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Transport properties of transition-metal-encapsulated Si cages
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We performed density functional pseudopotential calculations of the spin-dependent transport through
transition-metal-atom-encapsulated Si cages Si;»X (X=Mn, Fe, and Co). The effect of the metal atom on
conductance is studied. Mn- and Fe-doped systems show highly spin-polarized transmission whereas the
magnetization in Co-doped system is quenched. It is found that electrons are transferred from Si atoms into the
minority d orbitals of the metal atoms. The conductance decreases as these electrons become localized around

the encapsulated atoms.
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Nanoforms of Si-based materials are of great interest due
to their potential applications for nanoscale devices.! Exten-
sive research has been carried out attempting to find Si clus-
ters well suited for building blocks. Recent experimental?
and theoretical® results have shown a novel way of develop-
ing stable Si nanostructures by encapsulating a transition-
metal atom in the Si cages. These structures are highly stable
compared to the pure Si clusters and highly symmetrical as
well. Theoretical calculations have also shown that these
cages can form building blocks for Si nanotubes.* Much ef-
fort has been devoted to the structure properties of these
systems.*~® Different geometries, such as pentagonal, hex-
agonal, and decahedral, have been explored intensely. Mag-
netic properties in these compound structures have also at-
tracted attention.>’ Fe- and Mn-doped hexagonal Si
nanotubes were found to be ferromagnetic and antiferromag-
netic, respectively, whereas Ni lead to nonmagnetic ground
state. These results could be interesting for spintronics and
other magnetic device applications.

Apart from the structure and magnetic properties, trans-
port properties in these compounds are of great interest both
for fundamental research and for technological applications.
Conductance in atomic chains has been demonstrated to be
quantized for metals such as Na and Au.8 Nevertheless, the
linear chains are unstable in general. On the other hand, the
cage or nanotube structure of pure Si is not favorable for sp?
hybridization. However, the encapsulation of the metal atom
(chain) in the Si cage (nanotube) allows the interaction of the
dangling bonds of Si and the d orbitals of the metal atoms
and stabilizes the structure. Moreover, the Si atoms at the
two ends of the nanotube can form stronger covalent linkage
to electrode leads than metallic chain and therefore provide
more accurate control over the contact geometry. Transport
properties in these systems have been suggested. Most prior
theoretical work focused on the density of states at the Fermi
level and determined qualitatively whether the system is
semiconductor or metallic. There is thus a need for quantita-
tive study from first-principles calculation.

In this Brief Report, we consider a Si;,X (X=Mn, Fe, and
Co) cage structure, as shown in Fig. 1. The Si atoms form a
hexagonal prism structure and the metal atom is in the center.
These structures are very stable and have been reported to be
able to grow nanotubes.>’ Here, we place the cluster be-
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tween two electrode leads and perform a first-principles cal-
culation for the spin-dependent transport properties. All cal-
culations are performed in real space within density
functional theory and the local spin-density approxima-
tion.”!® The Kohn-Sham equation is first solved self-
consistently with a supercell. From this Hamiltonian, we
then solve non-self-consistently the scattering-wave func-
tions with asymptotic matching conditions,
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where @, &/ and ®" are the incoming, reflected, and
transmitted eigenfunctions of the bulk leads, respectively. r;
and 7, are the reflection and transmission coefficients. In gen-
eral, we find this procedure just as accurate but significantly
more efficient than performing self-consistency in a
scattering-wave basis. The conductance can be obtained from
the Landauer-Biittiker formula,!!

2
G= %Tr[ﬂt]. (2)

Here, e is the electron charge and 4 is the Planck constant.
Diagonalization of the matrix ¢t also gives the eigenchannel
transmission.'? Further details of the method can be found in
Refs. 13 and 14.

