addition, based

on a stable Eu2Si30 tube, a magnetic silicon nanotube has been constructed and

discussed. These magnetic silicon fullerenes and nanotubes may have potential

applications in the fields of spintronics and high-density magnetic storage.
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How to Stabilize Silicon Fullerene

Fullerenes, first reported by Curl, Kroto, and Smalley [1], are highly symmetric

cage-shaped molecules, and have been thoroughly studied during the last three

decades. In the fullerenes, all the atoms are C atoms and they form a hollow sphere

comprised of pentagonal and hexagonal rings. Since the first preparative-scale

isolation of the C60 molecule in 1990 by Krätschmer and Huffman [2], who found

that it was possible to isolate fullerenes in bulk quantities from carbon soot either by

dissolving them in benzene or by subliming them at 400 �C, a wide variety of

chemically modified fullerenes has been synthesized, and outstanding structural,

magnetic, superconducting, electrochemical, and photophysical properties have

been reported [3–5]. The carbon based nanomaterials not only display novel

mechanical, electronic, optical, and super conducting properties themselves, but

they have also served as vehicles for the synthesis of new nano-structures with the

insertion of atoms and clusters. The new field of fullerene chemistry is leading to

many novel derivatives, some of which may have additional, extraordinary, optical

and electronic properties [6].

Silicon and carbon belong to the same group, group IV, of the periodic table, and

they have similar valence electron configurations. Silicon is also the most widely

used semiconducting material in the microelectronic industry. With the tremendous

development of smaller and smaller silicon semiconductor devices, there is

currently great interest in studying silicon clusters, and they have attracted extensive

experimental and theoretical attention [7, 8]. All these points raise the question as to

whether carbon can be substituted by silicon in its nanostructures. The first problem

is therefore whether or not the fullerene Si60 cluster is stable.

Menon and Subbaswamy[9] have used Harrison’s parameters for generalized

tight-binding molecular dynamics to study the structure of the fullerene Si60 cluster.

They found that icosahedral Si60 has metallic character with a partially filled

fivefold level as the highest occupied molecular orbit (HOMO). Consequently, Jahn-

Teller distortion can change the icosahedral structure to a lower symmetry structure

with no changes to the threefold coordination. Piqueras et al. [10] and Nagase and

Kobayashi [11] have also reported on the electronic structure of icosahedral Si60.

Based on symmetry-restricted optimization, they found that icosahedral Si60 to

occupy an energy minimum, in which the fivefold HOMO is completely filled. This

is different from the results obtained using parameter dependent tight-binding

molecular dynamics, and they found a value for the gap between the HOMO and the

lowest unoccupied molecular orbit (LUMO) that was clearly too large, up to 6.69

eV for the fullerene C60 and 4.62 eV for the icosahedral Si60. Later, using density

functional theory with the local density approximation, Gong and Zheng [12]

studied the electronic structure and stability of a fullerene-like Si60 cluster. They

found that the icosahedral structure of Si60 has a small HOMO-LUMO gap and two

distinct bond lengths, and that the electronic structure near the Fermi level is similar

to that of a C60 cluster. Since the icosahedral Si60 cluster has a quite large cage, and

has a small binding energy, it may be a meta-stable structure and may collapse into

a more compact structure as the smaller cluster does. In 2007, an investigation by
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Zhao et al. [13] using a genetic algorithm and density-functional theory showed that

an endohedral fullerene of Si12@Si48 was the more stable than and energetically

preferred to the hollow Ih cage by 12.371 eV. Gong et al. have tried to stabilize

icosahedral Si60 by doping with a stable C60 cluster, and found that the C60@Si60
cluster can be stable with a completely filled HOMO and a sizable gap at the Fermi

level. The prediction that C60@Si60 could be energetically stable has in turn led to

many experimental investigations [14–17]. Unfortunately, it has been found

experimentally that Si60 is unlikely to wet the surface of C60 [15]. Using first-

principles calculations, Sun et al. [18] carried out a comprehensive search for

stable geometries of bare Si60 and Si60 supported on a C60 fullerene. They showed

that Si60 and C60@Si60 clusters are both unstable if a nested fullerene-like cage

structure is assumed. However, they found that the Si60 cage could be stabilized by

including within it, as endohedral units, small ‘‘magic clusters’’ such as Al12X

(X = Si, Ge, Sn, Pb) and Ba@Si20.

In summary, these many clues have motivated a search for a strategy to stabilize

silicon cages. As silicon has a larger atomic radius and lower electronegativity than

carbon, and lacks sp2 bonding, pure hollow silicon cages are unstable, and much

attention has been focused on how to stabilize silicon fullerenes. An effective

approach is to encapsulate guest atoms such as transition metals (TMs). It is now

thought possible that silicon cages with encapsulated metal atoms may lead to

applications that could match or even exceed those expected for carbon fullerenes.

Thus, encapsulated Si cages could lead to an entirely new range of applications of

Si-based nanomaterials.

Cage-Like Clusters of Silicon with Encapsulated Metals

In recent years, several significant experimental studies have reported the formation

of metal-doped silicon clusters [19–22]. Using a laser vaporization supersonic

expansion technique, the production and study of small mixed TM@Sin clusters

(TM = Cr, Mo, W; n\19) were first reported by Beck [19, 20]. In this excellent

experimental work, Beck observed the formation of silicon clusters containing TM

atoms, and by subjecting them to photo-fragmentation, found that the doped clusters

were more stable than the bare silicon clusters of the same size. They found Si15M

and Si16M to be the dominant species formed, and also found them to be

stable against dissociation. Hiura et al. [21] used an ion trap to study the reaction of

TM atoms with silane (SiH4) producing a series of dehydrogenated MSiþn cluster

ions with n = 14, 13, 12, 11 and 9. This work showed that the metal atom is

endohedral and stabilizes the Si polyhedral cage. Koyasu et al. [22] studied the

electronic and geometrical structures of mixed-metal silicon TM@Si16 (TM = Sc,

Ti, and V) using mass spectrometry and anion photoelectron spectroscopy. They

found that neutral TiSi16 clusters had a closed-shell electron configuration with a

large gap between the HOMO and LUMO orbitals. Recently, based on photoelec-

tron spectroscopy and theoretical analysis using density functional theory, Huang

et al. have discovered a Si-based ferrimagnetic cluster (V3Si12) with a symmetric
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cage configuration [23]. Further, they found that this ferrimagnetic cage can be

extended into a ferrimagnetic nanotube.

Motivated by these experimental advances, there has been a variety of first-

principles investigations of TM-doped silicon clusters [24–36], in which, the TM

clusters have usually been found to have non-zero magnetic moments [37].

Kawazoe and colleagues [24–28] reported a series of systematic investigations of

TM-doped silicon clusters using ab initio pseudopotential plane-wave calculations

within the generalized gradient approximation (GGA) for the exchange-correlation

energy. They found that silicon forms fullerene-like MSi16 (M = Hf, Zr) or cubic

TMSi14 (TM = Fe, Ru, Os) cage clusters, depending on the size of the metal atom.

Lu and Nagase [29] investigated TM@Sin (TM = W, Zr, Os, Pt, Ru, Fe, Co; n =

8–20) using spin-unrestricted hybrid density-functional theory with the B3LYP

exchange-correlation functional, and found that the formation of the endohedra

structure strongly depended on the size of the silicon cluster. In addition, based on

the symmetry of the structures and the d-band filling, Mpourmpakis et al. [30, 31]

gave an analysis of the structure of the silicon clusters using ab initio pseudopo-

tential plane-wave calculations and DFT within the GGA. Ma et al. [32, 33]

investigated small size TM@Sin (TM = Fe, Co; n = 1–13) clusters and found, using

DFT combined with a genetic algorithm, that the stability of the metal-doped

clusters was enhanced with increasing cluster size. Small size NiSin (n = 1–8)