For simplicity, we approximate the two leads by jellium
model so that the bulk eigenstates are plane waves. We took
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FIG. 1. Structure of Sij,X (X=Mn, Fe, and Co) between two
jellium electrodes.
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FIG. 2. Conductance as a function of energy for the structures
shown in Fig. 1.

a density parameter of r,=3.0 (here, r,=(3V/4)3, where V
is the volume per electron), approximately the average elec-
tron density of bulk Au. The Si and encapsulated atoms are
represented by the Troullier-Martins pseudopoentials.'> The
lead-lead separation is 10 a.u. and the cluster is midway be-
tween the two leads. We used a supercell of 18X 18
X 30 a.u.’, a k-point sampling of 4 X4 X 1 in the Brillouin
zone, and a grid spacing of 0.35 a.u., which results in good
convergence of calculated properties. The bond lengths of
Si-Si and Si-X are 4.32 and 4.85 a.u., respectively, which are
very close to the calculated bond lengths in the infinite nano-
tubes of Si;,X.” Figure 2 shows the conductance versus en-
ergy for each spin component of Si;,X. As a comparison, the
conductance of Si;, without metal atom is also plotted. The
transmissions in the Mn- and Fe-doped systems are highly
spin polarized, while the polarization in Co is almost com-
pletely quenched. This is consistent with the magnetic mo-
ments of the systems, which are 2.78up, 0.86up, and 0.1up
for Mn-, Fe-, and Co-encapsulated systems, respectively. The
magnetic moments of the bare clusters without electrodes
have been calculated to be 1up, Oup, and 1up corresponding
to the Mn-, Fe-, and Co-doped systems,? which are also re-
produced by our calculations. The coupling between the
leads and the cluster induces different magnetic behaviors for
different metal atoms. In the case of Mn- and Fe-doped sys-
tems, the dangling bonds of Si atoms partly interact with the
leads so that the metal atom is less screened than in the
isolated cluster. Therefore, magnetic moments increase when
the cluster is placed between the leads. In the Co-doped sys-
tem, however, the magnetic moment of the metal atom is
further screened by the electrodes and becomes completely
quenched.

Comparing the transmission of the metal doped systems
with the undoped one in Fig. 2, we note that the encapsula-
tion of the metal atom leads, in general, to smaller conduc-
tance instead of increasing the conductance, especially for
the minority channel. In other words, electrons become less
conductive after the introduction of the dopant. Since d elec-
trons are generally more localized than the s and p electrons,
this behavior is probably due to the charge transfer from the
sp orbitals of Si atoms to the d orbitals of the dopant. We
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TABLE I. Calcuated number of electrons within a sphere with a
radius of 2.5 a.u. around the metal atom in both the isolated and
encapsulated states.

SippX
Charge
Isolated X  Spinup  Spin down  Sum transfer
Mn 5.38 5.01 1.42 6.43 1.05
Fe 6.47 4.51 3.17 7.68 1.21
Co 7.56 4.49 432 8.81 1.25

calculate the total charge within a sphere with a radius of
2.5 a.u. (Ref. 16) around the dopant atom and compare it
with that of the isolated metal atom. The results are shown in
Table 1. The number of valence electrons is six in the major-
ity state and one, two, and three, respectively, in the minority
states of the isolated Mn, Fe, and Co atoms (only 3d and 4s
electrons are counted here). From Table I, the minority chan-
nels of the dopant atoms have gained a considerable number
of electrons, which is in agreement with other calculations.'”
As a result, the mobility of these electrons is reduced and
conductance decreases correspondingly.