clusters were investigated computationally under the constraint of well-defined

symmetries at the B3LYP level by employing a pseudopotential method in

conjunction with the Los Alamos double zeta basis sets [34]. Koukaras et al. [35]

have also studied the Ni@Si12 cluster in detail and identified a new lower ground-

state structure using all-electron ab initio calculations in the framework of DFT with

the B3LYP function which includes hybrid nonlocal exchange and correlation. The

configurations and electronic structure of SinNi (n = 1–14) clusters have been

calculated in the framework of all-electron density-functional theory [36]. The

calculated results showed that the Ni atom prefers to occupy a surface site when

n\ 9, but for clusters with n = 9–14, the Ni atom starts to encapsulate in the cage.

In addition, it was found that there was a peak in the size dependence of embedding

energy for SinNi clusters at n = 12, implying that the Si12Ni cluster is the most

stable structure. The result is that the doped Ni atom both enhances the stability of

silicon clusters and helps to form the Ni-encapsulating Si cage. In addition, the

geometries, stabilities, and electronic properties of YSin (n = 1–6) [38], TiSin (n =

2–15) [39], ZrSin (n = 1–16) [40], TaSin (n = 1–13) [41], CrSin (n = 1–6) [42],

MoSin (n = 1–6) [43], WSin (n = 1–6, 12) [44], ReSin (n = 1–12) [45] and IrSin (n =

1–6) [46], have been studied within the context of first-principles calculations.

Within the framework of all-electron density functional theory, the configurations,

stabilities, and electronic structures of Si15 and Si16 cages with encapsulated

3d transition metal atoms, M@Si15 and M@Si16 (M = Sc, Ti, V, Cr, Mn, Fe, Co, or

Ni), have been investigated systematically [47]. The results show that Ti@Si16 and

Ti@Si15 have the largest embedding energies in this series and also have relatively

large HOMO-LUMO gaps. This suggests that the titanium atom is an ideal guest for

Sin (n = 15, 16) cages as far as stability is concerned. The Mn atom is found to have

a large spin moment even when encapsulated, while the spin moments of Ti, Cr, Fe,
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and Ni are entirely quenched upon doping into Si15 and Si16 cage clusters. All these

theoretical results indicate that the encapsulation of TM atoms in the larger-sized

silicon clusters contributes to enhancing the stability of pure silicon clusters and

simultaneously brings forth a variety of novel behaviors. This is largely because the

TM atom can saturate dangling bonds on the silicon cage surface.

In addition to the general interest in TM-doped silicon clusters, a number of

studies have been devoted to group IB metals (Cu, Ag, and Au). Gold, as a good

conductor of heat and electricity and one of the most important elements in the

periodic table, is the noblest of all metals and has been prized throughout history for

its beauty and resistance to corrosion [48]. On the experimental side, the AuSi

silicide was first reported by Barrow et al. [49] early in 1964. Recently, the atomic

and electronic structures of Au5M (M = Na, Mg, Al, Si, P, S, and Au) clusters [50]

have been investigated using DFT-GGA calculations. They observed a structural

transition from planar to nonplanar configurations depending on the nature of the

interaction with different impurity elements. The Al, Si, P impurities prefer

nonplanar geometries for Au5M clusters, while Na and Mg yield planar geometries.

Sun et al. [51] examined the stability of the Si@Au16 cluster using an ab initio

simulated annealing method and they found that the Si atom binds to the exterior

surface of the Au16 cage in the lowest-energy structure. Results for small clusters

were calculated by Kiran et al. [52] who reported calculations on a series of Si–Au

clusters, SiAun (n = 2–4). The results showed that the Au atoms behave like H in

their bonding to Si. Later, a combined photoelectron spectroscopic and theoretical

study was carried out on the geometrical and electronic structures of Si2Au
�
2 and

Si2Au
�
4 , and their corresponding neutral species [53]. It was found that the most

stable structures for both Si2Au2 and Si2Au
�
2 had C2V symmetry, in which each Au

bridges the two Si atoms. For Si2Au
�
4 , two nearly degenerate structures with two

bridges, one structure in a cis (C2h) and the other in a trans (C2V ) configuration were

found to be the most stable isomers. In the neutral potential energy surface for

Si2Au4, an isomer with a single bridge was found to have the global minimum in

energy. Xiao et al. [54] have studied the geometric, energetic, and bonding

properties of CuSin (n = 4, 6, 8, 10, and 12) clusters in both neutral and charged

states using a hybrid density functional method (B3LYP). They found that the Sin
frameworks of most isomers of CuSin adopt the geometries of the ground-state or

low-lying isomers of Sin or Sinþ1 , with Cu at various substitutional or adsorption

sites. Several cage-like structures with Cu at the central site were found for CuSi10
and CuSi12. A hexagonal double-chair structure with Cu at the center was

identified as the best candidate for the ground state of CuSi12. The structures of

AgSin (n = 1–5 [55] and n = 1–13 [56]) were also investigated using first-principles

calculations. They found that AgSin clusters with n = 7 and 10 isomers are relatively

stable isomers and that these clusters prefer to be exohedral rather than endohedral,

with the doping leaving the inner core structure of the clusters largely intact.

Alternative pathways exist for n[ 7 (except n = 11) in which the Ag–Si cluster

dissociates into a stable Si7 and a smaller AgSin�7 fragment. The AgSi11 cluster

dissociates into a stable Si10 and a small AgSi fragment. It was also found that the

doping of an Ag atom significantly decreases the HOMO-LUMO gaps for n\ 7.
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The configurations, stabilities, and electronic structures of AuSin (n = 1–16) clusters

have been investigated within the framework of the density functional theory at the

B3PW91/LanL2DZ and PW91/DNP levels [57]. The results show that the Au atom

begins to occupy the interior site for cages as small as Si11 and for Si12 the Au atom

completely falls into the interior site forming an Au@Si12 cage. A relatively large

embedding energy and small HOMO-LUMO gap are also found for this Au@Si12
structure indicating enhanced chemical activity and good electronic transfer

properties. All these calculations and experimental studies indicate that silicon

clusters can be dramatically stabilized by introducing guest atoms, and the choice of

the central guest atom becomes a key point in the design of cage clusters and in their

resultant chemical behavior.

Eu@Si20: Magnetic Silicon Fullerene

It is known that the smallest carbon fullerene cage is C20 with a dodecahedral

structure [58, 59]. In C20, all faces are pentagonal and the bonding becomes more

sp3 like, which makes the synthesis of C20 difficult. However, this bonding pattern is

well-suited for Si20. On the other hand, the energetically unfavorable dangling

bonds on this cage lead to reconfiguration so that the lowest energy isomer of pure

Si20 has a prolate structure based on stacking Si10 tetracapped trigonal prism units,

which suggests that the fullerene cage is not the most stable form for Si20 [60–63].

However, in contrast to the intrinsically unstable hollow Si20 fullerene, as pointed

out above, endohedral doping with a range of metal atoms has indeed been

theoretically predicted to stabilize the cage structure.

Using first-principles calculations, Sun et al. [64] reported that doping with atoms

such as Ba, Sr, Ca, Zr etc leads to distorted M@Si20 cages. The relatively small

endohedral doping energies that were found are unlikely to stabilize Si20 fullerene.

On the other hand, ab initio electronic structure calculations have suggested that

thorium should form a nonmagnetic neutral Th@Si20 fullerene with icosahedral

symmetry, and that Th may be the only element that can stabilize the dodecahedral

fullerene of Si20 [65]. Using ab initio calculations, Kumar et al. [66] showed that the

encapsulation of Y, La, and Ac metal atoms stabilized the dodecahedral fullerene

anion M@Si�20 with icosahedral symmetry. Doping of other rare earths was further

shown to stabilize magnetic dodecahedral fullerenes Pa@Si20, Sm@Si20, Pu@Si20,

and Tm@Si20 with 1 lB, 4 lB, 4 lB, and 3 lB spin magnetic moments, respectively.