To gain insight into the origin of the transmission peaks,
we project the density of states onto the molecular orbitals of
the corresponding bare Si;,X clusters, as shown in Fig. 3.
While the exchange splittings in the Mn- and Fe-doped sys-
tems give polarized transmission, the peaks in the Co-doped
case are almost degenerate leading to nonpolarized transmis-
sion. Moreover, most of the peaks in transmission can be
well aligned with those in the partial density of states
(PDOS) plot, such as the peaks around —1.1 and 0 eV in Sij,
and —1.0 and 0.5 eV in the majority channel of Si;,Mn.
However, we also observe that the peaks around —1.25 eV in
the Fe- and Co-doped PDOSs have no corresponding trans-
mission peak, indicating that these molecular orbitals are less
conductive than the others. The projection to atomic orbitals
(not plotted) shows that these states are mainly from the d 2
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FIG. 3. Partial density of states projected onto the molecular
orbital of the corresponding isolated clusters: (a) Sij,, (b) Si;,Mn,
(c) Sij,Fe, and (d) Sij,Co.
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FIG. 4. Eigenchannel transmission as a function of energy at
lateral I'(k;=0) point for the structures shown in Fig. 1: (a) Sij», (b)
Silen, (C) Silee, and (d) SiIQCO.

orbital of the metal atom with negligible contributions from
Si atoms, confirming that the strongly isolated d orbitals are
not directly involved in conducting electrons. The peaks
around —0.5 eV in the majority channel of Fe-doped systems
consist mainly of the d,, and d,2_,> orbitals of the metal and
p orbitals of the Si. The p orbitals are delocalized and can
give quite large conductance. We observe corresponding
peaks in transmission. Similar analysis applies to other peaks
too.

The microscopic feature of the transmission can be further
resolved by the eigenchannel analysis.'? These are indepen-
dent paths for electron transport and there are no scattering
events among them. In Fig. 4, the eigenchannel transmission
versus energy is plotted for the lateral I" (k;=0) point. Seven
eigenchannels can be identified around the Fermi level for all
the doped and undoped systems. Other channels with negli-
gibly small values are not plotted. We note that encapsulation
of the metal atom does not introduce more eigenchannels for
conductance. Instead, it modifies the transmission of the ex-
isting channels of the pure Si;, cage. As can be seen, there
are more highly conductive eigenchannels in the undoped Si
cage than in the doped systems, particularly, in the minority
channels of the Mn- and Fe-doped systems. Combined with
the charge transfer between the Si atoms and the minority
states of the atoms, this confirms that the metal atom in the
Si cages plays a role of trapping the electrons and reduces
the conductance.

From the eigenchannel analysis, we also obtain the eigen-
channel wave functions and the corresponding local current
densities, which provide us with the atomistic image of the
electron transport and allow us to determine how the current
passes through spatially. Figure 5 shows the current density
from one of the left incoming eigenchannels on the
xz(y=0) plane in the Si;; and Si;;Mn systems. The
electrode-vacuum interfaces are indicated by the solid lines,
and the Mn atom is at the center. The energy is at the Fermi
level. The arrow shows the direction of current. For all three
cases, a highly concentrated electron beam takes the path
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FIG. 5. Fermi energy eigenchannel current density on the xz(y
=0) plane in Si;, and Si;;Mn systems. (a) Si;,, (b) majority channel
in Si;,Mn, and (c) minority channel in Si;;Mn.

around the Si atoms. However, they are quite different in the
center region. The system of pure Si cages without dopant
has only very small current density through the center,
whereas electrons in the majority states of Si;,Mn are back-
scattered by the Mn atom. In the minority channel, the cur-
rent spreads uniformly among the Si and the Mn atoms. Par-
ticularly, it flows from the Si atoms first toward the Mn atom
and then flows away. At the same time, the current through
Si atoms are less than those in the majority channel and the
undoped system. Similar behavior is observed in other eigen-
channels. This general trend is in accordance with the charge
transfer from the Si atoms to minority orbitals of the Mn
atom.

In summary, we studied the transport properties of the
Mn-, Fe-, and Co-encapsulated Si cages. Spin-polarized
transports are observed in the Mn- and Fe-doped systems,
while the Co-doped system has very low magnetic moment.
It is found that electrons are transferred into the localized d
orbitals of the metal atom, which leads to smaller conduc-
tance compared to the pure Si cages, particularly, in the mi-
nority channels. Our results suggest among other things that
Mn- and Fe-doped Si cages are better ballistic spin filters
than the Co-doped system. These findings may be interesting
for applications in Si-based spintronic nanodevices.
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