This result is in contrast to most previous studies on M-encapsulated Si clusters in

which the magnetic moment was found to be completely quenched. A Gd doped

fullerene anion was predicted to have a high magnetic moment of 7 lB, and studies

of the photoelectron spectra of EuSin cluster anions (n = 3–17) have shown that

EuSi12 is the smallest fully endohedral europium-silicon cluster [67]. Using the

density functional approach, Wang et al. [68] calculated stabilities and electronic

properties of novel transition bimetallic atoms (TMA) encapsulated in a

naphthalene-like Si20 prismatic cage, TMA2@Si20. They found that the symmetry

and electronic state of naphthalene-like TMA2@Si20 was significantly affected by
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the type of encapsulated TMA chosen from the 3d, 4d and 5d series of the periodic

table.

To seek out a suitable embedded atom, a broader search was made through the

elements with relatively large atomic radius in the periodic table, including the late

alkali metals, the late haloid elements, the 3d and 4d transition metals and the

lanthanide series [69]. A rare earth element (R) can stabilize the Si20 cage in the

neutral state by forming an R@Si20 fullerene cage. The europium atom has a half-

filled f-orbit with a ground state valence-electron configuration of 4f 76s2. The

results show that the Eu atom is an ideal ‘‘guest’’ to produce a carbon-like Si20
fullerene due to its large valence shell orbital radii, large atomic magnetic moment

and half-filled 4f shell orbital. Figure 1 gives the structure of the stable D2h-Eu@Si20
fullerene cage, showing that it is a Si20 dodecahedron with complete encapsulation

of the europium atom. A vibrational frequency analysis at the PW91 level further

confirmed the structural stability of D2h-Eu@Si20 with no imaginary frequencies. In

addition, the validation of the kinetic stability through ab initio molecular dynamic

(MD) simulations indicated that the bond structure of Eu@Si20 keeps the same

topological structure as D2h-Eu@Si20. Remarkably, based on the analysis of the

electronic structure of the stable Eu@Si20 fullerene cage, a large spin magnetic

moment of nearly 7.0 lB was found for the central europium atom.

The stability and electronic structure of the dimers constructed by concatenating

two Eu@Si20 subunits were also investigated. Two kinds of dimers were

constructed by concatenating two Eu@Si20 subunits with and without a rotation,

as shown in Fig. 2. After optimization, it was found that the [Eu@Si20]2 dimer kept

the Eu@Si20 subunit intact, while distortions occurred for the [Eu@Si20]
‘
2 dimer,

which had a rotation between the subunits. The stability was confirmed by

comparison with Eu2@Si40 clusters obtained by substituting two Eu atoms for two

of the eight internal Si atoms of the lowest-energy structure of Si42 [70]. The

calculated results show that the constructed [Eu@Si20]2 dimer was the lowest-

energy structure from the point of view of the binding energy. In the lowest-energy

[Eu@Si20]2, the central Eu atoms retain a large spin magnetic moment of nearly 7.0

lB and the spin moments of the two central Eu atoms have the same direction.

Subsequently, quasi-one-dimensional nanowires were constructed by concatenating

a series of stable Eu@Si20 subunits. Optimizations indicated the existence of a

stable pearl necklace nanowire, [Eu@Si20]n!1. Figure 2 shows the unit cells of the

infinite Eu@Si20 chains. It can be seen that the [Eu@Si20]n!1 linear structure

obtained by concatenating two Eu@Si20 subunits without a rotation keeps the

stable Eu@Si20 subunit intact. Close examination of the band structure and the

partial density of states of the [Eu@Si20]n!1 nanowire, indicates that it appears to

have some of the properties of a direct-gap semiconductor with 0.42 eV energy gap

at the C point. It is noteworthy that for the pearl necklace nanowire the spin

moments of the Eu atoms remain as large as that in the ground-state D2h-Eu@Si20
fullerene, and the same as for the [Eu@Si20]2 dimer. In addition, the spin magnetic

moment of the central Eu atom, for each Eu@Si20 subunit of [Eu@Si20]n!1, has

the same direction. Given the properties of these structures, there may be significant
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Fig. 1 The stable Eu@Si20
fullerene. Large ball Eu atom;
small ball Si atom.

Fig. 2 The initial and optimized structures of [Eu@Si20]2 and [Eu@Si20]
‘
2 dimers and the unit cells of

the two optimized pearl necklace nanowires, [Eu@Si20]n!1 and [Eu@Si20]
‘
n!1
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potential for exploiting novel materials based on Eu@Si20 in spintronics devices or

in high-density magnetic storage.

Eu2Si30: Magnetic Silicon Nanotube

As outlined above, research on the stabilization of metal-encapsulated silicon

fullerenes is still an open topic and calls for further discussion. On the basis of a

combined photoelectron spectroscopy and first-principles density functional study

of Sin (n = 20–45), Bai et al. [71] reported that pure silicon clusters exist with a

prolate-to-near-spherical shape transition at n = 27, and a half-metallic silicon

nanotube (SiNT) with a hybrid atomic chain of Mn and Co was found [72]. The

origin of the stability of this silicon nanotube was further explored. A europium-

encapsulating magnetic silicon nanotube, Eu2@Si30, has also been identified using

density functional theory [75].

We first discuss the stability of Eu2@Si30. To seek out a stable structure for

Eu2@Si30, two series of initial cage-like Eu2@Si30 structures were constructed by

substituting Eu at two of the inner sites of stable Si32 [73, 74]. In addition to these

cage-like structures, a tubular structure was handcrafted as well. After optimization,

14 low-lying structures of the Eu2Si30 cluster were obtained, as shown in Fig. 3.

Compared with the initial structures, the silicon cages were propped up by the two

Eu atoms. The most stable structure was an irregular prolate silicon fullerene cage

(I-a in Fig. 3). This configuration had C1 symmetry, and the HOMO-LUMO gap

was 0.53 eV at the GGA-PW91 level. The structural stability of structure I-a was

also confirmed by vibrational frequency analysis. For the I-a isomer, there were no

imaginary frequencies and the frequency of the largest intensity peak corresponds to

402 cm�1. The second low-lying isomer, i.e., the ‘‘Tube’’ in Fig. 3, is very attractive

due to its large total spin moment of 10 lB and relatively high stability with only a

0.27 eV higher total energy than the ground state I-a. The Tube structure consists of

Fig. 3 Optimized structures of Eu2Si30. The binding energy values (eV) beneath each isomer are the
relative energies with respect to the lowest lying isomer (isomer I-a)
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twelve silicon pentatomic rings and five hexatomic rings and has a D5h symmetry

tubular structure with the two Eu atoms completely encapsulated. Vibrational

frequency analysis and ab initio molecular dynamics simulations showed that the

Tube isomer is kinetically and thermodynamically stable. Vibrational frequency

analysis also showed no imaginary frequencies for this Tube isomer and gave the

two higher intensity frequencies as 167.4 and 507.5 cm�1.

Further analysis of the electronic structure of the Eu2Si30 cluster demonstrates the

role that the rare-earth element plays in stabilizing the silicon fullerenes. Figure 4

shows the deformation electronic density of the most stable Si30 isomer [73], the

tubular Si30 (removing the two Eu atoms of the Tube structure) and the two

Eu2@Si30 isomers (I-a and Tube). With encapsulation of the two Eu atoms, there is

an obvious decrease in the sp3-like hybridization and an increase of the sp2-like

hybridization. Upon doping of the two central Eu atoms forming the tube structure

(Tube), the same trend can be seen between the tubular Si30 and the Tube structure

with encapsulated Eu. From the deformation electron density of the tubular Si30 in

Fig. 4b, it can be seen that the Si atoms in the second and fifth layers show a slight

sp3-like hybridization, while the other silicon atoms have sp2-like hybridizations.

For the Tube structure of Eu2Si30, there is a reduction of the sp3-like hybridization

for the 10 Si atoms in the second and the fifth layers, but a significant increase in the

sp2-like hybridization. All 30 Si atoms of the Tube structure are the same, in that

each has three neighbors, and the three lobes from each Si atom form r bonds with

the three neighboring Si atoms, indicating the characteristics of sp2-like hybridiza-

tion. All these results demonstrate that the europium atom is crucial for stabilizing

the tubular Si30 through the sp2-like hybridization induced by the central Eu atoms.

Fig. 4 The deformation electronic density and configuration of a Si30, b tubular Si30, c I-a, and d tube.

The isosurface is set to 0.022 e/Å
3
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The most surprising finding is the high spin magnetic moment of the Tube

structure. On the basis of Mulliken population analysis for the Tube structure, it can

be seen that both of the central Eu atoms have a spin-up magnetic moment of 6.95

lB, resulting in a total spin moment of 10.00 lB. However, the total magnetic

moment of I-a, the most stable Eu2Si30 isomer, is zero, even though there is a

slightly larger absolute magnetic moment of 7 lB for each Eu atom, one spin-up and

the other spin-down. Similar to the predictions and speculation of Daedalus, this

magnetic Eu2Si30 Tube, plus its relatively high stability, can be considered as an

embryo for the longer magnetic SiNTs. A periodic polymer composed of the

magnetic Eu2Si30 Tube subunits was built by hand and a stable SiNT with a quasi-

chain of Eu atoms in the center was obtained. The unit cell of the new SiNT retains

the topological structure of the Eu2Si30 Tube, and each of the central Eu atoms

retains a large spin-up magnetic moment of 6.99 lB, with the result that the value of

the total spin moment for the unit cell is 12.00 lB. When the unit cell is expanded to

twice the size, the total spin magnetic moment is 26 lB, i.e., 13 lB per unit cell,

making this spin configuration energetically favored over the antiparallel spin

configuration of the Eu atoms. Thus, this SiNT, as expected, is a magnetic SiNT, in

which Eu atoms retain a large spin moment. Detailed analysis of the electronic

properties shows that, similar to the case of Eu2Si30 Tube, the SiNT has an obvious

hybridization of Si s-p and Eu f orbitals. Analysis of the band structure shows that

this magnetic SiNT is metallic, with several bands in the vicinity of the Fermi level

that ensure a significant carrier density. The bands are degenerate at the C-point, and
they are dispersive along the C-X axis, which implies that the effective mass of the

charge carriers should be small. Hence, this magnetic SiNT could have potential as

a metallic connection in electronic devices.

Conclusions

To summarize, the magnetic silicon fullerenes including silicon fullerenes, metal-

encapsulating silicon clusters, and the recently identified magnetic silicon fullerenes

and nanotubes have been reviewed. Pure hollow silicon fullerene is unstable due to

the lack of sp2 hybridization. Endohedral doping with rare earth elements,

especially europium atoms, has been found to stabilize the Si fullerene by forming

an Eu@Si20 cage-like structure and a Eu2Si30 tube-like structure. More importantly,

both display magnetic properties. Based on the magnetic Eu2Si30 tube, a metallic

magnetic silicon nanotube was obtained in further calculations, which may have

potential applications in spintronics and high-density magnetic storage. Despite the

advances discussed above, the study of magnetic silicon fullerenes and nanotubes

remains a field with many unresolved issues and many new opportunities. So far,

most experiments have been carried out on elemental clusters. It would be desirable

to confront the theoretical predictions regarding magnetic silicon fullerenes with

experimental data. From the applications point of view, it is important and

challenging to explore larger sized magnetic silicon fullerenes and nanotubes.
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